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ONSOZ VE TESEKKUR

Modifiye X2CrNi12 paslanmaz celiginin kaynak kabiliyeti ve kaynakli baglantilarin
Ozeliklerini kapsayan bu tez, Belgika Kaynak Teknolojisi Enstitisi Arastirma
Merkezi, Gent Universitesi, CTAS-Paris Arastirma Merkezinde ve Kocaeli
Universitesinde 2004 ve 2007 yillari arasindaki calismalar sonucu olusmustur. Bu
c¢alismanin ¢ok buyutk bir kismi Belgika Kaynak Teknolojisi Arastirma Merkezi ve
IWT tarafindan 20’ye yakin endustriyel kurulugun katildigi kollektif arastirma projesi
ile desteklenmistir. Ayrica, bu ¢alismalara ek olarak CTAS-Paris Arastirma Merkezi
ve SE Industries tarafindan da desteklenen ayri bir galisma programi da yapilmistir.
Bu nedenle, bu tez modifiye edilmig X2CrNi12 paslanmaz ¢eliginin kaynak kabiliyeti
ve kaynakli baglantilarinin 6zelikleri konusunda oldukga kapsamli calismalari
icermektedir ve KOU Senatosu 22.03.2007 tarih ve 2007/4 no.lu toplantisinda alinan
karar geregi, Tiirkge ve ingilizce olarak iki dilde yazilmistir.

Oncelikle, 2002 yilindan beri asistan olarak calistigim, yiiksek lisans ve doktora
tezlerimin danigmanhgdini yapan, ti0m kariyerim boyunca yolumu aydinlatan ve
gelecegime sk tutan hocam Sayin Prof. Dr. Erding KALUG’a paha bigilemez
degerdeki destek ve yardimlarindan dolayl sonsuz tesekkulrlerimi sunarim. 2005
yihindan buyana bu tezin yapiimasi ve tamamlanmasinda ¢ok ciddi emek ve destegi
olan doktora ikinci tez danismanim, Belgika Kaynak Teknolojisi Enstitist Direktori
ve Gent Universitesi 6gretim dyesi hocam Sayin Prof. Dr. Alfred DHOOGE'’ye
sonsuz tesekkdr ederim. Her iki tez danigsmanima da yillarin birikimini ve bilgilerini
benimle paylastiklari ve ¢ok kiymetli dnerilerde bulunduklari igin, verdikleri destek ve
cesaret icin ve rehberlikleri icin ne kadar minnettar oldugumu belirtmek isterim.

Bu calismanin biyUk bir kisminin bu derece basaril bicimde ortaya ¢ikmasinda ¢cok
blyldk payi olan, Belgika’da misafir arastirmaci olarak bulundugum sire icinde ve
halen destegini esirgemeyen Proje Liderim Proje Bas Mihendisi Ir. Eddy DELEU’ye,
tez sonuglarim hakkindaki degerli yorumlarn, yardim ve destegi igin sonsuz
tesekkdrlerimi sunarim. Prof. A. Dhooge ve Ir. E. Deleu'ye bu konuda ve
enstitllerindeki projelerine ve ekiplerinin arasina samimiyetle kabul ettikleri i¢in en
derin tesekkirlerimi sunarim.

Belcika Kaynak Teknolojisi Enstitiisi’'ndeki ve Gent Universitesi Makina Muh.
Bél.'’ndeki 6gretim dyelerine, tim meslekdaslarima ve tim c¢alisanlara yardim,
destek ve dostluklari icin sonsuz tesekklrlerimi sunarim.

Ir. Eric Sterkx’e Paris’'teki CTAS Arastirma Merkezinde ve Andre Taghona’a da SE
Industries’deki ek arastirma caligmalar yapmama olanak sagladiklari ve nazik
yardimlari icin tesekkir ederim.

Ve son olarak, aileme hayatim boyunca destek olduklari icin sonsuz tesekkir ve
minnetlerimi sunarim.

Doktora tez calismamin ve sonuglarinin, tim bilim dlinyasina, Ulke ve dinya
endustrisine yararli olmasini dilerim.
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WELDABILITY AND PROPERTIES OF MODIFIED 12 CR FERRITIC
STAINLESS STEEL FOR STRUCTURAL APPLICATIONS

Emel TABAN

Keywords: stainless steel, structural steel, weldability, welding, plasma arc welding,
laser welding, hybrid welding, mechanical properties, impact toughness, CTOD
fracture toughness, fatigue behavior, corrosion.

Abstract: Modified X2CrNi12 stainless steel was developed and produced by the
steel producer with low carbon content (<0,015) and interstital levels to increase the
weldability and mechanical properties and to widen the use of the steel for structural
applications as an alternative to structural steels. In this study, modified X2CrNi12
stainless steel was used. The weldability of this stainless steel was investigated
using conventional and innovative welding processes such as GMAW, PAW,
SMAW, SAW, FCAW, Laser and Hybrid (PAW+TIG). This was done with various
types of filler metals on various thicknesses such as 6 mm, 12 mm, 20 mm and 30
mm. Due to the idea of using this modified stainless steel for structural applications,
it was planned to evaluate the performance and properties of dissimilar welded
joints of X2CrNi12 and EN10025: S355 steel. Mechanical, impact toughness,
fracture toughness, fatigue, microstructural and corrosion properties of the welded
joints are considered. Mechanical testing of the similar and dissimilar joints of
X2CrNi12 and S355 steels was done by means of transverse and longitudinal
tensile, bend, Charpy impact toughness, CTOD fracture toughness and fatigue
tests. Fractographs were examined with LOM, SEM and EDX analysis.
Microstructural examination was carried out including metallography, hardness,
grain size analysis and ferrite content analysis. Salt spray corrosion and blister tests
were realized on the samples of welded plates. Joining of this modified stainless
steel can be accomplished by welding under economical conditions producing
weldments with attractive properties for use in structural applications. Successful
results were obtained such as various welds though have proven that adequate heat
affected zone impact properties are achievable down to -40°C or even lower. A
correlation between toughness and microstructure was also determined.
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YAPISAL UYGULAMALAR iCiN GELISTIRILEN MODIFIYE 12 CR
FERRITIK PASLANMAZ CELIGININ OZELIKLERI VE KAYNAK
KABILIYETI

Emel TABAN

Anahtar Kelimeler: paslanmaz celik, yap! celigi, kaynak kabiliyeti, kaynak
teknolojisi, plazma ark kaynagi, lazer kaynagi, hibrid kaynak, mekanik &ézelikler,
darbe toklugu, CTOD kirilma toklugu, yorulma davranisi, korozyon.

Ozet: Modifiye edilmis X2CrNi12 paslanmaz celigi, yap! geliklerine alternatif olarak
yapisal uygulamalarda kullaniimak Uzere, kaynak kabiliyeti ve mekanik &zeliklerini
artirmak amaciyla disik karbon (<0,015) ve arayer elementleri icerecek bicimde
celik Ureticisi tarafindan gelistirilmis ve Uretilmistir. Bu ¢alismada, modifiye edilmis
X2CrNi12 paslanmaz ¢eliginin kaynak kabiliyeti; 6 mm, 12 mm, 20 mm ve 30 mm
kalinliklarinda esas metaller gesitli tir ek kaynak metalleri ve GMAW, PAW, SMAW,
SAW, FCAW, Lazer ve Hibrid (PAW+TIG) gibi aligiimig ve yeni tir kaynak
yontemleri  kullanilarak arastinlmistir. Bu tir paslanmaz c¢eligin  yapisal
uygulamalarda kullanimi disincesine bagh olarak 12 mm ve 20 mm kalinhdindaki
X2CrNi12 ve EN10025: S355 celigi ile olusturulan farkli metal kaynakli baglantilarin
da performans ve 06zeliklerinin degerlendiriimesi planlanmistir. Tim baglantilarin
mekanik, darbe toklugu, kirilma toklugu, yorulma, mikroyapisal ve korozyon
Ozelikleri g6z 6ndne alinmistir. Mekanik 6zelikler, cekme, egme, Charpy centik
darbe, CTOD kirilma toklugu ve yorulma deneyleri ile belirlenmistir. Fraktograflar,
makroyapi, SEM ve EDX analizleri ile gériintilenmis ve incelenmistir. Mikroyapisal
incelemeler, metalografik incelemeleri, sertlik, tane boyutu ve ferrit miktari analizleri
kapsamaktadir. Atmosferik korozyon direnci ise tuz puskirtme ve blister deneyleri
ile belirlenmigstir. Elde edilen tim sonuclara gére, modifiye X2CrNi12 paslanmaz
celigi, yapisal uygulamalar icin cazip &zelikler sunacak bicimde ve ekonomik
kosullar altinda kaynak edilebilmis ve birgok kaynaklh baglantida -40°C ve hatta
daha disiUk sicakliklarda, yeterli IEB darbe tokluk degerlerinin elde edilebildigi
basarili sonuclara ulasiimistir. Tokluk ve mikroyapi arasinda da iligki belirlenmistir.
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1. GIRIS

Demir, yerkabugundaki en 6nemli ve en yaygin metallerden biridir ve en yaygin
kullanilan metal malzemeler olan c¢eliklerin temelini olugturur. Bu malzemelerin
yaygin ve basariyla kullaniimasi, blylk hacimlerde gérece ucuz Uretilebilmesi ve
genis aralikta mekanik 6zelikler saglayabilmesidir. Ancak az alagimli ve yumusak
celikler, korozif etkilere karsi koruma gerektirmektedir. Cogu durumda uygulanan,
galvanik koruma veya celik ylzeyinin boyanmasi pratik degildir. Uzun ddénem
isletme kosullarinda kullanimda korozyondan korunma igin ek bakim masraflari da
gerektirmektedir. Bu nedenle, tasarim asamasinda korozyona daha direngli
malzemelerin  segilmesi, toplam maliyet ve ©mir agisindan dstunlikler
saglayabilmektedir (de Cooman ve dig. 2005, Karlsson 2004, Gooch ve Ginn 1988).

Yumusak celikler icin korozyon baslangicini geciktirmek amaciyla gereken pahali
6lcimler ve ek gereksinimler, émir maliyet iligkisi ve ¢evresel etkenler gézdnine
alindiginda paslanmaz celikler, glinimulzde artan oranlarda karbonlu celiklere karsi
tek gecerli secenek olarak karsimiza ¢ikmaktadir. Paslanmaz terimi kesici takimlarin
gelistirildigi ilk dénemlerde ortaya ¢ikan genel bir terim iken ginimuizde korozyon
direnci gerektiren uygulamalarda kullanilan genis bir ¢elik grubunu kapsamaktadir.
Paslanmazlk 6zeligi, krom miktarinin %10,5’u asmasi durumunda alasimin
ylzeyinde korozyon ve oksidasyonu 6nleyen ince, gérinmez, slrekli ve pasif bir
oksit filminin olugsmasi ile saglanir (Sourmail ve Bhadeshia 2007, Lippold ve Kotecki
2005, Karlsson 2004, Marshall ve Farrar 2000).

Paslanmaz celikler, éncelikle korozyona karsi diren¢g amaciyla gelistirilen ve Fe-Cr,
Fe-Cr-C ve Fe-Cr-Ni sistemine dayanan ylksek alasiml, énemli ve genis bir
muhendislik malzemesi grubudur. Bu ¢elik ailesi, yaygin olarak kimya ve glg¢ Uretim
muhendisligi, gida endistrisi, saglik uygulamalari, petrol ve petrokimyasal alanlarda,
tekstil alaninda, tasimacilikta, yiksek veya sifiralti sicaklik uygulamalarinda ve
mimari uygulamalar gibi bircok endustri alaninda kullaniimaktadir (Lippold ve
Kotecki 2005, Karlsson 2004, Marshall ve Farrar 2000, NN 1998, Davis ve Assoc.
1994).



Yalin karbonlu ve C-Mn ¢eliklerinin yaninda, bir¢ok tirde bulunmakta olduklarindan
paslanmaz celikler oldukga yaygin olarak kullanilan ¢eliklerdir, zira istenen 6zelikler
genis bir aralikta saglanabilmekte ve bir¢ok farkli uygulamada kullanilabilmektedirler
(Lippold ve Kotecki 2005).

Mihendis ve tasarimcilarin igletme kosullari ve Uretimin metalurjik davranis
Uzerindeki etkilerini dikkate alarak korozif kosullarda kullanilacak olan paslanmaz
celiklerin secimini yapmalari gerekir. Paslanmaz celiklerin segimi korozyon direnci,
Uretim kosullari, spesifik sicaklik araliklarindaki mekanik ézelikleri ve maliyetlerine
dayanarak yapilmalidir. Ancak genellikle korozyon direnci ve mekanik 6zelikler en
6nemli secim kriterlerini olusturmaktadir (Lippold ve Kotecki 2005, Karlsson 2004,

Davis ve Assoc. 1994).

Paslanmaz celikler ayrica, ylksek sicaklikta da oksidasyon direncine sahip olan ve
bu nedenle de isi direncli alagsimlar olarak da adlandirilmaktadirlar. Yiksek sicaklik
oksidasyonuna karg! direng, 6ncelikle krom miktarinin bir fonksiyonudur ve bazi
yiksek kromlu alagsimlar 1000°C’ye kadar olan sicakliklarda kullanilabilmektedir.
Paslanmaz celik tirline gbére degisen alasim elementleri ile paslanmaz celik ailesi
oldukga genis kimyasal bilesim araligina sahiptir (Lippold ve Kotecki 2005, de
Cooman ve dig. 2005).

Paslanmaz celiklerin disindaki diger malzeme gruplari i¢in siniflandirmalar genellikle
kimyasal bilesime bagl olarak yapilmaktadir, paslanmaz celiklerde ise baskin olan
metalurjik faz(lar)a dayanarak siniflandirma yapilmaktadir. Paslanmaz celikler bes
ana gruba ayrimaktadir. Bunlardan ilk dért grup alasimlarin karakteristik
mikroyapilarina dayanmaktadir. Paslanmaz c¢eliklerde mevcut olabilen fazlar:
martenzit, ferrit ve ostenittir. Cift fazli (duplex) paslanmaz celikler yaklasik olarak
%50 ostenit ve %50 ferrit icermektedir. Cokelme sertlestirmeli kalitelerde yapi ise
cOkelme sertlestirmesi ve yaslandirma 1sil islemi ile olusturulmasindan dolay! bu
sekilde adlandiriimaktadir. Bu turler ise martenzitik, yari ostenitik ve ostenitik tirler
olmak Uzere kendi iclerinde ayriimaktadir. Paslanmaz celiklerin adlandiriimasi,
Amerikan Demir ve Celik Enstitist’nin (AlISI) Gg¢ rakamli ve bazen de bu ¢ rakami
izleyen bir harf kullanilarak, 6rnegin 304, 316L, 410 ve 430, olusturdugu sistemle
yapilabilmektedir (Lippold ve Kotecki 2005, NN 1998, Davis ve Assoc. 1994, Krauss
1989, Folkhard 1984, McGannon 1971).



Kaynak teknolojisi paslanmaz celikler igin dnemli bir Gretim yéntemidir ve gecen 75
yil boyunca bu tir malzemelerin kaynaginin yapilmasi ve gerektigi durumlarda
6nlemlerin alinabilmesi gibi bilgileri iceren birgok spesifikasyon, makale, el kitabi vb.
yayinlar yayimlanmistir. Paslanmaz celikler genel olarak kaynak edilebilir gelikler
olarak g6z 6nlne alinmaktadir, ancak hatasiz kaynak edilebilmeleri ve servis
kosullarinda yeterli 6zelikleri saglamalari bu tir celiklerin kaynaginda izlenmesi
gereken birgok kural bulunmaktadir. Cogu durumda, kaynak mikroyapisinin
yeterince kontrol edilmemesi ya da malzeme veya mikroyapisi i¢in uygun olmayan
kaynak yontemlerinin kullanimi gibi bazi problemlerle karsilagiimaktadir (Lippold ve
Kotecki 2005).

Paslanmaz c¢elikler, 6zel prosedirler kullanilarak kaynak edilebilir. Bir alagimin
yaygin ve verimli bir bicimde kullanilabilmesi iyi derecede kaynak edilebilir olmasina
baghdir ve yalnizca bu neden bile, ferritik ve martenzitik paslanmaz ¢eliklerin yaygin
bicimde kullanilabilmesini gecmis yillarda fazlasiyla etkilemistir. Ornegin, 420 tir
alasima ait ark kaynagi uygulanmasi ile ilgili bir bilgi yoktur. Yeni tdr c¢eliklerin
gelistirimesi  kaginilmaz olarak dretim ve birlestirmede yeni problemleri de
beraberinde getirmektedir. Verimin artirilabilmesi icin esas metal 6zeliklerinin
iyilestiriimesi ve kaynakli Gretime olan gereksinim her gecen gin artmaktadir. Cogu
durumda kaynak, Isidan etkilenmis bdlge (IEB) ve kaynak metali (KM)
mikroyapisinin esas metale gére énemli miktarda degismesine neden olmaktadir.
Bu da istenen faz dengesinde degisikliklerin, metallerarasi elementlerin, tane
blyumesinin alasim veya katiski elementlerinin ayrilmasi veya diger bazi
reaksiyonlarin olugsmasina yol agmaktadir (Lippold ve Kotecki 2005, Karlsson 2004,
Marshall ve Farrar 2000, Davis 1994, Gooch ve Ginn 1988).

Ferritik paslanmaz celikler, ostenitik paslanmaz celiklerle karsilastirildiklarinda iyi
korozyon direngleri ve dusuk fiyatlarina bagh olarak paslanmaz gelikler grubunda en
yaygin kullanilan ikinci en énemli ailedir. Bu tir celikler, ostenitik tlrlere gére daha
zayif digtk sicaklik tokluklari ve zayif ylksek sicaklik mukavemetleri ile disik
kaynak kabiliyetleri dikkate alinarak kaynak gerektirmeyen bircok uygulamada
oldukca yaygin kullanim alani bulmuslardir (Akita ve dig. 2006, Lippold ve Kotecki
2005, Meadows ve Fritz 2005, Gordon ve van Bennekom 1996, Woollin 1994, Davis
1994, Gooch ve Ginn 1988, Folkhard 1984, Thomas 1983).



Benzer bigcimde martenzitik paslanmaz c¢elikler de, gbéreceli ylUksek karbon
iceriklerinden dolayl kaynak kabiliyetleri problemli olabilmektedir. Bu Kkalitelerin
kaynaginda, dntav ve kaynak sonrasi isil islem gerekmektedir (Lippold ve Kotecki
2005, Meadows ve Fritz 2005, Gordon ve van Bennekom 1996, Davis 1994,
Thomas 1983).

Malzemenin kullanim 6mr0 ve fiyat analizlerin iyi yapilmasi ve c¢elik Gretim
teknolojilerindeki gelismeler, %10,5 -%14Cr sistemine dayanan az alasimli
paslanmaz celik kalitelerin ekonomik kullanimi ve olasi performanslarinin
artirlmasini 6n plana cikarmistir. %12 ve %13 Cr’lu paslanmaz c¢elikler olarak
tanimlanan bu tir alagimlarin mikroyapilari, gerilmeli korozyon catlamasina (SCC)
iyi direnc gbsteren ferritik yapidan daha yliksek mukavemet degerlerine sahip olan
tamamen martenzitik yapiya dogru degismektedir. Bu grup malzemelere olan yeni
ilginin baslica nedeni, bu tir celiklerin bircok uygulamada yeterli korozyon direnci ve
iyi mekanik 6zelikler saglamasi ve géreceli olarak daha ucuz olmalaridir (Marshall
ve Farrar 2000).

%12Cr iceren paslanmaz celikler, birgok uygulamada agresif olmayan sivilarla
temasta ve atmosferik korozyona yeterli direncleri ile dustk fiyatlari dolayisi ile
yaygin kullanim alani bulan paslanmaz celiklerdir. Bazi ferritik geliklerde, ylUksek
sicakliklarda ostenit olugsmakta ve soguma sirasinda martenzite déntismektedir. Bu
da yuksek mukavemetli az alagsimli gelikler (HSLA steels) kadar ilgin¢g uygulama
alanlari  bulan tamamen ferritk veya tamamen martenzitik yapinin
olumsuzluklarindan kaginmak icin karbon miktarinin ve martenzit/ ferrit dengesinin
kontrol edildigi ve ferritik ya da martenzitik tlrlerden daha iyi kaynak kabiliyetine
sahip, dénlsebilen 12Cr’lu geliklerin gelistiriimesini tesvik etmistir (Greef ve du Toit
2006, du Toit ve dig. 2006, Woollin 1994, Karjalainen ve dig. 1992, Gooch ve Ginn
1988).

12Cr celiklerinin ilk versiyonu, ilk kez 1979’da Middelburg Celik Uretici firmasi
tarafindan %0,03C’lu Uretilen, ferritik veya ferritik-martenzitik olarak tanimlanan
3Cr12 paslanmaz cgeligi olarak bilinmektedir. Bilesim ve tavlama kosullari, oda
sicakhiginda iyi taneli ferrit matris iginde %10 temperlenmis martenzit olacak bigcimde
kontrol edilmektedir. Bu yapi da tamamen ferritik paslanmaz celiklerde yaygin olarak
gbrllen tane biyumesini sinirlar. Béylece, kaynak edilebilir bir ferritik paslanmaz



celik dretilebilir (Topic ve dig. 2007, NN 2006a,b,c,d, NN 2004, Moore 1997,
Maxwell 1997, Marini ve Knight 1995, Bredenkamp ve van den Berg 1995, McEwan
ve dig. 1993, Bennett 1991, Weiss ve dig. 1990, Tullmin ve dig. 1988, Callaghan
1993, Thomas 1983).

3Cr12 ticari bir adlandirma olmakla birlikte uluslararasi standardlarda yer
almamaktaydi, ancak 3Cr12’den yola ¢ikilarak %12Cr’lu olan DIN'de 1.4003 ve
ASTM/ASME’'de 41003 olarak adlandirilan bir celik gelistiriimistir. Bu c¢elik,
ginimizde UNS S41003 olarak ASTM A240’da ve malzeme no.su 1.4003 olarak
Avrupa standardlarinda yer almaktadir. Bu az alasimhi kromlu paslanmaz celik,
karbonlu celikler ve ylksek alasimli paslanmaz celikleri arasinda maliyet ve
performans bakimindan kdpri konumundadir. Bu gelik, paslanmaz geliklerin yerini
almasi amaciyla dedil, tasarimcilara korozyon direncinden dolay! paslanmaz
celiklerin, S355’e benzer dayanimindan dolayl karbonlu ¢eliklerin muahendislik
Ozeliklerinin GstunlUklerini gostermesinden dolayi pahali paslanmaz celikler ve daha
ucuz olan karbonlu celikler arasindaki boslugu doldurmak Gzere gelistirilmistir (NN
2006a,b,c,d, Kotecki 2005, NN 2004a,b, NN 2001, Moore 1997, Maxwell 1997,
Marini ve Knight 1995, McEwan ve dig. 1993, Bennett 1991, Weiss ve dig. 1990).

3Cr12’nin uygulamalari genellikle, maden ve mineral endustrilerinde altin ve kémar
tasima vagonlari, depolama tanklari, motorlu tasitlar, kuru yik vagonlari, islak
taglarin iletim kanallar, korozif ve abrazif camurlarin pompalanmasinda kullanilan
borular, abrazif malzemelerin taginmasi, konveyor celik kisimlari, rulolar, otomobil
egzost sistemleri, askeri ve sivil ugaklar, elektrik iletim direkleri gibi az korozyon
direnci ve abrazyon direncine gereksinim duyulan atmosferik kosullar ve agresif
olmayan sivi ortamlar olmaktadir. Giiney Afrika, Avustralya, Belgika, ingiltere ve
Amerika gibi diinya ¢apindaki baglica buyik demiryollari, 3Cr12 geliginden yapilmis
kémlr ve altin vagonlar ile tasimacilikta 20 yilin (zerinde endustriyel deneyime
sahiptirler (IAF-Editor 2000, Maxwell 1997, Moore 1997, Marini ve Knight 1995,
Karjalainen ve dig. 1992, Ball ve dig. 1987, Eckenrod ve Kovach 1980).

Esasinda, olasi alagsim kombinasyonlarinin tamamen anlasilamamasindan dolayi,
%12Cr’lu paslanmaz c¢eliklerin potansiyeli tam olarak kullanilamamistir. Celik
Ureticileri ginimuizde alisilmis 12Cr’lu celikte C miktarinin %0,03’e disurilerek
kaynak kabiliyetinin iyilestiriimesi yoluyla EN 10088-2 ve EN 10028-7'de 1.4003,
ASTM A240'da UNS S41003 kalitelere karsilik gelecek bigcimde c¢elik



Uretebilmektedir. Bunlarda kaynakl baglantida gevrek karbir fazlarini olusturma
egilimi gbstermesinden dolayi titanyum miktari da sinirlandirilmistir (du Toit ve dig.
2006, Greef ve du Toit 2006, Lahti 2000, Thomas 1983, Irvine 1960).

3Cr12'nin ilk uygulamalari korozif- abrazif ortamlarda malzeme tasima
ekipmanlarinda kullanilirken 1.4003 tlar0 celikler gunimuzde kémdr maden
endustrisi, seker isleme ekipmanlarinda, altin ve kémurlin tasinmasinda, karayolu
ve demiryolu tasitlarinda, gUc¢ COretim tesislerinde, petrokimya ve kagit
endustrilerinde, yapisal uygulamalarda ve uzay ve havacilik mihendisliginde yaygin
olarak kullanilabilmektedir. Son yillarda, bu celiklerin tasimacilik, maden ve tarim
sektorlerinde, yolcu tagitlari, yik ve yolcu vagonlarinda, gemi ve tank yapiminda
6nemli mali GstUnlikler ile basaril uygulamalarinda artis gértlmastir (du Toit ve dig.
2006, Greef ve du Toit 2006, Dhooge ve Deleu 2005a,b, NN 2004a,b,c, Meyer ve du
Toit 2001, Maxwell 1997, Marini ve Knight 1995, Lelyveld ve van Bennekom 1995,
Woollin 1994).

Literatir arastirmasinda da goérdldugt Uzere, bir celigin yaygin ve verimli
kullanilabilmesi icin kaynak kabiliyeti 6zelikleri vazgecilmez olmaktadir. Bu
calismada, celik Ureticisi tarafindan <%0,015 C ve arayer seviyeleri igeren, kaynak
kabiliyeti iyilestirilerek  6zellikle yapi celiklerine alternatif olarak yapisal
uygulamalardaki kullanim alaninin artiriimasi igin modifiye edilen ve Uretilen
modifiye edilmis X2CrNi12 paslanmaz celigi kullaniimigtir. Bu nedenlerle de bu
celigin kaynagi, kaynak kabiliyeti ve kaynakli baglantilarin &zeliklerini iceren
kapsamli bir calismaya gereksinim duyulmustur. Literatir arastirmasi ayrica
%12Cr’lu celiklerin kaynak kabiliyeti hakkinda da kapsamli bir ¢alisma olmadigini
gbstermistir. Ayrica, bu tir %12Cr’lu geliklerin plazma kaynaginin yapilabilecegi
belirtiimis olmasina karsin plazma kaynakh %12Cr ¢elikleri hakkinda da higbir bilgi
bulunmamistir (Moore 1997).

Bu calismada, modifiye edilmis X2CrNi12 paslanmaz celik kullaniimis ve bu ¢eligin
kaynagi ve kaynak kabiliyeti arastiriimistir. 6 mm, 12 mm, 20 mm ve 30 mm
kalinliginda celikler, AISI 309, 309L, 308L, 316, 316L gibi cesitli ek kaynak metalleri
ile ergiyen elektrod ile gazalti (GMAW), 6rtali elektrod ile ark (SMAW), tozalti
(SAW), 6zI0 tel elektrod ile gazalti (FCAW), lazer ve hibrid (plazma+TIG) kaynak
yontemleri kullanilarak kaynak edilmislerdir. Bu modifiye paslanmaz ¢eligin yapisal
uygulamalarda kullanim alanlarinin genigletiimesi amacina da bagli olarak S355



celigi ile olusturulan farkli metal kaynakli baglantilarinin da performansi ve ézelikleri
arastinlmigtir. Es ve farkli metal kaynakli baglantilarin mekanik, darbe ve kiriima
toklugu, yorulma, mikroyapisal ve korozyon 6zelikleri g6z énline alinmistir. Kaynakli
baglantilardan g¢ikarilan numuneler kullanilarak, tim kaynakli baglantilarin kaynak
metali kimyasal analizleri yapiimigtir. Mekanik 6zeliklerin belirlenmesi amaciyla
enine ve boyuna ¢cekme ve egme deneyleri ile, Charpy c¢entik darbe ve CTOD
kirlima toklugu, ayrica yorulma deneyleri yapiimistir. Kirilma ylUzeyleri makroyapi ve
SEM ve EDX analizleri ile incelenmistir. Mikroyapisal incelemelerde metalografik
inceleme, Vickers sertlik 6lcimleri, delta ferrit miktari ve tane boyutu analizleri
yapilmistir. Tokluk ve mikroyap! arasinda iliski bulunmustur. Atmosferik korozyon
direncinin belirlenmesi amaciyla da tuz puskirtme ve blister korozyon deneyleri

uygulanmistir.

Tez, yedi bélim halinde sunulmaktadir. Bélim 1, Giris bolimind olusturmaktadir. 2.
boélim kisaca paslanmaz celikleri tanitmaktadir. Bélim 3 ise, %12 Cr’lu celiklerin
yapisal teorisini ve gelistirilme tarihcesini, literatir ¢calismalarini ve bu konu hakkinda
yapilan deneysel calismalari icermektedir. Bélim 4’de calismanin amaci ve
planlanmasi agiklanirken, 5. bélim deneysel ¢alismalari icermektedir. B6lUm 6’da
deneysel calismalarin sonuglari detaylariyla verilmektedir. Son olarak Bélim 7, tim
calisma sonrasinda elde edilen sonuglari, tartisma ve irdelemeleri, ayrica endustri

icin yeni uygulama alanlar hakkindaki degerlendirmeleri kapsamaktadir.



2. PASLANMAZ CELIKLER

2.1. Giris

Amerika’da, 2000 yilinda korozyon kayiplarinin Ulke endustrisi ve kamu
kuruluslarina 276 milyar dolar/ yil gibi yOkli bir degere mal oldugu belirtiimektedir.
Korozyon baslangicini geciktirmek veya dnlemek amaciyla gereken pahali dlgimler
ve ek gereksinimler, dmur maliyet iligkisi ve ¢evresel etkenler de dikkate alindiginda,
paslanmaz celikler ginimuzde birgok uygulamada kullanilan karbonlu celiklere
karsi tek gegerli secenek olarak kargimiza ¢ikmaktadirlar (Karlsson 2004, Davis ve
Assoc. 1994).

Dlnya capinda Uretilen ¢eliklerin agirlikga yaklasik %2’si paslanmaz c¢elik Grlnleri
olmasina karsin, bunlar da yillik % 5- 8lik bluylme gd&stermektedirler (Sekil 2.1).
Cevresel konular, kolaylikla geri déntsebilen malzemelere gereksinim duyulmasi ve
6mur maliyet iliskisi de gb6zdnine alindiginda, paslanmaz celiklerin kullanim

alanlarinin artmasi olanaginin arttigr géralmektedir (Karlsson 2004, Wilke 2004).
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Sekil 2.1: Dlnya paslanmaz celik Gretimi (Karlsson 2004)



Paslanmaz celikler, éncelikle korozyona kargi diren¢g amaciyla gelistirilen ve Fe-Cr,
Fe-Cr-C ve Fe-Cr-Ni sistemine dayanan ylUksek alasimh, énemli ve genis bir
muhendislik malzemesi grubudur. Bu celik ailesi, yaygin olarak kimya ve glg¢
muhendisligi, gida endistrisi, saglik uygulamalari, petrol ve petrokimya alanlarinda,
tekstil alaninda, tasimacilikta, yiksek veya sifiralti sicaklik uygulamalarinda ve
mimari uygulamalar gibi birgok endlstri alaninda kullaniimaktadir (Lippold ve
Kotecki 2005, Karlsson 2004, Marshall ve Farrar 2000, Oates ve dig. 1998, Davis ve
Assoc. 1994). Paslanmaz terimi kesici takimlarin gelistirildigi ilk dénemlerde ortaya
cikan genel bir terim iken ginimudzde korozyon direnci gerektiren uygulamalarda

kullanilan genis bir ¢elik grubunu kapsamaktadir (Karlsson 2004).

Krom, ferrit yapicidir ve yeterli miktarda kromun demir iginde ¢d6zinmesi ile alasim
yaptigi metallerin ylzeyinde ylzeyde baddasik, yapiskan ve yeniden olusabilen ve
korozyona direnc saglayan pasif oksit tabakasi olusturur. Paslanmazlik 6zeligi, krom
miktarinin  %10,5’u asmasi durumunda alasimin yilzeyinde korozyon ve
oksidasyonu &nleyen ince, gériinmez, strekli pasif bir oksit filminin olusmasi ile
saglanir. Ancak, alasimlarin bu oranda krom igermesi HCI veya H,SO, gibi asitlerin
bulundugu ortamlarda korozyona yeterince direngli olmasini saglayamaz, bu
nedenle, mikroyaplyl modifiye etmek, dayanim ve sifiralti sicakliklarda tokluk gibi
Ozelikleri iyilestirmek, diger fazlari kararli duruma getirmek igin daha yiksek krom
miktarlariyla birlikte, molibden, nikel ve azot iceren alasimlar kullaniimalidir
(Sourmail ve Bhadeshia 2007, Lippold ve Kotecki 2005, Carrouge, 2002, Davis ve
Assoc. 1994, Krauss 1989).

1 ile 5 nanometre dizeyinde, oldukc¢a ince ve goériinmez olmasina karsin bu
koruyucu film ylzeye sikica yapisir ve ylzeye yeterli oksijen saglayan kosullar
altinda kimyasal olarak kararlidir. Oksit filmi, gelik ylzeyinde hizli korozyon ile olusur
ancak bir kez olusunca da metal ve korozif ortam arasinda metali daha ileri
oksidasyondan koruyacak bicimde bariyer goérevi gdrerek celigin pasif durumda
olmasini saglar. Bu koruyucu oksit filmi ortamda yeterli oksijen olmasi durumunda
kendiliginden olusur, dolayisiyla gelik gizildiginde veya kesildiginde, havadan gelen
oksijen kromla birleserek koruyucu tabakayi yeniden olusturur. Dolayisi ile,
paslanmaz celikler tahrip edilemez olarak degerlendiriimemelidir. Pasiflik belli
kosullar altinda kirilabilir ve korozyon olusabilir. Paslanmaz ¢eligin ne derece pasif
film olusturabilecedi de igerdigi krom miktarina baghdir (Sourmail ve Bhadeshia
2007, Lippold ve Kotecki 2005, Karlsson 2004, Oates ve dig. 1998).



Birgok %12Cr’lu gelik veya hatta daha yiksek krom i¢ceren paslanmaz celikler, belli
kosullar altinda paslanabilir, zira Cr'un bir kismi karblr ya da diger bilesiklere
baglanir ve slrekli koruyucu oksidi olusturan Cr igeridi azalr (Lippold ve Kotecki
2005).

Pasif oksit tabakanin giderilmesine yol agan korozif ortam paslanmaz celiklerin
korozyona ugramasina neden olabilir. Korozyon c¢ukurcuk korozyonu, aralik ve
tanelerarasi korozyon seklinde olabilir. Bu korozyon tirleri, Kkorozif ortam,
malzemenin metalurjik kogullari ve mevcut yerel gerilmelerden etkilenir. Bu nedenle
6zel bir uygulama icin uygun kalitenin secilmesi gerekmektedir. Mihendis ve
tasarimcilar isletme kosullari ve metalurjik davranis Uzerinde CUretimin etkisini
dikkate almahdir (Lippold ve Kotecki 2005, Karlsson 2004).

Paslanmaz celiklerin secimi korozyon direnci, Uretim kosullari, spesifik sicaklk
araliklarindaki mekanik 6zelikleri ve maliyetlerine dayanarak yapiimalidir. Ancak
genellikle korozyon direnci ve mekanik 6zelikler en énemli segim Kkriterlerini
olusturmaktadir. Korozyon direnci, paslanmaz celikler igin en énemli karakteristigi
olmasina karsin genelde 6zel bir uygulama icin belirlenmesi de en zor 6zeligidir. Saf
kimyasal cozeltilere kargi genel korozyon direncinin belirlenmesi daha kolaydir
ancak gercek ortam kosullari cogunlukla daha karmasiktir. Ozel bir uygulama igin
uygun paslanmaz cgelik tirinin sec¢iminde g6z 6nline alinmasi gereken unsurlar:
korozyon direnci, yiksek sicaklik ve isletme sicakliklarinda dayanim ve sineklik,
kaynak kabiliyeti, isletme kosullarinda 6zeliklerin kararli olmasi, tokluk, manyetik
Ozelikler, 1s1l iletkenlik ve elektrik direnci gibi fiziksel dzelikler, abrazyon direnci ve
rijitliktir (Davis ve Assoc. 1994).

Paslanmaz celikler ayrica, ylksek sicaklikta da oksidasyon direncine sahip olan ve
bu nedenle de isi direncli alagimlar olarak da adlandirilmaktadirlar. Yiksek sicaklik
oksidasyonuna karsi direng, 6ncelikle krom miktarinin bir fonksiyonudur ve 6rnegin
%25- 30 krom igceren bazi yiksek kromlu alasimlar 1000°C’ye kadar olan
sicakliklarda kullanilabilmektedir. Bir diger 1siya diren¢ bigimi de karblrizasyona
direnctir ve bunun icin yaklasik %16 kromlu ve %35 nikelli paslanmaz celikler
geligtiriimistir. Paslanmaz celik ailesi, tUriine gére degisen alasim elementleri ile
oldukga genis kimyasal bilesim araligina sahiptir (Lippold ve Kotecki 2005, de
Cooman ve dig. 2005).
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2.2. Paslanmaz Celiklerin Fiziksel ve Mekanik Ozelikleri

Paslanmaz celiklerin fiziksel ve mekanik 6zelikleri aliminyum ve bakir gibi yaygin
kullanilan demirdigi metallerden oldukga farklidir. Ancak, c¢esitli paslanmaz celik
aileleri karbonlu celiklerle kiyasladiginda bazi farkhliklar olsa da 6zeliklerde birgok
benzerlikler gériilmektedir. Ornegin, paslanmaz celiklerin yogunlugu tipki karbonlu
celikler gibi ~8,0 g/cm®diir ki bu deger aliiminyum alasimlarininkinden (2,7 g/cm®)
U¢c kat daha boyOktdr. Karbonlu celikler gibi paslanmaz celikler de bakir
alasimlarinin yaklasik iki kati (115 MPa) ve aliminyum alagimlarinin t¢ kati (70
MPa) olan 200 MPa elastiklik moduline sahiptir. Yukarida s6z0 edilen malzemeler
arasinda 1sil iletkenlik, 1sil genlesme ve elektrik direnci bakimindan da farkliliklar
bulunmaktadir. Ornegin, 1sil iletkenlik olarak siralama yapildiginda en yiksek isil
iletkenlik aliminyum alasimlarinda, daha sonra aliminyum bronzunda, karbonlu
celikler ve paslanmaz celiklerde gérilmektedir. Paslanmaz celikler i¢in Ni, Cu ve Cr

1sil iletkenligi buyUk oranlarda digtirmektedir (Davis ve Assoc. 1994).

Isil genlesme ise, yine aliminyum alasimlarinda en yUksektir, onu aliminyum
bronzu ve ostenitik paslanmaz celikler izlemektedir, daha sonra da ferritik ve
martenzitik tlrler yer almaktadir (Davis ve Assoc. 1994).

Paslanmaz celikler yiksek elektrik direnci gdsterirler ve alasim elementleri de bu
egilimi artinr. Ferritik ve martenzitik paslanmaz ¢elikler ostenitik, cift fazli (duplex) ve
cOkelme sertlestirmeli tirlerden daha dislk elektriksel dirence sahiptir. Paslanmaz
celiklerin  elektriksel direnci aliminyum bronzundan 7,5 kat, aliminyum

alasimlarindan ise 20 kat daha buyCktir (Davis ve Assoc. 1994).

409 ve 409 tir ferritik paslanmaz celikler ostenitik paslanmaz kalitelere benzer akma
mukavemet degerleri gbsterirken daha disik maksimum ¢cekme mukavemeti, tokluk
ve slneklik goésterirler. Duplex paslanmaz celik tdrler ise, ostenitik ve ferritik
kalitelere gore iki kat akma mukavemeti ve yaklasik yarisi kadar tokluk 6zelikleri

gbsterirler (Davis ve Assoc. 1994).
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2.3. Paslanmaz Celiklerin Gelistirilme Tarihcesi

Paslanmaz celiklerin gelistiriime tarihi 6rtlli elektrodun bulundugu gegen yuzyilin ilk
yilllarina kadar uzanmaktadir. Kromun celiklere eklenmesi ve korozyon direnci
Uzerine iyi etkileri, 1821’de kesici takim uygulamalari igin 6nerilen %1,5 Cr’lu alagimi
gelistiren Fransiz Berthier'e dayandiriimaktadir. Bu celikler Gzerine yapilan ilk
deneyler, artan Cr miktarinin ¢eligin bicimlendiriimesini kétd yénde etkiledigini
gOstermis ve bu gelikler Gzerindeki ilginin azalmasina neden olmustur (Lippold ve
Kotecki 2005, Karlsson 2004).

Korozyona direncli alasimlara olan ilgi 1900 ve 1915 yillari arasinda artmistir.
Almanya’da 1897 yilinda Goldschmidt tarafindan distk C’lu Cr alagimlarinin
Uretilmesi Uzerine gelistirdigi teknik bu yenilenen ilgiyi artirmistir. Guillet, Portevin ve
Giesen sirasiyla 1904 ve 1909 yillarinda %13 Cr’lu martenzitik ve %17 Cr’lu ferritik
celikleri agiklayan makaleler yayimlamislardir. 1909’da Guillet, ostenitik paslanmaz
celiklerin isareti olan Cr- Ni celikleri hakkinda bir makale yayimlamistir. 1899'da
Heroult'un elektrik ergitme firinlarini gelistirmesi de paslanmaz celiklerin yaygin
bicimde Uretimini olanakli duruma getirmistir (Lippold ve Kotecki 2005).

Laboratuvar calismalari endUstriyel uygulamalar icin korozyona direngli celikler
Uzerindeki ilginin artmasini saglamistir. Bu alagimlarin ticarilestiriimesi icin 1910 ve
1915 arasinda oldukga ¢aba goésterilmisir. Rapor edilen ilk ticari paslanmaz gelik
alagimi ingiltere’de, Thomas Firth and Sons'da metalurjist olan Harry Brearly'ye
dayandiriimaktadir. Brearly, fakir bir aileden gelmekteydi ve 12 yasinda Firth
sirketinde, kimya laboratuvarinda siseleri yikamaktaydi. 1907°'de 36 yasindayken
arastirma laboratuvarlarinin sefi oldu. %5Cr’lu geliklerde korozyona bagh olarak
olusan hasarlarin belirlenmesi icin Mayis 1912°'de Enfield’deki Royal Small Arms
fabrikasini ziyaret etti. Ve hasarlarin 6nlenebilmesi icin daha ylksek krom
miktarlarinin olasi bir ¢6zim olabilecegi sonucuna vardi. %10 ve %15Cr’lu ve
%0,30C igeren iki dokim celik Gretti. Bu iki celik te ylksek karbon icermesinden
dolay! basarisiz oldu. %12.86Cr, %0.24C, %0.20Si, ve %0.44Mn’li daha kabul
edilebilir bir celik olarak ilk paslanmaz celik Harry Brearly tarafindan 13 Agustos
1913'de Sheffield’de Uretildi. Bu c¢elik 12 deney amagl tifek namlusunda
kullaniimakla birlikte yeni namlular beklenen gelismeyi géstermedi. Bu malzemenin
bir kismi kesici aletlerde kullanilmaya basladi ve bdylece paslanmaz celik ¢agi
baslamis oldu (Lippold ve Kotecki 2005, Karlsson 2004).
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ilk paslanmaz celik ingotu 3 Mart 1915'de Pittsburgh'da Firth Sterling Ltd'de
déklldd. Bu da <%0,7C ve %9-16Cr bilesim aralidinda c¢elikleri igeren ve
Amerika’da kesici tir celikler icin Brearly’'ye verilen 1,197,256 no.lu patentin
alinmasini sagladi (Lippold ve Kotecki 2005).

Brearly’nin 1915'deki patentine bagli olarak genelde paslanmaz celiklerin mucidi
olarak bilinmesine karsin, Fransa ve Almanya’daki 6n ¢alismalar olmadan bu icadin
da olamayacagd! aciktir. Ayrica, Amerikali Dansitzen ve Becket’in ferritik ve Alman
Maurer ve Strauss’un ostenitik paslanmaz ¢elik alasimlari gelistirdigi belirtiimelidir. 1.
Dinya Savasi’ndan hemen O6nceki bu icatlardan martenzitik, ferritik ve ostenitik
paslanmaz celikler gelistirilmistir. Amerika’'da paslanmaz celiklerin Cretimi ve
kullanimi 1920’lerde ilk Ureticiler olan Allegheny, Armco, Carpenter, Crucible, Firth-
Sterling, Jessop, Ludlum, Republic, Rustless ve U.S. Steel ile baglamistir (Lippold
ve Kotecki 2005, Karlsson 2004, Davis ve Assoc. 1994).

Hammadde eldesi, 6zellikle 1950’lerde Afrika ve Asya’daki sivil savaslar zamaninda
Ni’in elde edilmesinin zor oldugu dénemlerde nikel ve kromun zor bulunmasi, Dogu
Bloku Ulkelerini etkilemis ve bu da Mn ve N’un &zellikle Ni'in yerini aldigi 200 serisi
alasimlarin gelistiriimesine yol agmistir. GinimUzde de bu gelikler artan miktarlarda
kullanilmaktadir (Davis ve Assoc. 1994).

ilk duplex tir paslanmaz celik, isvigre'de ka@it endistrisindeki uygulamalar igin
1930’larda geligtirilmigtir. Ancak, ¢ékelme sertlestirmeli tlrler 2. Dinya Savasi’ndan
sonra ticari olarak Uretilmistir (Karlsson 2004).

Fe-Cr ve Fe-Cr-Ni sistemlerinin metalurjisi 1940 ve 1950’lerde anlasiimistir ve
standardlastiriimasi da bu yillarda olmustur ve o ginden bugline dek te ¢ok az
degismistir. 1970’li yillardan itibaren N eklenmesi ve C’nun azaltiimasi duplex
kalitelerin kaynak edilebilir malzemeler olacak bigimde Uretilebilmesini saglamistir.
“Super” paslanmaz celikler de gecen yirmi yilda gelistirilmistir. Oldukca diisik arayer
seviyeleri ve yiksek Cr ve Mo iceren slper ferritik kaliteler standard ferritik tlrlere
gbre daha iyi korozyon direnci géstermektedir. Bu celikler bazi uygulama alanlari
bulmasina karsin kullanimlari sinirli kalmistir. SGpermartenzitik paslanmaz gelikler
ise paslanmaz celik ailesine en yeni katilan c¢elik kalitelerden biridir. Bu celikler
oldukga dustk C (<%0,010) icermeleri sayesinde yiksek mukavemet ve yeterli
korozyon direnci ve kaynak Kkabiliyeti 6zeliklerinin bilesimini uygun fiyatlarla
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sunabilmektedir (Karlsson 2004).

Kaynak teknolojisi paslanmaz celikler igin dnemli bir Gretim yéntemidir ve gecen 75
yil boyunca bu tir malzemelerin kaynaginin yapilmasi ve gerektigi durumlarda
6nlemlerin alinabilmesi gibi bilgileri iceren birgok spesifikasyon, makale, el kitabi vb.
yayinlar yayimlanmistir. Paslanmaz celikler genel olarak kaynak edilebilir gelikler
olarak g6z 6nlne alinmaktadir, ancak hatasiz kaynak edilebilmeleri ve igletme
kosullarinda yeterli 6zelikleri saglamalari bu tir celiklerin kaynaginda izlenmesi
gereken birgok kural bulunmaktadir. Cogu durumda, kaynak mikroyapisinin
yeterince kontrol edilememesi ya da malzeme veya mikroyapi igin uygun olmayan
kaynak yontemlerinin kullanimi gibi bazi problemlerle karsilagiimaktadir (Lippold ve
Kotecki 2005).

Paslanmaz celikler kaynak edilebilir olmasina karsin ¢ogu tiru 6zel prosedurler
kullanilarak kaynak edilebilir. Yeni t0r celiklerin gelistiriimesi kaginilmaz olarak
Uretim ve birlestirmede yeni problemleri de beraberinde getirmektedir. Verimin
artirilabilmesi igin esas metal 6zeliklerinin iyilestiriimesi ve kaynakli Uretime olan
gereksinim her gecen gin artmaktadir. Cogu durumda, kaynak, isidan etkilenmis
bdlge (IEB) ve kaynak metali (KM) mikroyapisinin esas metale gére énemli miktarda
degismesine neden olmaktadir. Bu da istenen faz dengesinde degisikliklerin,
metallerarasi elementlerin, tane blyUmesinin, alasim veya katiski elementlerinin
ayrismasi veya diger bazi reaksiyonlarin olusmasina yol agmaktadir (Lippold ve
Kotecki 2005, Karlsson 2004).

2.4. Paslanmaz Celiklerin Uretimi

Paslanmaz celikler bircok boyut ve bicimde dretilmektedir ve bu alasimlar ticari
olarak neredeyse sinirsiz bigimde bulunabilmektedir. Paslanmaz ¢eliklerin ergitme
ile dretilimesi argon oksijen dekarbirizasyon (AOD) ve vakum oksijen
dekarbtrizasyon (VOD) teknikleri ile yenilenmistir. Bu yontemler diistik C miktarlari
ve kontrol edilebilir N seviyelerinde ¢cok daha temiz celikler Uretilmesini saglamistir.
1970’lerde, paslanmaz c¢elik Uretiminde sUrekli d6kimuin yapilabilmesi de
paslanmaz celik Uretiminin daha disik maliyet ve daha ylUksek kalitede
olabilmesine katki saglamistir (Lippold ve Kotecki 2005, Karlsson 2004, Davis ve
Assoc. 1994).
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2.5. Paslanmaz Celik Turleri ve Uygulama Alanlari

Yalin karbonlu ve C-Mn celiklerinin yaninda, paslanmaz cgelikler oldukga yaygin
olarak kullanilan geliklerdir, zira birgok tirde bulunmakta, istenen 6zelikler genis bir
aralikta saglanabilmekte ve bircok farkli uygulamada kullanilabilmektedir, bu
nedenle de mikroyapr ve Ozeliklerinin belirlenmesi amaciyla birgok calisma
yuritilmektedir (Lippold and Kotecki 2005).

Paslanmaz celikler bes ana gruba ayrilmaktadir. Bunlardan ilk dort grup, alagimlarin
karakteristik mikroyapisina dayanmaktadir. Paslanmaz celiklerde mevcut olabilen
fazlar: martenzit, ferrit ve ostenittir. Duplex paslanmaz celikler yaklasik olarak %50
ostenit ve %50 ferrit icermektedir. Cokelme sertlestirmeli kaliteler ise c¢cokelme
sertlestirmesi (yaslandirma 1sil iglemi) ile olusturulmasindan dolayr bu sekilde
adlandiriimaktadir. Bu tdrler ise martenzitik, yari ostenitik ve ostenitik tlrler olmak
Uzere kendi iclerinde ayriimaktadir (Lippold ve Kotecki 2005, Oates ve dig. 1998,
Davis and . Assoc.1994).

Paslanmaz celiklerin, ézellikle dévme tirlerinin adlandiriimasi genellikle Amerikan
Demir ve Gelik Enstitist (AISI)’nGn U¢ rakamli ve bazen de bu ¢ rakami izleyen bir
harf kullanilarak, ©6rnegin 304, 316L, 410 ve 430, olusturdugu sistemle
yapilabilmektedir. 200 ve 300 serisi genellikle ostenitik tlrleri gbsterirken 400 serisi
ise ferritik veya martenzitik tlrleri gdstermektedir. UNS sistemi paslanmaz celikleri
de kapsayan ve tim metallerin listesini iceren ve AISI sisteminden daha kapsamli
bir numaralama ve adlandirma sistemidir, zira son gelistirilen paslanmaz celik
thrlerini de icermektedir. Paslanmaz celiklerin UNS ile adlandiriimasi, S harfini ve
onu izleyen 5 rakami icermektedir. AlISI ile adlandirilan alasimlar da ¢ogunlukla bu
sistemde yine AISI adlandirmasina karsilik gelecek bicimde tanimlanmaktadir, zira
iki rakam 00 ise bu numaralama temel AlSI kalitesine denk gelmektedir. Temel
kalitelerin modifikasyonlari da 00’larin disinda rakamlarla ifade edilmektedir. %25-30
gibi yiksek miktarlarda Ni iceren paslanmaz celikler de UNS sisteminde N harfi ve
onu izleyen 5 rakamla ifade edilmektedir (Lippold ve Kotecki 2005, Davis ve Assoc.
1994).
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Sekil 2.2: Paslanmaz gelik alagsim ailesi (Davis ve Assoc. 1994).

Manyetik 6zelikler de bazi tir paslanmaz celikleri tanimlamada kullanilabilmektedir.
Ornegin, ostenitik tirler manyetik degildir. Duplex kaliteler ise yiksek ferrit
miktarlarina bagl olarak kuvvetli manyetiklik 6zeligi gésterirler. Cok az miktarlardaki
artik ferrit veya soguk sekillendirme de c¢ok az ferromanyetiklik 6zeligi
kazandirabilmektedir, ancak bu durumda manyetik malzemelere gbre daha zayif
manyetiklik 6zeligi gosterirler. Ferritik ve martenzitik tir paslanmaz celikler de

ferromanyetik 6zelik gésterirler (Lippold ve Kotecki 2005, Davis ve Assoc. 1994).

ilk kullanildiklari kesici takim enddistrisinden giinimiize dek paslanmaz celiklerin
uygulama alanlari bilylk oranlarda artmistir. Paslanmaz celikler bugin, gig¢
Uretiminde, kimya ve kagit isleme endUstrilerinde, mobilya sektériinde,
otomobillerde, estetik gérinim ve korozyon direncinin tasarimda énemli rol oynadigi
alanlarda rahatlikla kullaniimaktadir (Sourmail ve Bhadeshia 2007, Lippold ve
Kotecki 2005).

Kimya ve gu¢ muhendislik uygulamalari, uzun ve yassi paslanmaz ¢elik Grlnlerde
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en buylk pay! olusturmaktadir ve bu 1920°de nitrik asit endUstrisi ile baslamistir.
GUnUmizde nikleer reaktér kazanlari, 1s1 degistirgecleri, petrol boru hatlarinda,
kimyasal isleme ve kagit endustrilerinde, fosil yakit glc¢ alanlarinda kullanilan
firinlarda ve kazanlarda kullaniimaktadir. Bir¢ok paslanmaz gelik tird, sit ve peynir
Uretimi gibi gida endustrisinde, bira ve meyve suyu Uretiminde, sarap ve bira
depolamada ve restoranlar igin buyltk mutfaklar gibi alanlarda kullaniimaktadir
(Davis ve Assoc. 1994).

Tasima araglarinda kullanilan fonksiyonel ve dekoratif bilesenlerin biytk bir kismi
paslanmaz celiklerden (retilmektedir: 6érnedin, otomobil parcalari, otobls ve
tankerlerde, kimyasal tankerlerde, ugak bilesenlerinde kullaniimaktadir. Paslanmaz
celikler mimari uygulamalarda da kullaniimaktadir. 304 paslanmaz ¢eligin dekoratif
amagcla kullanildigi en eski uygulama, 1929°da New York’taki Crysler binasidir
(Davis ve Assoc. 1994).

Paslanmaz celikler yillardir, mutfak ekipmanlarinda, gida endustrisinde, saglik
uygulamalarinda, petrol ve petrokimyasal alanlarda, tekstil endustrisinde, eczacilik
ve tasima endustrilerinde kullaniimaktadir. Ayrica, yiksek sicaklik ve sifiralti sicaklk
uygulamalarinda da kullanim alani bulmaktadirlar. Yassi ve uzun paslanmaz celik
arbnlerin kullanim alanlari asagida tabloda sunulmaktadir (Sourmail ve Bhadeshia
2007, Lippold ve Kotecki, 2005, Davis ve Assoc. 1994).

Tablo 2.1: Paslanmaz celik Grlnlerin uygulama alanlari (Davis ve Assoc. 1994).

Uygulama Kullanim yiizdesi
Endustriyel ekipmanlarda

Kimya ve gic¢ mihendisligi 34

Gida endistrisi 18
Tasima 9
Mimari 5
Tiketim esyalarinda

Evsel uygulamalar 28
Elektrik ve elektronik uygulamalari 6

Asagidaki paragraflarda, bu ¢alismada kullanilan gelik tirintn agirhkli olarak ferritik
tir olmasindan dolayi kisaca ferritik paslanmaz celikler tanitilacak, 3. bélimde de
%12 Cr’lu gelikler ayrintilariyla agiklanacaktir.
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2.6. Ferritik Paslanmaz Celikler

Ferritik paslanmaz celikler, mevcut baskin metalurjik fazin ferrit olmasi nedeniyle
ferritik olarak adlandiriimaktadir. Bu alasimlar, geriimeli korozyon catlamasina,
cukurcuk korozyonu ve Ozellikle klortrli ortamlar igin aralik korozyonuna karsi iyi
direng gosterirler. Mekanik 6zeliklerden ziyade korozyon direncinin en 6nemli
gereksinim oldugu bircok uygulamada kullanilirlar. %10,5-%12,5 krom igeren az
kromlu tdrler, genel korozyon direncinin karbonlu c¢eliklerden daha Ustin oldugu
uygulamalarda, érnegin otomobil egzost sistemlerinde kullanilirlar. Orta ve ylksek
kromlu kaliteler daha agresif korozif ortamlarda kullanilirlar. Stper ferritik alasimlar,
korozyon direncine gereksinim duyulan kimyasal isleme ve kagit endUstrileri gibi
cesitli oksitleyici ortamlarda kullanilirlar. Ylksek kromlu kaliteler ayrica yuksek

verimli firinlarda kullanilirlar (Cavazos 2006, Lippold ve Kotecki 2005).

Ferritik paslanmaz celikler gerilmeli korozyon catlamasina karsi ¢ok iyi direng
gobterirken tokluk ve kaynakli durumda stineklik ézelikleri zayiftir. Son yillarda, (C+N)
miktar oldukga azaltiimig olan yeni tlrler gelistiriimis ve tokluk ve kaynak kabiliyeti
Ozelikleri iyilestirilmistir. Birgok birlestirme ydntemi arasinda, kaynak teknolojisi en
cok kullanilan ydntemlerden birisidir. Ancak ferritik paslanmaz celikler genellikle
kaynak gereksinimi olmayan uygulamalarda kullaniimaktadir. Ornegin, orta kromlu
trler otomobil, dekoratif ve mimari uygulamalarda kullaniimaktadir. 1980’lerin
baslarindan buyana, az ve orta kromlu kalitelerin otomobil egzost sistemlerinde
kullanimi hayli artmistir. Egzost borularinin ve baglantilarinin kaynak edilmesinden
dolayl da ferritik paslanmaz celiklerin kaynak kabiliyeti artan bir ilgi gérmeye
baslamistir (Akita ve dig. 2006, Lippold ve Kotecki 2005).

Bircok yuksek kromlu kalite, 6rnegin kimyasal sahalarda, kagit fabrikalari ve
rafinerilerde kullaniimak UGzere gelistiriimektedir. Bu alasimlar, ostenitik ve
martenzitik tlrlere gbére Ustln korozyon direnci gbstermektedirler, ancak daha
pahalidirlar ve Uretimleri daha zordur. Orta ve ylksek kromlu alasimlarin kaynak
kabiliyeti, birgok arastirmaya konu olmustur. Ferritik tlrler genelde, 400°C’nin
altindaki sicakliklarinda kullanimla sinirlidirlar, zira yiksek kromlu kaliteler 6zellikle
gevrek fazlarin olusumuna bagh olarak 475°C gevrekligine karsl hassasiyet

gbsterirler (Lippold ve Kotecki 2005).
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2.6.1 Standard ferritik alagimlar ve kaynak metalleri

Ferritik paslanmaz celikler, genel bilesim araliklarina gbére ¢ tir olarak
gelistirilmistir. ik tir alagimlar, baglica nispeten yliksek karbon miktarlari iceren orta
kromlu celikler olmustur. Bu celikler %100 ferritik degildir, zira katilasma ve soguma
sirasinda veya ylksek sicakliklara isitildiginda yapilarinda bir miktar ostenit olusur.
Yilksek sicakliktaki ostenit, oda sicakli§ina sogutulurken martenzite déniisir. ikinci
thr ferritik alagimlar ferrit yapisinda martenzit olusumunu minimize etmek ve kaynak
kabiliyetini artirmak Gzere gelistiriimiglerdir. Daha az karbon icerirler ve genelde Nb
veya Ti gibi karbon ve azotu baglayarak ferrit yapici stabilizasyon elementleri
icerirler (Man Sim ve dig. 2005, Lippold ve Kotecki 2005).

Uciinci tir ferritik paslanmaz gelikler, yiiksek krom, disiik arayer (C+N) seviyeleri
ve disuk kalinti igerirler. Bu kaliteler, genelde c¢esitli ticari adlar altinda 06zel
uygulamalar igin gelistiriimistir. Paslanmaz geliklerin yiksek saflikiaki kaliteleri orta
derecede tokluk ve suneklik ile birlikte Ustliin korozyon direncine sahiptir. Bu yluksek
safliktaki kaliteler kaynak edilirken, 6zellikle azot ve oksijen gibi istenmeyen
elementlerin etkisinden sakinmak ve tane blylimesini en azda tutmak icin ¢ok dikkat
edilmelidir. Tablo 2.2, gesitli ferritik paslanmaz celiklerin bilesimlerini géstermektedir.

Tablo 2.2: Endustride yaygin kullanilan ferritik kromlu paslanmaz gelikler (Kalug ve Tilbentgi

1998).
AISI EURONORM Kimyasal Bilesim (%)
DIN
(UNS)* (TSE) Cc Mn P S Si Cr Ni Mo Diger
405(S40500) X6CrAl13 <0.08 1.0 0.040 0.030 1.0 11.50/13.00 0.10/0.30 Al
409(S40900) X5CrTi12 <0.08 1(.30 0.045 0.045 1(.30 10.50/11.75 6 X C/0.75Ti
429(S42900) X7Cr14 <0.12 1(.30 0.040 0.030 1(.30 14.00/16.00
430(S43000) X6Cr17 <0.12 1(.30 0.040 0.030 1(.30 16.00/18.00
430F(S43020) X12CrMoS17 <0.12 1(.)2 0.060 | 1.15(min) 1(.30 16.00/18.00 0.60*
430FSe(S43023 <0.12 1?2 0.060 0.060 1(.)0 16.00/18.00 0.15Se(min)
Z134(843400) X8CrMo17 <0.12 120 0.040 0.030 1:0 16.00/18.00 0.75/1.25
5 X C/0.70
436(S43600) <0.12 1.0 0.040 0.030 1.0 16.00/18.00 0.75/1.25 Nb+Ta
442(S44200) <0.20 1(.)0 0.040 0.030 1(.)0 18.00/23.00
446(S44600) X10CrN28 <0.20 125 0.040 0.030 120 23.00/27.00 0.25N

* Uretici tarafindan katilabilir.

** ASTM- SAE Unified Numbering System.
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Ozelik ve mikroyapilari farkli olmasina karsin, birgok ferritik tiir paslanmaz celik,
martenzitik tlrler gibi 4xx simgelendirmesine sahiptirler (Man Sim ve dig. 2005,
Lippold ve Kotecki 2005).

D&ékam ferritik paslanmaz gelik alagimlar daha sinirli olarak bulunmaktadir ve ASTM
A743 veya ASTM A297 standardlarinda genis bir karbon araligi icerecek bigimde
yer alirlar. Bu sayede dékim kosullarinda baskin olarak ferritik ya da martenzitik

mikroyapi gelistirme olanagi vardir (Lippold ve Kotecki 2005).

2.7. Saptama diyagramlari

Paslanmaz celikler ve kaynak edildiklerinde IEB’lerindeki 6zeliklerin anlasilabilmesi
icin saptama diyagramlari bilinmelidir. Ancak saptama diyagramlari, érnegin ¢ok
disik 1sitma ve sodutma hizlarinda faz déntstimlerini ve faz kararliligini gésteren,
faz denge diyagramlaridir. Kaynak sirasinda yuksek isitma ve sogutma hizlari ile
karsilasilir ve bu durumda da faz diyagramlarinda sapma goérulebilir. Bu nedenle
baska kaynaklarin kullaniimasi da 6nerilebilir (Lippold ve Kotecki 2005, Ladanova
2003).

Yaklasik faz diyagramlari genellikle kaynak sonrasi isil islemle gérulebilmektedir.
Ornegin, katilasma tirl, faz déniisimleri ve c¢okeltiler dogrudan saptama
diyagramlari ile iligskilendirilebilir. Celigin kinetik davranigi da géz éntne alinmahdir.
Bu diyagramlar, yalnizca kaynak dikislerinde gelisen gercek mikroyapilara yaklagim
saglayabilmektedir, zira paslanmaz c¢elik esas metal ve ek kaynak metalleri standard
faz diyagramlarina dayanan denge diyagramlari ile bagdastirilamayan ve 10 alasim
elementine kadar element igermektedirler. Paslanmaz c¢eliklerdeki mikroyapil,
donasim ve c¢oOkelmelerle ilgili bilgileri edinebilmek igin bircok tir bilgi
birlestiriimelidir (Lippold ve Kotecki 2005, Ladanova 2003).

Bu kisimda, bircok tir paslanmaz celie uygulanan ve mikroyapi dngdrtlmesinde

kullanilabilen faz denge diyagramlari hakkinda bilgi saglamak icin ikili Fe-Cr ve Gcli

Fe-Cr-C ve Fe-Cr-Ni sistemleri kisaca a¢iklanmaktadir.
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2.7.1. Fe-Cr sistemi

Sekil 2.3, kromun baslica alasim elementi oldugu demir-krom denge diyagramini
gbstermektedir. Paslanmaz celik faz kararhh@i, faz iligkileri ve mikroyapilar
tanimlamak igin bu diyagram énemli bir baslangic noktasidir (Lippold ve Kotecki
2005, Ladanova 2003, Carrouge 2002, Folkhard 1974).

Krom (%)
1863 °C
1 20 30 4 50 60 70 80 90
1800 9 -
T T I T T I TT="
L ==1
1600 | 1538 °C s .
— —p—
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x tv-Fe) ||} ~12.7
o 1000
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Sekil 2.3: Fe- Cr ikili faz denge diyagrami (Lippold ve Kotecki 2005).

Yiksek sicakliklarda, demir iginde Cr tamamen ¢bézinmektedir ve tim Fe-Cr

alasimlarinin katilagsmasi ferritik olarak gériimektedir.

Faz diyagramlarinda ferrit, a ve & sembolleri ile gésteriimektedir. Fe-Cr sistemine
dayanarak, 0 ylUksek sicaklik ferriti ve a ferriti de ostenitten olusan disuk sicaklik
ferritidir. ikili ve Gcli sistemlerde, a ve & siklikla kullaniimaktadir ve yiiksek sicaklikta
olusan ferrit tamamen dénismemistir ve bir kismi oda sicakliginda kalmaktadir. &-
ferrit ve a- ferrit farkli tane yapilari géstermektedir. &- ferrit gogunlukla a- ferrit ile
karigtiriimaktadir ve morfolojik olarak katllasma mikroyapisina benzer yapilar
icermektedir (Lippold ve Kotecki 2005, Ladanova 2003, Carrouge 2002).

Krom, demirin kubik ylzey merkezli (KYM) ferrit yapisini kararli duruma getirir ve
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bdylece Cr miktarinin artmasi ile yiksek sicaklik &- ve a- ferrit alani genigler. DlsUk
Cr miktarlarinda, 912- 1394°C sicaklik araliginda ostenit halkasi bulunmaktadir.
Ferrit alani genigledikge y alani daralir. Fe-Cr alagimlarinin katilagsma araligi olduk¢a
dardir. %12,7’den daha fazla Cr iceren alagimlar yUksek sicakliklarda yapilari
tamamen ferritik olurken bu miktardan az Cr igeren alasimlar y bdlgesi icindeki
sicakliklarda bir miktar ostenit icermektedirler. %12'den az Cr igeren alagimlar ise y
alani icindeki sicakliklarda tamamen ostenitiktirler. Hizlh sogumaya bagli olarak bu
ostenit martenzite dénusebilir (Lippold ve Kotecki 2005, Carrouge 2002).

Fe-Cr diyagrami martenzitik ve ferritik celiklerin temelini olusturmaktadir. Bu celikler
Cr disinda da alasim elementleri icermektedirler (Lippold ve Kotecki 2005, Krauss
1989).

Sekil 2.4’te, vanadyum ve molibden gibi diger ferrit yapici elementlerin demir ile

alasimlanmasi durumunda kroma benzer davranigi gésterilmektedir (Krauss 1989).

1650

1427

1200

980

Sicaklik (°C)

760

538 A L ' | . 13 =L i L A 1 A A
0 2 & 6 8 io 12
Alasim igerigi, ag.%

Sekil 2.4: Demirin gesitli ikili sistemlerinde olusan ostenit alani (Krauss 1989).

2.7.2. Fe-Cr-C sistemi

Fe-Cr alasimlarina C eklenmesi, ostenitin olustugu yiksek sicakliklarda, Cr miktar
araligini artirmaktadir. Bu da faz diyagramlarini degistirmekte ve karmasik duruma
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getirmektedir. C, ostenit yapici bir elementtir ve ylksek sicakliklarda ve ¢ok daha
yiuksek Cr miktarlarinda osteniti kararli duruma getirerek y alanini genisletir. C'un y
alanini genigletici etkisi asagida gosterilmektedir (Sekil 2.5).
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0.004% C
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Sicaklik (°C)

1000 0.002% N
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800 | § T T T 1
0 5 10 15 20 25 30
Krom (%)

Sekil 2.5: Karbonun y alanini genisletici etkisi (Lippold and Kotecki 2005).

Cok az miktarda da olsa karbon, y alanini oldukca genigletir. Bu da martenzitik
paslanmaz celiklerin gelistirilmesini etkilemektedir, zira martenzit soguma sirasinda
olusur ve bu celikler yiksek sicakliklarda ostenitik olmalidir. Ferritik kaliteler igin, y
alaninin buydkligu kontrol edilmelidir ve yUksek sicaklikia ¢ok az ya da hi¢ ostenit
olusmamalidir (Kaluc ve Taban 2006, Lippold ve Kotecki 2005, Davis ve Davis
Assoc. 1994, Folkhard 1974).
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3. 12 KROMLU PASLANMAZ CELIKLER VE LITERATUR ARASTIRMASI
3.1. Az Alasimli Paslanmaz Celikler

Omiir maliyet analizlerinin ve gevresel rekabet kosullarinin her gecen giin dneminin
artmasi nedeniyle, paslanmaz gelikler bircok yapisal uygulama igin artan oranda bir
¢6zim sunmaktadirlar. Ginimizde c¢ogu yapisal uygulamada yapi celikleri
kullanilmasina karsin korozyonu énlemek amaciyla ek ve pahali énlemlere gerek
duyulmaktadir (NN 2004b).

Ferritik paslanmaz celikler, ostenitik paslanmaz celiklerle karsilastirildiklarinda iyi
korozyon direngleri ve dusuk fiyatlarina bagh olarak paslanmaz celikler grubunda
ikinci en dnemli ailedirler. Bu tar celikler, ostenitik tlrlere gére daha distk sicaklik
tokluklari ve ylksek sicaklik mukavemetlerinin disOkliglu ile disik kaynak
kabiliyetleri dikkate alinarak kaynak istenmeyen bir ¢ok uygulamada olduk¢a yaygin
kullanim alani bulurlar (Akita ve dig. 2006, Taban ve dig. 2007a,d, Lippold ve
Kotecki 2005, Meadows ve Fritz 2005, Gordon ve van Bennekom 1996, Woollin
1994, Davis 1994, Gooch ve Ginn 1988, Folkhard 1984, Thomas 1983).

AISI 430 ferritik celigi iyi korozyon direnci ve plastik sekillendiriimesinin gerekli
oldugu yerlerde uygulama alani bulmaktadir. AISI 410 martenzitik celik ylksek
mukavemeti ve orta korozyon direnci gibi UstlnlUkleri ile bir dizi uygulamada
kullanilir. Diger bir deyimle esasinda bu iki gelik tirG de iyi kaynak kabiliyetine sahip
degildir. 6 mm’den daha kalin ticari kalitedeki ferritk paslanmaz celikler,
IEB’lerindeki tane irilesmesi ve tane sinirlarinda martenzit olusumu dolayisi ile
disik tokluk, slUneklik ve disik korozyon direncine sahiptirler. Centik
hassasiyetlerine ek olarak bu tir celik kalitelerin diger bir baslica sinirlamasi da
kaynak sonrasindaki hassasiyete olan yatkinliklaridir. Martenzitik paslanmaz
celiklerde hidrojen catlamasini 6nlemek igin uygulanacak bir 6n tavin yanisira
mukavemet ve toklugu da optimize etmek igin kaynak sonrasi gerilmeleri giderme
tavlamasina gerek duyulur (Lippold ve Kotecki 2005, Meadows ve Fritz 2005,
Gordon ve van Bennekom 1996, Davis 1994, Thomas 1983).
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Herhangi bir alagimin etkili ve yaygin uygulama alani bulmasi kaynak kabiliyetinin iyi
olmasina baglidir ve bu faktér ferritik ve martenzitik paslanmaz celik kalitelerin
kullaniminda birini digerine gére tercih etmede sinirlayici rol oynar. Ornegin, birkag
paslanmaz celik icinden biri olan AlISI 420 alasimina ark kaynadi uygulanmasi ile
ilgili bir bilgi bulunmamaktadir. Son on yildaki gelismeler, bu tir malzemelerin
uygulama alanlarini artirmaya dénitk olarak kaynak kabiliyetlerinin iyilestiriimesi
amagcli calismalardir (De Santana ve dig. 2006, Lippold ve Kotecki 2005, Marshall
ve Farrar 2000, Davis 1994, Gooch ve Ginn 1988).

Malzemenin kullanim émrQ, fiyat analizlerinin iyi yapiimasi, ¢elik Gretim ve galisma
teknolojilerindeki gelismeler ferritk ve martenzitik paslanmaz celiklerin yeni bir
statilye kavusmalarini saglamis ve “az alasimli paslanmaz c¢elik” Kkalitelerin
ekonomik kullanimi ve olasi performanslarinin artirilmasini én plana ¢ikarmigtir. Bu
6nemli etkinligin sonucu olarak %10,5 -%14Cr sistemini temel alan yeni veya
Ozelikleri duUzeltiimis alasimlarinin bir dalga seklinde ortaya ¢ikmakta oldugu
gbrilmektedir. Alasimin paslanmazlik 6zeligini saglayacak miktarda en az krom
icerigine sahip olmasi ve bu tir alasimlarin mikroyapilarinin %12 veya %13Cr
araliginda etkin bir sekilde ferritik yapidan tamamen martenzitik yapiya dogru
degistigi ve de gerilmeli korozyon g¢atlamasina (SCC) iyi diren¢ géstermeleri ve daha
yiksek mukavemet degerlerine sahip olmalari istenir. Bu grup malzemelere olan
yeni ilginin baslica nedeni bu tir celiklerin disuk fiyatlarinin yanisira uygun
korozyon direncleri ile birlikte elde edilen mukavemet/agirik oraninin HSLA
celiklerine esit hatta duplex paslanmaz celiklerden daha iyi olmasidir (Marshall ve
Farrar 2000).

GUndmazan ileri celik Gretim teknolojileri bilesimin daha dar aralikta kontrolunu
yapabilmekte, karbon ve azot icerikleri cok disik seviyelere cekilebilmektedir,
dolayisi ile kaynakl durumda IEB Ozelikleri dizeltiimekte ve krom karblr olusum
tehlikesi de en aza indirgenerek korozyon performansi artirilmaktadir (Dhooge ve
Deleu 2005a-b, Lippold ve Kotecki 2005, Marshall ve Farrar 2000).

Yukarida siralanan olanaklar yalnizca uygun ferritik tlr c¢eliklerin kaynak

kabiliyetlerinin iyilestiriimesini dedil ayni zamanda kaynak kabiliyetleri iyilestiriimis

olan yeni martenzitik paslanmaz celiklerin de ortaya c¢ikmasini saglamigtir. Ek
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alasimlama ile korozyon performansi ve mekanik ézelikler daha iyi olacak bigcimde
elde edilebilmektedir (Marshall ve Farrar 2000).

3.1.1. 3Cr12 Paslanmaz Celiginin Tanitimi

%11 ile %12Cr igeren paslanmaz celikler, bircok uygulamada agresif olmayan
sivilarla temasta ve atmosferik korozyona yeterli direncleri ile disik fiyatlarindan
dolay! yaygin kullanim alani bulan yararli paslanmaz celiklerdir. Bazi tir ferritik
yapih celiklerde yUksek sicakliklarda bir miktar ostenit olusur ve soguma sirasinda
martenzite dénlstr. Bu durum, karbon bilesiminin siki kontrolu ve martenzit/ferrit
dengesinin ayarlanmasi ile tamamen ferritik veya tamamen martenzitik yapilarin
olusmasini engelleyerek ferritik veya martenzitik paslanmaz celiklerden daha iyi
kaynak kabiliyetine sahip %12Cr iceren donlsebilir paslanmaz celiklerin
gelistiriimesini saglamistir, bu tir celikler ilging uygulama alanlarinda kullanilabilen
yluksek mukavemetli paslanmaz yapi celikleri olarak ortaya ¢ikmistir. Dislk karbon
seviyelerine inilebilmesi sayesinde martenzitin toklugu bozucu etkisi ve sertlik
sinirlanmistir. Genel olarak, ferrit tane boyutu IEB toklugu Uzerinde etkilidir ve
martenzitin en az seviyede olmasi durumunda bile martenzit seviyesindeki artig
bozucu bir etken olmaktadir. DlUsUk karbonlu ve dusik ara yer kati ergiyik
elementleri igceren celiklerin gelistiriimesi ile kaynak kabiliyeti iyilesmekte ve bu tar
celik malzemelerin mihendislik uygulamalari artmaktadir (Greef ve du Toit 2006, du
Toit ve dig. 2006, Lippold ve Kotecki 2005, Meadows ve Fritz 2005, Woollin 1994,
Davis 1994, Karjalainen ve dig. 1992, Gooch ve Ginn 1988, Folkhard 1984, Castner
1977, McGannon 1974, Irvine ve dig. 1960).

ilk nesil %12Cr’lu gelikler 3Cr12 paslanmaz celigi olarak taninmiglardir ve kabul
edilebilir korozyon direncini saglayacak en az krom bileseninin kullaniimasiyla
%0.03C icerecek sekilde gelistirilmislerdir. ilk Gretim Middelburg Steel and Alloys
(Pty) Ltd tarafindan yapilmis daha sonra bu kurulug Glney Afrika’da Columbus
Stainless Steel Co. adini almis ve 1979 yilinda bu tir gelik kalitesi ticarilesmistir.
3Cr12 celigi cesitli celik sirketleri tarafindan Uretilmekte ve pazarlanmakta olup
“ferritik” veya “ferritik- martenzitik” %12Cr’lu paslanmaz c¢elik olarak farkl
tanimlamalar ile aniimaktadir. 3Cr12 bu celigin ticari adidir ve herhangibir
uluslararasi standardda yer almamaktadir. Ancak, 3Cr12 celiginden gelistirilen
%12Cr’lu cgelikler DIN 1.4003 ve ASTM/ASME 41003 olarak simgelendiriimislerdir.
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3Cr12 celigi giinimuzde ASTM A240’da UNS S41003 ve Avrupa Standardlarinda
1.4003 malzeme numarasi ile belirtiimektedir, ancak bu iki spesifikasyonda tam
olarak ortismemektedir. Genel olarak, S41003 olarak gdsterilen celik tirinde
alasim elementi olarak Ni'e gerek duyulmaz ancak bulunmasina izin verilebilir, buna
karsin 1.4003 malzeme numarali gelikte bir miktar nikel bulunmasina gerek vardir.
Bazi celik Ureticileri S41003 ve 1.4003'Un bilesimine Ti eklerken bazilari
eklememektedir (Topic et al 2007, Bartsch and Hoffmann 2006, NN 2006a, Kotecki
2005, NN 2004, NN 2001, Moore 1997, Marini and Knight 1995, McEwan et al 1993,
Bennett 1991, Weiss et al 1990).

Tablo 3.1: 3Cr12 celiginin standard ve Ureticilerine gére bilesimleri (ag. %) (Kotecki 2005).

Standard C Mn P S Si Cr Ni N Ti
Gosterim
UNS S41003 0,03 1,5 0,040 | 0,03 1,0 10,5- 12,5 1,5 0,03
Malzeme No. 0,03 0,5-1,5 0,045 0,03 1,0 10,5- 12,5 0,3-1,0 0,03
1.4003
Uretici A 0,03 1,5 0,03 0,03 1,0 11-12 1,5 - 0,6
Uretici B 0,03 2,0 0,40 0,03 1,0 10,5- 12,5 1,5 - 4(C+N) - 0,6
UNS S40920 0,03 1,0 0,040 | 0,02 1,0 10,5- 11,7 0,5 0,03 0,15- 0,50

Tablo 3.1’den de goérilecegi Uzere Supplier A, S41003 olarak gdsterilen ve 1.4003
malzeme no’lu geligin her ikisine uygun Uretim yaparken Supplier B bu standard
bilesimlere uymamaktadir. Ayrica tabloya verilen U¢ bilesim aralidindan biri olarak
ASTM A240’da yeralan 409 paslanmaz ¢eligi UNS S40920 eklenmistir. Supplier A
ve Supplier B tarafindan Uretilen 3Cr12 celigi bilesimlerine dikkat edilirse bu bilesim
araliklarinin 409 celigine benzer sekilde az miktarda sinirlandirildigi gértlmektedir
(Kotecki 2005).

3Cr12 dusuk fiyath orta korozyon direncine sahip bir %12Cr celigidir. AlSI 409
paslanmaz celiginin modifiye edilmis tlriddr. Alasim elementlerindeki ¢ok az
degisimler bile ferritik paslanmaz c¢eliklerde dusuk kaynak kabiliyeti gibi cok blylk
degisimlere karsilik gelebilmektedir. Celigin bilesimi ve tavlama durumlari oda
sicakliginda ince taneli ferritik matris igcinde %10 temperlenmis martenzit olacak
sekilde kontrol altinda tutulmaktadir. Bu yapi tam ferritik paslanmaz celiklerde tane
irilegsmesini sinirlamaktadir. Bdylece, kaynak edilebilir, dayanikli bir paslanmaz celik
Uretilebilir (Topic ve dig. 2007, Hoffman, Moore 1997, Lelyveld ve van Bennekom
1995, Marini ve Knight 1995, McEwan ve dig. 1993, Callaghan 1993, Thomas 1983,
Tullmin ve dig. 1988, Bredenkamp ve van den Berg 1995).
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Dogal veya endustriyel ortamlardaki yapisal uygulamalarda hava etkilerine dayanikli
celikler, boyanmis veya cinko kaplanmig celiklere alternatif olarak bu malzemenin
kullaniminda bir¢gok uygulamada korozyon hizinin en az o&lgekte yeterli oldugu
dikkate alinmaldir. Yapinin é6mri boyunca korozyon nedeni ile blylk miktarlarda
kayip olan malzemenin maliyeti dikkate alindiginda alisilmig karbonlu celiklerde
korozyon kayiplarinin telafi edecek bicimde ek kalinlik artiriimasi gereksinimi ve
ylzey islemlerinin maliyeti de s6z konusu olacaktir. 3Cr12 ¢eligine olan ilgi onun
atmosferik korozyona olan relatif direncinden dolayidir. 3Cr12 celigi bir mihendislik
malzemesi olarak kullanimi yumusak ¢eliklerden daha kolaydir. Bu tir ¢eligin akma
mukavemeti ylksek oldugundan yapi bilesenlerinde kullanilacak malzemenin kesiti
diseceginden yapilar daha hafif olacak ve korozyondan korunma igin gereken
islemlerin pahali olmasi da beraber degerlendirildiginde maliyetlerin azaldigi
gbrilecektir (NN 2004a, Meyer and du Toit 2001, Marini and Knight 1995, Beckitt
1994, Orava et al 1993, Thomas 1983, Thomas and Hoffman 1982).

3Cr12 paslanmaz ¢eligi, ostenitik paslanmaz celiklere gére dikkate deger ekonomik
Ustinligu ve birgok ortamda c¢ok iyi korozyon direngi ile bir ¢ok c¢elik Ureticisi
tarafindan tercih edilmekte ve kullaniimaktadir. Bu ¢elik alisiimig bir paslanmaz gelik
degildir ve paslanmaz celiklerin yerini almak Gzere de tasarlanmamistir, ancak St 52
celigine benzer mukavemet Ozeliklerine bagdll olarak karbonlu celiklerdeki
muhendislik 6zelikleri ve korozyona karsi dirence sahip paslanmaz celiklerin de
Ozeliklerini bir arada bulundurdugundan pazarin bir ucunda bulunan pahal
paslanmaz celikler ile pazarin bir diger ucunda bulunan paslanmaya yatkin ucuz
celikler arasindaki boslugu doldurmak amaci ile tasarlanmigtir. Bu az alasimli
kromlu paslanmaz celikler, karbonlu celikler ve ylUksek alasimli paslanmaz celik
kaliteler arasindaki fiyat ve performans aralhdinda koépri goérevine sahip
olmaktadirlar. Zira, 3Cr12 celigi diinyada en ¢ok 6zellestiriimis olarak taninan faydal
bir %12Cr’lu celiktir, evrensel degildir ve detayli korozyon deneyleri yapiimadan
yuksek kaliteli celikler yerine kullaniimasi olanagr yoktur. Korozyon direnci
Ostinligine ek olarak, yumusak celiklerlere gbére artan mukavemet &Ozelikleri
dolayisi ile yapi bileseninin kesit azalmasinin getirecegi ekonomik Ustunlik de
g6zbéniine alinarak, bu celik gegmis yillardan bu yana bir¢gok uygulamada énerilmis
ve kullaniimaktadir (Topic ve dig. 2007, Kotecki 2005, Balmforth ve Lippold 2000,
Maxwell 1997, Lelyveld ve van Bennekom 1995, McEwan ve dig. 1993, Karjalainen
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ve dig. 1992, Nirosta 4003, Gooch ve Ginn 1988, Tullmin ve dig. 1988, Ball ve dig.
1987, Eckenrod ve Kovach 1980).

3Cr12 celigi, %11- 12Cr igeren, dusuk karbon bilesenli, cok az Ni ve Mn eklenmis,
kati ¢o6zelti icinde kararli Ti karbonitrirlerin olusumunda C ve N miktarlarinin
dusurilmesi igin Ti ile stabilize edilmis bir c¢elik taridur. Bu fiyati distk alternatif
malzeme, martenzit ve ferrit olarak ince taneli ¢ift fazli bir yapidadir ve 550 MPa
cekme mukavemetine, 360 MPa akma mukavemetine ve oda sicakliginda >70J
Charpy tokluguna sahip olan az bakim gerektiren ve uzun kullanim émarli yumusak
geliklere goére tasarimcilarin daha az malzeme kullanimina olanak saglayan
konumdadir (Beckitt 1994, Aghion ve Ferreira 1993, Tullmin ve dig. 1988, Ball ve
dig. 1987).

Bu celik genel olarak korozyon ortaminda, disik gerilmeli abrasif ortamlarin birlikte
etki ettigi Guney Afrika altin ve kémir madenlerinde artarak karsilasilan sivi
ortamlardaki korozyon problemleri ve korozyon/abrazyon aginmasinin oldugu
maden ve mineral isleme enduUstrilerinde basarili uygulamalarda kullaniimaktadir.
Uygulama alanlari cevher tagima arabalari, bosaltma kanallari, ¢ékeltme tanklari,
gecitler, désemeler, drenaj kanallari, ylzey ve yer alti suyu borulari, ¢amur
havuzlari, parmakliklar ve elavatér kovalaridir. Gelik, tugla endUstrisinde kullanilan
finn arabalarindan, endustriyel atik konteynirlarina ve elektrik iletim direklerine
kadar genis bir kullanim alanina sahiptir. 3Cr12 ¢eliginin 1979 yilindaki tanitimindan
sonra performans verilerine bagli olarak sayisal bazda bu ortamlardaki kullanimi
geniglemistir. Bu celik bir cok uygulamalarda uygun kaynak kabiliyeti géstermekte
olup 6zel kaynak prosedurlerine adapte edilmeyi saglamistir. Son yillarda, otomotiv
ve ziraat endustrilerinde kullanimina dénlik dikkate deger bir ilgi de bulunmaktadir
(Topic ve dig. 2007, NN 2006a,b,c, Meyer ve du Toit 2001, Lelyveld ve van
Bennekom 1995, Ball ve dig. 1987, McEwan ve dig. 1993).

3Cr12 cgeligi “siyah” ve “beyaz” Grin seklinde olmak lzere pazara sunulmaktadir.
“Beyaz” olan bicimde tavlanmis ve dekapaj yapiimis durumdadir ve cesitli ylzey
bitirme islemleri uygulanmis olarak mevcuttur. ince kesitlerin gerekmesi durumunda
veya “beyaz” Urln olarak, ylzey kabaligi sicak haddelenmis malzemenin soduk
haddelenmesi ile giderilir. Soguk haddelemenin sertlestirici etkisi tavlama ve daha
sonra uygulanacak dekapaj ile donuk mat ylzey goérinimi elde edilir. Son

zamanlarda malzemenin fiyatinin disdrilmesi agisindan daha ¢ok “siyah” Grin
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biciminde Uretildigi gérilmektedir. “Siyah” GrGn bi¢imli malzeme daha ¢ok asinmaya
ve korozyon/abrazyona direncgli uygulamalarda kullanihr. Aginma ile ylUzeydeki
renklenme “beyaz” Urtn bigimine ddner. “Siyah” Urtn bi¢imli malzeme eger asinma
etkisi ile alt ylzeylerde aralik korozyonu tehlikesi olacak ise 6nerilmez (Maxwell
1997, Marini ve Knight 1995).

3Cr12 celiginin bir ¢ok ortamda ¢ok Ustlin korozyon direnci géstermesine karsin
kaynak kabiliyeti sinirhdir. 1990’larin  baslarinda 5Cr12 ve 5Cr12HT olarak
tanimlanan ikinci nesil celikler Uretilmistir, bunlarin tokluk degerleri daha iyi tokluk
vermeleri icin iyilestiriimis, ancak karbon bilesimine bagh olarak kaynak kabiliyetleri
sinirll kalmistir (Topic ve dig. 2007, NN 2001, Moore 1997, Marini ve Knight 1995,
McEwan ve dig. 1993, Bennett 1991, Weiss ve dig. 1990).

3.1.2. Mikroyap1 ve faz dengesi

Az karbonlu Fe-Cr paslanmaz celikleri ya ferritik ya da martenzitik bazen yari ferritik

olarak bilesimlerine bagli olarak olusan mikroyapilarda bulunurlar.

i) Agirlikca yaklasik olarak %12’den asagida krom bulunmasi durumunda eger
celik ylUksek sicakliklarda tamamen ostenitik yapida olursa, martenzitik
mikroyapi elde etme olanagi vardir. Bu gibi ¢elikler d-ferrit olarak katilasir ve
yiksek sicakliklarda tamamen ostenite (y) déntsim olur, bunu takiben
yapilan hizli sogutma ile de dengesiz martenzite déntisiim olur.

i) Krom miktari agirlikga yaklasik olarak %14’den fazla ise tim sicakliklarda
tamamen ferritik paslanmaz celik yapisi elde edilir ve bu yapi hizli sogutma
ile sertlestirilemez.

iii) Ostenitik faz alani ile tamamen ferritik faz bolgesi arasinda dar bir bilesim
araliginda katilasma ile dénlismeyen ve kalani martenzit olan kismen &-ferrit

iceren yari-ferritik alasimlar olustugu goralar.
Pasifligi saglamak icin agirlhkca en az %10.5Cr gerektigi dikkate alindiginda
%12Cr’un Uzerinde yari-ferritik mikroyapilar olusur, martenzitik paslanmaz celikler

agirlikga %10.5 ile %12Cr bilesenine sahiptirler (Carrouge 2002).

Gift fazli malzemeler herhangibir eslik eden bozucu bir etki olmaksizin her iki fazin
uygun Ozeliklerini bir arada bulundurduklarindan dolay! buiyutk bir ilgi gérmekte,
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tasarlanmakta ve kullanilmaktadirlar. Bu tir malzemeler, mukavemet, tokluk ve
baslangic sekil degistirme sertlesmesi oraninin beraberligini sergiler. Cift fazl
celikler Ni ve Mn gibi pahali alagim elementleri icermediklerinden dolay: fiyatlarina
gbre daha cok olasi yararlari gézénine alinirsa az nikelli ferritik- martenzitik
paslanmaz celikler digik fiyath yiUksek mukavemetli korozyona direngli ¢eliklere
gbre bazi uygulamalarda alternatif olmaktadirlar. Bu tir ¢eliklerin baglica GstunlUkleri
mikroyapilarinin modifiye edilmesi ile mekanik ézeliklerinin degistirilebilme 6zeligine
sahip olmalaridir. Genellikle, mekanik 6zelikler hem fazlarin morfolojisine hem de
martenzitin hacimce miktarina gére hassastir. Bu tur geliklerin gekme 6zeliklerinin
de martenzitin hacimce miktarina gére dogrusal olarak degistigi bulunmustur (Blum
ve dig. 1992, Ball ve dig. 1987, Thomas 1983, Eckenrod ve Kovach 1980).

3Cr12 celiginin faz yapisi bilesimin degisimine hassastir ve tam martenzitik,
martenzitik- ferritik veya tamamen ferritik yapilarda olabilir. Ferrit ve martenzitin
gercek oranlari bilesime ve isil isleme goére saptanabilir. Nikelin bulunmasi veya
bulunmamasi, titanyumun bulunmasi veya bulunmamasi IEB’nin isil davranisinda
etkilidir. Tum olasi bilesimlerde 3Cr12 celiginin mikroyapisi %100 ferrit olarak
katilagacaktir. Kaynak ergime bdlgesine ¢ok yakin olan |IEB'de kaynak tepe
sicakliginda %100 ferrit olacaktir. 1300°C ile 900°C sicakliklar arasinda ferrit yapici
elementler olan krom, titanyum ve silisyum ve ostenit yapici elementler olan karbon,
azot, nikel ve mangan arasindaki dogru dengelemeye bagli olarak ostenit olusabilir.
Eger ostenit yapici elementler baskin ise bu sicakliklarda ostenit olusacaktir, Eger
ferrit yapici elementler baskin ise ¢ok az veya hi¢ ostenit olusmayacaktir. Ostenit
olusumu alasim elemenlerinin dengesine bagl olarak bu sicaklik araliginda
tamamlanabilir veya kismen olabilir. Dolayisi ile, tepe sicakhginin 900°C’den
asagida oldugu IEB’nin daha kontrolli kisminda ostenit olusum miktari daha az
olacaktir. Bunun sonucunda da, ostenit yaklasik olarak 300°C civarindan sogumada
hemen martenzite doénisecektir (Kotecki 2005, Orava ve dig.1993, Ball ve dig.
1987).

%12Cr iceren paslanmaz celik tdrlerinde ergime sinirina komsu olan bdélgede
martenzitik mikroyapi ve bu bélgenin disinda ince taneli ferritik -martenzitik ¢ift faz
yapisi dengeli olusmaktadir. ince taneli bélgenin 100°C’nin altinda gegcis

sicakhiginda ¢ok tok oldugu bulunmustur (Orava ve dig. 1993).
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Pagani ve Robinson tarafindan 3Cr12 celidi Uzerine yapilmis TEM galismasinda,
yapida yaklasik olarak 0,4 um genisliginde levha bigiminde ylksek dislokasyon
yogunlugu gdsteren az karbonlu levhasal martenzit géraldiga belirtilmigtir. Ayni
kaynak dikisinden alinan farkli numuneler arasinda dislokasyon yogdunluklarinin
dikkate deger bicimde degistigi bulunmustur. Ferrit ve temperlenmis az karbonlu
martenzit arasindaki farklilagsmadaki zorluk soguma sirasinda kaynakta olusan artik
gerilmelerin  ferritin  dislokasyon yogunlugunu artirmasi ile karmasik hal
almasindandir. Difraksiyon goéruntileri kaynaklarin KHM kafes yapisinda olduklarini
gOstermektedir. Ancak, dusutk karbon bilesiminden dolayi, martenzitin kafese yaptigi
distorsiyon mevcut ferrit ile martenzit arasindaki farkhhdin genis olarak ortaya

¢ctkmasi icin yeterli degildir (Pagani ve Robinson 1988).

%12Cr’lu paslanmaz ¢eliklerde, IEB Sekil 3.1’de goértlmektedir. Martenzitin IEB’nin
centik darbe 6zeliklerine etkisi de bu sekilde gdsterilmistir.

100 r T T
e = %7 martenzit

x ¢ %100 martenzit

]

-

Darbe enerjisi (j)
W
o
T

0
-100 -50 0 50
Deney sicakhgi (°C)

100

a) b)

Sekil 3.1: a) Az karbonlu %12Cr’lu ferritik/martenzitik ¢eligin IEB mikroyapisi, b) %12Cr’lu
¢eligin IEB’nin darbe tokluguna martenzit miktarinin etkisi (Woollin 1994).

3Cr12 paslanmaz ¢eliginin sicak haddelenmis yapisindaki ferrit ve ostenit arasindaki
kritik denge ostenit ve ferrit yapici elementlerin arasindaki iligkiler ile kontrol
edilebilir. Celikteki ylksek ostenit igerigi (disuk ferrit faktérl) son Urinde yulksek
martenzit miktarinin ortaya ¢ikmasina yol agar. 3Cr12 geliginin My sicakligi 550°C
civarindadir ve celikte artilk ostenit olusmaz (Thomas ve Hoffman 1982,
Kaltenhauser 1971).
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3Cr12 celiginin bant bigimindeki ferrit- martenzit mikroyapisinin morfolojisi ve
bilesimi 1380°C’den 950°C’ye kadar firinda sogutulmus ve oda sicakligina hizli
sogutulmus mikroyapisi ile karsilastirilabilir. 8—y ddéndsimuinden beklenen kismi
davranis ferrit ve martenzit bantlari ile tanimlanmistir ve bu iki faz arasinda keskin
bir araylzey tamamlanmamis &—y dénisimuni belli eder. Bu durum sicak
haddeleme sirasinda varolan cift fazli yapinin ostenit ve dénismemis artik &-
ferritten olustugunu gdésterir. Tamamlanmamis &—y déntsimu levha gibi olusan
ferrit- ostenit yapisinin ortaya ¢iktigini gdésterir ki bu yapida haddelemeden sonra
bant bigiminde mikroyapi olusumu ile sonuglanir. Ornegin, haddelenmis
mikroyapidaki ferrit ve ostenitin ince lamelli olusumu Widmanstatten yapisindaki iri
taneli yapinin gelisiminin sirasini animsatmaktadir (Knutsen 1992).

Benzer faz bantlasmasi ve arayer element bdlinmesi, sicak haddelenmis ticari
3Cr12 levhalarda goéralir ve bu durumun olusumuna en son rediksiyondan sonra
havada sogutmayla izin verilir. Hatta haddelenmis ve bobin haline getiriimis
levhalarin sdrekli olarak hava ile sogutulmasi da ostenitin bir kisminin &-ferrite
déndsmesine olanak saglar. Bir kez daha, d—y dénlsimi ostenit bantlarinda
araylzeyde &/y nin gegisi ile olusur. Yeniden kristallesmenin ferrit bantlariyla
olusumunun yanisira sdrekli sinirlarda araylzeyden gecislerle olusmaya devam
eder. &/y arayuzeyinde ferritin yeniden kristallenmesi baglayana kadar araylzeyde
diz sinirlar olugur, yeniden kristallegsmis bir dizi ferrit sinirindan geciste diz sinirlar
boyunca uzunlamasina ostenit taneleri gorulir. Haddeleme sirasinda olugan orijinal
0/y arayuzeyinin dogrultusu ostenitin regresyonu ve geri kazanim olaylari sirasinda
elde edilebilir. Ticari olarak haddelenmis ve temperlenmis ¢elik tane morfolojisine
bagli olarak anizotropik tamamen ferritik bir mikroyap! igerir (Knutsen 1992).

Sekil 3.2: Celik Ureticisinden alinmis durumda ve %10 oksalik asit kullanilarak daglanmis
bicimde 3Cr12 mikroyapisi (Aghion ve Ferreira 1993).
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Sekil 3.3: a) Bant bigiminde ferrit ve martenzit morfolojisi gésteren sicak haddelenmis
bicimdeki 3Cr12 mikroyapisi, b) kiiclk kibik titanyum karbonitrir ¢okeltileri ve es eksenli
ferrit taneleri iceren tavlanmis durumdaki 3Cr12 yapisi (Thomas 1981).

Ferritik paslanmaz c¢elik kaynaklardaki mikroyapilarin saptanmasi amaci ile bir dizi
esdegerlilik iligkisi ve diyagramlar geligtirilmistir. Schaeffler diyagrami alasimin
bilesim araligini icermesine karsin ferritik alasimlarda olabilecek martenzitin géreceli
kesin olmayan degerini vermektedir. Ferritik alasimlarda bulunan martenzit
saptanmasi icin Kaltenhauser ferrit faktéri kullanilabilmektedir. Normal ferritik
celiklerin mikroyapilari ferrit ve ostenit dengeleyici elementlerin goreceli
konsantrasyonuna ¢ok hassastir ve tam ferritik, ferritik-martenzitik veya martenzitik
celikler dengeleme elementlerinin hafifce degisimleri ile elde edilirler. Olusacak son
mikroyap! Kaltenhauser ferrit faktéri (KFF) yardimiyla saptanabilir. Bu faktor
olabilecek martenzit miktari hakkinda herhangibir bilgi saglamaz. Asagida gosterilen
K faktéri tOm alasimlara esit olarak uygulanamayabilir ve az ve orta kromlu
alasimlarda ayri ayri dikkate alinir (Lippold ve Kotecki 2005, Karjalainen ve dig.
1992).

Ferrit faktori ostenit+ ferrit ¢ift fazinin olustugu ve c¢eligin sicak haddeleme
karakteristiklerinin etkilendigi sicaklik dereceleri bélgesini belirtir sekilde ¢ikariimigtir.
Bu faktér ile son haddeleme sicakliginda en az %30 ostenit elde edilecek sekilde
kontrol yapilabilir. Az karbonlu martenzit (ylksek dislokasyon yogunlugu), yiksek
sicakliklarda hizli olusan ostenitten karbonun ayrismasindan dolayi tercih edilen bir
yapidir, yapida ¢ok az ¢ézilebilen karbon bilesenine karsilik titanyum kullanimi ile
gergeklesir (Thomas ve Hoffman 1982).
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ilk olarak tanitilan KFF, Kaltenhauser tarafindan KFF = Cr +6Si +8Ti +4Mo +2Al -
2Mn- 4Ni- 40(C+N) seklindedir (Kaltenhauser 1971). Daha sonraki KFF ise su
sekilde verilmistir: KFF = Cr +6Si +8Ti +4Mo +2Al+4Nb- 2Mn- 4Ni- 40(C+N), KFF =
Cr + 6Si + 8Ti + 4Mo + 2Al + 4 Nb — 2Mn — 4Ni — 40(C+N) (Greef ve du Toit 2006,
Lippold ve Kotecki 2005, Marshall ve Farrar 2000, Johansson 1999, Gooch ve Ginn
1988). Ornegin, eger celik kalitesi disik FF'ye sahipse yiiksek ostenit olusmasi
beklenmelidir. Bu ¢eligin sogumasi sirasinda yuksek sicakliktan etkilenen IEB’'de de

daha cok ostenit olusmasi beklenmelidir (Greef ve du Toit 2006).

ilk diyagram ve daha sonra Balmforth diyagrami hem martenzitik hem de ferritik
paslanmaz gelik kaynak metallerinde mikroyapinin saptanmasi igin gelistiriimislerdir.
3Cr12 celiginin saptama diyagramindaki pozisyonu Sekil 3.4’de gdsteriimektedir
(Kotecki 2005, Balmforth ve Lippold 2000, Balmforth ve Lippold 1998).

MARTENZIT *  M+F

Nies= Ni + 35C+ 20N
w i3
N
NN
NN
; @ \’:’:‘:‘.f./h

NI/
NN /sailVal
ez

6 8 10 12 14 16 18 20 22 24 26 28 30
Cres= Cr+ 2Mo + 10(Al+Ti)

Figure 3.4: Ni ve Ti miktarlarinin degisimine gére 3Cr12 ¢eligi bdlgesini gdsteren Balmforth
diyagrami (Lippold ve Kotecki 2005, Balmforth ve Lippold 2000).

Balmforth ve Lippord diyagraminin IEB icin degil katilagsmis kaynak metali igin
gelistiriimis oldugunu belirtmekte yarar vardir, ayrica bu diyagramdaki saptamalar
kesin degerler olmayabilir. Buna karsin, diyagramin kimyasal etkilerin uygun
yaklagsimini vermesi beklenebilir. Esas olarak, bu diyagram herhangibir yerdeki
olusmayan martenzitten (0,6Ti ve Ni icermeyen) %90 martenzite (1,5Ni iceren ve Ti
icermeyen) kadar olan yapiyi gosterebilir (Kotecki 2005, Balmforth ve Lippold 2000,
Balmforth ve Lippold 1998).
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Yukaridaki diyagrama gére hesaplanmis olan Ni veya Ti icermeyen ve esas bilesimi
%0,02C, %0,02N ve %11,5Cr olan geligin Cres = 11,5 ve Nigs = 1,1 olarak bulunur.
Bu noktalar Sekil 3.4'de yerine konuldugunda 3Cr12 celiinin alanini gdsteren
dikdoértgenin alt sol kdésesine karsilik gelir. Eger bilesimde Ti yok ancak en cok
%1,5Ni var ise, hesaplanan noktanin yeri Ug¢genin sol Ust kdsesine denk gelir.
Bilesimde Ni yok ancak en c¢ok 9%0,6Ti bulunuyorsa bilesimin geldigi nokta
dikdértgenin sag alt késesidir. Bilesimde en ¢ok %1,5’e kadar Ni ve Ti var ise bu da
dikdértgenin sag Ust kdsesine karsilik gelmektedir. Dikddrtgen sabitlenmis icerikler
yerine, Cr, C ve N'un degisimlerine gére daha da genigleyebilecek durumdadir
(Kotecki 2005).

Sicak haddelenmis kaynak edilebilir 3Cr12 paslanmaz ¢eligi 30 mm kalinlklara
kadar levha olarak Uretilebilir. Bu geligin kullanim yerine ve kalinliklarina bagl olarak
Uc farkh Ni bilesiminde Uretilir. Bu Uretimler 3 ile 5 mm kalinliklarda %0,4Ni, 6 ile 12
mm kalinliklarda %0,6Ni, 12 mm’den fazla kalinliklarda ise %1,2Ni icerecek sekilde
olmaktadir (Thomas 1983).

Sicak haddelenmis durumda nikelin faz dengesi Uzerindeki etkisi Sekil 3.5de
gOsterilmektedir. Ancak, 3Cr12 celigi Ti ile stabilize edilmis ise ve alagim Mn ve Si
iceriyorsa “ferrit faktér(” olarak tanimlanan uygun bir formdlin kullanimi ile sicak

haddelenmis yapinin bilesenleri bulunabilir.

(O %0,4 Ni gelikler
r " A %12 Nicelikler
g0 |- (] Tiigermeyen celikler,
- %0,6Ni
-
% G .
s ol o\ 4
3 \n\
20 |- d
0 | | 1 I | 1 |
&0 14,0 12,¢ 14,0

Ferrit faktorii

Sekil 3.5: 1000°C’den hizli sogutulmus c¢elikte martenzitin hacimce degisimi Gzerine Ferrit
Faktorindn etkisi (Thomas 1983).
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Sicak haddelenmis durumdaki 3Cr12 celiginin ¢ekme 6zeliklerinin yapidaki
martenzitin hacimce degisimi ile etkilenmesi Sekil 3.6'dan gértlmektedir. Darbe
Ozelikleri eger Charpy c¢entik darbe ydntemi ile saptanmiglarsa genis bir dagilim
gobsterirler. Ni eklenmesi ile Mg sicakligi asagi degere indigi icin yapinin toklugu nikel

bilesimine ve soguma hizina oldugu kadar martenzitin hacimce degisimine de

baghdir.
n 2
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Sekil 3.6: %12Cr’lu gelikte nikel miktarinin etkisi, A’dan I'ya kadar sekiz ergitme isleminden
(potadan) alinan sonuglar (Thomas 1983).
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Titanyum, temel olarak ferritik paslanmaz celiklere eklendiginde tokluk &zeliklerine
zarar verdigi gOérlilmesine karsin ostenit olusumunu dolayisi ile bunu izleyen
martenzit olusumunu énler. Burada, kati ¢dzeltiden karbonu disariya alarak titanyum
karburler olusturdugu da belirtiimelidir. Ayrica, tane sinirlarini sikarak IEB’deki tane
irilesmesini sinirladigina da inaniimaktadir. Ancak, karbdrler klevaj tirl kirllmada
cekirdeklenme roll oynayabilirler. Genel olarak, 3Cr12 titanyum ile stabilize edilmis
ferritik kromlu bir alagimdir. Titanyumun bulunmamasi 12Cr’lu celigin toklugunu
dizeltmektedir. 3Cr12 geliginde, karbon ve azot miktarlari en aza indirgenir ve Ti'da
eklenirse karbon ve azot baglanarak tanelerarasi krom karbonitrrlerin olusumu
Onlenir. Titanyum eklenmesi ile arta kalan karbon ve azot, titanyumla reaksiyona
girerek titanyum karbonitrirler olusturur. Bu tir karbonitrirlerin - olusumu
tanelerarasinda korozyona hassasiyete neden olan krom karblr ¢dkelmesi ile tane
sinirlarindaki krom azalmasini dnler. Burada su durum belirtiimelidir ki bu celiklerde
cok dustk karbon icerdiklerinden dolay! tanelerarasi korozyon problemi yoktur
(Orava ve dig. 1993, Aghion ve Ferreira 1993).

Alasimda gerek duyulan gercek titanyum miktari ¢ok dikkatli bir sekilde kontrol
edilmelidir. Celigin icerinde asiri fazla titanyum bulunmasi durumunda gevrekligi
artiran Fe,Ti bilesiginin olusumu ve daha karmasik bilesiklerin olustugu
bulunmustur. Diger bir deyimle, yetersiz miktardaki titanyum az karbonlu martenzitin
olusumunu saglamayacaktir. Soguma ve sicak haddeleme sirasinda titanyumca
zengin katigkilar segrege olacak ve yiksek titanyum iceriginden dolayi celikte
kabartilar veya ince sirali ¢ékelme problemleri olusacaktir (Tullmin ve dig. 1988,
Thomas ve Hoffman 1982, Thomas 1983).

3.1.3 Mekanik ozelikler

3Cr12 ve diger ¢ift fazli geliklerde ortaya ¢ikan yariima olayi oldukga ilgi ¢ekicidir. Bu
durum incelenerek ferrit-martenzit tane sinirlari  boyunca tanelerarasi
dekohezyondan olustugu belirtiimistir. Bu durum ¢ekme deneyi sirasinda parg¢anin
boyun vermesi sirasinda olusur. Bu yarilma olusumunun az alasimli celiklerde banth
yapinin olusumuna bagl oldugu belirtiimektedir. Bantlanma 3Cr12 celiginin slrekli
dékim levhasinin sicak haddelenmesinde ortaya ¢ikmaktadir ve tUm numuneler

yariima tir0 kopma olugumuna egilimlidir. Uygun ve énemli bir 1sil islem goérindr
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bicimde bantlanmayi ortadan kaldirir ve bdylece yariima tiru bir kopmaya olan
egilim azalir (Thomas 1983).

Kesici kenarlarindaki keskinligin azalmasi bigak agiz araliginin agilmasi gibi kayma
Uzerinde benzer etkiye neden olur. Anizotropik 6zelik gdsteren kalin malzemeler
delaminasyon ile sonuglanabilir. Bir ¢ok durumda haddelenmis celiklerde Charpy
darbe deneyi sirasinda delaminasyonun olustuguna ait bir gok kavram vardir ve bu
durum sUrpriz degildir, haddeleme dizlemine paralel olarak tane anizotropisinin
olasi delaminasyona neden olacag! bilinmektedir. 3Cr12 celiginde delaminasyon
olusumu Uzerine dikkate deger arastirmalar vardir. Alasimin bilesimi sicak
haddeleme sirasinda celigin ferritik- ostenitik cift fazli bir yapida oldugunu ve
kritikalti sicakliklarda temperlemede ferrit ve temperlenmis martenzitten olusan bir
ince taneli yapinnin ortaya ¢iktigr gériimektedir. 3Cr12 bu gibi anizortopi 6zelikleri

gbsteren malzemelere bir 6rnektir (Knutsen 1992, Veldsman 1990).

3.1.4. Korozyon direnci

3Cr12 geligi atmosferik korozyona ve orta seviyede korozyonlu sularda ¢ok iyi direng
gobsterir. Bu celigin d6mrinun atmosferik korozyon deneyleri ile deniz suyuna maruz
birakilmis boyanmamis karbonlu ¢eligin émrinin 250 katina kadar gelistirilmis
oldugu bulunmustur. Bu celikte diger paslanmaz celik kalitelere benzer sekilde
klorGrlii ortamlarda pitting (cukurcuk) korozyonuna kargi hassastir ve ostenitik
kalitelere veya 430 gibi %17Cr’lu ferritik kalitelere gére daha disik dirence sahiptir.
Eder yapinin estetik gérinusu 6nemli ise agresif atmosferik kosullarda ylzeyde
olacak noktasal lekelenmeler (paslanmalar) normaldir ve bu durumlara karsi 3Cr12

celiginin ytzeyleri boyanabilir (Moore 1997, NN 2007).

3Cr12 celiginin korozyon direnci géreceli olarak disik krom icerigine gére sinirhdir.
Deniz ve endustriyel ortamlarda atmosferik korozyona kargi iyi dirence sahiptir
ancak biraz renk degisimi ile karsilasihr. 3Cr12 celigi madenlerde genis uygulama
alani bulur, buralarda cinko kapli veya yumusak celikler kullaniimasinda diisik pH,
yuksek klor bilesimi ve yuksek sicaklik etkisi korozyon hizini artinr. DUsUk
korozyona ugrama hizi ve c¢ukurcuk korozyonuna direnci, 3Cr12 geliginin
kullaniimasini pratik duruma getirir. Bu celigin ylUzeyindeki siki pasif tabaka
sayesinde birgok ortamda martenzite olan tercihli korozyon etkisi uygulamada
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olusamaz. Bu gibi uygulamalarda korozyon hizi yeterlidir ve malzemenin kaph
yumusak celiklere alternatif olarak kullaniimasini dikkate deger duruma getirir.
3Cr12 ¢eliginin diusuk krom bileseni koruyucu yizey tabakasinin yavas olusumunu
saglar. Bu durumda celigi ¢cok agresif ortamlarda ylksek hizda korozyona direngsiz
hale getirebilir. Bu olayin bilinmesi dolayisi ile, 3Cr12 celiginin tim korozyon
ortamlarinda kullaniimadan énce ytzeyinin nitrik asit ¢ozeltisi ile pasivasyona tabi

tutulmasi esastir (Thomas 1983, Thomas ve Hoffmann 1982).

3.1.5. Fiziksel 6zelikler

3Cr12 celigi manyetiktir ve Curie noktasi yaklasik 740°C’dir. Diger fiziksel 6zelikleri
sirastyla: yogunlugu 7,7 kg/dm?, elektrik direnci 0,6 Qmm?m’dir. 3Cr12 geligi benzer
1sil genlesme katsayisina bagl olarak aynen yumusak celigin agisal ¢arpilma

davranisini gésterir.

3.1.6. Kaynak 6zelikleri

Ferritik paslanmaz c¢eliklerin zayif kaynak kabiliyetleri onlarin ¢ok yaygin
kullanimlarini engelleyen baslica nedenleridir. Bu kaliteler de kaynakta IEB’de asiri
tane irilesmesi olayl vardir. Tane irilesmesi halen olusmasina kargin 3Cr12 bu
sinirlamalarin GUstesinden gelecek derecede doyurucu kaynak kabiliyeti 6zelikleri
gbsterir ve bircok uygulamada birgok &6zellestiriimis kaynak yéntemi ile kullanilir
sekilde uyumlu duruma gelmistir. Levyveld ve van Bennekom tarafindan yapilan
calisma tokluk azalmasi ile sonuglanan, KM ve |IEB'de tane sinirlari boyunca
martenzit tabakasi bulunan iri tanelerin olugtugunu gésterir. Kirilma yizeyleri klevaj
tabakalar biciminde ve kirllma gevrektir (Lelyveld ve Bennekom 1995). Tane
irilegsmesini ve zayif toklugu en aza indirmek igin dusuk 1si girdisi 6nerilir ve bu da

daha iyi kaynak 6zeligi saglayacaktir (Kaluc ve Tulbentgi 1998).

3Cr12 celigi icin kullanilan baglica ark kaynak yéntemleri, értali elektrod ile ark
kaynagi (SMAW), ergiyen elektrod ile gazalti kaynak yéntemleri (GMAW) ve TIG
kaynagr (GTAW) olmaktadir. GTAW yoéntemi 2,5 ve 3 mm kalinhklara kadar
uygundur. Moore adindaki arastirmaciya gore, tozalti kaynak yéntemi (SAW) yuksek
IsI girdisi ve yavas soguma hizi dolayisi ile IEB toklugunu diglUreceginden uygun
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degildir. Eriksson ve Johansson tarafindan yapilmis bir calismada, alisiimis ve
yiksek hizli MIG kaynagdi uygulanmis %12Cr’lu paslanmaz ¢eliginin Charpy darbe
deneyleri sonuglari géstermistir ki 3Cr12 celiginin toklugunda isi1 girdisi baslica
etkiye sahiptir. iri taneli IEB gok kritik bir bolgedir ve dlstk isi girdisi gecis sicakhgin
iyilestirmektedir (Moore 1997, Eriksson ve Johansson 1997).

3Cr12 celiginin cift fazli dogasi yiksek sicakliklarda IEB’nin bir bdlimdndn hizl
soguma sirasinda martenzite donismesine neden olmaktadir. Kaynak yontemi ve
soguma hizi, hizlh sogumus ve yavas sogumus martenzit arasindaki sertligin gézle
gOrulir degisimini etkiledigi gibi IEB toklugunu da etkiler. Martezitin morfolojisi hem
tanerlerarasi hem de tanelerdisidir. Tanelerdisi martenzit ylksek ostenitizasyon
sicakhigina sahip oldugundan dolayr goéreceli olarak ta ylksek karbonludur.
Tanelerarasi martenzit daha yUksek tokluk gosterir ve tok tane sinirindaki ikinci faz
mekanik 6zeliklerde yararll etkiye sahiptir. Eger, artik martenzitin hacimce miktari az

ise IEB’de biraz tane irilesmesi olusur (Thomas 1993, Thomas ve Hoffmann 1982).
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Sekil 3.7: Kaynak sonrasi 3Cr12 ¢eliginin gecis sicakhgi egrisi (Thomas and Hoffman 1982).

IEB’nin ¢ift fazh ferrit+ martenzit yapisi esas metalin ferritik yapisindan daha toktur.
Genel olarak ferrit- martenzit araylzeyinde genis karbonitriirler yeraliyor ise bu
bdlge sik sik catlak baslamasina yol acar. Catlaklar daha gevrek faz icinde belirli bir
kritik boyuta ulastiklarinda daha hizh blyimeye egilimlidirler, ancak Fe- Cr ferrit

icindeki klevaj kirilmasi hemen olusur ve bu da ferriti martenzite gére daha
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catlamaya egilimli duruma getirir. 3Cr12 ¢elidi genel olarak ostenitik paslanmaz gelik
elektrodlar ile kaynak edilir, bdylece kaynak metali yaklasik olarak %5- 15 arasinda
az miktar ferrit iceren ostenitik yapidadir. Kaynak metalinin ylksek ¢6zinmesi ferrit
miktarini yukseltir ve kaynak metalinde ferrit+ ostenit+ martenzitten olusan tg¢ fazli
bir yapinin ortaya c¢ikmasina neden olur. Bu 0¢ fazli yapr olusumundan
sakinilmalidir zira bu yapi 6zellikle zayif tokluk gibi 6zeliklere sahiptir (Thomas
1983).

Kimyasal bilesimleri ASTM A240’'da S41003 ve EN 10088-2 ve EN 10028-7'de
1.4003 kaliteye karsilik gelen az karbonlu %12Cr’lu ferritik paslanmaz celiklerin
kaynaginda, tim kaynak yéntemlerinde kullaniimak Gzere gelistirilen 308L ve 316L
elektrodlari da yaygin olarak kullanilmasina kargin AISI 309 tir ostenitik paslanmaz
celik elektrodlarin secilmesi dnerilir. Bu elektrodun kullaniimasi durumunda KM ile
EM arasinda 6zelik uyumsuzlugu olsa da baglantinin kullanim sirasinda kargi
karsiya kalacagi darbelerin bir kismini kargilayan kaynak dikisinin tokluk &zelikleri
stnek olan ostenitik kaynak metali tarafindan saglanir. Bu uygulama kaynak
sirasinda yuUksek 1s1 girdisi kullaniimasi durumunda sorun yaratan IEB’deki tane
irilesmesini ve kaynak metalindeki martenzit olusumunu sinirlar. Bu ¢ézim pahal
olmasinin yanisira ostenitik paslanmaz celiklerin 1sil genlesmesi katsayilarinin
3Cr12 veya yumusak celikten ¢ok daha yiksek olmasindan dolayi ek bir sinirlama
getirmektedir. Bu durum kaynaklarda isil gerilmelerin ortaya c¢ikmasina neden
olmas! dolayisiyla uzun kaynak dikisleri kullanildigi uygulamalarda g6z &nine
alinmalidir (Taban ve dig. 2007a,b,c, 2006a,b, du Toit ve dig. 2006, Greeff ve du
Toit 2006, Meyer ve du Toit 2001, Marshall ve Farrar 2000, Johansson ve dig. 1999,
Gooch ve Ginn 1988, Moore 1997, Lelyveld ve van Bennekom 1995, Thomas 1983,
Thomas ve Hoffman 1982).

Bu konuda yayimlanmis olan kaynak kabiliyeti galismalari, IEB’deki hidrojen catlagi
tehlikesinin en aza indiriimesi ve yapisal amagclar icin gereksinim duyulan slinek
kaynak metalinin yeterli akma mukavemet Ozelikleri gbstermesini saglamak
amaciyla ark kaynaklarinin olusturulmasinda ostenitik paslanmaz gelik elektrodlarin
kullanilabilecegini gdstermistir. Bu tir celikler igin ticari olarak es bilesimdeki
elektrodlar (E410NiMo ) bulunmasina kargin darbe, ani darbe, yorulma veya dinamik
yUklerin olabilecegi uygulamalarda bu elektrodlarin  kullanimi énerilmez. Bu
elektrodlar yalnizca es korozyon direncinin gerekli oldugu 6zel uygulamalar igin
secilebilirler. Bu tir paslanmaz celikler az alagimh ¢elikler ve yumusak celikler ile
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ostenitik paslanmaz celik elektrodlar kullanilarak kaynak edilebilir. Ancak 12Cr’lu
celikler ile farkl metaller arasindaki kaynak uygulamalarinda bazi problemler vardir.
Es 3Cr12 elektrodlari, 3Cr12’nin farkli metal kaynag icin uygun degildir (Taban ve
dig. 2007a,b,c, 2006a,b, du Toit ve dig. 2006, Greeff ve du Toit 2006, NN 2006a,b,
NN 2004a,b, Meyer ve du Toit 2001, Marshall ve Farrar 2000, Johansson ve dig.
1999, Gooch ve Ginn 1988, Moore 1997, Lelyveld ve van Bennekom 1995, Pagani
ve Robinson 1988, Thomas 1983, Thomas ve Hoffman 1982, Eckenrod ve Kovach
1980).

3.1.7. 3Cr12 celiginin endlistriyel uygulamalar

3Cr12 celigi korozyon/abrazyonun bulundugu uygulamalarda yéntemin uygulama
verimliligi ve servis dmrinin artmasi nedeni ile Uretim maliyetlerinin azaltiimasi
amaciyla dretilmistir. 3Cr12 celigi, maden ve mineral endustrilerinde altin ve
kémUrin tasinmasinda kullanilan vagonlarda, depolama tanklarinda, motorlu
tasitlarda, kuru yUk vagonlarinda, islak taslarin iletim kanallarinda, korozif ve abrazif
camurlarin pompalanmasinda kullanilan borular, abrazif malzemelerin tasinmasi,
konveyérlerin  gelik kisimlari, rulolar, otomobil egzost sistemleri gibi birgok
endustride karsilagsilan bir miktar abrazyon, az korozif ortamda iyi direng
gereksiniminin tOmin0 bulunduran atmosferik ve agresif olmayan sivi ortamlarda
genellikle uygulama alani bulmaktadir. Bazi tipik az gerilmeli korozyon- abrazyon
uygulamalari arasinda kémar ve altin vagonlari, cevher gecis kanallari, kémur
maden endustrisi, titresimli konveyorler, kil desarj borular bulunmaktadir. Glney
Afrika, Avustralya, Belcika, ingiltere ve Amerika gibi diinya capindaki baslica biiyiik
demiryollari, 3Cr12 celiginden yapilmis kémir ve altin vagonlari ile tagimacilikta 20
yilin Gzerinde endUstriyel deneyime sahiptirler (Maxwell 1997, Moore 1997, Marini
ve Knight 1995, Karjalainen ve dig. 1992, Eckenrod ve Kovach 1980).

Gulney Afrika ve Avustralya maden endustrilerinde altin, kdmdr, platin, elmas ve
titanya/ilmenit madenlerinde ¢ok blylk tonajlarda tasimacilik yapilimaktadir.
Madenlerdeki atmosferik kosullar 6zellikle diguk pH’li, yiksek klor ve demirsuilfat
iceren sulu, azot oksitli egzost dumanlarinin yiksek miktarda nem ve ylUksek
sicakhgin birlikte bulundugu agresif ortamlardir. Korozyon ve abrazyonun sinerjik
etkisi ile asinma hizlanir. Madenlerde, kaplanmamis yumusak celikte korozyon ve
abrazyonun neden oldugu asinma hizi kabul edilemeyecek derecede yiiksektir ve
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dolayisiyla tamir bakim giderlerinin dnemli kismini bu olusturur (Moore 1997, Marini
ve Knight 1995, Thomas 1983).

Korozyon ve abrazyonun birlikteligi malzeme muahendislerini ciddi bir problemle karsi
karsiya birakmaktadir. Sert, abrazyona direncli karbon- mangan celikleri ve islah
celikleri, disik pH’li maden sularinda ve deniz suyunda disik korozyon direnci
gobsterirler. Ostenitik paslanmaz celikler ise ¢ok pahalidirlar ve bunlar abrazyona
karsi yeterli sertlik degerlerine sahip degildirler. 3Cr12 celidi ise 1slak kaymali
abrazyon problemlerine ekonomik bir ¢c6zim saglayacak bigcimde sertlik ve korozyon
direncinin iyi bir kombinasyonuna sahip bir geliktir. Darbeli abrazyona maruz kalan
uygulamalarda, %14Mn’li celikler veya yidksek kromlu dékme demirler kullanilir.
Saha ve laboratuvar deneyleri, 3Cr12 geliginin drenaj kanallari, kutular, yikayicilar
ve slak abrazyon iceren diger uygulamalarda ekonomiklik sagladigini
gbstermektedir (NN 2006b, Moore 1997, Marini ve Knight 1995, Thomas 1983).

Alisiimis celiklerde korozyon Uriind olan pas tabakasl kazima veya zimparalama ile
kolayca giderilir, bdylece ortaya ¢ikartilan yeni ylzey ileride korozyonu ivmelendirici
rol oynar. 3Cr12 geliginde ise, korozyon Urin0 olarak olugan mikroskobik bir Cr oksit
tabakasi sert ve ¢ok fazla yapigkan olup ylzeyi asidik ve abrasif kosullarda bile
koruyucu 6zelige sahiptir. Eger bu tabaka zarar gorirse kendi kendini onarir ve gelik
surekli olarak etkilenmeden kalir. Bu Ustin performansin uygulamadaki sonucu
olarak 3Cr12den yapiimis kdmur vagonlarinin korozyondan korunmasina gerek
duyulmaz. Bdylece, daha ince, dolayisiyla daha hafif 3Cr12 levhalar kullanilabilir ve
bunun sonucunda da daha uzun zaman bakim gerektirmeyen ve daha ¢ok yikleme
yapilabilen vagonlar Uretilebilir. Bu celigin ylksek mukavemet ve iyilestirilmis
korozyon direncinden dolay! uygulamalari konveyor yapilari, pil kutulari, dékim
tavalari, yeralti lokomotifleri, cevher tasima arabalari, saftlar, borular, kimyasal
depolama tanklari, zemin kaplamalari, makina koruyuculari ve atlatma hatlarini da
kapsamaktadir (NN 2006b, Maxwell 1997, Moore 1997, Marini ve Knight 1995,
Thomas 1983).

Nisan 1985’de Ermelo-Richards koérfezi kémdr hattinda 3Cr12 prototip kédmur
vagonlari isletmeye alinmistir. O tarihlerde, kémdir vagonu yapimi igin Corten celigi
6zel bir malzeme olarak kullanilmasina karsin kdmdirin tasinmasinda olusan
korozyon/abrazyon asinmalarina bagli olarak siddetli korozif etki ile kargl karsiya
kalinmaktaydi. Yeni bir ¢elik tirt olan 3Cr12 prototiplerinin ilk denemeleri sirasinda
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“beyaz” 3Cr12 celigi kullaniimistir. ileriye déniik olarak malzeme fiyatlarini diisiirmek
icin sonralari tim yapilacak kémur vagonlari “siyah” 3Cr12 geliginden Uretilmislerdir.
Daha sonralari kémur vagonlari “siyah” 3Cr12 ¢eliginin kullaniminda o siralarda
2500 metrik tonluk en genis pazari olusturmustur. Bes yillik isletme sonrasinda,
karsilastirma standardi olarak kullaniimig 3Cr12’den yapilmis iki vagon ve Corten
celiginden (alisilmis karbon ve hava etkilerine direngli ¢elik) yapiimis iki vagon
incelenmelere tabi tutulmustur. 3Cr12 vagonun durumunun hala ¢ok iyi ¢alisma
kosullarinda oldugu sadece kémdurle temas sonucunda hafif renk degisikligi ile ¢ok
az korozyon izleri gésterdigi saptanmistir. Islak kémurin doldugu bélgelerde IEB ya
da kaynak dikiglerinde korozyon olugsmadigi goérGimuastir. Buna karsin, Corten
celiginden yapilmis vagonlarin yan panellerinde korozyona bagli olarak kesit
incelmesi olusmustur. Buna ek olarak, takviye kirislerinde catlaklar ve siddetli
korozyon etkisine ugramis yerler gértlmustir. Yapi elemanlar arasindaki kaynak
dikislerinin de ¢ok siddetli korozyona ugradiklar saptanmistir. Bu inceleme Corten
celiginden yapilmis vagonlarin 5- 6 yil kullanimdan sonra oldukga ¢ok tamir iglerine
gerek duyulacagini géstermistir ki bu da vagonlarin émrinin sinirli oldugunun agik
delili olmaktadir. Bu karsilastirmada, kayit edilen korozyon hizlari esas alinarak
3Cr12 celigi vagonlarin yaklasik 20 yil isletme émrine sahip olduklari saptanmistir
(Maxwell 1997, Marini ve Knight 1995).

1985 yilinda 3Cr12 celiginin ilk tanitimindan itibaren iki vagon 1986’da ve tekrar
1999 yilinda incelemeye tabi tutulmustur. 14 yil isletme slresinden sonra vagonlarin
yUksek abrazyon asinmasi etkisinde kalan bdélgelerinin hala ¢ok iyi durumda oldugu
6rnegin ylzeylerin diz, parlak ve c¢ok c¢ok iyi kaydirici kabiliyete sahip oldugu
gbrulmastir. Kaynak dikiglerinin IEB’de ¢ukurcuk korozyonu veya kaynak hasari,
yorulma izleri gérilmemis olup bu vagonlarin cok iyi kosullarda bulundugu ve

yaklasik 50 yil kullanilabilecekleri gézlenmistir (NN 2007).

3Cr12 celiginin kullanimi ile Giney Afrika'da Uretilen diger tir kémuUr vagonlari 58
vagonluk bir filo olusturularak Duvha Open Cast madeni ve Middleburg Mine
Services arasindaki hatta kullaniimaktadir. Vagonlar 57 tonluk tasima kapasitesine
sahip olarak bosaltma kapaklidirlar. 3Cr12 celigi gévde kenarlari, bosaltma
kapaklari, vagon alt sasisi ve gévde bélmelerinin yapiminda kullaniimistir. Mart 2003
yilinda bir inceleme yapilmis ve igletmede on yildan az bir sitrede kullanilan
vagonlarda asinma olmayan veya yorulma veya kaynaga baglh hasarlardan iz
gb6rulmeyen ¢ok iyi durumda olduklari bulunmustur (NN 2007).
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3Cr12 celiginden dretilmis kdmdir tasima vagonlarina ait 6rnekler asagidaki

resimlerde gdsterilmistir.

Sekil 3.8: Duvha Open Cast Mine ve Middleburg Mine Services arasindaki hatta kullanilan
yUksek tonajli kdmir vagonlari (NN 2007).

Sekil 3.9: 82 tonluk CCL Jumbo kém(ir vagonu i¢ kisimlarinin gériniisi (NN 2007).
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Sekil 3.10: Queensland demiryollari sirketi, Q-rail igin Uretilmis kémur vagonlari
(NN, 2001).

Sekil 3.11: Avustralya’da kullanilan 3Cr12 celiginden Uretilmis bir kbmir vagonu (Moore
1997).

Oksitleyici ve strinme- yorulma yik kosullarinda calisan kimya ve gi¢ Uretim
endustrilerindeki bilesenler icin 3Cr12 kullanimi dikkate alinmaktadir. Bu alasimin
dikkate alindigi uygulamalarda dinamik zorlamalara, zamana bagl siriinmeye ve
degisik miktarda oksijenin bulundugu atmosferik ortamlara maruz kalmaktadirlar
(Aghion ve Ferreira 1993).
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3Cr12 celigi ilk tanitildigr 1979 yilindan bu yana sivi ortamlarda ¢ok yaygin olarak
kullaniimaktadir. 3Cr12 celigi borular, depolar, sogutma kullerindeki c¢apraz
elemanlar (X-Grid), dinlendirme tesisleri, daldirma levhalari, hayvanlarin su igtigi
kanallar ve benzerleri bir seri uygulamada basari ile kullaniimaktadir (NN 2007).

Figure 3.12: Middelburg icin 1989 yilinda insa edilmis DAF koyulastiricisi (NN 2007).

Dinya capinda pek ¢ok ulkede korozyon etkilerini en aza indirmek Uzere igi bos
otobls karoseri elemanlarinin tasariminda 3Cr12 kullaniimaktadir. Avrupa’daki ve
Guney Afrika’daki Ureticiler, yiksek mekanik 6zelikleri ve Ustlin kaynak kabiliyetine
bagli olarak otobls karoseri elemanlarinin tasariminda 3Cr12 celigini
secmektedirler. Yuksek akma mukavemeti ile ylksek korozyon direncinin birarada
bulunmasiyla uzun sireli yapisal dayanim garantisi maksimum yolcu guvenligini
saglamaktadir. 3Cr12’nin kullanimiyla yiksek mukavemetine bagh olarak daha ince
kesitlerin kullanimina olanak vererek 900 kg'a kadar kitlesel agirliktan tasarruf
saglanabilmektedir (NN 2007, Dhooge ve Deleu 2005).
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Sekil 3.13: a) 2004°de dretilmis TFM otobusU, b) Yaklasik olarak 10 yillik bir otobisin
altindaki 3Cr12 karoseri destek elemani (NN 2007).

Sekil 3.14: %12Cr’lu paslanmaz gelik elemanlarin kullanildigi bir otobls (NN 2004b).

Seksenli yillarin basinda Durban’daki ¢arpisan arabalarin isletme sahipleri ¢ok ciddi
bakim problemleri ile karsilasmiglardir. Garpisan arabalarin kullanildigi yerdeki
zemin karbonlu c¢elikten yapiimig ve sudrekli olarak korozyona ugramaktaydi.
Korozyon genellikle tesisin durdugu slUrede geceleri veya sezon disinda
olusmaktaydi. Olusan oksit tabakasi yani pas c¢arpisan arabalarin gezinmesi
sirasinda zeminden toz halinde kaldirilarak ortama dagilir ve daha sonra elekirik
motorlarina ¢okelerek sargilarda birikerek bakim ve tamir masraflarinin artmasina
neden olmaktaydi. Bunun Uzerine, karbonlu gelikten yapilmis zeminin 3Cr12 celigi
ile yer degistirmesine karar verilmigtir. 6x1000x2000 boyutlarindaki levhalar zemine
gbmme civatalar ile baglanmis ve 20 yildan daha fazla kullaniimiglardir. 2003 yilinda
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oyun yerine yapilan ziyarette zeminin diz ve parlak oldugu ve arabalarin bakim
giderlerinin %80 azaldidi izlenmigtir (NN 2007).

Sekil 3.15: Carpisan arabalarin kullanildigi alan (NN 2007).

Sekil 3.16: Carpisan arabalarin kullanildigi zemine vidalarla baglanmis 6x1000x2000mm
boyutlu 3Cr12 levhalar (NN 2007).
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%12 kromlu celikler askeri ve sivil amagh ucaklarin gaz tarbini motorlarinin
parcalarinda ve kapi panelleri, pencere cergeveleri ve gegis panelleri gibi
uygulamalarda da kullaniimaktadirlar (IAF-Editor 2000)..

3Cr12 ¢eligi, Rooiwal Power Station’da bir kulede 1zgaralara baglanarak ki bunlar X-
Grid olarak adlandiriimigtir, uzun sireli deneyler sonrasinda gug istasyonlarindaki
sogutma kulelerinin X-Grid baglantilarinda da kullaniimaktadirlar. X-Grid’ler 1,2 mm
kalinhgindaki 3Cr12 celiginden retilmiglerdir ve 20 yildir bakim yapilmaksizin
kullanimdadirlar (NN 2007).

Sekil 3.17: 20 yildir kullanimda olan sogutma kulesinin igindeki X- Grid elemanlarin
g6runlsu, cap yaklasik olarak 52 m (NN 2007).

3Cr12 elektirifikasyon direklerinde kullanimi ile direklerin yenilenmesinde basari
gbstermistir. Ana hatlarda Giiney Afrika demiryollari tarafindan raylarda 30 km’nin
Uzerinde elektrifikasyon gerceklestiriimistir. 3Cr12 limanlarda dahil olmak Gzere
direklerin ana elemanlar ve kafes elemanlar ve Kirisler igin segilmistir. 20 yil sonra,
Olcllebilir bir korozyon bulunamamis ve sistemin tam tamir gerektirmeden daha en
az 40 yil daha kullaniimasi beklenmektedir (Maxwell 1997, NN 2007).
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Sekil 3.18: Kaynakl bélgelerde korozyon gérilmemis elekrik direkleri (NN 2007).

3Cr12 geligi kullanilan gbévde ve ici bos destek elemanlari ile inga edilmis yolcu tren
vagonlari ve tramvaylar bulunmaktadir (Maxwell 1997).

Figure 3.19: Gdvde ve destekleri 3Cr12 ile Uretilmis tramvaylar (NN 2004b).
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Uzun yillardan bu yana dinyada seker Uretimi yapilan heryerde, seker endustrileri
korozyon ve abrazyon asinmasindan olusan ciddi ve pahali problemler ile kargi
karsiyadirlar. Giney Afrika seker endustrisine 3Cr12 celiginin 1980/81’den beri
tanitilmasiyla, seker kamigi ve pancar islemede birgok Ulkede c¢ok sayidaki
uygulamada bu celigin kullanimi kanitlanmigtir. 3Cr12 korozyona ve abrazyona
direnci ve distk fiyati ile seker Uretim tesislerinde seker kamisi tasiyicilari,
diftzérler, suyu ¢ikariimis seker kamigi veya pancar posasi tagiyicilarinda, isiticilar
ve benzeri bir ¢cok yerde ¢ok iyi performansa sahiptir. Seker endustrisinde hasat
zamani disinda sezona bagli olarak duzenli bakim yapilir. Seker kamiginin veya
pancarin igslenmesi periyodunda planlanmamig bir bakim, tamir fiyatlarinin yanisira
pahali Uretim kayiplariyla sonuglanir. Yaklasik olarak yilda 2 milyon ton seker
kamisinin islendigi Guiney Afrikada’ki tipik bir seker tesisi ziyaret edildiginde, goérilen
bircok uygulamada en fazla on yil sonra degistiriimesi gereken karbon celiginin
kullanildigi ana seker kamigi tasiyicilarinda karbon cgeliginin  ¢ok duisik
performansindan dolayi 3Cr12 geliginin tercih edildigi gérilmastir. Bu tesiste 3Cr12
celigi 1985 yilinda kullanima alinmis ve 2003 yilinda hala ¢ok iyi bir performans
gOstermektedir. Seker kamisi tasiyicilari, sekerli su gecis yerleri, sikilmis kamig
tastyicilar, filtreler, ayiricilar, santrifijler ve kal tagiyicilar gibi yerler tipik bir seker
Uretim tesisinde 3Cr12 ¢eligin kullanildigi yerlerdir (NN 2007).

Sekil 3.20: Haslama serbet isitici kapagi, 3Cr12 geligine karsi karbonlu geligin durumu (NN
2007).
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Karbonlu ¢eliklerden daha ince kalinliklarda 3Cr12 ¢eligi kullanilabileceg@i de dikkate
alinmalidir. Boyama ve yuzey igslemine daha az gerek duyulacagindan daha uzun
6mdare sahip oldugu da dasundlirse, 3Cr12 celigi seker endlstrinde ¢cok ekonomik

bir malzeme olmaktadir.

3Cr12 celigi korozyon/abrazyon igin ve diger uygulamalar icin ¢ok basarili bir
malzeme olmasina karsin ¢ok agresif ortamlar icin bu ¢eligin uygun olamayacagi da
bilinmelidir. 3Cr12 korozyona direngli bir malzemedir ve 06zellikle ¢ok agresif
ortamlarda kullanilan birgok pahali paslanmaz celigin yerine kullaniimak Uzere
tasarlanmamistir. Eger 3Cr12 geligi 6zellikle hareketsiz yani durgun kosullar altinda
yluksek klor konsantrasyonu iceren ortamlarda kullaniliyorsa problemlerle
karsilasilabilinir. Bakterilerin oldugu yerlerde de mikrobiyolojik korozyon etkisi ile de
karsi karsiya kalma tehlikesi vardir. 3Cr12 atmosferik etkiye direngli malzeme
olmasina karsin suyun ylzey Uzerinden dékilmesi olan yerlerde lekelenme olusur.
Dolayisi ile, yapilarin yUzeylerinin estetik gérindsinin énemli oldugu yerlerde
celigin ylzeyine kaplama uygulanmasi o6nerilir (NN 2006a, NN 2004c, Marini ve
Knight 1995).

50 yili asan sureler igin bazi agresif ortamlarda ve deniz ortaminda kullanilan
takviyeli beton yapilarin uzun, bakim gerektirmeyen kullanim émri gereksinimleri
korozyon direngli ¢eliklerin kullaniimasi ile en iyi sekilde kargilanabilecektir. Uygun
ve kabul edilmis beton uygulamalari kullanimiyla ile inga edilmis yapilarda
takviyelerde 3Cr12 ve diger paslanmaz celiklerin kullanimi ile korozyondan 6tirt en
az gider olusmasi ve uzun igletme émri saglanir (NN 2007).

ik tanitildigr 1979 yilindan beri yukarida belirtilen ortamlarda 3Cr12'nin kullaniminin
yayginlasmasi, performansi lzerine toplanan verilerin blyik sayilara ulasiimasi ile
sonuglanmigtir. Kritik olmayan uygulamalardaki kullanim igin ilk Onerilerin bir
cogunda sezgiler Gzerine ve deneylerin sonuglari esas alinmistir. Bu zamanla 6zel
olarak gelistiriimis korozyon deney programlarinin bir ¢odunun tohumunun
atilmasini saglamistir. Bu ilgilenme, kesintiye ugratmasi ¢ok zor olan Uretimle
sonuglanarak 3Cr12’nin performansina olan ilginin sonuglaridir (McEwan ve dig.
1993).
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Tablo 3.2: Gliney Afrika endistrisinde 3Cr12 uygulamalari (McEwan et al 1993).

Endiistri kolu Baglica kullanim yerleri
Cevher arabalari, oluklar ve oluk hatlari, élcme siseleri ve
Madencilik hatlari,kovali iletim tertibati hatlari, konveyérler, saftlar, hava isitici

esanjorleri, dinlendirme tanklari, kovalar.

Seker hazirlama tablalari, seker kamisi/pancar kesicileri, posa
Seker Gretim tasiyicilari, kaynar seker suyu oluklari, su yumusatma tanklari,
sekerli su hatlari, buhar hatlari, vakumlu kondenserler, su borulari

Gubre yayicilar, suni guibre tanklari, tohum borulari, tohum oluklari,

Tarim ve balik¢ilik icme suyu kanallari, hayvan tasima vagonlari, koku gidericiler, balik
kanallari, tavuk gibre silolari.
Kagit Gretim Kagit talasi silolari, kagit talasi borulari, kagit hamuru kovalari,

islenmemis hamur tanklari, su borulari, su isleme tanklari, zemin
dbésemeleri, yesil likér tanklari,

Gig dretim Bunker hatlari, kil gamur hatlari, sogutma kulesi ¢elik elemanlari ve
sogutucu elemanlari, su tanklari

Petrokimya ve Sicak hava girigleri, fan gdvdeleri, kazan zirhlari, yikayici hatlar,

metalurji buhar difizérleri, tanklar, borular ve flanslar.

Et kesim Kan tanki arabalari, artik arabalari, su icme kanallari, dénel

(mezbahalar) yikayicilar.
Filtre bdélme levhalari, boru tutucular, parcal yataklar, ytriyUs

Atik (kanalizasyon) 1zgaralari, camur kaplari, bend (savak) levhalari, ekstrasyon
cihazlar, santriflj pompa gdvdeleri, borular, atik tankerleri.

Yerel ydnetim Hastane sicak su tanklari, yol stpurgeleri, elektrik kutulari, su

hizmetleri (belediye) borulari

3.1.8. 3Cr12 celigi Gzerine yapilmis arastirmalar

1979 yihindaki tanitimindan bu yana 3Cr12'nin  kullaniminin yayginlasmasi,
gOsterdigi performans ve 6zellikle korozyon direnci hakkinda birgok verinin ortaya
¢lkmasi sonucunu dogurmustur. Teknik literatirde, bu celigin kaynak kabiliyeti
Uzerine ¢ok az ¢alisma bulunmaktadir. Kritik olmayan uygulamalardaki kullanim igin
ilk &nerilerin bir cogunda tahminler Gzerine ve deneylerin sonuglari esas alinmigtir.
3Cr12 celigi Uzerine bir dizi 6zel gelistiriimis korozyon deney programi
gerceklestirilmigtir. Dolayisi ile, ilk olarak korozyon performans c¢alismalari, ikinci
olarak 3Cr12 ¢eligi hakkindaki mekanik 6zelikleri ele alinabilecektir.

Laboratuvarda yapilan abrazyon ve abrazyon- korozyon deneyleri bir dizi ferritik,
ostenitik ve martenzitik paslanmaz c¢elik Uzerinde gergeklestiriimis ve altin
madenindeki abrazif- korozif kosullarda asil yerinde kullanilan benzer malzemelerin
deneyleriyle karsilastiriimistir. Tim kalitelerin bilinen abrazyon direncli alagimlardan
cok daha iyi abrazyon- korozyon direncine sahip olduklari bulunmustur. Ostenitik

kalitelerin GstUnliklerinin yanisira ferritik kalitelerin kayip hacime disen fiyatlar
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bakimindan ¢ok Ustin olduklari ve 3Cr12 celiginin korozif ortamlarda abrazyona
direngli malzeme olarak bir potansiyele sahip oldugu bulunmustur (Allen ve dig.
1981).

Iyon implantasyonunun asinma ve oksidasyon tizerinde yararl etki géstermesinden
dolay! Hicks ve Robinson tarafindan, 3Cr12 c¢eliginin korozyon performansi zerine
ion implantasyonunun etkisi arastinimigtir. Her dért dozajda Mo, V, Pb ve N
elementlerinin ion implantasyonu etkisi Gzerine caligiimistir. Pb implante olmusg
3Cr12 artan dozajlarda artan pitting direnci gdstermistir. Buna karsin Mo ve V
implantasyonu daha distk dozajlarda benzer etkiyi gbstermis ancak daha ylksek

dozajlarda zayif cukurcuk korozyonu direnci géstermistir (Hicks ve Robinson 1984).

3Cr12 ¢eliginin gukurcuk ve aralik korozyonu direngleri Uzerine genel olarak Mo
eklenmesinin etkisi Tullmin ve Robinson tarafindan arastiriimistir. Normal olarak
agirhkeca %0, %0,1, 0,2, 0,3, 0,5, 1 ve %2 Mo iceren Ti ile stabilize edilmis ve
edilmemis 3Cr12 alasimlari kullaniimistir. Deney sonuclari stabilize edilmis veya
edilmemis 3Cr12'ye %1’e kadar Mo eklenmesinin ¢ukurcuk korozyonu (zerinde
kayda deger bir diizelme etkisi gdstermedigini ortaya koymustur. Stabilize edilmis
3Cr12’ye Mo eklenmesi, Mo igeriginin %0,5 veya daha yuksek olmasiyla kabul
edilemez dlUsUk tokluk degerleri verdiginden dolay! dikkate alinamaz, bunun yanira
%0,5’in altinda Mo eklenmesiyle de korozyon direnci 6nemli &lglde
dizelmemektedir (Tullmin and Robinson 1988).

Musalo ve dig. tarafindan yapilan bir calismada ise, yumusak celik, 3Cr12 ve 316L
celiklerinin  korozyon direncleri, birgcok endustriyel su klor ve sulfat iyonlan
icerdiginden dolay! sentetik maden ocagi sularinda hizlandiriimis elektro kimyasal
korozyon deneyine tabi tutularak arastiriimistir. Glney Afrika maden ocagi sulari
durumunda ise, ¢ozeltide toplam katilarin timind kapsayan ¢6zinmus tuzlardan
ayrismis iki anyon bulunur. Yumusak celik direnci dizeltmek amaciyla daha cok
uygun kaplamalarla kaplanarak Gliney Afrika maden ocagi sulari ile temas eden
yap! bileseni malzemesi olarak yaygin bigimde kullaniimistir. Ancak, daha iyi
korozyon direncine sahip malzemeler érnegin, 3Cr12 gibi korozyona direngli gelikler
ve 316L gibi daha ylUksek alagimli geliklerin uygulamalarinin arttigi bulunmustur.
Yumusak celik maden ocagi sularinda uniform veya genel korozyona ugramaya
egilimlidir. Yizeydeki genel paslanma etkinin bu bigiminin karakteristik géstergesidir.
Genellikle, korozif maden ocagi sularinda disik pH, yuksek miktarda ¢ézinmus
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oksijen ve yuksek sicaklikta ve toplamda ¢6zinmuUs kati maddeler birlikte bulunur,
bu durumda galvanizleme, boyama veya her ikisinin birlikte bulundugu gibi bir
kaplama olmayan yumusak c¢elikte genel korozyon hizi ¢ok asiri duruma gelecektir.
Yumusak ¢elik, 3Cr12 ve 316L celiklerinin korozyon direncleri farkli permitasyon
seviyelerinde klor ve sllfat iceren sentetik maden ocagi sularinda hizlandiriimig
elektro kimyasal korozyon deneyinde incelenmistir. Yumusak celigin genel korozyon
direnci suda hem klor hem de sllfat iyonlarinin bulunmasi ile ters olarak
etkilenmigtir. Buna zit olarak, su igindeki sulfat iyonlari paslanmaz celikler Gzerinde
yararll pasiflik etkisi olusturmuslar ve onlarin hem yerel hem de genel korozyon
direnglerini dizeltmislerdir. Sudaki silfat iyonlari paslanmaz celikler Gzerindeki sinsi
klor iyonlarinin bozucu etkilerini dengeleme egiliminde bulunmuslardir (Mursalo ve
dig. 1988).

3Cr12 celiginin korozyon davranisi tzerine cesitli metalik olmayan katiskilarin etkisi
Knutsen ve Ball tarafindan bildirilmistir. Katiskilara baglantih mikro ¢ukurcuk
olusumunu incelemek amaci ile iki ticari sarjdan alinmis 3Cr12 celik Uzerinde
potansiodinamik ve potansiyostatik deneyler gerceklestiriimistir. Sonug¢ olarak,
gbreceli miktarlardaki ¢6zinmemis titanyumca zengin sulfid ve titanyum karbonitrar
katiskilarinin geligin korozyonu Uzerinde 6nemli etki gdstermedikleri ve NaCl
cbzeltisinde MnS’in  ¢dzinmesinin  mikro ¢ukurcuk olusumunu ve c¢ukurcuk

potansiyelini azalttigr gézlenmistir (Knutsen ve Ball 1991).

3Cr12 geligi dahil sekiz yiksek alasimli celigin korozyon direngleri, Cash ve dig.
tarafindan bir seker kamisi fabrikasinda akan sekerli su icin arastiriimistir. Bu
celiklerin tUmU seker fabrikasinda isleme sirasinda mevcut kosullar altinda ayni
anda etkiyen cukurcuk korozyonuna maruz birakiimiglardir. Bu alasimlarin
ylzeyinde dogada organik olarak hemen olan bir ylzey filmi olusmustur. Bu da
cukurcuklanmaya ek bir diren¢ saglamistir. Olusan bu film rahatsiz edici degildir ve
klor icermeyen sular ile temizlenir, bunun sonucunda daha az kaliteli alasimh c¢elik
3Cr12'nin karismis seker suyu hatlari igin uygun bir malzeme oldugu sonucunu

gbstermistir (Cash ve dig. 1992).

McEwans ve dig. tarafindan hazirlanmis bir makalede, sivi ortamlarda 3Cr12
celiginin performansi Gzerine kullanilabilir veriler, saptanan Uretimin pazardaki
yeriyle ilgili izlenen ydntemlerin ana bagliklar verilmistir. Curkurcuk korozyonu

taramalar gibi teknikler, ZRA c¢aligsmalari ve deneysel E-pH diyagramlari olugturulan
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bir dizi yaklasim modelinden elde edilmistir. Bu modellerin entegrasyonu ve
dogrulugu olaylarin tarihine karsilk yapiimis deneylerdir. Degisik uygulamalar igin
sadece 3Cr12 celigi icin degil 6nerilen uygun malzemelerle ilgili olanlara ve
kullanicilara teknoloji ve bilgi transferine gerek oldugu tartisiimaktadir (McEwan
1993).

Beton vyapilardaki celik takviyelerin korozyonu olayr Guney Afrika'da sahil
bélgelerinde baslica bir problemdir, Callaghan tarafindan yapilmis bir calismada
beton icinde takviye olarak performansinin incelenmesi amaciyla bir seri etkilesim
programinda 3Cr12 geligi kullaniimistir. ilk etkilesim programinda, yumusak celik ve
3Cr12 celigi dekapaj ve sonra pasivasyon islemine tabi tutularak 6zel tasarlanmig
deniz ortam simulatérinde ortamla etkilesim saglanmistir. 4,5 yil etkilesimden sonra
karsilastirmali performansina gére 3Cr12 nin beton icin dayanabilir bir takviye

malzemesi oldugu yeniden tasdik edilmistir (Callaghan 1993a).

Callaghan tarafindan yapilan diger bir calismada, beton igindeki performasi
degerlendirmek igin 3Cr12 celigi iki seri etkilesim programina tabi tutulmustur. ilk
etkilesim programinda, yumusak celik ve 3Cr12 ¢eligi dekapaj ve sonra pasifasyon
islemine tabi tutularak 6zel tasarlanmis deniz ortam simulatdriinde ortamla etkilesim
saglanmistir. 4,5 yil etkilesimden sonra karsilastirmali performansina gére 3Cr12’
nin beton igin ¢ok iyi bir takviye malzemesi oldugu yeniden tasdik edilmistir. ikinci
etkilesim programinda, celik, 3Cr12, 316 ve 304 paslanmaz celikleri haddelenmis
durumlarinda etkilesime birakilmiglardir. Galvanzilenmis ¢elik ve toz epoksi ile
kaplanmis celik cubuklar da etkilesime tabi tutulmustur. Etkiler siddetli korozif olan
deniz kenarinda ve simulatérde gergeklestiriimistir. 2 yil iginde, betonda takviye
olarak kullaniimadan énce celik, 3Cr12, 316 ve 304 paslanmaz celiklerinde sicak
haddeleme tufallerinin timdndn temizlenmesine gerek duyuldugu anlagiimigtir.
Galvanize edilmis c¢elik gubuklar zayif performans géstermislerdir. Toz epoksi ile
kaplanmis cubuklar siddetli tabaka alti paslanmaya ve korozyona ugramiglardir.
Celik cubuklarin karsilastirlmasinda performanslarinin ¢ok koéti oldugu ortaya
cikmistir. Ylksek alkalinli ortamlarda, klor iki yil icinde siddetli korozyona neden
olmustur (Callaghan 1993b).

Chong ve dig. tarafindan yapilmis bir calismada lazerle ergitilmis 3Cr12 celiginin

yUzeylerindeki ¢ukurcuk morfolojilerin gbézlenmesinde martenzit veya olasi
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katigkilarin yer aldig1 tane sinirlarinda korozyon baslamis oldudu belirlenmigtir
(Chong et al 2005).

Liu ve dig. makalesinde de, dénemli bilgiler elde etmek amaciyla cesitli lazer
ergitiimeli 2014-T6 ve 2024- T351 aliminyum alasimlarinin, 304L paslanmaz
celiginin ve 3Cr12 cgeliginin korozyon performanslarindaki arastirmalarin sonuglari
Ozetlenmistir, ancak lazer islemi yapilan ylzeylerin mikroyapisal karakteristikleri ve
korozyon arasinda zayif bir iliski anlasiimistir. Mikroyapinin homojenizasyonu/rafine
edilmesinden baslandiginda, kati c¢ézelti matrise karsilik cesitli metaller arasi
bilesiklerin elektrokimyasal dogal yapisi, Ust Uste binmeyle olugan IEB’ler ve
soguma hiziyla iligkili faz dontstmleri gibi faktérlerin laser isleminden sonra anahtar

rol oynadiklari bulunmustur (Liu ve dig. 2006).

Weiss ve dig. tarafindan gerinme hizi ve sicakhgin fonksiyonu olarak 3Cr12 ¢eliginin
mekanik &zeliklerinin  bazi degisimleri incelenmistir. Akma mukavemetinin
boylamasina ve enlemesine dogrultular arasinda farkhliklar olmadan gerinme hizi ve

sicakliga bagh oldugu bulunmustur (Weiss et al 1990).

Aghion ve Ferreira tarafindan yapilmis bir calismada 3Cr12'nin ylksek sicaklik
yorulma hasari Uzerine oksitleyici ortamlarin etkisi incelenmigtir. Sonu¢ olarak,
3Cr12’nin yorulma émrl deney atmosferinde bulunan oksijen miktarina bagl oldugu
bulunmustur. Saf argon ortaminda elde edilen kisa yorulma émri, hava ortaminda
deneye tabi tutulan numunelerde gérulendeki gibi ¢atlak kérelmesi ve dallanmasinin
mevcut olmamasina baglanmigtir (Aghion ve Ferreira 1993).

Bredenkamp ve van den Berg tarafindan sunulan bir ¢alisma da, 3Cr12 ¢eliginden
yapilmis |- kesitli kolonlarin yapisal performanslari Gzerinedir. 3Cr12 ¢eligi kolonlarin
mukavemetinin ¢cok iyi bir saptanmasi kisa kolonlardan elde edilen mekanik

Ozeliklerin kullaniimasiyla bulunmustur (Bredenkamp ve van den Berg 1995).

304 ve 3Cr12 tir paslanmaz celiklerin kullanildigi paslanmaz ¢elik soguk
sekillendirilmis kolonlarin desteklerinin burkulmasi izerine bir arastirma Korvink ve
dig. tarafindan yapilmistir. Teorik yaklasimlarla karsilastirilabilen cok iyi deneysel

sonuglar ortaya cikmistir (Korvink et al 1995).

van Bennekom ve Potgieter tarafindan yapilmis bir ¢calismada ¢imento tesisindeki
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sartlandirma kulesinin hasari incelenmigtir. Yapinin yiksek sicaklik oksidasyonu ve
sulfirizasyonun birlikte etkimesine bagh olarak hasara ugradigi bulunmustur. Bu
olay c¢ikan gazlardaki sodyum ve potasyum tuzlarinin bulunmasindan
siddetlenmektedir. Bu tip bir uygulamada, 3Cr12 celiginden daha ylUksek krom
iceren bir paslanmaz celigin kullanilmasinin daha uygun olacadl sonucuna

variimigtir (van Bennekom ve Potgieter 2000).

Plazma nitrirlenmis 3Cr12 paslanmaz c¢eligi ve AISI 316 ostenitik paslanmaz
¢eliginin normal yorulma ve korozyonlu yorulma davraniglari Allen ve dig. tarafindan
calisilmistir. Deney pargalarn disik sicaklik ve aligilmis nitrGrleme sicakligini
gOstermek amaciyla sirasiyla 400°C ve 520°C‘de iki nitrirleme sicakhiginda
hazirlanmiglardir. Deney sonuglari, her iki ydntemde de yUksek sicaklik yonteminin
daha cok etkisi ile bu tir ¢eliklerin normal yorulma sinirinin yaklasik %10- 25 olarak
elde edildigini gbstermistir. Korozyonlu yorulma durumlarinda, plazma nitriirlemenin
yararl etkisi daha belirgindir ve nitrirleme sicakliginin 400°C’den 520°C’ye
artirlmasiyla korozyonlu yorulma siniri 3Cr12 geligi igin %50 ve %100 arasinda,
AISI 316 celigi icin ise en az %50’den %150’ye yukselmistir (Allen ve dig. 2003).

3Cr12 korozyona direngli celik tellerin yorulma davraniglari soguk ¢ekme gibi
mekanik islemlerin oldugu kadar tavlama, hizli sogutma gibi isil islemlerin bilesik
etkilerinin fonksiyonu olarak Topic ve dig. tarafindan arastiriimistir. Deney
numuneleri 1sil isleme tabi tutulmus, soduk cekilmis ve yik kontrol modunda
yorulma deneyine tabi tutulmuslardir. Baglangi¢c tavlamasi mikroyapisina sahip
soguk cekilmis 3Cr12 celik teller icin elde edilen sonuglar gostermistir ki gekme
gerinmesinin artiriimasi yorulma ve statik mekanik &6zeliklerini artirmaktadir. 0,47
gerinmeden daha ileri ¢ekme islemi yorulma mukavemetini 6nemli &lglde
artirmamaktadir. Ancak, hizli sogutmay: izleyen soguk gekme, tavlanmis ve soguk
cekilmis 3Cr12 celigi durumundan daha ©6nemli olcide yorulma sinirini
dizeltmektedir. Sogutma islemi ile elde edilen cift fazli yapi yorulma cgatlaginin
baslamasinda ve gelismesinde geciktirici rol oynamaktadir ve ¢ok énemlidir, 3Cr12
celik tellerin yorulma davranisindaki bir ¢centik etkisi bu yol ile énemli olacaktir (Topic
et al 2007).

Fe-Cr-Ni'li paslanmaz celiklerle karsilastirildiginda 3Cr12 celidinin elektrokimyasal

davranisi ve fiziksel metalurjisi Uzerine ¢ok fazla ¢alismanin olmadigr gértimektedir.

Knutsen, bulunan martenzit fazinda manganez ve nikelin zenginlesmesini ve
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kromun azalmasi ile ferrit ve martenzit fazlarinin banth yapisini agiklamigtir
(Knutsen 1992).

Blum ve arkadaslari tarafindan yapilan c¢alismada, 850°C’de 2 saat tavlamayi
takiben yag icinde hizli sogutmanin ferrit ve martenzit morfolojisinin asagidaki
sekilde izlendigi gibi daha ¢ok izotropik ve iri levha gibi olustugunu belirtmiglerdir.

Sekil 3.21: 850°C’de 2 saat tavlamadan sonra yagda sogutulmus 3Cr12 celiginin optik
mikroyapisi (Blum ve ark. 1992).

3Cr12 celiginin kaynadi ve kaynak kabiliyeti hakkinda az sayida c¢alisma
bulunmaktadir.

Bennett tarafindan yapilan bir ¢alismada, 10 mm kalinhginda 3Cr12 ve ylksek
toklukta 5Cr12HT celigi kullaniimigtir. 3Cr12 celigi 5Cr12HT celigine 309Mo ek
kaynak metali kullanilarak en ¢cok 1 kd/mm 1si girdisi ile alin kaynagi yapilmistir.
5Cr12HT celigi ve 3Cr12 celikleri arasinda kaynak edilmis ve kaynak edilmemis
kosullarda c¢ok farkli tane boyutlan gdézlenmistir. 5Cr12HT celigi tarafinda tane
boyutu 3Cr12 tarafindakinden daha iyi bulunmustur. Yapidaki bu farkhlik 5Cr12HT
celiginin 3Cr12 celigine goére iyi yorulma direnci ve yiksek tokluga sahip oldugunun
gOstergesidir (Bennett 1991).

iki gift fazli paslanmaz gelikte yapilmis bir arastirmada, Avesta 2205 ve 3Cr12, 0,4

ile 1,7 kd/mm arasinda degisen 1si girdileri kullanilarak 6rtila elekirodla ark kaynak
yéntemi (SMAW) ile kaynak edilmiglerdir. Calismada, sertlik, darbe toklugu,
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mikroyap! ve korozyon hiziyla IEB Ozelikleri Uzerine degisik 1si girdilerinin etkileri
arastirnimigtir (Jana 1992).

Stabilize edilmemis %12Crlu paslanmaz c¢eligin kaynak bdlgesinde isidan
etkilenmig bdlgenin iri taneli bélgesinin darbe tokluguna tane boyutu ve mikroyapi,
bilesimin etkisi Orava ve arkadaglari tarafindan yapilan bir calismada incelenmigtir.
Bes tamamen martenzitik, iki martenzitik, iki martenzitik ferritik ve bir ferritik yapi
elde etmek icin sekiz ayr sarj laboratuvarda hazirlanmistir. Sertlik ve tokluk Gzerine
C ve N bilesenlerinin etkileri calisiimistir. iri taneli bolge simile edilmis ve tokluk
deney sonuglari iri taneli bélge mikroyapisinin dikkate deger bir etki yaptigini
gbstermistir Tamamen martenzitik alasimlarda cok dusik gecis sicakliklar ve
martenzit sertliginin artan karbon mikatariyla ytkseldigi elde edilmistir. Martenzitin
levha boyutunun sertlik ve tokluk Uzerinde etki yapmadigi izlenmistir (Orava ve dig.
1993).

3Cr12 borularin otojen kaynagi Uzerine bir arastirma Lelyveld ve van Bennekom
tarafindan gercgeklestiriimistir. Seker endUstrisinde 1s1 esanjérlerinde ve sekerli su
kaynatma uygulamalarinda kullanilan 3Cr12 borularinin otojen TIG kaynagdi
arastirilmigtir. Borular titanyum ile stabilize edilmis eski versiyon 3Cr12 celiginden
Uretildiklerinden kaynakta tane sinirlarindaki martenzit olusumu sinirhdir, ancak iri
tane boyutlariyla birlikte gevrek kaynak yapisi ortaya ¢ikmistir. Stabilize edilmemis
3Cr12 geliginden Uretilmis borularin kaynaginda, KM ve IEB’de hacimce daha fazla
martenzit olugsmasina karsin kaynak toklugu dizelmis ve tane boyutlari incelmigtir

(Lelyveld ve van Bennekom 1995).

Eriksson ve Johansson tarafindan yapilmis bir galismada, 3Cr12 geliginin kaynagi
icin alisilmis ve yiksek hizli MIG kaynak yéntemleri kullanilimis ve gegis sicakhgi
Uzerine 1s1 girdisinin etkisini incelemigtir. Martenzitik bolgenin ve iri taneli bdlgenin
gecis sicakliklari sirasiyla 40°C ve 60°C’de bulunurken esas metal -30°C’de bir

gegcis sicakhgi gostermistir (Eriksson ve Johansson 1997).

%9 ile %12 araliginda Cr igeren ferritik martenzitik paslanmaz celikler son 30 yildan
beri gelistiriimis ve Uzerinde birgok c¢alismalar yapilmig tirlerdir ve yakit tanki
kaplama, borulama ve basingl kap ve kazanlar gibi cesitli IV. jenerasyon ileri
nukleer tesis tasarimlarinda gézinune alinmaktadirlar. Kaynak sirasinda kaynaga

hemen komsu esas metalin 800- 900°C’ye isitiimasiyla istenen ince karbtrler ve

62



levhali temperlenmis martenzit yapisi yerine yeniden kristalize olmus ferrit taneleri
ve iri taneli karbdrll bir yapi olusur. Kaynaga bir gerilme uygulandiginda, siriinme
deformasyonu ince ¢atlaklardan olusan dar bir ¢izgide yerel olarak olusur. Catlama
tipik olarak kullanim sirasinda dugsik gerilmelerde ¢ok karsilagilan bir durumdur
(Totemeier ve dig. 2006).

3.2. EN 1.4003 (EN 10088-1) Paslanmaz Celigi

Kaynagin kolaylagsmasi ve iyi tokluk i¢in yaklasik %0.1 disik karbon igerigi istenen
ve asagida siralanan alasimlar arasinda bir tercih yapilabilir: i) %1- 5 gibi krom
iceren bir digtk kromlu gelik korozyon direncinde yeterli artigi saglamak icin yetersiz
kroma sahiptir ancak kromun artisina gdre artan sertlesebilmeyle dénusturulebilir. ii)
%11-13Cr’lu celik tamamen doénlstirdlebilir ve kaln kesitlerine kadar havada
sertlestirilebilir. 700°C’ye kadar uygun oksidasyon direnci ve blyik miktarlarda ferrit
olmaksizin alagim elementi eklenmesiyle temperleme direncini diizeltmenin olanagi
vardir. iii) %17 ve daha fazla krom iceren 0&rnegin tam ferritik bir celik
déndstirtlemeyecektir. Ancak, oksidasyon direnci diizelmistir, bu durumda ¢ékelme
sertlestirmesi etkisinin yarar veya soguk sekillendirme hari¢ ylksek ¢ekme

6zeliklerini elde etmenin olanagi yoktur.

Tdm bu alternatiflerden dolayr %11- 13Cr’lu geliklerin gelistiriimesi i¢in ¢ok blylk
alan bulunmaktadir. Diger bir konu olarak alasim elementlerinin martenzit déntsim
aralig1 Uzerindeki azaltici etkisi dikkate alinmalidir. Bir %0,1C’lu ¢elik yaklasik
450°C’de Mq sicakligina sahiptir, dolayisi ile tamamen martenzite déntsim ¢ozelti
sicakligindan oda sicakhdina sogumada olusur. Artan miktarlarda alasim
elementleri eklendiginde bu M sicakliginda dists olur ve %0,1C ve %12Cr’lu
celikte Ms sicakligi yaklasik olarak 300°C’dir.

Esasinda %12Cr’lu celiklerin olasi alasim kombinasyonlari tam olarak
anlasiimadigindan tim potansiyelleri basarilamamigtir. Bilesimin kritik dogasindan
dolay! uygun celiklerin gelistiriimesinde dikkate deger zorluklar vardir. En az %11Cr
yeterli oksidasyon direncini saglamak icin gereklidir. Uygun tokluk ve darbe
Ozeliklerini elde etmek ve kaynak zorluklarini énlemek icin disik karbon igerigi
istenir. %0,1C ve %12Cr kombinasyonu ile M; sicakligi yaklagik 100- 150°C olan
¢cOzelti sicakliklarinda kararl ostenit fazinin sinirina yakin bir gelik Uretilir. Esas
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metalin mekanik 6zelikleri molibden ve vanadyum gibi alagsim elementlerinin
eklenmesiyle hala dulzeltilebilir. Bu alasim elementleri kuvvetli ferrit yapici
olduklarindan nikel, mangan, bakir ve kobalt gibi ostenit yapici elementler ile
dengelenmelidirler. Bu kombine edilmis alasim eklenmesi martenzit déntsim
sicakhgi araligini azaltabilir béylece tam déntsim olmaz ve mekanik dzelikler azalir.
Buradan da %12Cr’lu ¢elikler igin alagsimlama i¢in yalniz bir sinirli olasilik bulundugu
gobrulecektir (Irvine ve dig. 1960).

Daha 6énceden belirtigi gibi, orijinal 3Cr12 celigi herhangibir uluslararasi standard ve
spesifikasyonda yer almamaktadir. Ancak, 3Cr12'den gelistirilmis %12Cr’lu celik
DIN 1.4003 ve ASTM/ASME 41003 olarak tanimlanmistir. Bu celik yeni EN 10088
ve EN 10028 standardlarinin ikisinde de tanimlanmigtir (NN 2006a).

C ve N gibi kuvvetli bir karbdr ve nitriir yapici element ile alagimlama 409 tirtnde
oldugu gibi ferrritik paslanmaz celiklerde tanelerarasi hassaslasmaya karsi genel
olarak uygulanan bir tekniktir, ancak modern gelik tretim yéntemi arayer atomlarinin
seviyelerini yeterli dlciide azalttigindan stabilizasyon islemi gerekmez (Karjalainen
ve dig. 1992).

Gelik Ureticileri EN 10088-2 ve EN 10028-7'deki kalitelere karsilik gelen EN 1.4003
ve ASTM A240'da UNS S41003’e karsilik gelen celikleri Urettiklerinden buyana EN
1.4003 celigi kaynak kabiliyetini dizeltmek icin karbon miktarinin az karbonlu
celikler icin sinir sayillan %0,03'den daha dusUrtlmesiyle alisiimis %12Cr’lu
paslanmaz celiginden modifiye edilmigtir. Keza, kaynakli baglantinin |EB’de
titanyum miktari kaynakli baglantida |IEB'de gevrek karblr fazlarinin olusumuna
egiliminden dolay! sinirlandinimistir (du Toit ve dig. 2006, Greef ve du Toit 2006,
Lahti 2000).

EN 1.4003 tOrd alasimlar yumusak korozif ortamlarda kapl karbonlu celikler ve
galvanizlenmig celiklerin yerine sik sik kulanilarak birgok islak kaymali abrazyon
uygulamalarinda ve sivi ortamlarda ¢ok iyi performans gésterirler. Bu tir celiklerin ilk
uygulamalari korozif/abrazif ortamlarda kullanilan malzeme tasima ekipmanlaridir,
ancak 1.4003 celikleri glinimuzde yaygin olarak kdmUr madeni endistrisinde, seker
kamisindan ve pancardan seker isleme endustrilerinde, kédmir ve altinin kitlesel
tasinmasinda, karayolu ve demiryolu tagimaciliginda, gug¢ Uretiminde, petrokimyada,
metalurjide, hamur ve kagit endlstrisinde, yapisal uygulamalarda ve uzay
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muhendisliginde kullanilirlar. Gegmis birka¢ yilda da bu tir celiklerin yolcu tagima
araglarinda, madencilik ve ziraat sektérlerinde, lokomotiflerde, kamyonlarda, kuru
yUk ve yolcu vagonlarinda ve demiryolu yapilarinda kullanim pazarinin genisledigi
gbrulmastar. 3Cr12 celiginden daha iyi kaynak kabiliyetine sahip olan 1.4003 celidi
karbonlu gelikler ile korozyona direngli alagimlar arasinda bir gecis olarak dikkate
alinabilir ve karbonlu celiklerin mihendislik 6zelikleri ve korozyona direngli
paslanmaz celiklerin her ikisinin Ustunliklerini ortaya koyarlar. Uzun dénemli bakim
masraflari igin, 1.4003 c¢eligi 6nemli ortam Ustunlidla ve ekonomik yenilemeye bagh
olarak daha az kaplama gerektirir. Diger uygulamalar igin, bu c¢eliklerin dizeltilmig
kaynak kabiliyetleriyle yUksek alasimli gelikler yerine kullanimi daha ekonomik
olacaktir (Taban ve dig. 2007a, du Toit ve dig. 2006, Greef ve du Toit 2006, Dhooge
ve Deleu 2005a,b, NN 2004a,b, Meyer ve du Toit 2001, Maxwell 1997, Marini ve
Knight 1995, Lelyveld ve van Bennekom 1995, Woollin 1994).

1.4003 celigi kaynakli ve kaynaksiz durumundaki mukavemet ve tokluk, orta agresif
ortamlardaki korozyon ve abrazyon direnci, 600°C’ye kadar tufallenme direnci, ¢cok
iyi kaynak ve sekillendirebilme 6zelikleri, uygun darbe direnci, az kikurtli ve az
halojenli ortamlarda, hava ve diger oksitleyici ortamlarda 600°C’ye kadar
oksidasyona dayaniminin birlikteligi ile kaynak edilebilir %12Cr’'lu ekonomik bir
paslanmaz celiktir (NN 2004a).

1.4003 celigi %17Crlu ve diger yiksek alasimli ferritik celiklere gére 475°C
gevrekligine hassas degildir. Cift fazh yapisinin bir sonucu olarak tam ferritik
kalitelerden daha iyi distk sicaklik darbe Ozeliklerine sahiptirler. 20°C’de KV
degerleri 50 J/cm? nin ve 35 J/cm? nin izerindedir. -20°C’de de tipik KV degerleri
35J/cm® nin lizerindedir (NN 2004a).

1.4003 celiginin uygulamalarinin genig bir araliginda sagladigr 6nemli fiyat
UstinlGgu ile siralanan alanlarda: karayolu tasitlar ve paneller, destekler, demiryolu
tasitlari gibi ara¢ tasarimlari, konteynerlar, kimyasal proses ekipmanlari, tanklar,
celik yapi/ingaat endulstrisi, konveydrler, kapilar, profiller, boru Gretimi, rulolarla
bicimlendirilmis yapi elementleri olarak kullanilir. 1.4003 ferritik paslanmaz celikleri
Sekil 3.22’'de gorilen %0,01°’den asagi karbon iceren bilesim icin Fe-Cr denge
diyagramindaki c¢ift faz (ostenit+ferrit) alanindan gecerken sogumada ostenitin
kismen dénisimdyle tasarlanmistir. Keza, 1.4003 celikleri normal olarak %0,01’den
daha fazla karbon igerirler, bu faz diyagrami ostenit ve ostenit+ ferrit faz alanlarinin
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genel seklini gésterir. C bilesimindeki artis ile bu faz alanlarinin ferrite dogru
geniglemesi ile karsilasilir. Soguma sirasinda ferritin ostenite kismi kati faz
déndsimi kaynak kabiliyetini ve IEB’deki tane irilesmesini sinirlayarak kaynakli
durumdaki tokluklarini dlzeltir. 1.4003 celikleri genellikle tam tavlanmis ve
hassasiyeti giderilmis durumda pazara sunulur. Son tavlama, havada sogutma veya
soguk haddelemeden sonra A1 sicakhginin (700°C ile 750°C arasinda) altinda
gerceklestirilir. Tavlama iglemi sirasinda, yavas sogumada ¢ift faz bdlgesinden
gecerken hi¢c ostenit olusmaz, yapi tamamen ferrite déndsir. Ferrit icindeki disik
¢6zanarligune bagl olarak, kromca zengin karbir veya karbonitrirler olarak karbon
cOkeltilerinin blyldk bir kismi ve ferrit icinde olusan krom azalmasi olan bdlgeler,
tavlama sirasinda tane sinirlarindan kromun hizli geri diftzyonu yoluyla iyilegtirilir.
Ancak, kaynaktaki ani soguma hizlari ostenitin dislk sicakliklarda ferrite
dénismesini engeller ve soguma sirasinda (8+y)’den dbénlserek olusan ostenit de
M; sicakhdinin altinda martenzite déntstr (du Toit ve dig. 2006, Greef ve du Toit
2006).
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Sekil 3.22: 1.4008 ¢eligi igin Fe-Cr-C faz diyagraminin kesiti (du Toit ve dig. 2006).
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Ostenitteki ylksek karbon ¢6zindrligin sonucu olarak, soguma sirasinda olusan
ostenit fazi, karbon deposu gibi rol oynar. Ostenit, disik sicakliklarda martenzite
déndstiginde martenzit fazinda kati ¢bzeltide kalan karbon miktari, soguma hizi ile
belirlenir. Hizll soguma sirasinda olusan martenzit, asiri doymus kati ¢ézeltide
yUuksek miktarda karbonun kalmasina neden olur. Daha disik soguma hizlarinda
martenzit, ostenit icinde karblr ¢dékelmesi ve martenzit fazinda ¢dzeltide karbonun

daha az kalmasindan énce olusur (du Toit ve dig. 2006, Greef ve du Toit 2006).

Malzemenin kaynakli kosulda dahi istenen yorulma, mukavemet ve egme 6zeliklerini
aciklayan ostenitten martenzite dénistim sirasinda disik karbon ve azot miktarlari
agsiri sertlesmeyi Onler. IEB’de tane boyutu ve sertlesme etkilerini sinirlamak Gzere
cift fazl diistk karbonlu 1.4003 ¢eliginin bilesimi dengelenmistir. 1.4003 ¢eligi, daha
6nceki %12Cr’lu eski versiyonlarinin aksine, titanyum icermemektedir (NN 2004a,b).

Kaynak edilmis 1.4003 geliginin IEB’si Sekil 3.23’de verilmektedir.

Sekil 3.23: Kaynaktan sonra 1.4003 celiginin IEB mikroyapisi (du Toit ve dig. 2006).

Ergime cizgisine komsu olan ylUksek sicaklik i1sidan etkilenmis bélgesi (YSIEB),
kaynak 1sil ¢evriminde A3 sicakhginin Uzerindeki sicakliklara isitilmis esas metali

temsil eder ve tane siniri martenziti ile gevrelenen &-ferrit ile karakterize edilir.
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Soguma sirasinda ferritten ostenite kismi dénlisiim olusumuna kargin YSIEB'’si tane
blyumesi ile karakterize edilmektedir. Bu durum da c¢ok daha iyi tane boyutu
Ozelikleri gbsteren ve ergime cgizgisinden uzaktaki dislk sicaklik 1sidan etkilenmis
bdlge (DSIEB)’'sinde gérilen durumun tersidir. Bu bdlge, ferrit ve martenzitten
olusan bir yapi icermekle birlikte kaynak sirasinda A1 ile A3 arasindaki sicakliklara
Isitilan esas metali temsil etmektedir. Kaynak sirasinda YSIEB’de gérilen tane
blylmesi, dikkate alinmasi gereken en énemli neden olarak gérilmektedir. Yiksek
sicakliklarda isidan etkilenmis bélgedeki faz bilesimi, .celikteki ostenit ve ferrit
stabilizasyon elementlerinin miktarina baglidir. Soguma sirasinda, tane blylimesi
tane siniri osteniti ile sinirlanir. Isitma g¢evrimi sirasinda ve pik sicakliga yakin
sicakliklarda, faz bilesimi tamamen ferrit oldugu durumda, gézle goérilir derecede
ferrit tane blyUmesi olusur. Isidan etkilenmig bdlgenin genislidi, kaynak sirasindaki
11 girdisinin fonksiyonudur (du Toit ve dig. 2006, Greef ve du Toit 2006, Meyer ve
du Toit 2001).

Ferrit tane boyutunun, YSIEB'nin darbe &zelikleri Gzerine o6nemli etkileri
bulunmaktadir. Gooch ve Ginn tarafindan yuratilen sicaklik-gevrim simulasyon
calismasindan elde edilen numuneler Uzerindeki sinek gevrek gegis sicakligi
(SGGS) sonuglari, 12Cr'lu ferritik martenzitik ¢eligin ferrit tane boyutu ile arttigini
gO6stermistir (Meyer ve du Toit 2001, Gooch ve Ginn 1988).

3.2.1. 1.4003 celigi tGzerine yapilan deneysel calismalar

1.4003 paslanmaz c¢eliginin kaynak kabiliyeti Uzerine az sayida c¢alisma

bulunmaktadir.

Thomas ve dig., bu celigin sirtinen eleman ile kaynak (FSW) yapilabilirligi Gzerine
bir calisma yiritmaslerdir. 12 mm ve 15 mm kalinliklarinda distk karbonlu BS EN
10083-1 kalite gelik ve 12 mm kalinhginda DIN 1.4003 (X2CrNi12) geligi kullanilarak
cift pasoda kabul edilebilir 6zelikler saglayan es ve farkli metal sirtiinen eleman ile

kaynakli baglantilari olusturulmustur (Thomas ve dig. 1999).
Lahti ve dig. tarafindan yapilan bir calismada EN 1.4003 c¢elidi ve EN 1.4310

paslanmaz celikleri kullaniimig ve kdse kaynakli dikiglerin (¢ noktadan egmeli
yorulma deneyleri yapilmigtir. Elde edilen sonuglarda, yapi c¢eliklerinin yorulma
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verilerini igceren ilgili standardlarda ©&nerilen degerlerle uyum iginde oldugu
gbrilmastir. Ancak kaynak dikis boyutu arttikga hasar yerinin kaynak kdékinden
ziyade kaynak kalinligina dogru ilerleyebilecegdi ve yorulma dayaniminda da énemli
bir artis g6zlenmistir (Lahti ve dig. 2000).
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Sekil 3.24: Cift pasoda FSW uygulanmis a) 12%Cr ¢eligi, b) az karbonlu ¢elik, c) farkli metal
kaynakli baglantilarin makro kesitleri (Thomas et al 1999).

Kaynak edilmig 1.4003 celiginin egmeli yorulma deney sonuglarini iceren ve c¢elik
Ureticisinden elde edilen sonuglar Sekil 3.25'de verilmektedir (NN 2004b).
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Sekil 3.25: MAG kaynakli 1.4003 celiginin egmeli yorulma dayanimi (NN 2004b).

Che’hab ve dig. tarafindan yakin zamanda yapilan bir ¢galismada EN 1.4003 kalite
ferritik martenzitik paslanmaz celiginin yUksek sicaklik yirtilma direnci, ylksek
sicaklik ¢atlamalarina iyi adapte edilen kirilma mekanigi calismalariyla belirlenmistir.
Birbirinden oldukga farkli olan iki mikroyapi da test edilmistir (Che hab ve dig. 2006).
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Sekil 3.26’de goruldigu gibi, celik Ureticisinden alinan gelik ignemsi kalinti &-ferrit ile
o' martenzit matriksi icermektedir. 1 ve 2 no.lu 1sil islemler iki farkli mikroyapi
olusturmak Gzere yapiimigtir. HT1, martenzit matrisi icinde &-ferriti icermektedir.

Sekil 3.27°'de gortlmekte olan iki isil islem (a) HT1 ve (b) HT2 iki farkli mikroyapi
olusturmak igin yapilmigtir. HT1 mikroyapisi o-ferritin eski tane sinirlarindan
Widmanstatten yapili ostenitin olusmasi icin 1150°C’den asagiya ilk sogumadan
sonra ostenitin martenzite déntisiimu igin hizlh sogumanin sonucu olusan igneli 6-
ferrit iceren martenzit matrisi gosterir. HT2 mikroyapisi da kuresel &-ferrit iceren
matenzit matrisini géstermektedir (Che"hab ve dig. 2006).

Sekil 3.26: EN1.4003 kalite ¢eligin normal mikroyapisi (Che’hab ve dig. 2006).

EN 1.4003 celiginin digstk 1s1 girdileri ile kaynagindan sonra sdrekli soguma
sirasindaki hassasiyeti Greef ve du Toit tarafindan incelenmistir. Farkli ostenit
potansiyellerine sahip iki celik kalite, 30- 450J/mm isi girdisi ve 2.36- 33.3mm/s
kaynak hizlari kullanilarak kaynak edilmistir. Daha disUk 1s1 girdileri ve daha ylksek
soguma hizlarinin soguma sirasinda ostenit c¢ekirdeklenmesini 6nleyerek ve
YSIEB'de hemen hemen tamamen ferritik IEB yapisi ile sonuglanarak celigin
hassasiyete ugradigi bulunmustur. Isi girdisi artirilarak soguma hizi disurildigunde
YSIEB’de daha fazla martenzit olusmustur. Ferrit martenzit sinirlari ise hassasiyet
gbstermemistir. Sonuglar, soguma sirasinda YSIEB'de yeterli ostenitin olugsmasi
durumunda karbon deposu gibi davranarak asiri karbonu ¢bzecegini géstermistir.
Bu da ferrit fazinin agiri doymasini ve ferrit tane sinirlarinin hassasiyetine yol acan
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karblr ¢okelmesini dnlemektedir. Asin yiksek kaynak hizlari da dasdk 1si girdili
kaynak dikiglerinde hassasiyetin artmasina yol actigi gériimustir (Greef ve du Toit
2006).

a 1300°C'de 30 dak
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Martenzit
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Sekil 3.27: Isil islemlerin semasi ve olusan mikroyapilar (a) HT1 ve (b) HT2 (Che’hab ve dig.
2006).
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du Toit ve dig. tarafindan yapilan bir ¢alisma da 1.4003 turl ferritik paslanmaz
celigin IEB hassasiyeti ve gerilmeli korozyon c¢atlagi Gzerine yapilan arastirmalarin
sonuglarini icermektedir (du Toit ve dig. 2006).

Yukarida bahsedilen literatlr arastirmasindan géraldaga Gzere 1.4003 paslanmaz
celiginin kaynak kabiliyetini kolaylastirmanin kaginilimaz oldugu gérilmektedir.
Kaynak kabiliyetini artirmak ve mekanik 6zelikleri iyilestirmek icin karbon ve arayer
miktarlari olabildigince disik tutulmaldir. Tim bu gereksinimlerle, X2CrNi12
paslanmaz celiginin modifiye edilmis bir versiyonu gelistirilmis ve kaynagi ve kaynak
kabiliyeti Uzerine kapsamli bir ¢alisma planlanmistir. 12 Cr’lu paslanmaz cgeligin
plazma kaynaginin yapilabilecegi ifade edilmis olmakla birlikte bu konu hakkinda
bilgi bulunmamaktadir (Moore 1997). Bu calismada, alisiimis ve yeni kaynak
yéntemlerinin cesitli ek kaynak metalleri ve cesitli kalinliklarda es ve farkli metal

kaynakli baglantilarinin olusturularak ézeliklerinin incelenmesi planlanmistir.
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4. CALISMANIN AMACI VE PLANLANMASI

EN10088:X2CrNi12 (UNS 1.4003) ferritik paslanmaz ¢eligi, abrazyon aginmasina ve
hafif korozif ortamlarda iyi derecede direng gbsteren ekonomik bir celik kalitesi
olarak bilinmektedir. Yaygin kullanim alanlari arasinda, kbmdr ve demir madenleri
icin rayll tasima vagonlari, altin ve kdémir maden ve mineral isleme, iletim
ekipmanlari, otobls sasileri, konteynirlar, silolar, seker ve kimyasal isleme

ekipmanlari, firin bélimleri vb. sayilabilir.

GUndmizde modern tretim yontemleri, bu kalite ¢eligi disik karbon (< 0,015%) ve
disUk katiski seviyeleri sayesinde kaynak kabiliyeti ve mekanik 6zeliklerini artiracak

bicimde Uretilebilmesine olanak saglamaktadir (Tablo 4.1).
Bu kosullar altinda EN10088:X2CrNi12 ¢eligi, basin¢li kaplar, kiris veya koépruler,

boru hatlari vb. yapisal uygulamalarda kullanilan alagimsiz EN10025: S355 yapi
celik kalitesinin yerini almak Gzere ciddi bir aday olarak distnulebilir.

Tablo 4.1: X2CrNi12 paslanmaz ¢eliginin énerilen kimyasal bilesimi (wt %).

C Si Mn P S Cr Ni N (ppm)

<0,015 +0,45 + 1 +0,02 +0,001 +11,5 +0,5 +100
[£0,030] | [£1,00] | [£1,50] | [<0,04] | [£0,015] |[10,5-12,5] | [0,30-1,00] | [<300]

[ 1icindeki degerler EN10088’de belirtildigi gibidir.

Bu durum bu galismanin esas amaci olup, modifiye celik tirl icin hedeflenen
mekanik 6zelikler alasimsiz EN10025: S355 yapi celidi igin de uygulanabilir
olmaldir ki bunun igin akma mukavemet degeri kalinhga bagh olarak en az 345 MPa
veya 355 MPa, maksimum ¢ekme mukavemeti en az 490 MPa olmalidir.

EN10088’ye gbre sicak haddelenmis standard X2CrNi12 ferritik paslanmaz celigi
icin gereksinimler ise oryantasyona bagl olarak, akma mukavemeti igin yalnizca 250
MPa veya 280 MPa ve maksimum c¢ekme mukavemeti i¢in 450 MPa veya 650
MPa’dir. Garanti edilmis esas metal uzamasi %18’dir.
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Alisilmig yapi ¢elikleri ile kiyaslandiginda, iyilestiriimis korozyon direnci ile modifiye
edilmig X2CrNi12 paslanmaz ¢eliginin kullaniimasi ile maliyetler azalabilir. Bu gelik
daha ucuz kaplama ve yenileme sayesinde cevresel Ustinlikler sunmaktadir. Bu

nedenle son Uriinin bakim masraflari alisiimig geliklerden ¢ok daha az olacaktir.

Diger uygulamalar igin, bu adapte edilmis X2CrNi12 celigi daha yiksek alagimli ve
pahali ostenitik paslanmaz celiklerden daha ekonomik olacaktir. Ve son olarak
iyilestiriimis kaynak 6zelikleri ile kaynak kabiliyeti, artan kaynak hizlari ile kaynak
olanagi sayesinde de verim artacaktir, bu nedenle bazi uygulamalar icin lazer veya
plazma kaynakli uygulamalar da g6z 6nune alinabilir. Endlstriyel uygulamalarda

bazi durumlarda farkli metallerin de kaynagdi énemli olabilmektedir.

Genellikle farkli metal kaynagi uygulamalari, kaynak edilecek esas metallerin
Ozelikleri arasindaki fiziksel, mekanik ve metalurjik farkliliklardan dolayi es metal
kaynagi uygulamalarindan daha zor olabilmektedir. Bu nedenlerle de farkli metal
kaynagi yillardir birgok arastirmaya konu olmustur, zira teknik ve ekonomik

potansiyellerinin de 6nemi artmaktadir.

Farkli metallerin tim UstUnlUklerinden yararlanmak icin yiksek kaliteli baglantilar
olusturulmahdir. Ancak bu sekilde tasarimcilar en uygun malzemeleri verilen bir yapi
icin kullanabilirler. Yeni malzemelerin artmasi ve malzemelerin de daha yUksek
gereksinimlerle degistirilmesi de farkli metallerin kaynagi icin daha blylk gereksinim
olusturmaktadir (Satyanarayana ve dig. 2005, Magnabosco ve dig. 2006).

Bahsedilen bu nedenler de dikkate alinarak ve bu celigin yapisal uygulamalarda
kullanim alanlarinin  artirlmasi da amaclandigindan, ayrica yapisal bazi
uygulamalarda bu celiklerin birlikte kullanilabilme olanagi bulundugundan bu
arastirmada modifiye edilmis X2CrNi12 paslanmaz ¢eligi ve S355 celiginin de farkh

metal kaynagi g6zéniine alinmistir.

Bu modifiye X2CrNi12 ferritik paslanmaz cgeliginin potansiyeli hakkinda genis bir
arastirma yapabilmek amaciyla asagidaki alanlarin da arastiriima gereksinimi
dogmustur:

Kaynak kabiliyeti: yapisal uygulamalarda kullanim igin ¢elik malzemelerin kaynagi
oldukga 6nemlidir ve bu nedenle 6zellikle tokluk, sertlik ve catlama direnci

arastiriimalidir.
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Ek metal: ginimUzde bu tlr celikler ostenitik paslanmaz celik kaynak metalleri,
6rnegin 309 tdr, kullanilarak kaynak edilmektedir. Bu ¢alismada da ostenitik tdr
cesitli kaynak metalleri kullanilarak etkileri aragtirilacaktir.

Kaynak yéntemi: Farkli kaynak yéntemleri arastirilacaktir. Ekonomik Gretim igin yari
ve tam otomatik kaynak yéntemleri ve ayrica elle kaynak ta gézdntne alnacaktir.

Kaynakli baglantilarin ézelikleri: yapisal uygulamalar i¢cin dayanim, yorulma direnci
ve tokluk Ozelikleri saglanmalidir. Bu 6zelikler uygulanan kaynak ydntemine,
baglanti tasarimina ve kullanilan ek kaynak metaline baglidir ve bunlarin da etkileri

bu calismada arastirilacaktir.

Bunlari dikkate alarak, modifiye X2CrNi12 ferritik paslanmaz celiginin kaynak
kabiliyeti zerine bir arastirma programi planlanmistir. Celik Ureticisinden 6 mm, 12

mm, 20 mm ve 30 mm kalinliklarinda gelik levhalar temin edilecektir.

Bu kapsamli ¢alismada kullanilan kaynak yéntemleri, GMAW, PAW, FCAW, SMAW,
SAW, LAZER ve Hibrid (PAW+TIG) yéntemleridir.

Ayrica 12 mm ve 20 mm kalinliginda S355 ¢elidi de farkli metal SMAW ve SAW
kaynakli baglantilar olusturmak Uzere kullanilacaktir. AISI 309L, AISI 309LSi,
308LSi, 316L, 316LSi ve 2209 dupleks tir ek metaller kullanilacaktir.

Tdm kaynakli levhalar cekme, egme, Charpy ¢entik darbe, CTOD kirilma toklugu ve

yorulma deneylerine tabi tutulacaktir.

Mikroyapisal dzeliklerin incelenmesinde, metalografi, sertlik dlgciimleri, tane boyutu
analizi ve ferrit miktari analizleri yapilacaktir. Korozyon deneyleri olarak ta tuz

puskurtme ve blister deneyleri yapilacaktir.
Sonug olarak cesitli kalinliklarda esas metaller ve farkh tiirde ek kaynak metalleri

kullanilarak tim kaynakh baglantilarin 6zelikleri belirlenecek ve yapisal uygulamalar

icin en uygun kaynak yontemi belirlenmeye ¢alisilacaktir.
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5. DENEYSEL CALISMALAR

Kaynak kabiliyetini ve mekanik dzelikleri iyilestirmek amaciyla distk karbon miktari
(<0,015 %) ile ve ASTM A240’da UNS S41003 ve EN 10088-2 ile EN 10028-7’de
1.4003’e karsilik gelecek bicimde tasarlanan modifiye edilmis X2CrNi12 paslanmaz
celigi, bircok uygulamada artan oranlarda kullaniimaktadir. Bu celik gelistiriime
asamasinda olmakla birlikte, kaynak kabiliyeti de c¢eligin uygulama aralhigini
etkileyeceginden, kaynakli baglantilarinin  mekanik, mikroyapisal ve korozyon
Ozelikleri gibi farkl agilardan degerlendiriimesi 6nemli olmaktadir. Bu ¢eligin yapisal
uygulamalarda kullanim alanlarinin artirlmasi planlandigindan EN10025: S355
celigi ile olusturulan farkli metal kaynakli baglantilarinin da performans ve

Ozeliklerini degerlendirmek yararli olacakitir.

Bu calismada, 6 mm, 12 mm, 20 mm ve 30 mm kalinhginda modifiye edilmis
X2CrNi12 paslanmaz geligi ve 12 mm ve 20 mm kalinhiginda S355 celigi kullanilarak
kapsamli bir ¢calisma ydrutilmstir. Es ve farkli metal kaynakh baglantilar, AlSI
309L, AISI 309LSi, AISI 308LSi, AISI 316L, AISI 316LSi ve 2205 duplex gibi farkli
tirde ek metaller de kullanilarak olusturulmustur. Bu ¢alismada kullanilan ahgiimig
ve ileri kaynak yontemleri ise asagida siralanmaktadir:

Gazalti kaynagr (GMAW),

Plazma ark kaynagi (PAW),

Ortiilii elektrodla ark kaynagi (SMAW),
Tozalti kaynagdi (SAW),

Lazer kaynagi (LASER),

Hibrid kaynak yéntemi (PAW+TIG),
OzIi tel ile kaynak (FCAW),

Farkli metal kaynakl baglantilar 12 mm ve 20 mm kalinliginda levhalar kullanilarak
FCAW, SMAW ve SAW yoéntemleri kullanilarak olusturulmustur.
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Alin kaynakl baglantilar, tim 6&zeliklerinin incelenmesi acgisindan, detaylariyla

incelenmis, degerlendiriimis ve karsilastiriimistir. Kaynakli baglantilardan ¢ikarilan

1000’in Uzerinde numune mekanik 6zeliklerin arastiriimasi i¢cin gekme ve egme

deneyleri, Charpy c¢entik darbe ve CTOD kirilma toklugu deneyleri ile yorulma

deneylerine tabi tutulmuslardir. Mikroyapisal incelemeler, metalografik hazirlama ve

inceleme,

sertlik  dlgimleri,

tane boyutu analizi,

ferrit

miktari

Olgtimlerini

kapsamaktadir. Atmosferik korozyon direncini belirlemek amaciyla, tuz puiskirtme

ve blister deneyleri de yapiimistir.

5.1. Malzeme

6 mm, 12 mm, 20 mm and 30 mm kalinliklarinda modifiye edilmis X2CrNi12

paslanmaz celigi ve S355 celiginin, celik Ureticisi tarafindan saglanan ve kimyasal

analiz ile belirlenen kimyasal bilesimleri sirasiyla Tablo 5.1 ve 5.2’de verilmektedir.

Tablo 5.1: Celik (reticisi tarafindan saglanan malzeme sertifikasina gére deney
malzemelerinin kimyasal bilesimi (%).

Modifiye edilmis X2CrNi12 paslanmaz celigi

Kalinhk C Si Mn P S Cr Ni N (ppm)
6 0,016 0,25 0,96 0,023 0,0005 12,45 0,42 80
12 0,012 0,26 0,95 0,035 0,0010 12,45 0,51 80
20 0,012 0,26 0,95 0,035 0,0010 12,45 0,51 80
30 0,010 0,32 0,97 0,032 0,0011 12,38 0,71 101
S355 celigi
Kalinhk C Si Mn P S Cr Ni N
(ppm)
20 0,122 0,33 1,47 0,009 0,0007 0,11 0,09 46

Tablo 5.2: Kimyasal analiz sonucu belirlenen deney malzemeleri kimyasal bilesimi (%).

Modifiye edilmis X2CrNi12 paslanmaz celigi

Kalinlk | C Si [ Mn P S Cr [ Cu | Ni | Mo Ti v Al Nb N
(mm) (ppm)
6 0,01 [0,32 1,010,023 [0,002]12,4[0,38]0,43] 0,08 [ 0,001 | 0,041 [0,025] 0,031 [ 104
12 0,01 [0,32 0,97 | 0,033 [0,003|12,2[0,39 [ 0,52 0,14 | 0,001 | 0,039 [ 0,027 | 0,031 [ 90
20 <0,01 | 0,32 0,97 [ 0,083 0,003 [ 122 0,39 [ 052 [ 0,14 | 0,001 | 0,040 | 0,029 [ 0,031 | 88
30 0,03 [ 0,38 10,96 | 0,034 [ 0,003 [ 12,2 0,38 [ 0,76 | 0,19 [ 0,002 | 0,052 [ 0,070 | 0,030 [ 106

S355 celigi
Kalinlk [ C Si [ Mn P 3 Cr [ Cu | Ni | Mo Ti vV Al Nb N
(mm) (ppm)
20 0,09 [ 0,33 1,530,011 [0,003]0,11[0,06 [ 0,08 <0,01 [ <0,001 | <0,001 | 0,049 | - 45
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Celik Ureticisi tarafindan saglanan mekanik ézelikler, Tablo 5.3’de verilmektedir.

Tablo 5.3: Celik (ireticisi tarafindan saglanan malzeme sertifikasina gére deney
malzemelerinin mekanik 6zelikleri.

Modifiye X2CrNi12 paslanmaz celigi

Enine Cekme Ozelikleri Sertlik
Kalinhk Akma Mukavemeti Max. Cekme % Uzama Sertlik Ortalama
(mm) (MPa) Mukavemeti (MPa) (HB) (HB)
6 363 — 359 527 — 525 31-33 141 — 149 — 148 146
12 363 — 362 502 — 500 30-32 | 134-132-121 129
20 352 — 353 507 — 506 28-29 | 131-133-144 136
30 450 — 441 591 — 585 25-24 | 165-157—158 160
S355 celigi
Kalinlik Akma Mukavemeti Max. Cekme o .
(mm) (MPa) Mukavemeti % Uzama Sertlik
(MPa)
20 379 504 37

5.2. Modifiye X2CrNi12 paslanmaz c¢eliginin kaynagi

Esas metallere uygulanan kaynak ydntemleri ve kaynak programi Tablo 5.4'de
verilmektedir. Tim kaynak uygulamalari PA (1G) pozisyonunda yapilmistir.

5.2.1. 6 mm kalinliginda modifiye X2CrNi12 paslanmaz celiginin kaynagi

R9: 6 mm kalinliginda modifiye edilmis X2CrNi12 paslanmaz ¢eligi levhalar, 1 mm
capinda ER309LSi-tel ve EN 439-M12(1) koruyucu gaz kullanilarak iki adet GMAW
kaynakh baglanti olusturulmustur. C= 3 ve 60° V agiz hazirhgi yapilan levhalar, ilk
kaynakli baglantida 0,65 kdJ/mm - 1,16 kdJ/mm, ikinci baglantida ise 0,63 kdJ/mm -
0,75 kd/mm 1s1 girdisi kullanilarak G¢ pasoda kaynak edilmistir.

S: 6 mm kalinhgindaki modifiye edilmis 12Cr paslanmaz ¢eligi, kit alin agzi hazirhgi
sonrasinda, ek metal kullaniimadan 1,1 kd/mm - 1,2 kd/mm 1si girdisi ve Ar+N,
koruyucu gazi ile tek pasoda plazma arki ile kaynak (PAW) ydntemi kullanilarak
kaynak edilmigtir.
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S6: S kaynakl baglantisinda kullanilan parametrelere benzer parametreler ve 1 mm
capinda ER316L tel kullanilarak 6 mm kalinhgindaki paslanmaz celik levhalarin tek
pasoda plazma ark kaynagi (PAW) yapilmistir.

Tablo 5.4, gesitli kalinliklardaki modifiye X2CrNi12 paslanmaz c¢eligi ve S355 celigi
levhalar kullanilarak olusturulan es ve farkh metal kaynakh levhalara uygulanan
cesitli kaynak ydntemlerini, kullanilan sarf malzemelerini ve levha kodlarini
gbstermektedir. Tablo 5.5'de, tim kaynakl levhalarin olusturulmasinda kullanilan

kaynak parametreleri veriimektedir.

Tablo 5.4: Esas metallere uygulanan kaynak programi.

Kalinhk Kullanilan Kullanilan Levha Kodu
Yéntem Elektrod / tel
Es Metal Kaynakli Baglantilar
MIG ER309LSi R9
6 mm PAW - S
PAW ER316L S6
SMAW E309L-17 V9
ER309LSi B9
MIG ER308LSi B8
ER316LSi B6
12 mm SAW ER309L E9
ER316L E6
LAZER - Vv
Hibrid ER309L L9
(PAW + TIG) ER316LSi L6
20 mm FCAW 309 F9
SAW 309 A9
FCAW 309 K9
30 mm 309 P9
SAW Duplex PD
Farkli Metal Kaynakh Baglantilar
12 mm FCAW 309 U9
SMAW 309 M9
20 mm SAW 309 C9

5.2.2. 12 mm kalinhiginda modifiye X2CrNi12 paslanmaz celiginin kaynagi
V9: 2,5 mm-5,0 mm c¢apinda E309L-17 tlr elektrodlarla DC+ kutuplama ile 60° V

agiz hazirhg yapilmis olan levhalar, 0,50 kJ/mm-0,98 kdJ/mm isi girdisi ile 7-9
pasoda kaynak edilmistir.
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6 mm ve 12 mm kalinliginda modifiye X2CrNi12 paslanmaz c¢elik levhalar

kullanilarak olusturulan es metal kaynakl baglantilar icin kullanilan parametreler
Tablo 5.5’te verilmektedir.

Tablo 5.5: 6 mm ve 12 mm kalinligindaki kaynakli levhalar icin kullanilan parametreler.

Es Metal Kaynakli Baglantilar

Althk

Kaynak

Kaynak

Ontav [Pasolararasi

II-(e‘:!ha Kaynak | o\ @ otal Koruma hAgllz“ malzemesi| parametreleri| hizi Ist girdisi sicakhgl| sicaklik
odu [pozisyonu azirhigi
pozisy 9 V/A) | cm/min | KI/mm | o °C
o7 V/60° 17,5-18,7/
& 1mm) 30He/ &S
R9 PA | ( _ - ] - -
3paso |ER309LSI|  3CO, fﬁm3) 105-160 DC+ |1 1:0-25,5| 0.65-1,16| =15°C | - <80
s PA 5 Ar+N . - 28-29,6 / 184- 28 1112 R -
1 pago -) +N2 Kat alin 195 DCEN D
PA @1 -
Sé (ERST?L) Ar+N, Kt alin 29/194 DCEN| 28 1.2 - -
1 paso
@255 ] ] ]
vo | PA mm) . V/60° 2543087601 9,0.440|050-0.98| - -
7-9 paso | E309L-17
20,0-24,5/ _
! Darbeli ark
63Ar/
B8 PA (@ 1mm) 35He/ v/s0® 23,0-29,0/ 25-16 |0,68-1,90
4 paso . 2C0 (c=2-4 Bakir 100-178 - ,00-1, <115
ER308LSI 2 mm) Darbeli ark
22,0-27,5/
B6 (%] 1mm)_ 90-185 30-18 |0,53-1,73 <118
ER316LSI Darbeli ark
25,2-29,2/ 27 1
E9 (@ 2 4mm) 177-388 0.71-1,19 65
309 V/60° DC+
PA Flux OK 10.93 | (= 3.5 82-57
2 paso mmj Seramik
24,9-29,1/
6 | FCAW + (@ 2,4mm) 180-387 0,75-1,19| 22 170
S5paso | ER316L DC+
SAW
, 13 kW
v P:SO ; 45°He  Iygtan| - (20KW CO, | 120 0,65 - -
p laser)
Plasma gazi: Ar Y /90° Bakir PAW: 37,5 PAW:2,5
L9 PA (9 1,2mm)| Koruyucu gaz: TIG: 18,8/
_ : 18-20 | TIG:15- | - -
5paso | ER309L | 30He/70 Ar | (c=4 250-300 o
P Kok gazi: Ar | mm) 16
) DCEN
Plasma gazi: Ar| y, | g0 Bakir PAW: 37,5 PAW:2,5
L6 PA (@ 1,2mm)| Koruyucu gaz: TIG: 19/ 250- 19 TIG:1.5- - -
ER316LSi| 30He/70 Ar | (c=4 300 o
Kok gazi: Ar [ mm) DCEN 18
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Tablo 5.6, es metal kaynakli 20 mm ve 30 mm kalinhidindaki ve farkli metal kaynakili
baglantilarin olusturulmasinda kullanilan kaynak parametrelerini géstermektedir.

Table 5.6: 20 mm ve 30 mm kalinhgindaki es metal ve 12 mm ve 20 mm kalinlhigindaki
farkl metal kaynakli levhalar icin kullanilan parametreler.

Es Metal Kaynakli Baglantilar

. Althk Kaynak Kaynak Is1 girdisi Ontav |Pasolararasi
Levha Kaynak | g\ o) Koruma Ag1z \malzemesi{parametreleri| hizi 9 sicakligl sicaklik
kodu [pozisyonu hazirhgi . kd/mm
(V/A) cm/min °C °C
F9 (D 1,2mm) V/60° 24,5-26,4/ o7
13PA ER309LTO{ A715CO: | '\ | Seramik | 177240 | 27-44 |0821.38 135
paso 4 mm) althk DC+
X/90°
A9 | PA (I?R‘ggg‘L) Flux P2000S | (o_ 4 ) 30-34/ 50 | 1,017 | - <150
6 paso mm) 480-700
X/50° Seramik | 2
6,5-29,0 /
K9 PA (I?Sg)gl_”}r_’]) 82A,[f|12?002 (o= althik 16-42 |0,89-2,34| 2100 <200
11 paso 5mm) 170-230 DC+
,2mm) X/ 28,0-32,0/ 20 <150
P9 PA (@3 - 60 |0,98-1,44
ER309L ° - 450 D ’ ’
21 paso OK Flux 10.93 | 90%5 850- 450 DC+
(c=3-4
PD PA |(@3.2mm) mm) 32,0/450 - 550 ) 20 <150
18 paso ER2209 None DC+ 60 1,44-1,76
Farkli Metal Kaynakli Baglantilar
. Altlik Kaynak Kaynak Is! qirdisi Ontav |Pasolararasi
Levhal Kaynak | ¢\ o) Korum AJIZ  |malzemesi| parametreleri | hizi 9 sicakhgi| sicaklik
eta oruma
kodu | pozisyonu hazirligi . kJ/mm
(V/A) cm/min °C °C
V /50° ;
PA Seramik .
U9 (@ 1,2mm)| 82Ar/18CO; 5 | atik 265290/ | 1ga3 |1.13.1.78| 2100 <200
4 paso | E309LT-1 170-215 DC +
mm)
(D 2,5- V/70° i
MO | pa | 40mm) - (c= | XecrNit2 80_3;%5386@ 20-28 ; <200
E309L-16 2mm)
(@ 4mm) V/14°
C9 PA Flux P2000S | (c= |X2CrNi12| 32/550 50-55 |1,92-211| - <200
ER309L 18mm)

B9: 1 mm c¢apinda ER309LS:i tel ve EN 439-M12(2) koruyucu gaz kullanilarak 50° V
agiz aciimis levhalar dért pasoda bakir altlik ve 0,41 kd/mm-1,73 kdJ/mm 1s1 girdisi

kullanilarak gazaltl kaynak ydontemi ile kaynak edilmistir.
B8: and B6: 12Cr paslanmaz celik levhalar, ER308LSi ve ER316LSi ek metal

kullanilarak 0,68 kdJ/mm-1,90 kJ/mm ve 0,53 kd/mm-1,73 kd/mm 1si1 girdisi ile B9’a

benzer parametreler secilerek gazalti ydntemi ile kaynak edilmislerdir.
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E9: 2,4 mm c¢apinda ER309L tel ve bazik aglomere tozlarla es metal FCAW-SAW
kaynakli levhalar seramik altlik ve 0,71 kdJ/mm-1,19 kdJ/mm s girdisi ile kaynak
edilmigtir.

E6: E9’a benzer parametreler secilmekle birlikte, 0,75 kJ/mm-1,19 kd/mm 1si girdisi
ve 2,4 mm ER316L tUr teller ile kaynak islemi gerceklestiriimistir.

V: 12 mm kalinligindaki modifiye X2CrNi12 paslanmaz ¢eligi levhalar, 20 kW glicteki
CO, lazer kaynak cihazinda 13 kW glic, 120 cm/min hiz ve 0,65 kdJ/mm 1si girdisi ile

ek metal kullanmaksizin lazer kaynak yéntemi ile kaynak edilmigtir.

L9: 12 mm kalinligindaki paslanmaz gelik levhalar, Y kaynak agzi agilarak, 1,2 mm
capinda ER309L tel elektrodlar ile plazma gazi olarak r gazi ve koruyucu gaz olarak
da 30He/70Ar gaz karigimi kullanilarak hibrid (PAW+TIG) kaynagi yapilmistir.

L6: 1,2 mm gapinda ER309L tel elektrodlar kullanilarak ve L9’a benzer parametreler
secilerek 12 mm kalinligindaki 12Cr celik levhalar hibrid (PAW+TIG) kaynag ile
birlestirilmigtir.

5.2.3. 20 mm kalinhiginda modifiye X2CrNi12 paslanmaz celiginin kaynagi

F9: 20 mm kalinhgindaki FCAW kaynakh baglantilar, V kaynak agzi aciimis
levhalarin seramik altlik, 1,2 mm ¢apinda rutil E309LT0-4 6zIU tel ve EN439-M21
koruyucu gaz kullanilarak on (¢ pasoda 0,82 kJ/mm-1,38 kd/mm isi girdisi ile
olusturulmustur.

A9: X kaynak agzi agilmis olan levhalarin tozalti kaynagi, 1,0 kd/mm-1,7 kd/mm ve 4
mm capinda ER309L tel elektrodlar kullanilarak gerceklestirilmigtir.

5.2.4. 30 mm kaliniginda modifiye X2CrNi12 paslanmaz celiginin kaynagi

K9: EN 439-M21 koruyucu gaz altinda X agzi aciimis levhalar, 0,89- 2,34 kdJ/mm 1si
girdisi ile seramik altlik ve 1,2 mm ¢apinda E309LT-1 6zIU tel ile kaynak edilmigtir.
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P9: 30 mm kalinhgindaki levhalarin es metal tozalti kaynagi, 3,2 mm ¢apinda
ER309L teller yirmibir pasoda, 0,98 kd/mm-1,44 kJ/mm 1si girdisi ile althk malzemesi
kullanmadan yapiimigtir.

PD: ER 2205 duplex elektrodlarla 1,44 kd/mm-1,76 kd/mm isi girdisi verilerek, P9
kaynakli baglantilara benzer parametreler secilerek on sekiz pasoda tozalti kaynagi
yapilmistir.

5.2.5. 12 mm kalinliginda modifiye X2CrNi12 paslanmaz celiginin S355 celigine
kaynak edilmesi

U9: 1,2 mm capinda 6zIu tel ve EN 439-M21 koruyucu gaz altinda 50° V kaynak
agzi acgllmis levhalarin farkli metal 6zli tel kaynagdr 1,13 kJ/mm-1,78 kdJ/mm 1si

girdisi altinda gerceklesmistir.

5.2.6. 20 mm kalinliginda modifiye X2CrNi12 paslanmaz celiginin S355 celigine
kaynak edilmesi

M9: 2,5 mm-4 mm capl rutil bazik E309L-16 elektrodlarla 20 mm kalinhigindaki
modifiye X2CrNi12 paslanmaz cgelik ve S355 celik levhalar 6rtGlt elektrodla ark
kaynak yéntemi ile birlestirilmislerdir.

C9: Farkli metallerle olusturulan tozalti kaynakli levhalar, 4 mm ¢apinda ER309L tur
tel ve uygun tozlarla ve 1,92 kd/mm-2,11 kd/mm 1si girdisi altinda 12Cr paslanmaz

celik altlik kullanilarak kaynak edilmiglerdir.

5.2.7. Ek metal sec¢imi

Genellikle, amaglanan uygulama icin yeterli korozyon direncinin saglanmasi, en
azindan es bilesimde- uyum veya ¢atlamanin édnlenmesi konulari da dikkate alinarak
krom, nikel ve molibden gibi spesifik alagsim elementleri iceren ve esas metal
bilesiminden daha fazla alasim elementi iceren ek kaynak metalleri
secilebilmektedir. Ornegin, sicak catlama genellikle ostenitik paslanmazlarla ilgili
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olurken soguk gatlama ise martenzitik ve ferritik paslanmaz celik kaynak dikislerinde
yaygin olarak gérllebilmektedir. Cogu durumda, ostenitik tir paslanmaz celik ek
metaller, her iki tir catlamanin da éniine ge¢gmek i¢in az miktarda ferrit icermekte ve
ferritik paslanmaz gelik ek metallerin yerini almaktadir. istisnai bir durum olarak,
kriyojenik sicakliklarda veya dusik manyetik gegirgenlik gereksinimi oldugunda,

uygulanmamaktadir.

Ek metal ve kaynak prosediri se¢iminde, ¢ogunlukla kaynak metali mikroyapisinin
tahmin edilmesinde ¢6zinme miktarlari da dikkate alinarak saptama diyagramlari

kullaniimaktadir.

EN 1.4003 paslanmaz celiginin kaynak edilmesi icin E410NiMo es bilesimde ek
kaynak metali bulunmasina karsin darbe, yorulma veya dinamik ytklerin beklendigi
uygulamalar igin énerilmemektedir. Bu konuda yayimlanmig olan kaynak kabiliyeti
calismalarinda da IEB hidrojen c¢atlagr tehlikesinin azaltiimasi ve yapisal
uygulamalar igin gereksinim duyulan tok kaynak metalinin olusturulabilmesini
saglamak amaciyla bu tir paslanmaz celiklerin kaynaginda ostenitik paslanmaz
celik tir ek kaynak metallerinin kullaniimasi énerilmektedir (Taban et al 2007d,
Greef and du Toit 2006, du Toit et al 2006, Meyer and du Toit 2001, Gooch and
Ginn 1988, Marshall and Farrar 2000).

Bu calismada, AISI 309 tir ek kaynak metalleri referans elekirod olarak
kullaniimistir. Ayrica AISI 308, AISI 316 ve duplex tir ek metaller de kullanigsmistir.
308 tdr elektrodlar/teller 309 tirden daha ekonomik olmasina karsin ferritik
paslanmaz celiklerde martenzitik kaynak metali olusturma tehlikesi daha fazladir.
Mo alasimh 316 tir ek metaller de kaynak metali korozyon direncinin artirilmasi
amaciyla kullanilmistir. 2205 duplex ek kaynak metalleri de kaynak metali

dayaniminin daha yiksek olmasinisaglamak amaciyla kullaniimistir.

Yukarida ifade edilen ve bu calismada kullaniimak Uzere segimi yapilan ek
metallerin uygunlugu literatirden alinan bilgilerle de desteklenmektedir. Ayrica
309L, 316L gibi disik karbonlu ve bazi durumlarda da islatma kabiliyeti ve dikis
bicimini iyilestirmek amaciyla 309LSi gibi bilesiminde silisyum bulunan tirdeki
elektrodlar da kullaniimigtir.

Bu calismada kullaniimak Uzere segilen ek metaller ve kimyasal bilesimleri Tablo
5.7’de verilmektedir.
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Tablo 5.7: Esas metallerin cesitli yontemlerle kaynak edilmesinde kullanilan ek kaynak
metallerin kimyasal bilegimleri.

AlSI UNS

tiird ho. C Mn Si P S Cr Ni Mo N
19,00- | 10,00-

308 S30800 | <0,08 | <2,00 | 1,00 | £0,045 | 0,030 21,00 12,00 - -
22,00- | 12,00-

309 S30900 | 0,20 | £2,00 | =1,00 | =£0,045 | =£0,030 24.00 15,00 - -

16,00- | 10,00- | 2,00-
316 S31600 | 0,08 | 2,00 | =1,00 | 0,045 | 0,030 18,00 | 14,00 | 3.00 -

< 21,0- 4,50- 2,50- | 0,08-

2205* | S31803 0,030 <2,00 | =£1,00 | £0,030 | 0,020 23.0 6.50 350 0.20

* Geligin ticari ad1.

5.3. Kimyasal Analiz

Cogu durumda levha ylzeyine dik ve boyuna kesitler tamamen kaynak metalinden

cikanimigtir.

Her bir numune Gzerinde azot disindaki tim elementler spektrometre ile, azot
miktari ise ekstraksiyon ile en az iki 6lgim, bazi durumlarda da ¢ 6lgim alinarak
belirlenmigtir. Her bir numune igin sonuglarin ortalamasi alinmistir.

5.4. Cekme Deneyi

5.4.1. Enine Cekme Deneyi

Es ve farkh metal kaynakli baglantilardan EN 10002-1 - EN 895’ye uygun olarak ve
dikis taskinliklari temizlenerek hazirlanan enine numuneler 600 kN kapasiteli
servohidrolik Amsler deney cihazinda, oda sicakhdinda c¢cekme deneyine tabi
tutulmusglardir.

5.4.2. Kaynak metali numunelerinin gekme deneyi

Yetersiz kalinlik ve yetersiz kaynak metal kesitinden dolayr 6 mm kalnhgindaki

baglantilar ve 12 mm kalinligindaki lazer kaynakli baglanti hari¢ tim baglantilarin
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tamamen kaynak metali bdlgelerinden EN 10002-1-EN 876 standardina uygun
olarak boyuna yénde ¢ikarilan silindirik numuneler, enine ¢gekme numunelerindekine
benzer bicimde 600 kN kapasiteli servohidrolik Amsler deney cihazinda, oda
sicakliginda gekme deneyine tabi tutulmuslardir.

Tdm numunlerin net kesit ¢caplar olabildigince blyuk, érnegin, 12 mm kalinhigindaki
kaynakh baglantilar icin 6 mm, 12 mm’den daha biyuk kalinliklardaki baglantilar igin

ise 10 mm secilmigtir.

5.5. Egme deneyi

Tum kaynakli levhalardan, kaynak dikisine dik yénde EN 910 standardina uygun yiz
egme ve kdk egme numuneleri ¢cikariimig, 100 kN ve 2000 kN kapasiteli Amsler test

cihazinda 180° ag! ile egme deneyi yapilimigtir.

5.6. Charpy centik darbe tokluk deneyi

Enine ydnde tim kaynakli levhalardan kalinlik boyunca ¢ikarilan ¢entik darbe deney
numuneleri, kaynak metali (KM), ergime gizgisi (EC), ergime ¢izgisinden 2 mm
uzakta IEB'de (EC+2 mm) ve ergime ¢izgisinden 5 mm uzakta ¢entikler agilarak
hazirlanmistir. 6 mm kalinhdindaki kaynakl baglantilardan standardlara uygun
olarak bir alt boyutta- (5 mm) numuneler ¢ikariimis ve test edilmistir. Cikan sonuglar
da iki ile carpildiginda c¢entik darbe tokluk degeri hakkinda iyi bir tahmin

saglamaktadir.

Kaynakli baglantilarin g¢entik darbe dayanimini belirlemek icin, 300J kapasiteli
Amsler test cihazi kullaniimig olup, referans sicaklik olarak tim kaynakli levhalar igin
deneyler -20°C olarak secilmisg, ayrica -40 C, -60 C, 0 C ve 20 C’de test sicakliklari

da kullanilarak deneyler gergeklestirilmigtir.

Lazer kaynakl levha icin 690 C ve 750°C’de 30 dakika kaynak sonrasi isil islem

uygulanmis ve hazirlanan numunelere de ¢entik darbe deneyi yapiimistir.
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5.7. CTOD kirilma tokluk deneyi

20 mm ve Gzeri kalinlhklardaki kaynakh baglantilardan ¢ikarilan CTOD numuneleri
de -20°C’de CTOD kirilma toklugu deneyine tabi tutulmuslardir. Sonuglar mm olarak
ifade edilmektedir ve kararsiz kirllma baslangici veya maksimum kuvvet egrisinden

hangisi 6nce goérulirse o sekilde belirlenmektedir.

Bu deney sirasinda gorulen kisa gevrek kirilmalar “pop-in” olarak adlandiriimaktadir
ve sureksizlige ulasmadan daha fazla yik tasima kapasitesi bulunmaktadir. Bu kisa
gevrek kirlimalar, gegmiste birgok tartismaya konu olmustur. Kritik olan ve olmayan
bu kisa gevrek kirilmalarin ayrilmasi amaciyla bir ydntem de uluslararasi

standardlarin énceki versiyonlarinda bulunmaktadir.

CTOD deney numunelerinin boyutlari kalinlikla orantili oldugundan, kaynakli
baglantinin toklugunu belirlemek igin agir ve blylk numuneler ve dolayisiyla bu
numuneleri test etmek icin de blyUk test cihazlari gerekmektedir. Bu yolla yapilan
deneyler U¢ boyutlu gerilme durumu olusturmakta ve toklukta oldugundan fazla
deger bicmeden sakinilmasini saglar ve daha disuk sinirlarda veriler alinmasina yol
acar (Deleu ve dig. 2006).

Charpy centik darbe benzer bicimde CTOD numuneleri de kaynak dikis bigimine
gbre 6nceden segilen kisimlardan, érnegin KM ve EC, ¢entikleri agilarak BS 7884’e
uygun olarak hazirlanmigtir. Deneyler her gentik pozisyonu igin U¢ defa tekrarlanmis
ve en distk deger CTOD degeri olarak g6z é6niine alinmistir.

5.8. Yorulma deneyi

Yorulmaya maruz kalan uygulamalar icin malzeme sec¢imi yapilmasinda,
malzemelerin ve kaynakli baglantilarinin yorulma dayanimlari 6nemli rol
oynamaktadir (Lahti ve dig. 2000). Bu calismada da kaynakli baglantilarin yorulma
dayanimlari g6z 6nune alinmistir. 12 mm kahnhgdinda 309 tur elektrodlar ile kaynak
edilen baglantilar ve lazer kaynakli baglantidan ¢ikarilan toplam dért kaynakl

baglantinin yorulma &zelikleri arastiriimis ve degerlendirilmistir.
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Sabit yorulma c¢evrimi maksimum ve minimum gerilme veya gerilme orani-
maksimum ve minimum gerilme arasindaki fark ve yorulma orani R, maksimum ve
minimum gerilme arasindaki oran ile karakterize edilmektedir. Maksimum gerilme

her zaman pozitif iken minimum gerilme de negatiftir.

Yorulma oranlari -~ ile +~ arasinda degisebilmektedir ancak en ¢ok kullanilan
oranlar -1, 0 veya 0,1- 0,5 olmaktadir. Yiksek ¢evrimli olarak adlandirilan yorulmada

6mar 10.000 gevrim ile birgok milyon ¢evrim arasinda degisebilir.

Genellikle gerilme araligi yorulma omrini belirleyen en 6nemli faktér olarak
dustnilmektedir, ancak basma miktari da g6z édnine alinmalidir. 50 MPa gerilme
araligr ve R= 0,5 yorulma orani ile +50 MPa ve +100 MPa arasindaki yorulma
cevriminin ayni gerilme araliginda R= 0,67 olan +100 MPa ve +150 MPa arasindaki
yorulma c¢evrimi ile benzer 6mar goésterecegi beklenebilir. Ayni gerilme araliginda
ancak R= -1 olan -25 MPa ve +25 MPa arasindaki yorulma ¢evrimi, basma oraninin
olusturdugu hasar c¢ekmeninkinden daha az oldugundan daha yUksek Omur

vermelidir.

Yorulma deneylerinde farkli tir yorulma gevrimlerinden elde edilen yorulma verilerini
uygun bicimde sunmak igin, gézénine alinan kaynakli baglanti icin verilen bir
yorulma orani (R)'ninda gerilme araligina karsi émir veya cevrimler logaritmik
olarak Wéhler egrisi olarak da bilinen egri ile gdsterilmektedir. Onceki ifadelere
dayanarak, belirli bir aralkta yorulma oranini negatif olmadik¢a R’den badimsiz
olacagl beklenmektedir. Yorulma deneyinde sire ve maliyetleri sinirlamak igin
deneyler, d6mar sireleri 6nceden secilmektedir. Codu durumda bu émdir sireleri
2.000.000 (2.10°) veya 5.000.000 (5.10°) veya daha yiiksek olabilmektedir.

Numunelerdeki gerilme gradyeni yorulma direncini etkilemektedir ve bu nedenle de
egmeli yorulmada elde edilen degerler cekmeli yorulmada elde edilen degerlerle
karsilastirilmasi zordur. Normalde yorulma verilerinin ¢cok sapma géstermesinden
dolay! tekrar edilen deneylerin ayni kosullarda tekrarlanmasi 6nerilmektedir ki bu da

genellikle bir seri testleri kapsamaktadir.
Bu calismada, yorulma deneyleri 0,1 yorulma oraninda ve maksimum gerilmenin

%10’una karsilik gelen minimum c¢ekme gerilmesi ile ¢ekmeli yorulma olarak

gerceklestirilmistir. Numuneler 20 mm net geniglik ve prizmatik kesitte 30 mm
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uzunlugunda hazirlanmistir. Yorulma numuneleri olduk¢a dikkatli hazirlanmahdir,
zira keskin kése veya herhangibir ¢izik durumu ikincil etki olarak 6n catlaklara neden
olabilir.

Dért farkli gerilme araligr kullanilmis ve her gerilme araligi tg tekrar ile yapimistir.
100 kN ve 150 kN kapasitelerinde iki adet servohidrolik ESH yorulma deney cihazi
kullaniimistir. Numuneler 8.000.000 (8.10°) cevrime kadar veya hata gérilliinceye

kadar yorulma deneyine tabi tutulmuslardir (Deleu ve dig. 2006).

5.9. Mikroyapi analizi

Her bir kaynakli levhadan EN 1321’e gbre makro kesitler ¢ilariimig, metalografik
olarak hazirlanmis ve uygun ayiracglar kullanilarak daglanmistir. Ayrica EN 1043-1’e
gbre 0,1 kg—10 kg kapasiteli sertlik cihazi ile kbkten ve yiz alt ylzeyleri (zerinden

Vickers sertlik taramasi 5 kg yUk altinda yapilmistir.

5.10. Tane Boyutu Analizi

Tdm kaynakli baglantilardan gikarilan makro kesitler, ergime ¢izgisine yakin ve uzak
IEB’lerde incelenmis ve a; - a4, ve by - by ile sembolize edilen dért kalinhk
pozisyonunda ASTM tane boyutlari élctimuUstir.

a; — az pozisyonlari yaklasik olarak EG’ne 2 mm uzaktaki IEB ve ve by — bz EC’den 5
mm uzaktaki ¢centik yerlerini simgelendirmek Uzere sembolize edilmistir. a, ise EC’ni
gosterecek bicimde semboilize edilmistir. lyi taneli bélgeler 7-10 arasinda ASTM
tane boyut numaralari ile ifade edilirken iri taneli bdlgeler daha kigik M10 veya 1-4

arasinda ASTM tane boyutu numaralarla tanimlanmaktadir.

EC ve IEB darbe deneyleri sirasinda makro kesitin hangi tarafindan ¢entik agildigini
ve daha dogru sonuclari elde etmek amaciyla metalografik olarak hem sag hem de
sol IEB’ler arastiriimistir.

5.11. Ferrit miktar1 analizi

TOm kaynakli baglantilarin kaynak bélgelerinin ferrit miktari, ferritscope kullanilarak
Y%ferrit olarak Slgulmugtlr.
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5.12. Korozyon Deneyleri

Bu calisma sirasinda korozyon deneyleri olarak atmosferik korozyon direncinin
belirlenmesi amaciyla tuz paskirtme ve blister deneyleri yapilmistir.

5.12.1. Tuz piskiirtme deneyi

Tuz pUsklUrtme deneyi, 24 saattebir 24- 28 ml sis hacmi, 6,5- 7,2 arasinda pH
degerlerinde, % 5 NaCl iceren sulu co6zeltide ve 35°C test sicakhginda
gercgeklestirilmigtir. 150 x 75 mm boyutlarinda hazirlanan numuneler, 60° agi ile
yerlestirilmigtir. Heterojen kaynakli baglantilardan ¢ikarilip hazirlanan numuneler
S355 tarafi alta gelecek bicimde yerlestiriimistir. 20 mm’den kalin levhalarla
olusturulan kaynakli baglantilardan cikarilan numuneler ise ekipmanin tasiyabilecegi

sinirh agirliktan dolayr 10 mm’ye indirgenmistir.

Tuz poskdrtme deneyleri ASTM B1172ye gbére kaplanmis ve kaplanmamig
numuneler Gzerinde gerceklestiriimistir.  Kaplanmamis numuneler etanolle
temizlenerek levha yilzeylerine dik ylUzeyler parafinle kaplanmistir. Kaplanmis
numuneler de tim test ylzeyi boyunca metal ylzeyine kadar c¢arpi seklinde
cizilmistir. Bunun nedeni, kaplama servis kosullarindan énce veya sirasinda kazara
zarar gorurse kaynakh baglantilarin korozyon direncinin tahmin edilmesine olanak
saglamasidir. Yine bu numunelerin de kdéseleri ve islenmis kisimlari parafinle
kaplanmigtir. Kaplama her durumda endustride kullaniimakta olan iki katmanli
koruyucu bir sistemden olugsmaktadir. Cogu numune ylz tarafindan test edilirken
R9, F9 ve U9 kodlu levhalar ilgili endUstriyel kuruluslarla kararlastirildigi bicimde kok

tarafindan test edilmistir.

5.12.2. Blister testi

Blister testi, tuz puskirtme deneyine benzer bicimde kaplanmis numuneler Uzerinde
gerceklestirilmistir. Numuneler Belcika’nin Gent sehri merkezinde gercek atmosfer

kosullarinda gines 1sigina direk maruz kalacak bigcimde test ylzeyleri

ybnlendirilerek standardlara uygun olarak gerceklestirilmigtir.
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6. DENEYSEL SONUCLAR

Cesitli kaynaklh levhalar tzerinde uygulanan deney programi sonucunda elde edilen

sonugclar asagida 6zetlenmektedir.

6.1. Kimyasal Analiz

Kimyasal analiz sonucu elde edilen deneysel veriler Tablo 6.1’de verilmektedir.

Tablo 6.1: Es ve farkli metal kaynakli baglantilarin kaynak metali kimyasal bilesimleri.

Kaynakli C Si Mn P S Cr | Cu Ni | Mo Ti \' Al Nb N
levhakodu | (%) | (%) | (%) | ppm [ ppm | (%) | (%) | (%) | (%) | ppm | ppm | ppm | ppm | ppm
R9 0,03 (067 |1,70| 190 [ 30 | 22,7 0,06 |12,1 0,06 | 70 1030 | 300 | <10 | 961
S 0,02 | 0,31 | 0,98 |0,025(0,006( 13,5 | 0,37 | 0,45 | 0,08 |<0,001 | 0,037 |0,013|<0,01| ?
S6 0,03 | 0,38 | 1,06 |0,026( 0,07 [ 15 | 0,34 | 2,15 | 0,41 |<0,001 | 0,042 |0,012|0,002| *?
V9 0,02 (0,67 |0,80| 200 ( 100 | 21,9 [ 0,08 | 11,0 [ 0,05 | 130 880 | 360 | 90 | 813
B9 0,02 [0,79|180) 180 | 70 [23,6 (0,04 | 12,9 0,04 | 80 1100 | 280 | <10 | 524
B8 0,02 (0,76 151210 | 70 (20,0 0,10 9,79 0,10 | 50 790 | 280 | 10 | 653
B6 0,03 | 0,721,556 | 230 | 120 [ 186 | 0,15 | 11,9 | 2,52 | 40 820 | 260 | <10 | 474
E9 0,02 | 048|147 200 | 100 [ 22,2 (0,12 | 10,8 | 0,09 | 70 900 | 500 | <10 | 846
E6 0,02 |041|124)260 | 80 |[16,8 (0,16 |8,90| 1,93 | 40 680 | 460 | <10 | 144
\ 0,02 (033|0,9 |35 ( 30 |13,4 (0,390,553 (0,15 <10 | 380 | 240 | <10 | -*
L9 <0,01 | 0,35 | 1,07 {0,030|0,003(14,80| 0,34 | 3,03 | 0,14 | 0,003 | 0,053 {0,029 <10 ?
L6 <0,01 | 0,47 | 1,08 (0,031]0,004(14,40| 0,32 | 3,54 | 0,74 | 0,003 | 0,055 {0,030 <10 ?
F9 0,03 | 053|164 210 | 80 (24,1]0,13| 11,3 0,09 130 | 1020 | 310 | 40 | 314
A9 0,02 (047|126 230 | 60 [18,8(0,19|6,61 0,09 10 700 | 420 | 20 | 457
K9 0,03 (057 |137] 190 ( 50 | 23,3 (0,08 11,3 (0,16 | 300 950 | 320 | 40 | 242
P9 0,02 |052|1,21)210 | 60 [19,7|0,16 | 8,93 | 0,11 40 840 | 500 | 30 | 956
PD <0,01 | 0,49 (1,21 | 250 | 20 | 18,9 0,19 | 555 | 2,04 | 30 1010 | 500 | 40 | 624
U9 0,03 (057|136| 170 [ 40 | 22,8 | 0,07 | 11,0 [ 0,15 | 280 900 | 320 | 20 | 232
M9 0,03 (0,98 |0,73| 230 | 160 | 23,1 [ 0,04 | 11,9 [ 0,06 | 140 850 | 320 | 90 | 806
C9 0,02 (052|148 | 210 | 50 |22,5|0,09| 10,2 [ 0,08 | 50 910 | 430 | <10 | 462
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6.2. Enine Cekme Deney Sonuglari

6 mm modifiye X2CrNi12 paslanmaz celik kaynakli baglantilardan ¢ikarilan

numuneler Uzerinde gerceklestirilien enine c¢cekme deneyi sonuglari, asagidaki

tabloda Ozetlenmektedir. Paslanmaz c¢elik esas metal yariimasi genel olarak

kalinhktan bagimsiz olarak kirilma yUzeyine yakin ve tiUm numunelerin levha

ylzeyine paralel olarak gbézlenmistir. Elde edilen kirilma ylzeyleri incelenerek

asagidaki makrofotograflarla gbsterilmistir.

Tablo 6.2: 6 mm kalinligindaki es metal kaynakli baglantilarin enine gekme &zelikleri.

Kullanilan Kullanilan

Numune kodu Rm Kopma yeri
kaynak yéntemi elektrod / tel (MPa) pma y! Aciklamalar
ROTTH 535 Esas metal -
GMAW ER309LSi
ROTT2 536 Esas metal -
PAW (-) STTH 544 Esas metal -
PAW S6TTH 513 Esas metal -
PAW ER 316L S6TT2 457 Esas metal -

ROTT1

ROTT2

Sekil 6.1: R9TT1 ve ROTT2 kodlu numunelerin kirilma ytzeyleri.

STT1

S6TT2

Sekil 6.2: STT1, S6TT1 ve S6TT2 kodlu numunelerin kirilma yiizeyleri.
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12 mm kalinhgindaki kaynakli baglantilardan ¢ikarilan numunelerin enine ¢ekme

deney sonuglari asagidaki tablolarda verilmektedir. Kirilma ylUzeyleri de incelenerek

asagidaki sekillerde fraktograf olarak sergilenmektedir.

Tablo 6.3: 12 mm kalinligindaki es metal kaynakli baglantilarin enine ¢cekme 6zelikleri.

Kullanilan Kullanilan R .
kaynak | elektrod / tel | Numune kodu (MFl’na) Kopma yeri Aciklamalar
yontemi
Kaynak dikisinde + 5°lik
VITTH 500 Esas metal agisal carpilma
SMAW E309L-17 K I dikisinde = 57Tk
aynak dikisinde + 5°li
VITT2 504 Esas metal y agisal g§arpllma
) BOTT1 484 Esas metal
GMAW ER309LSi
B9TT2 504 Esas metal
ER308LS B8TTH 491 Esas metal
GMAW 308LSi
B8TT2 492 Esas metal
B6TT1 490 Esas metal
GMAW ER316LSi
B6TT2 499 Esas metal
E9TT1 475 Esas metal
SAW ER309L
E9TT2 471 Esas metal
E6TT1 483 Esas metal
SAW ER316L
E6TT2 481 Esas metal
VTT1 490 Esas metal
LAZER
) VTT2 485 Esas metal
PAW+TIG ER309L L9TTH 489 Esas metal

VOTT1

VITT2
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B9TT1 B9TT2

Sekil 6.4: BOTT1 ve BOTT2 kodlu numunelerin kiriima ytzeyleri.

BSTTH ~ B8TT2

Sekil 6.5: B8TT1 ve B8TT2 kodlu numunelerin kiriima yizeyleri.

B6TT1 ' ~ B6TT2

Sekil 6.6: B6TT1 ve B6TT2 kodlu numunelerin kirilma yizeyleri.
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E9TT1

E9TT2

Sekil 6.7: EQTT1 ve EQTT2 kodlu numunelerin kirilma yizeyleri.

E6TT1

E6TT2

Sekil 6.8: E6TT1 ve E6TT2 kodlu numunelerin kirilma yizeyleri.

VTT1

VTT2

Sekil 6.9: VTT1 ve VTT2 kodlu numunelerin kirllma yiizeyleri.
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L9TT1 L9TT1b

Sekil 6.10: L9TT1 ve L9TT2 kodlu numunelerin kirllma ylzeyleri.

20 mm kalinhgindaki es metal kaynakli baglantilarin enine ¢ekme Ozelikleri ve
kirllma ylzey makroyapilari agagidaki tablo ve sekillerde verilmektedir.

Tablo 6.4: 20 mm kalinligindaki es metal kaynakli baglantilarin enine gcekme 6zelikleri.

Kullanilan Kullanilan R _
kaynak elektrod / tel | Numune kodu (MFTa) Kopma yeri Aciklamalar
y6ntemi
FOTTH 503 Esas metal -
FCAW
E309LTO0-4 FOTT2 503 Esas metal -
A9TT1 507 Esas metal -
SAW ER309L
A9TT2 509 Esas metal -

FOTT1 FOTT2

Sekil 6.11: F9TT1 ve FOTT2 kodlu numunelerin kiriima ytizeyleri.
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A9TT1 A9TT2

Sekil 6.12: A9TT1 ve A9TT2 kodlu numunelerin kirilma yltzeyleri.

30 mm kalinhgindaki kaynakh baglantilarin, cekme 6zelikleri agagida verilmektedir.

Tablo 6.5: 30 mm kalinligindaki es metal kaynakli baglantilarin enine gcekme 6zelikleri.

Kullanilan

Kullanilan R .
kaynak | elektrod / tel | Numune kodu (M;’a) Kopma yeri Aciklamalar
y6ntemi
K9TT1 567 Esas metal -
FCAW E309LT-1 ,
K9TT2 574 Esas metal | KM'de hatanin agilmasi
POTT1 583 Esas metal -
SAW ER309L
PITT2 580 Esas metal -
SAW PDTT1 583 Esas metal -
ER2209 PDTT2 587 Esas metal -

K9TT1 K9TT2

Sekil 6.13: K9TT1 ve K9TT2 kodlu numunelerin kiriima ylzeyleri.
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PI9TT1

PI9TT2

Sekil 6.14: POTT1 ve P9TT2 kodlu numunelerin kiriima ytizeyleri.

PDTT1

PDTT2

Sekil 6.15: PDTT1 ve PDTT2 kodlu numunelerin kirilma ytzeyleri.

Farkli metal kaynakli baglantilarin enine gcekme 6zelikleri ve fraktograflar asagidadir:

Tablo 6.6: Farkl metal kaynakli baglantilarin enine gekme 6zelikleri.

Kullanilan

Kullanilan R .
kaynak elektrod / tel | Numune kodu MI-:’“ Kopma yeri Aciklamalar
yontemi (MPa)
E309LT-1 U9TTH 502 Esas metal (S355) -
FCAW- 12 mm KM’de hatanin
UaTT2 485 Esas metal (S355) aciimasi
MITTA 509 Esas metal (S355) -
SMAW- 20 mm| E309L-16
MOTT2 506 Esas metal (12 Cr) -
CoTT1 505 Esas metal (12 Cr) -
SAW-20mm | ER309L
CoTT2 507 Esas metal (12 Cr) -
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U9TT

UaTT2

Sekil 6.16: U9TT1 ve U9TT2 kodlu numunelerin kirilma yizeyleri.

MOTT1

MOTT2

Sekil 6.17: MITT1 ve MOTT2 kodlu numunelerin kirilma ytzeyleri.

CITT1

CITT2

Sekil 6.18: C9TT1 ve CI9TT2 kodlu numunelerin kirilma yizeyleri.
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6.3. Silindirik Numunelerin Kaynak Metali Cekme Ozelikleri

12 mm, 20 mm ve 30 mm es metal kaynakli, 12 mm ve 20 mm farkli metal kaynakli
baglantilardan, tamami kaynak metalini icerecek bigimde boyuna yénde hazirlanan
silindirik numuneler Gzerinde gergeklestirilen boyuna ¢ekme deney sonuglari,
asagidaki tablolada verilmektedir.

Tablo 6.7: 12 mm kalinligindaki es metal kaynakli baglantilarin KM ¢ekme &zelikleri.

Kullanilan | gyjianilan Kesit
kaynak |elektrod / tel Numune kodu Rp Rn —|Rp/Rm| Uzama | . o masi
< : (MPa) | (MPa) (%) .
yéntemi (%)

VOTW1 427 (4701|568 [590]| 0,75 |[33,3[32] 60
SMAW
E309L-17 VoTW2  |390[470]|566 [590]| 0,69 (423[32]| 49
, B9TW1 * 329 565 0,58 445 51
ER309LS:i
BOTW2 360 575 0,63 38,8 64
) B8TW1 336 595 0,56 47,0 62
GMAW ER308LSI
B8TW2 316 589 0,54 47,2 65
, B6TW1 483 573 0,84 ? 53
ER316LSi
B6TW2 337 566 0,60 25,8 44
E9TWA1 371[430]|562 [570]| 0,66 37,7 36
SAW ER309L
E9TW2 360 [430]| 553 [570]| 0,65 46,8 53
E6TWA1 389 [390]|615[565]| 0,63 41,6 36
SAW ER316L
E6TW2 394 [390] | 606 [565]| 0,65 | 33,2 46
LAZER (-) Silindirik numunelerin hazirlanmasi olanakli degil

[ 1icindeki degerler, ¢dzinmemis kaynak metali igin elektrod/tel Ureticisi tarafindan verilen degerlerdir.

Tablo 6.8: 20 mm kalinligindaki es metal kaynakli baglantilarin KM ¢ekme 6zelikleri.

Kullanilan | kyiianilan Kesit
kaynak |elektrod / tell Numune kodu Ry Rm R/ Rm sz Ma | daralmasi
yéntemi (MPa) | (MPa) (%) (%)

FOTW1 ?[449] | 7[594] ?  |34.3[32] 37
FCAW
E309LT0-4 FOTW2 ?[449] [571[594]| 2 |30,4[32] 31
A9TW1 337 663 0,51 32,1 53
SAW ER309L
A9TW2 330 789 0,42 26,4 36

[ 1icindeki degerler, ¢dziinmemis kaynak metali igin elektrod/tel Ureticisi tarafindan verilen degerlerdir.
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Tablo 6.9: 30 mm kalinligindaki es metal kaynakli baglantilarin KM ¢ekme &6zelikleri.

Kullanilan | kypianilan Kesit
kaynak felektrod / tel Numune kodu (MRl;’a) (n/?;a) Rp / Rm U?f;';‘a daralmasi
yontemi ° (%)
CCAW K9TW1 390 562 | 0,69 | 363 48
E309LT-1 KITW2 387 563 | 0,69 | 34,1 41
358 569
POTW1 063 | 40,0 56
SAW ER309L [430] | [570]
360 564
POTW2 ws0] | [prop | 04 | 44 58
508 743
PDTW1 068 | 268 41
AW ER2200 [630] | [780]
532 729
PDTW2 e30] | eop | 073 | 285 49

[ 1icindeki degerler, ¢céziinmemis kaynak metali igin elektrod/tel Ureticisi tarafindan verilen degerlerdir.

Modifiye edilmis X2CrNi12 paslanmaz c¢eligi ve S355 celigi kullanilarak FCAW,
SMAW ve SAW yoéntemleri ile kaynak edilmis 12 mm ve 20 mm kalinhdindaki
baglantilardan ¢ikarilan numunelerin boyuna c¢cekme 0&zelikleri asagidaki tabloda

sunulmaktadir.

Tablo 6.10: Farkli metal kaynakh baglantilarin KM ¢ekme 6zelikleri.

Kullanilan | kyianilan Kesit
kaynak felektrod / tel Numune kodu (MRl;’a) (n/?;a) Rp / Rm U?f;';‘a daralmasi
yontemi ° (%)
U9TW1 342 531 064 | 385 48
FCAW
E309LT-1 U9TW2 360 569 | 0,63 | 44,7 46
MOTW1 442 567 0,78 | 39,2 51
SMAW E309L-16
MOTW?2 439 574 0,76 | 383 49
COTWH1 419 593 0,71 | 37,6 55
SAW ER309L
309 CoTW2 407 576 0,71 | 353 48
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6.4. Es ve Farkl Metal Kaynakli Baglantilarin Egme Deney Sonuclari

Tdm kaynakh levhalardan elde edilen yiz egme ve kdék egme deney numuneleri
kullanilarak  gerceklestirilen edme deney sonuglari asagidaki tablolarda
veriimektedir.

Tablolarda belirtilen gézlemler her ne kadar abartili bir bicimde bu kaynakl levhalar
hakkinda olumsuz bir etki birakmaya egilimli olsa da, s6ézl edilen yanma olugu
hatalan  olduk¢ca ylzeysel ve tehlikesizdir ve genellikle c¢iplak gb6zle
gbrilebilmektedir.

6 mm, 12 mm, 20 mm ve 30 mm kalnhgdindaki es metal kaynakl levhalar i¢in Tablo
6.11- Tablo 6.15te verilmektedir.

Tablo 6.11: 6 mm kalinligindaki es metal kaynakli baglantilarin egme 6zelikleri (nominal
numune genigligi: 30 mm—mandrel ¢api: 28 mm—-egdme acisi: 180 ).

Kullanilan Kullanilan Egme deneyi
kaynak yéntemi elektrod / tel tara Numune kodu Aciklamalar
Yiz egme R9F1
GMAW RIF2
ERI0SLS ROR1 Max. 3 mm yanma olugu
Kék egme ROR2
Yiz egme SF1
SF2
PLAZMA )
SR1
Kék egme SR2
S6F1
Yiz egme S6F2
PLAZMA ER 316L
S6R1
Kék egme SB6R2
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Tablo 6.12: 12 mm kaliniigindaki es metal kaynakli baglantilarin egme 6zelikleri (nominal
numune genigligi: 30 mm—mandrel ¢api: 55 mm—-egdme acisi: 180 ).

Kullanilan Kullanilan Egme deneyi Numune kod
e u u u
kaynak yéntemi| €lektrod /tel tiri Aciklamalar
Yiz egme VIF1 -
VIF2 -
SMAW E309L-17 VIR Max. 3 mm yanma olugu
Kok egme VOR2 Kaynak dikisinde 1 mm
kenar catlagi
YUz egme BOF1 Ergime ¢izgisinde 1 mm
kenar catlagi
ER309LSI BOF2 Ergime ¢izgisinde 1 mm
kenar gatlagi
B9R1 ErgimigizgisinﬁeVO,S mm
Kok egme enar catlagi
B9R2 Ergime gizgisindeVO,G mm
kenar catlagi
B8F1 -
Yuz egme B8F2 Ergime cizgisinde 0,7 mm
GMAW ER308LSi kenar catlagi
B8R1 -
Kok egme Kokte, ergime cizgisinde
B8R2 .
1,2 mm kenar catlag
Yulzde, ergime gizgisinde
B6F1 15 K Had
Yiiz egme ,5 mm kenar gatlag
ER316LSi BGE2 Ergime gizgisinde 0,7 mm
kenar catlagi
B6R1 -
Kok egme B6R2 0,7 mm kenar catlag!
E9F1 -
Yiz egme E9F2 }
SAW ER309L
E9R1 -
Kok egme E9R2 ;
E6F1 -
Yiz egme E6F2 }
SAW ER316L
E6R1 -
Kok egme E6R2 ;
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Tablo 6.13: 12 mm kaliniidindaki es metal kaynakli baglantilarin egme 6zelikleri-
2. kisim (nominal numune genisligi: 30 mm—mandrel ¢capi: 55 mm-egdme acisi: 180 ).

Kullanilan Kullanilan Egme deneyi Numune kodu
kaynak yéntemi elektrod / tel tara Aciklamalar
VFA1 -
Yoz egme VE2 2,8 mm uzunlugunda
LAZER () ergimis metal eksikligi
VR1 -
Kok egme VR2 )
Yiz egme L9F1 -
L9F2 -
PAW+TIG ER309L
L9R1 -
Kok egme L9R2 ]
L6F1 -
Yiz egme L6F2 )
PAW+TIG ER316LSi
L6R1 -
Kok egme L6R2 ]

Tablo 6.14: 20 mm kalinhigindaki es metal kaynakli baglantilarin egme 6zelikleri-
(nominal numune genisligi: 30 mm—-mandrel ¢api: 91 mm—egme agisi: 180 ).

Kullanilan Kullanilan Egme deneyi
“ : tira Numune kodu Aciklamalar
kaynak yontemi| elektrod / tel
FOF1 ;
Ytz egme FOF2 Max. 4 mm yanma olugu
FCAW E309LTO0-4
FIR1 -
Kok egme FOR2 i
A9F1 2,6 mm deriniiginde
Yiiz egme nifuziyet eksikligi
ER309L A9F2 2,0 mm derinliginde
SAW nifuziyet eksikligi
A9R1 1 mm derinliginde
Kok egme nifuziyet eksikligi
A9R2 -

30 mm kalinhdindaki es metal kaynakli baglantilarin egme 6zelikleri Tablo 6.15'te,
hata gérilen PDR1 numunesine ait SEM ve EDX analizleri de Sekil 6.19°da

verilmektedir.
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Tablo 6.15: 30 mm kalinligindaki es metal kaynakli baglantilarin egme 6zelikleri-
(nominal numune genisligi: 30 mm-mandrel ¢api: 136 mm—egme acisi: 180 ).

Kullanilan Kullanilan Egme deneyi
. i tiirii Numune kodu Aciklamalar
kaynak yéntemi| elektrod / tel
K9F1 -
Yiiz egme K9F2 }
FCAW E309LT-1
K9R1 -
Kok egme K9R2 _
PIF1 -
YUz egme POF2 _
SAW ER309L
PIR1 -
Kok egme POR2 ]
PDF1 -
Yiz egme PDE2 -
ER2209
SAW 45 °egmeden sonra
PDR1 N
Kok egme catiama
PDR2 -

_PDR1 x75 ]

T

Untitled:13
Label A: EDX-4 ‘brittle part ( big grains |

I
ol |
SiK | |

"t e 8 oy et anid

‘ ‘ MnK
] ‘ v“”\ ik

1.88 2.88 2.88 x. 68 5.88 6.86 7.88 £.88 9.88

PDR1 EDX analysis

Sekil 6.19: PDR1 egme numunesinin SEM ve EDX analizi.
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12 mm ve 20 mm kalinhginda modifiye edilmis X2CrNi12 paslanmaz geligi ve S355
celigi kullanilarak olusturulan FCAW, SMAW ve SAW kaynakl levhalardan ¢ikarilan
numuneler Uzerinde gergeklestiriien egme deney sonuglarl ise Tablo 6.16’da

sunulmaktadir.

Tablo 6.16: 12 ve 20 mm kalinligindaki farkh metal kaynakli baglantilarin egme 6zelkler

(nominal numune genisligi: 30 mm-mandrel ¢api: 55 ve 91 mm-egdme agisi: 180 ).

Kullanilan Kullanilan Egme deneyi
. . tiirii Numune kodu Aciklamalar
kaynak yontemi| elektrod / tel

U9F1 -
YUz egme U9F2 ]

FCAW E309LT-1
U9R1 -
K6k egme U9R2 _
M9F1 -

Yiiz egme M9F2 Gok az yanma olugu

SMAW E309L-16
M9R1 -
Kok egme M9R2 _
C9F1 -
Yiiz egme COF2 _

SAW ER309L
COR1 -
Kék egme C9R2 _
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6.5. Charpy Centik Darbe Deneyi Sonuclari

6 mm kalinliginda GMAW kaynakli levhalardan ¢ikarilan numunelerin gentik darbe
deney sonuglari asagidaki tabloda ve grafik olarak Sekik 6.20°de verilmektedir.

Tablo 6.17: R9 kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yéntem / N;H(‘:rr:ledlglm sﬁgl‘(‘;\él Centik Darbe toklugu
elektrod / tel kaynakli levha (°C) pozisyonu W)
KM 50 — 49 — 45/ 48
EC 9-11-8/9
Levha Ro/1 -20 EC+2mm 54— 54— 62 /57
EC+5mm 43 -41-45/43
KM 54 - 51-55/53
GMAW / ER309LSi EC 15-37-12/21
Levha R9/2 0 EC+2mm 48 - 74-53-/58
EC+5mm 50 — 50 — 53 / 51
KM 45— 45-43 /44
EC 16-19-9/15
Levha R9/2 -40 EG+2mm 47— 43 - 41/ 44
EC+5mm 45 -39 48/ 44
100 \ ‘ ‘
S w 3 3 3
@ | | |
s [ | o o o
& 60 | | ; —— KM
g 77777 Eg
3 ® ‘ i i —8— EC+2mm
£ 40 | | | EC+5mm
: | | |
o (" F~——- L L e
© | | |
S | ‘ |
20
Sicaklik (°C) - [R9]

Sekil 6.20: R9 kodlu kaynakli baglantinin gentik darbe grafigi.
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Ek kaynak metali kullaniimadan gerceklestirilen plazma kaynakli levhalardan
cikarilan numunelerin ¢entik darbe deney sonuglari asagidaki tablo ve grafikte

verilmektedir.

Tablo 6.18: S kodlu kaynakli baglantinin ¢entik darbe 6zelikleri.

Kullanilan yéntem / N;::::ﬁ:glm SB;"‘(‘;%I Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 8-10-6/8
-20 c EZG 8-6-14/9
PAW /(1) Levha S G+2mm 72— 124 — 104/ 100
KM 12-8-12/11
20 EC 16-12-12/13
EC+2mm | 216 —170-182-/189
200 | | |
S 160 1 | | |
7 1 1 1
= l l l
8 | | [
s 120 | | | —e—KM
g 1 1 1 ——EC
e I | |
= 80 1 1 ‘ EC+2mm
€ l l l
[} | | |
o‘, | | |
£ i 1 1 l
c % | | |
0 . *
-40 -20 0 20 40
Sicaklik (°C) - [S]

Sekil 6.21: S kodlu kaynakli baglantinin ¢entik darbe grafigi.
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6 mm kalnhginda ER316L ek kaynak metali kullanilarak olusturulan plazma
kaynakh levhadan c¢ikarilan numunelerin ¢entik darbe deney sonuglar asagidaki
tablo ve izleyen grafikte sunulmaktadir.

Tablo 6.19: S6 kodlu kaynakli baglantinin ¢gentik darbe ézelikleri.

Kullanilan yéntem / N;.T::ﬂg.m SB;"‘(‘;%I Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
'ég 14 —24-14/17
Levha S6/1 20 20-14-12/15
evha EG+2mm 146 — 44 - 2873
EC+5mm 82-92-90/88
KM 6-2-4/4
PAW / ER316L Levha S6/2 0 EC 12-24-28/21
EC+2mm 156 — 156 —-72 /128
EC+5mm 113-112-108/112
KM 20-10-24/18
EC 24-20-14/19
Levha S6/2 20 EC+2mm | 150—162—82/197
EC+5mm 120—-100-118/113
200

160 -

120 - —— KM
——EC

77777777777777 ——EC+2mm

80 - EC+5mm

Ort. centik darbe enerjisi (J)

40

40

Sicaklik (°C) - [S6]

Sekil 6.22: S6 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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SMAW kaynakli 12 mm kalinhigindaki levhalardan ¢ikarilan numunelerin g¢entik
darbe 6zelikleri agagida verilmektedir.

Tablo 6.20: V9 kodlu kaynakl baglantinin ¢gentik darbe dzelikleri.

Kullanilan yéntem / N;::::&'glm SB;"‘(‘;%I Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
lég 57 -54-60/57
19-20-19/19
Levha Vo1 20 EG+2mm 12-165-51/76
EC+5mm | 229-255-233/239
KM 57 — 56 —58 /57
SMAW / E309L-17 EC 42-45-23/37
Levha Vo/2 0 EGiomm | 123-138—205/155
EC+5mm | 266—256-23/182
KM 56 — 57 —57 /57
EC 60 — 45— 60 /55
Levha Vo/2 20 EC+2mm | 61-148—-119/109
EG«5mm | 238-242-38/173

300
S 250 -
@
ECS 200
g —0— KM
€ 150 | —4—EC
-] ——- EC+2mm
R4
T 100 EC+5mm
o
On
o

a
o

Sicaklik (°C) - [V9]

Sekil 6.23: V9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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B9 kodlu GMAW ydntemi ile kaynak edilen 12 mm kalinhigindaki levhalardan
cikarilan g¢entik darbe numuneleri kullanilarak yapilan ¢entik darbe deney sonuglari
asagida verilmektedir.

Tablo 6.21: B9 kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yéntem / N;.T::ﬂg.m SB;"‘(‘;%I Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 124 - 115128 /122
Levha B9/ -20 EG 21-42-16/26
EC+2mm 14— 8399 /65
. KM 138 — 134 —113/128
GMAW/ERS0SLSI || ovha Bare 0 EC 56 — 36 — 28 / 40
EG+omm 84— 5148/ 61
KM 134 -140-153/142
Levha B9/2 20 EC 44 —45-55/48
EGeomm | 294-209-123/209
300

250

200

—— KM
——EC
——- EC+2mm

150

100

Ort. centik darbe enerijisi (J)

50

Sicaklik (°C) - [B9]

Sekil 6.24: B9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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12 mm kalinhdindaki 308 ostenitik tir ek metali kullanilarak GMAW ydéntemi ile
kaynak edilen levhalardan c¢ikarilan numunelerin ¢entik darbe 6zelikleri agagidadir.

Tablo 6.22: B8 kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yéntem / N;H(‘:rr:ledlglm SE:";'I‘(‘E\&I Centik Darbe toklugu
elektrod / tel kaynakli levha (°C) pozisyonu )
Pélé;/l 118 —125-122/122
18-17-77/37
Levha B8/1 -20 EG+2mm 5-178-13/65
EC+5mm 23-9-87/40
Levha B8/1
720°C’de 30dk 20 EC+2mm 71-60-61/64
kaynak sonrasi ) 294 —294 - 11 /200
1sil islem EC+Smm
yapilmig
GMAW / ER308LS;i evha BE/I
| ,
750°C’de 30dk 20 EC+2mm 13-163-78/85
kaynak sonrasi ) 121 — 294 — 294 / 236
1sil islem EC+5Smm
yapilmig
KM 118 -129-128 /125
EC 18-15-21/18
Levha B8/2 0 EG+2mm 61-132—-10/68
EG+5mm 283 —131-294 /236
KM 137 -135-141/138
EC 76 -75-58/70
AL 20 EC+2mm | 139-120-176/145
EC+5mm 294 — 294 — 291 / 293
300 ‘ ‘ ‘
S 250
R T E e e e (EEEEE
S 200 : | |
o | [ A I L —0— KM
[} | I |
€ 150 : : 1 A—EC
% ‘____.% #— EC+2mm
X ! ! ‘
2 100 | | } EC+5mm
0 |
O |
£
O 50
0

Sicaklik (°C) - [B8]

Sekil 6.25: B8 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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316 tir ek kaynak metal ve GMAW ydéntemi kullanilarak kaynak edilen 12 mm
kalinhgindaki baglantidan c¢ikarilan numunelerin ¢entik darbe deney sonuclari
asagidaki tablo ve grafikte verilmektedir.

Tablo 6.23: B6 kodlu kaynakl baglantinin ¢gentik darbe dzelikleri.

Kullanilan yoéntem / N;::::&'glm sﬁgﬁgn Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 119-116-109/115
Levha B6/1 -20 EC 39-58-28/42
EC+2mm 143-8-95/82
. KM 123-126-125/125
GMAW /ER316LSI Levha B6/2 0 EC 17 -71-35/ 41
EC+2mm 8-10-66/28
KM 128 - 128 —-132/129
Levha B6/2 20 EC 84-88-65/79
EC+2mm 144 -19-140/101
200

160

120

—o— KM
—A—EC
——EC+2mm

80

Ort. centik darbe enerijisi (J)

40

Sicaklik (°C) - [B6]

Sekil 6.26: B6 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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Tablo 6.30 ve Sekil 6.27°de 309 tir ek metaller kullanilarak SAW yéntemiyle kaynak
edilen levhalardan ¢ikarilan ¢entik darbe numunelerinin deney sonrasi elde edilen
sonuglari ifade edilmektedir.

Tablo 6.24: E9 kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yéntem / N;::::&Iglm SE:‘:'I‘(‘EEI Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 60 — 66 —60/62
Levha E9 -20 EC 47 -41-40/43
EG+2mm 58 — 28 —30 /39
KM 56 —57-52/55
SAW / ER309L Levha E9 -40 EC 31-35-49/38
EG+2mm 36—29—27/31
KM 51 -46-47/48
Levha E9 -60 EC 40-39-31/37
EG+2mm 22-20-16/19
200 ‘ ‘ ‘
2 160 ‘ 1 ‘
2 l l l
& | o [ [ T
3 120 1 1 1
® | | | —— KM
-E ,,,,,,,,,,,,,,,,,, [ [ [
S | | | ——EC
X ! ! ! ——EC+2mm
c l l l
o
o
o

Sicaklik (°C) - [E9]

Sekil 6.27: E9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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316 tir ek metal ile SAW kaynagdi yapilan levhalardan ¢ikarilan numunelerin ¢entik
darbe deney sonuglari asagida sunulmaktadir.

Tablo 6.25: E6 kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yoéntem / N;::::ﬁjlglm sﬁgﬁgn Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
Fé'gl 65— 66 —67 /66
53 —55—57 /55
Levha E6 0 EG+2mm 85— 104 —97/ 95
EC+5mm 104 -58 —116/93
E'(\;/I 66 — 66 — 65/ 66
SAW / ER316L 56— 69 —35/53
Levha E6 -20 EG+2mm 47 - 49-33/43
EC+5mm 19-23-21/21
El(\;/l 56 — 55 — 55 /55
30 -36—27 /31
Levha E6 -40 EC+2mm 52— 25-30/36
EC+5mm 55-21-13/30
200 ‘ ‘ |
= 160
_l’ | | |
- e O O Lo
e | | |
© 120 : i : —— KM
[}] | | |
-E 777777777777777777 I I C —— Eg
S i i > i —— EC+2mm
e} | | | +
~ 80 : A |
= | ‘ | EC+5mm
: | |
(1) # =
o ‘ |
t. | |
o | |
Sicaklik (°C) - [E6]

Sekil 6.28: E6 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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Ek kaynak metali kullaniimadan olusturulan 12 mm kalinhgindaki lazer kaynakli
baglantilarin ¢entik darbe deney sonuglari agagidaki tablo ve sekilde veriimektedir.

Tablo 6.26: V kodlu kaynakli baglantinin ¢entik darbe 6zelikleri.

};lglrl‘at::la/n Numunelerin cikarildigi sll:::(:lrl‘((lelgl Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 3-3-2/3
) EC 13-4-4/7
Levha V/1 20 EG+2mm 36-212-15/88
EC+5mm 8-188-193/130
KM 3
Levha V/2 EQ 3
690°C’de /30 dk kaynak -20 EC+2mm 294
sonrasi Isil islem yapilmig EG+5 192
+5mm
Levha V/1 ; V/2 KM 2-2-1/2
720°C’de /30 dk kaynak -20 EC+2mm 294 — 294 — 149 / 246
LAZER/ (-) sonrasi Isil islem yapilmis EC+5mm 11 -294 -185/163
Levha V/1 ; V/2 KM 6-4-2/4
750°C’de /30 dk kaynak -20 EG+2mm 12-9-294/105
sonrasi Isil islem yapilmis EC+5mm 294 — 294 - 20/ 203
KM 4-3-3/3
EC 8-5-6/6
Levha V/2 +20 EC+2mm | 294 —294—294 /294
EC+5mm 294 — 294 — 294 / 294
KM —
Levha V/2 95_ 12 ; ‘1‘1
690°C’de /30 dk kaynak +20 EC 004 _ 204 / 294
sonrasi Isil islem yapilmis Eg*'gmm 294 — 294 / 294
+ -
300 /j
5 250 7
= / —o—KM
g 200 > A—EC
oy —8— EC+2mm
g 150 4 EC+5mm
3 / —O— KM (P)
= —/— EC(P)
g 100 + —O— EC+2mm (P)
£ EC+5mm (P)
O 50
0 l—%
-60 -40 -20 0 20
Sicaklik (°C) - [V]

Sekil 6.29: V kodlu kaynakh baglantinin gentik darbe grafigi.
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12 mm kalnhginda hibrid (Plazma+TIG) kaynak ydntemiyle olusturulan ve 309 tir
ek metal kullanilan kaynaklh baglantinin ¢entik darbe deney sonuglar asagidaki
gibidir.

Tablo 6.27: L9 kodlu kaynakli baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yoéntem / N;::::&'glm sﬁgﬁgn Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 68 —66 —137/90
Levha L9/1 -20 EC 35-31-47/38
EG+2mm 16-20-16/18
PAW / ER309LSi KM 157 —117 — 148 /141
Levha L9/1 0 EC 41 —40—-65/49
EC+2mm 175-90 - 35/ 100
KM 110 - 156 — 98 / 121
Levha L9/2 20 EC 48 —-50—-57/52
EC+2mm 95-95-130/160
200
s 160
)
=
)
S 120
o —— KM
o
_§ ************** ——EC
< 80 - ——EC+2mm
c
o
o
S 40
0
-40 -20 0 20 40
Sicaklik (°C) - [L9]

Sekil 6.30: L9 kodlu kaynakl baglantinin ¢entik darbe grafigi.
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316L tir ek metalle olusturulan hibrid (Plazma+TIG) kaynakh 12 mm kalinhigindaki
baglantinin ¢entik darbe dzelikleri agagida sunulmaktadir.

Tablo 6.28: L6 kodlu kaynakl baglantinin ¢centik darbe 6zelikleri.

Kullanilan yoéntem / N;::::ﬁ:glm sﬁgﬁgn Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 66 —75-86/76
PAW / ER316L Levha L6 -20 EC 38 —47 —49/ 45
EC+2mm 52— 40 — 44/ 45

100

—o— KM
——EC
—-EC+2mm

Ort. centik darbe enerjisi (J)

20

Sicaklik (°C) - [L6]

Sekil 6.31: L6 kodlu kaynakl baglantinin ¢entik darbe grafigi.

119




20 mm kalinhginda es metal kaynakh baglantinin ¢gentik darbe 6zelikleri asagidadir.

Tablo 6.29: F9 kodlu kaynakli baglantinin ¢entik darbe 6zelikleri.

ﬁl::::rl]a? Numunelerin ¢ikanldig SB;':(% Kalinik Centik Darbe toklugu
elektrod / tel kaynakh levha (C) pozisyonu | pozisyonu J)
Levha F9 +20 Kok EI(E;E:z 27291 /59
KM 39-38-39/39
. EC 20-13-22/18
Levha F9 0 Yiiz EG+2mm 12-13-45/23
EC+5mm | 192-8-193/131
Eg 36-39-38/38
. 21-18-21/20
Levha F9 0 Kok EC+2mm 8-32-8/16
99 — 121 — 201/ 140
FCAW / EC+5mm
E309LTO-4 KM 33-36-40/36
) - EC 10-12-14/12
Levha F9 20 Yiz EG+omm 31-9-14/18
KM 36-35-35/35
) ) EC 13-14-24/17
Levha F9 20 Kk EG+2mm 6—12-9/9
Eg+5mm 7-31-7/15
Levha F9
. EC+2mm 74 -72-68/71
750°C'de /30 dk kaynak | -20 Kok EC+5mm | 100-50-52/67
sonrasi isil islem
200 ‘ ‘ ‘
5 3 3 |
= 160 : | | —o— KM/Yiiz
E 777777 377777”7,,,,,,,,,,77777377777 *****i ***** +EQ/YUZ
S 120 | | ! —&- EC+2mm/Yiiz
8 | | | EC+5mm/Yiiz
[ (e i [y 2 T~
s | ; ! —O— KM/Kok
£ 80 | ‘ | —— EG/Kék
§ ,,,,,, e R T M —{— EC+2mm/Ko6k
o | | ‘
0 ‘ : ‘ ; ‘
-60 -40 -20 0 20
Sicaklik (°C) - [F9]

Sekil 6.32: F9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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20 mm kalinhginda 309 tir ek metal kullanilarak olusturulan SAW kaynakli levhanin
centik darbe dzelikleri asagidaki tablo ve sekilde sunulmaktadir.

Tablo 6.30: A9 kodlu kaynakli baglantinin ¢gentik darbe 6zelikleri.

Numunelerin

Kullanilan yéntem / | cikanldig De';?\[ Kalinhk Centik Darbe toklugu
elektrod / tel kaynakli sicakligl | pozisyonu | pozisyonu W)
levha (°C)
Eg 47 — 45 - 58/ 50
.. 24-18-188/77
Levha A9/2 0 Yiz EC+2mm 18-73-16/36
lég 49 — 65-59 /58
. 39-54-35/43
Levha A9/2 0 Kok EG+2mm 16—-18—24/19
SAW / ER309L EC+6mm | 20-15-19/18
lég 55 — 50 — 47 / 51
.. 17-48-12/26
Levha A9/2 -20 Yiiz EG+2mm 17-17-9/14
EG+5mm | 99—98—102/100
Eg 42 -52-44/46
Levha A9/1 . 24 -23-23/23
ve A9/2 -20 Kok EG+2mm 10-7-6/8
200 \ \ \
5 | | |
- 160 ; ; ; —&— KM/Yiiz
N EEEE R R R e e B —&—EC/Yiz
& 120 1 i : —8— EC+2mm/Yiiz
8 1 1 l EC+5mm/Yiiz
=S [ I T
3 ! ! ! —O— KM/Kok
x 80 | | | —— EC/Kok
: | | |
8 | e L § IRRRREEEES —O EC+2mm/Kdk
£ 40 1 1 1 EC+5mm/Kok
o l ‘ l
0 1 = [

Sicaklik (°C) - [A9]

Sekil 6.33: A9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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30 mm kalinliginda FCAW kaynakl levhanin ¢entik darbe 6zelikleri Tablo 6.37 ve
Sekil 6.34’de sunulmaktadir.

Tablo 6.31: K9 kodlu kaynakl baglantinin ¢entik darbe dzelikleri.

Numunelerin
Kullanilan yéntem / | cikarildigi Deney Kalinhk Centik Darbe toklugu
elektrod / tel kaynakl sicakhgr | pozisyonu | pozisyonu J
oC ()
levha (°C)
Pég 28-33-36/32
. 28— 16 —28/24
Levha K9/1 0 Yuz EC+2mm 11-23-191/75
EC+5mm |204—100—193/166
lég 52 -52-52/52
. 40 — 40 -27/36
Levha K9/2 0 Kok EC+2mm | 126-91-82/100
FCAW / E309LTA EC+5mm |129—162—158/150
Eg 43— 43 - 45/ 44
. 29-32-35/32
Levha K9/1 -20 Yiz EC+2mm 58 — 58 — 64 /60
EC+5mm | 1561-157-7/105
Eg 26 —35-38/33
. 24-22-21/22
Levha K9/2 -20 Kok EC+2mm 59— 61— 13/ 44
EC+5mm | 111-147-9/89

200 | | |

% 160 —o— KM/Yiiz
T R R REEEEEEEEEE EEEEE A Lo —A—EC/Yiiz

S 120 - —8— EC+2mm/Yiiz
8 | | | EC+5mm/Yiiz
s —O— KM/Kék

X ; ‘ | —— EC/Kdk

g —0— EG+2mm/Kok
g : : EC+5mm/Kok

Sicaklik (°C) - [K9]

Sekil 6.34: K9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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309 tur ek metal kullanilarak SAW kaynagi yapilan 30 mm kalinhgindaki baglantinin

centik darbe 6zelikleri agagida verilmektedir.

Tablo 6.32: P9 kodlu kaynakli baglantinin ¢gentik darbe 6zelikleri.

Kullanilan Numunelerin Deney . .
yéntem/ | cikarildigi kaynakl | sicakig (')(:ilsl,nglr(\u o%?snt:aknu Darbe toklugu
elektrod / tel levha (°C) P y P y ()
lég 85— 79 —88 /84
. 42 -49-45/45
Levha P9/1 -20 Yiiz EG+2mm 79-101—81/87
EC+5mm 91-89-91/90
Eg 70 -70-68 /69
. 35-57-47/46
Levha P9/2 -20 Kok EG+2mm 126 —-91-82/100
EC+5mm | 39-65-104/69
Levha P9/1
SAW / ER309L| 750°C'de /30 dk 20 Yiiz EG+2mm | 35-10-13/19
kaynak sonrasi Isil EG+5mm | 130-184-96/137
islem yapilmis
lég 93-77-82/84
. 42 -22-26/30
Levha P9/1 -40 Yiiz EG+2mm 60 — 63 — 28 / 50
Eg 68 — 69 — 68/ 68
. 33-26-39/33
Levha P9/2 -40 Kok EG+2mm 1917 —87/ 41
EC+5mm | 52-28-108/63
200 ‘ ‘ ‘
= | | |
~ 1 I ! + .
‘@ 60 ! ! ! —8—KM/Yiz
"g_,' ””” i ”””””””””””” i’”””””i’ ””” —&— EC/Yiz
o 120 : i : —— EC+2mm/Yiiz
e | TN SRR I I S EC+5mm/Yiiz
3 | | | —O0— KM/Kok
£ ; } } —— EG/K&K
Q :F :* —{+— EC+2mm/Ko6k
)= * ! EC+5mm/Kok
© : :
Sicaklik (°C) - [P9]

Sekil 6.35: P9 kodlu kaynakli baglantinin ¢entik darbe grafigi.
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30 mm kalinliginda dupleks ek metalle es metal SAW kaynagi yapilan levhanin

centik darbe dzelikleri asagidaki tablo ve sekilde gdsterilmektedir.

Tablo 6.33: PD kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Numunelerin
Kullanilan yéntem / | cikarildig Deney Kalinhk Centik Darbe toklugu
elektrod / tel kaynakli | S'€3KIG | pozisyonu | pozisyonu @)
levha (C)
Eg 66 —64 —75/68
. 195185 - 194 /191
Levha PD/1 0 Yiiz EC+2mm | 190 - 177 -92/ 153
EC+5mm | 48-72-58/59
Eg 24 -26-20/23
) 15-16-32/21
Levha PD/2 0 Kok EC+2mm | 154 —87 —-209/ 150
SAW / ER2208 EC+5mm 112 - 250 - 229 /197
Eg 94 -91-62/82
. 55— 41— 43/ 46
Levha PD/1 -20 Yiz EC+2mm 39-58-42/46
EC+5mm 194 — 77 -37 /103
Eg 19-18-16/18
. 23-21-27/24
Levha PD/2 -20 Kok EC+2mm 38-83-58/60
EC+5mm | 151 —152-97/133

200

160

120

80

Ort. centik darbe enerijisi (J)

40

—o— KM/Yiiz

—A—EC/Ylz

—— EC+2mm/Yiiz
EC+5mm/Yiiz

—O— KM/Kok

—/— EC/K6k

—{+ EC+2mm/Kék
EC+5mm/Kok

Sicaklik (°C)- [PD]

Sekil 6.36: PD kodlu kaynakli baglantinin ¢entik darbe grafigi.
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12 mm kalinliginda farkli metal kaynagi yapilan FCAW kaynakli baglantilarin gentik

darbe 6zelikleri asagida sunulmaktadir.

Tablo 6.34: U9 kodlu kaynakl baglantinin ¢gentik darbe 6zelikleri.

Kullanilan yéntem / N;.T::ﬂg.m sE:earI‘(Tl‘gl Centik Darbe toklugu
elektrod / tel kaynakli levha (C) pozisyonu )
KM 58 -59-57/58
EC (12Cr) 52— 31-20/34
Levha U9/2 +20 EC+2mm (12Cr) 82—-31-144/86
EC (S355) 66 — 52— 61/60
EG+2mm (S355) | 176 — 160 — 164 / 167
KM 51 -53-51/52
EG (12Cr) 41-18-14/24
FCAW / E309LT-1 Levha U9/2 0 EC+2mm (12Cr) | 45— 152 —61/86
EC (S355) 57 —35-52/48
EC+2mm (S355) | 158 -150-110/139
KM 49 -49-50/49
EC (12Cr) 14-18-16/16
Levha U9/1 -20 EC+2mm (12Cr) 16-14-13/14
EC (S355) 50 — 34 — 36/ 40

EC+2mm (S355)

97 -101-123/107

200

-
(22}
o

120

o]
o

Ort. centik darbe enerjisi (J)
B
o

Sicaklik (°C) - [U9]

—e— KM

—&—EC (12Cr)

—8— EC+2mm (12Cr)
——EC (S355)
——EC+2mm (S355)

Sekil 6.37: U9 kodlu kaynakli baglantinin gentik darbe grafigi.
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Asagidaki tablo ve sekiller, 20 mm kalinhginda farkli metal kullanilarak
gerceklestirilen SMAW  kaynakli  baglantilarin  ¢entik  darbe  &dzeliklerini
gOstermektedir.
Tablo 6.35: M9 kodlu kaynakh bagdlantinin ¢gentik darbe 6zelikleri.
. Numunelerin | Deney entik &
i yortem | "Glanicin | scaknd | pecmm, | oo
kaynakli levha | (°C) pozisyonu )
KM 60— 61-57/59
EC (12Cr) 22 - 28 —45/32
Levha M9/2 0 Yiz EC+2mm (12Cr) 17-43-12/24
EC (S355) 129 — 139 - 144 /137
EC+2mm (S355) | 162 — 159 — 159 / 160
KM 59 - 51 -53/54
) KM (12Cr) 21-18-25/21
SMAW /E309L-16 | | o\ha Mo/ 20 Yoz | KMs2mm (12Cr) | 26—-11-14/17
KM (S355) 76 —111-116/101
KM+2mm (S355) | 89 -75-66/77
KM 51-52-48/50
KM (12Cr) 18-17-22/19
Levha M9/2 -20 Kok KM+2mm (12Cr) | 13-25-13/17
KM (S355) 93-139-81/104
KM+2mm (S355) | 123 — 101 —57 /94

200 ; : ‘ i ‘
L e e e
0 | | | |
Q | | | ﬁ; | —o—KM/Yiiz
o 120 | | ‘ i —a— EC/Yiiz (12Cr)
% | | | 1 —=—EC+2mm/Yiiz (12Cr)
o 1 l l l 0
2 80 | | | | —n—EC/Yiiz (S355)
= ; ; ; ! —O0—EC+2mm/Yiiz (S355)
8 | | | |
5 %1 | |

0 ‘ ‘ T ‘ T ‘
-60 -40 -20 0 20
Sicaklik (°C) - [M9]

Sekil 6.38: M9 kodlu kaynakli baglantinin ¢gentik darbe grafigi (yiz).
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200

160 -

120

80 -

40 -

Ort. centik darbe enerijisi (J)

—o— KM/K8k

—A— EC/Kdk (12Cr)

—=— EC+2mm/Kék (12Cr)
—/— EC/K®6k (S355)

—— EC+2mm/Kék (S355)

-40

-20

Sicaklik (°C) - [M9]

20

Sekil 6.39: M9 kodlu kaynakli baglantinin gentik darbe grafigi (kok).

C9 kodlu farkli metallerle olusturulan SAW kaynakli 20 mm kalinhgindaki baglantinin

centik darbe 6zelikleri asagida verilmektedir.

Tablo 6.36: C9 kodlu kaynakh baglantinin ¢gentik darbe dzelikleri.

Kullanilan yéntem / Numunelerin Deney Kalinlik Centik Darbe toklugu
elektrod / tel ¢ikarildigr | sicakhgy pozisyonu i J
kaynakli levha |  (C) pozisyonu O
KM 77 -83-80/80
EG (12Cr) 17 -30-23/23
Levha C9/2 0 Yiz EC+2mm (12Cr) 29-27-35/30
EC (S355) 44— 7459 /59
EC+2mm (S355) | 294 — 260 — 294 / 283
KM 93 -93-88/91
KM (12Cr) 15-11-13/13
SAW/ERSOSL | | oyha cort 20 Yoz | KMs2mm (12Cr) | 16-17-18/17
KM (S355) 61— 40— 47 /49
KM+2mm (S355) | 153 — 232 — 282 / 222
KM 87—-74-76/79
KM (12Cr) 42 -21-15/26
Levha C9/2 -20 Kok KM+2mm (12Cr) 65-6-18/30
KM (S355) 39 — 26 — 45 /37
KM+2mm (S355) | 267 — 276 — 265 / 269
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EC+2mm/Kék (12Cr)

| |=—EG/Kék (S355)
EC+2mm/Kék (S355)

—0— EG+2mm/Yiiz (S355)

—a—EC/Yiiz (12Cr)
—s—EC+2mm/Yiiz (12Cr)
——EC/Yiiz (S355)

—m— KM/Kok
| | —m—EC/Kék (12Cr)

—e— KM/Yiiz

20

20

Ay
-20
Sicaklik (°C) - [C9]
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-20
Sicaklik (°C) - [C9]

Sekil 6.40: C9 kodlu kaynakli baglantinin ¢gentik darbe grafigi (yiz).

-40
Sekil 6.41: C9 kodlu kaynakli baglantinin ¢gentik darbe grafigi (kok).

-60

-60

T
(=1 o
n (=]
N N

(r) 1sil1aua aqJep %nuad "uo (r) 1sihisua aquep ynusd 1O

50
0

300
150 -
0
5
300
5
0
150
100




6.6. CTOD Kinilma Toklugu Deneyi Sonuclari

CTOD deney sonuglari asagidaki tablolarda verilmektedir.

Kirnlma yltzeylerine ait makrofotograflar da ilgili sekillerle gésteriimektedir. Gerekli
gbrilen bazi kinima ylzeylerinin  SEM géruntileri ve EDX analizleri de

sunulmaktadir.

20 mm ve 30 mm kalinliklardaki es ve farkli metal kaynakh baglantilarin CTOD
deneylerinde numuneler kaynak metali (KM), ergime gizgisi (EC)’'nce isaretlenmis ve
gentikler bu dogrultuda acgilmistir. Tokluk degeri, ilgili pozisyonlar igin genellikle 3

tekrardan sonra elde edilmistir.

Asagidaki tabloda 20 mm kalinhgindaki es metal FCAW kaynakli levhalardan ilgili
standardlara uygun olarak cikarilan CTOD numunelerinin deney sonuglari
veriimektedir. CTOD degerleri mm olarak ifade edilmektedir ve kirilma modlari da
Hal 1, Hal 2 ve Hal 3 olarak belirtilmistir.

309 tir ek kaynak metali kullanilarak 20 mm kalinligindaki FCAW kaynakh
levhalardan ¢ikarilan CTOD numunelerinin CTOD deneyi sonrasi elde edilen kirilma

ylzey makrofotograflari Sekil 6.42'de verilmektedir.

F9 kodlu baglantinin CTOD deneyi sonrasi elde edilen kirilma yUzeylerinin SEM
gbruntileri ve EDX analizi de Sekil 6.43'de sunulmaktadir.
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Tablo 6.37: F9 kodlu es metal kaynakli baglantinin CTOD degerleri.

Kullanilan kaynak

Numunelerin

yontemi / elektrod / cikarildig: Centik CTOD (mm) Kirilma tiri
tel kaynakli levha | pozisyonu
Max. kuvvet (Hal 1)
0,230
KM 0.191 Max. kuvvet (Hal 1)
0,196 Max. kuvvet (Hal 1)
FCAW/ Levha F9 0.033 Pop-in (Hal 2)
E309L.T0-4 EC 0.125 Kirilma (Hal 3)
0’104 Kirilma (Hal 3)

F9CL2

FOCL3

Sekil 6.42: 20 mm kalinliginda FCAW kaynakli baglantinin CTOD fraktograflari (F9).
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Untitled:?R
Label A FWT L]

LMJMWMJ

1.8 z.68 3.80 A4.80 5.08 G.98 7.08 E.B0 9.88

FOCW EDX

Untitled:26
Label At FL2 EDX1 ductile surface

[YNILSiK
LA S A

1.88 2.68 3.88 X4.08 5.88 6.68 7.86 8_88 9.08

FOCLX500 FOCL EDX

Sekil 6.43: F9 kodlu kaynakh baglanti fraktograflarinin SEM ve EDX analizleri.

20 mm kalnhginda modifiye edilmis X2CrNi12 paslanmaz celigi kullanilarak
olusturulan es metal SAW kaynakli levhanin CTOD degerleri Tablo 6.44°de, kirilma
yUzeyi makro goéranttleri Sekil 6.44’de verilmektedir.

Tablo 6.38: A9 kodlu es metal kaynakh baglantinin CTOD degerleri.

Kullanilan Numunelerin
kaynak cikarildigi Centik CTOD (mm) Kirilma tiirii
yontemi / kaynakli levha pozisyonu
elektrod / tel
0,217 Max. kuvvet (Hal 1)
Levha A9/1 KM 0.210 Max. kuvvet (Hal 1)
0:177 Max. kuvvet (Hal 1)
SAW /
Pop-in (Hal 2)
ER309L Levha A9/2 EC g?gg Pop-in (Hal 2)
02081 Pop-in (Hal 2)
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A9CW3 A9CL1

A9CL2 A9CL3

Sekil 6.44: 20 mm kaliniginda SAW kaynakli baglantinin CTOD fraktografileri (A9).

Tablo 6.39: K9 kodlu es metal kaynakh baglantinin CTOD degerleri.

Kullanilan Numunelerin
kaynak cikarildigi Centik CTOD (mm) Kirilma tiirii
yontemi / kaynakli levha pozisyonu
elektrod / tel
0.283 Max. kuvvet (Hal 1)
Levha K9/1 KM 0’210 Max. kuvvet (Hal 1)
0:202 Max. kuvvet (Hal 1)
FCAW /
: Kirllma (Hal 3)
E309LT-1 Levha K9/2 EC g}g)g Kirllma (Hal 3)
02090 Kirllma (Hal 3)
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30 mm kalinliginda es metal SAW kaynakli baglantilarin CTOD deney sonuglari
Tablo 6.45te, fraktograflari Sekil 6.45'de sunulmaktadir.

K9CL2 K9CL3

Sekil 6.45: 30 mm kalinliginda FCAW kaynakli baglantinin CTOD fraktografileri (K9).

K9 kodlu kaynakli levhanin ilgili numunelerinin SEM gérintileri ve EDX analizleri
Sekil 6.46’da sunulmaktadir.
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Untitled:40
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Untitled:40
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Sekil 6.46: K9 kodlu kaynakli baglantinin CTOD fraktograflarinin SEM gértntileri.

30 mm kalinhginda SAW kaynakli baglantinin CTOD degerleri asagidaki tabloda,

fraktograflari da Sekil 6.47°de sunulmaktadir.

Tablo 6.40: P9 kodlu es metal kaynakh baglantinin CTOD degerleri.

Kullanilan Numunelerin
kaynak cikarildigi Centik CTOD (mm) Kirilma tiirii
yontemi / kaynakl levha pozisyonu
elektrod / tel
Levha P9/1 KM 0,579 Max. kuvvet (Hal 1)
SAW / 0,121 Pop-in (Hal 2)
ER309L Levha P9/2 EC 0.067 Pop-in (Hal 2)
02067 Pop-in (Hal 2)
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P9CL2

P9CL3

Sekil 6.47: 30 mm kaliniginda SAW kaynakli baglantinin CTOD fraktografileri (P9).

Duplex ek kaynak metal kullanilarak SAW kaynagi yapilan 30 mm kalnhgindaki

baglantilarin CTOD deney sonuglari Tablo 6.47°de verilmektedir.

Tablo 6.41: PD kodlu es metal kaynakh baglantinin CTOD degerleri.

Kullanilan Numunelerin
kaynak cikarildigi Centik CTOD (mm) Kirilma tird
yontemi / kaynakli levha pozisyonu
elektrod / tel
0.263 Max. kuvvet (Hal 1)
Levha PD/1 KM ’ Max. kuvvet (Hal 1)
SAW / 0,304
ER2209 0.059 Pop-in (Hal 2)
Levha PD/2 EC 0.112 Pop-in (Hal 2)
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PD kodlu baglantinin CTOD fraktograflari asagidaki sekilde gosterilmektedir.

PDCL1 PDCL2

PDCL3

Sekil 6.48: Duplex ek metalle olusturulan 30 mm kalinhginda SAW kaynakl baglantinin
CTOD fraktograflari (PD).

Modifiye X2CrNi12 paslanmaz celigi ve S355 c¢eligi kullanilarak olusturulan SMAW
kaynakh baglantinin CTOD degerleri Tablo 6.48'de, fraktograflari $Sekil 6.49°da,
SEM ve EDX analizleri $ekil 6.50°de verilmektedir.
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Tablo 6.42: M9 kodlu farkli metal kaynakli baglantinin CTOD degerleri.

Kullanilan Numunelerin
kaynak cikarildig: Centik CTOD (mm) Kirilma tiri
yéntemi / kaynakli levha pozisyonu
elektrod / tel
Max. kuvvet (Hal 1)
0,274
KM 0.274 Max. kuvvet (Hal 1)
SMAW / Levha M9/2 0,101 Kirilma (Hal 3)
E309L-16 EC (12Cr) 0076 Kirilma (Hal 3)
Eg (8355) 0.756 Max. kuvvet (Hal 1)

MOCT1

Sekil 6.49: Farkl metal SMAW kaynakli baglantinin CTOD fraktografileri (M9).
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Sekil 6.50: M9 kodlu kaynakli baglantinin CTOD SEM ve EDX analizleri (M9).

C9 kodlu 20 mm kalinliginda farkli metal kaynagi yapilan SAW kaynakli baglantinin
CTOD degerleri asagidaki tabloda, fraktograflari da ve SEM ve EDX analizleri
sirasiyla Sekil 6.51 ve 6.52’de verilmigtir.
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Tablo 6.43: C9 kodlu farkl metal kaynakli baglantinin CTOD degerleri.

Kullanilan Numunelerin
kaynak cikarildig: Centik CTOD (mm) Kirilma tiri
yéntemi / kaynakli levha pozisyonu
elektrod / tel
Max. kuvvet (Hal 1)
0,626
KM 0.599 Max. kuvvet (Hal 1)
SAW / Levha C9/2 0,047 Kirima (Hal 3)
ER309L EC (12Cr) 0.023 Pop-in (Hal 2)

CoCT1

Sekil 6.51: Farkh metal SAW kaynakl baglantinin CTOD fraktografileri (C9).

139




" rag

AccV  Spot Magng Det wD_————\ 2@ m®

30:0.kM 5.0 IS(N;x SE 82 Jvl‘_)-’
; X

CICW x1500

Untitled:26

Label A: CH2 EDX

“9CR EDX
337

Sekil 6.52: C9 kodlu kaynakli baglantinin CTOD SEM ve EDX analizleri (M9).
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6.7. Yorulma Deney Sonugclari

309 tur ek kaynak metali ile olusturulan SMAW, GMAW, SAW kaynakli baglantilarin
ve ek kaynak metali kullanilmadan olusturulan LAZER kaynakli baglantilarin
yorulma deney sonuglari asagidaki tablolarda detaylariyla verilmekte ve yorulma
dayanimlari da grafik halinde ilgili sekillerde gésterilmektedir. Ayrica fraktograflar da

yine grafikleri takiben sunulmaktadir.

Sekillerde belirtilen diz cizgiler malzeme ¢ekme dayanimina dayanarak beklenen
yorulma dayanimini gdstermektedir. Cekme dayaniminin %901 ile %50 geriime
araliginda 1.000 (1.10% ve 1.000.000 (1.10°) cevrim yorulma dayanimi gésterecegi
beklenmektedir (Bannantine ve dig. 1990).

Yorulma deneyi nominal numune genisligi 20 mm olan numuneler kullanilarak 0,1

yorulma oraninda gerceklestirilmistir.

SMAW kaynakli baglantilarin yorulma dayanimi ile ilgili veriler, grafikler ve
fraktograflar Tablo 6.51 ile Sekil 6.53 ve 6.54’de, GMAW kaynakli baglantilarin
yorulma sonuglari Tablo 6.52 ile Sekil 6.55 ve 6.56’da, SAW kaynakh baglantilarin
Tablo 6.53 ile $ekil 6.57 ve 6.58'de, son olarak LAZER kaynakli baglantilarin
yorulma verileri de Tablo 6.54 ile Sekil 6.59 ve 6.60’da sunulmaktadir.
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Tablo 6.44: V9 kodlu es metal kaynakli baglantinin yorulma &zelikleri.

Numune | Numunenin Yorulma Gerilme Omiir
kodu cikarildigr | deney cihazi | aralig (cevrim Kirilmanin tanimlanmasi
levha (kapasitesi) (MPa) sayisi)
e Vo A(150kN) | 324 42.500 KM'den baslams, iri taneli EG/IEB'e
dogru ilerlemisgtir.
Vov2 VI A (150 kN) 324 321.580 EC’den baslamis,EM’e dogru ilerlemistir.
Vov3 VI A (150 kN) 324 426.220 Tamamen EM’de yer almistir.
VoV Vo A (150 kN) 288 | 1363450 | K<Mden baslamis, iri taneli EG/IEB'e
dogru ilerlemisgtir.
Vovs Vo/2 A(150kN) | 288 | 879930 | KMdenbaglamis, EG ve EMe dogru
ilerlemistir.
KM’den baslamig, EG ve EM’e dogru
VoV6 V9/2 A (150 kN) 288 680.370 ilerlemistir.
vov7 Vo/2 A(150kN) | 360 114.740 EG/IEB'den baslamis, EM'e dogru
ilerlemistir.
Vov8 V9/2 A (150 kN) 360 203.170 Tamamen EM’de yer almigtir.
Vov9 V9/2 A (150 kN) 360 168.720 Tamamen EM’de yer almigtir.
VoV10 Vo/2 A(150kN) | 252 | 1.239.490 EG’den baglamis, EM'e dogru
ilerlemistir.
VIV1i1 V9/2 A (150 kN) 252 8.000.000 Kirilma olmamistir.
Vovi2 V9/2 A (150 kN) 252 696.290 Tamamen KM'de yer almistir.
V9 kodlu kaynakli baglantinin yorulma mukavemeti (R = 0,1)
600
_. 500
a
= 400 T~
o * ¢
= T e
= 300 \‘W K2
o e '
£ 200 -
S
)
(&)
100
0
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Omiir (cevrim)

Sekil 6.53: V9 kodlu kaynakli baglantinin yorulma mukavemeti.
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NO FRACTURE

(RUN OUT)

Vov10 VoVv11

Sekil 6.54: SMAW kaynakli baglantinin fraktograflar (V9).
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Tablo 6.45: B9 kodlu es metal kaynakli baglantinin yorulma &zelikleri.

Numune | Numunenin Yorulma Gerilme Omiir
kodu cikarildig: deney cihazi araligi (cevrim Kiriilmanin tanimlanmasi
levha (kapasitesi) (MPa) sayisi) (EE=eksik ergime)
EC'de EE’den baslamis, EM'e dogru
B9V1 B9/1 A (150 kN) 324 17.160 ilerlemistir.
EC’de EE'den baslamis, |IEB’ye dogru
Bav2 B9/1 A (150 kN) 324 16.650 ilerlemistir,
EC’de EE’'den baslamis, |IEB’ye dogru
B9V3 B9/1 A (150 kN) 324 14.190 ilerlemistir.
EC’de EE’'den baslamis, |IEB’ye dogru
B9V4 B9/1 B (100 kN) 216 52.940 ilerlemistir.
EC'de EE’den baslamig, EM'e dogru
B9V5 B9/2 B (100 kN) 216 448.910 ilerlemistir.
EC’de EE’'den baslamis, |IEB’ye dogru
B9V6 B9/2 B (100 kN) 216 188.520 ilerlemistir.
EC’'de EE’den baslamis, EM'e dogru
B9V7 B9/2 A (150 kN) 288 51.470 ilerlemistir.
EC'de EE’den baslamis, diger EC’ne
BIV8 B9/2 A (150 kN) 288 99.720 dogru ilerlemist.
EC'de EE’den baglamis, kék KM'ne
B9V9 B9/2 A (150 kN) 288 35.130 dogru ilerlemist.
EC'de EE’den baslamig, EM'e dogru
BIV10 B9/2 A (150 kN) 252 183.750 ilerlemistir.
EC'de EE’den baglamis, EGC/IEB’ye
BIV11 B9/2 A (150 kN) 252 149.130 dogru ilerlemistir.
EC’de EE’den baslamis, KM ve EM’e
BoVi12 B9/2 A (150 kN) 252 218.870 dogru ilerlemistir.
B9 kodlu kaynakli baglantinin yorulma mukavemeti (R = 0,1)
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1000 10000 100000 1000000 10000000
Omiir (cevrim)

Sekil 6.55: B9 kodlu kaynakli baglantinin yorulma mukavemeti.
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BOV10 BOV11 BOV12

Sekil 6.56: GMAW kaynakli baglantinin fraktograflari (B9).
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Tablo 6.46: E9 kodlu es metal kaynakli baglantinin yorulma 6zelikleri

Numune | Numunenin Yorulma Gerilme Omiir
kodu cikarldigi deney cihazi aralig (cevrim Kiriilmanin tanimlanmasi
levha (kapasitesi) (MPa) sayisi) (EE=eksik ergime)
E9V1 E9 B (100 kN) 252 8.175.910 Kirilma olmamistir.
E9V2 E9 B (100 kN) 252 8.113.740 Kirilma olmamistir.
EC’den baslamig, EM’e dogru
E9V3 E9 B (100 kN) 252 408.280 ilerlemistir.
E9V4 E9 A (150 kN) 360 202.270 EG’den baglamis, EM'e dogru
ilerlemistir.
E9V5 E9 A (150 kN) 360 214.730 Tamamen KM’de yer almistir.
E9V6 E9 A (150 kN) 360 339.140 KM'den baslamis, EM'e dogru
ilerlemistir.
E9V7 E9 A (150 kN) 324 475.140 KM'den baslamis, EM'e dogru
ilerlemistir.
E9V8 E9 A (150 kN) 324 226.540 Tamamen KM'de yer almigtir.
E9V9 E9 A (150 kN) 324 208.310 EG'den baslamig, EM'e dogru
ilerlemistir.
E9V10 E9 B (100 kN) 288 1.008.470 | Tamamen KM'de yer almistir.
E9V11 E9 B (100 kN) 288 660.110 | Tamamen KMde yer almistir.
E9V12 E9 B (100 kN) 288 6.139.560 | Tamamen KM'de yer almistir.
E9 kodlu kaynakh baglantinin yorulma mukavemeti (R = 0,1)
600
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g R
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1.000 10.000 100.000 1.000.000 10.000.000
Omiir (cevrim)

Sekil 6.57: E9 kodlu kaynakli baglantinin yorulma mukavemeti.
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KIRILMA YOK

KIRILMA YOK

E9V6

E9V10

E9V11

E9V12

Sekil 6.58: SAW kaynakli baglantinin fraktograflari (E9).
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Tablo 6.47: V kodlu es metal kaynakli baglantinin yorulma &6zelikleri.

Numune | Numunenin Yorulma Gerilme Omiir
kodu cikanldig deney cihazi araligi (cevrim Kinlmanin tanimlanmasi
levha (kapasitesi) (MPa) sayisl) (EE=eksik ergime)
VV1 V1 B (100 kN) 324 221.200 Tamamen EM’de yer almistir.
VVv2 \a! B (100 kN) 324 660.100 Tamamen EM’de yer almigtir.
VV3 V1 B (100 kN) 324 573.350 Tamamen KM'de yer almistir.
VV4 VA A (150 kN) 252 8.000.000 Kirilma olmamistir.
VV5 V/2 A (150 kN) 252 8.022.040 Kinlma olmamistir.
VV6 V/2 A (150 kN) 252 8.369.700 Kinlma olmamistir.
vV7 V/2 B (100 kN) 288 8.409.450 Kinlma olmamistir.
VV8 V/2 A (150 kN) 288 1.385.840 Tamamen KM’de yer almistir.
VV9 V/2 B (100 kN) 288 2.160.090 Tamamen KM’de yer almistir.
VV10 V/2 A (150 kN) 360 330.750 EG’den baglamis, EM'e dogru
ilerlemistir.
VW11 V/2 A (150 kN) 360 339.500 EG’den baslamis, EM'e dogru
ilerlemistir.
V12 V/2 A (150 kN) 360 298.600 Tamamen EM’de yer almigtir.
V kodlu kaynakl baglantinin yorulma mukavemeti (R = 0,1)
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100
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1.000 10.000 100.000 1.000.000 10.000.000
Omiir (cevrim)

Sekil 6.59: V kodlu kaynakli baglantinin yorulma mukavemeti.
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VVi0

VV11

Sekil 6.60: LAZER kaynakl baglantinin fraktograflari (V).
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6.8. Mikroyapi Analizi

6 mm kalinhginda GMAW kaynakli levhalardan alinan makro kesitlerin makroyapi ve
esas metal (EM), 1sidan etkilenmis bélge (IEB) ve kaynak metali (KM) mikroyapilari
asagidaki sekilde gésteriimektedir.

Sekil 6.61: 6 mm kalinhginda GMAW kaynakli baglantinin makro ve mikroyapilari (R9).
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Sekil 6.62, ek metal kullaniimadan olusturulan plazma kaynakli 6 mm kalinliginda
modifiye edilmis 12%Cr’lu paslanmaz cgelik baglantinin makro ve mikroyapilarini
gOstermektedir.

a:};,;#s,

50)

Sekil 6.62: 6 mm kalinliginda ek metal kullaniimadan olusturulan plazma kaynakli
baglantinin makro ve mikroyapilari (S).
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316L ek kaynak metali kullanilarak plazma kaynag! yapilan 6 mm kalinligindaki

baglantinin makro ve mikroyapi gérintlleri asagida verilmektedir.

Sekil 6.63: 6 mm kalinhginda 316L ile plazma kaynagi yapilan baglantinin makro ve
mikroyapilari (S6).
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12 mm kalinliginda SMAW kaynakli baglantinin makro ve mikroyapilari asagidaki
gibidir.

S

| +b

Sekil 6.64: 12 mm kalinliginda 309 tir ek metal ile SMAW kaynagi yapilan baglantinin makro
ve mikroyapilari (V9).
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12 mm kalinhgindaki 309 tir ek metal ile olusturulan es metal GMAW kaynakli

baglantinin makro ve mikroyapilari asagidaki sekilde gésterilmektedir.

Sekil 6.65: 12 mm kalinliginda 309 tir ek metal ile GMAW kaynagi yapilan baglantinin
makro ve mikroyapilari (B9).

308 tir ek metal ve 12 mm kalinliginda modifiye X2CrNi12 paslanmaz celidi
kullanilarak olusturulan GMAW kaynakli baglantinin makro ve mikroyapilari Sekil
6.66’da gosterilmektedir.
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Sekil 6.66: 12 mm kalinliginda 308 tir ek metal ile GMAW kaynagi yapilan baglantinin

makro ve mikroyapilari (B8).
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12 mm kalinhdinda es metal GMAW kaynakli 308 tir ek metalin kullanildigi
baglantinin makro ve mikroyapilari asagidaki gibidir.

Sekil 6.67: 12 mm kalinliginda 316 tir ek metal ile GMAW kaynagi yapilan baglantinin
makro ve mikroyapilari (B6).
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12 mm kalinliginda 309 tir ek metalle olusturulan es metal SAW kaynakli
baglantinin gérintileri agagidadir.

Sekil 6.68: 12 mm kalinhiginda 309 tir ek metal ile SAW kaynagdi yapilan baglantinin makro
ve mikroyapilari (E9).
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316 tir ek metalle SAW kaynagi yapilan 12 mm kalinhigindaki baglantinin makro ve

mikroyapilari asagida géralmektedir.

IEBc+d

7

OB ke
IEBa+b (k6k)

Sekil 6.69: 12 mm kaliniginda 316 tir ek metal ile SAW kaynagdi yapilan baglantinin makro

ve mikroyapilari (E6).
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Ek kaynak metali kullaniimadan 12 mm modifiye X2CrNi12 paslanmaz celiginin
lazer kaynakli baglantilarinin makro ve mikroyapilari Sekil 6.70°de verilmektedir.

Sekil 6.70: 12 mm kalinliginda modifiye edilmis X2CrNi12 paslanmaz geliginin ek metal
kullaniimadan lazer kaynagi yapilan baglantilarinin makro ve mikroyapilari (V).
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309 tur ek metalle hibrid (Plazma+TIG) kaynag yapiimig olan 12 mm kalinligindaki

modifiye 12%Cr ¢eliginin makro ve mikroyaplilari asagida verilmektedir.

)25 (P

fx..»

St ﬁ- S 7Y i -‘.A_ § 3 :
IEB a+b x50 (TIG) IEB a+b (TIG)

Sekil 6.71: 12 mm kalinhdinda 309 tir ek metal ile hibrid kaynagi yapilan baglantilarin makro
ve mikroyapilari (L9).
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316 tur ek metalle hibrid kaynadi yapilan modifiye X2CrNi12 paslanmaz celik
baglantinin makro ve mikroyapilari asagidaki sekilde sunulmaktadir.

> " X5
. R R

Nl ORI i ot NN
KM (TIG) IEBa+b

Sekil 6.72: 12 mm kalinliginda 316 tir ek metal ile hibrid kaynagi yapilan baglantilarin makro
ve mikroyapilari (L6).
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309 tur elektrodlarla FCAW kaynagi yapilan 20 mm kalinhgindaki baglantinin makro
ve mikroyapi gérintileri Sekil 6.73’de verilmektedir.

Sekil 6.73: 20 mm kalinhiginda 309 tir ek metal ile FCAW kaynakli baglantinin makro ve
mikroyapilari (F9).
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Asagidaki sekil, 309 tir ek metal ile SAW kaynakli 20 mm kalinhgindaki baglantidan

alinan numunelerin makro ve mikroyapilarini géstermektedir.

Sekil 6.74: 20 mm kalinhdinda 309 tir ek metal ile SAW kaynakli baglantinin makro ve
mikroyapilari (A9).
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30 mm kalnhginda SMAW kaynakli baglantinin makro ve mikroyapilari asagida

sunulmaktadir.

Sekil 6.75: 30 mm kalinhidginda 309 tir ek metal ile SMAW kaynakli baglantinin makro ve
mikroyapilari (K9).
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309 tdr ek metal kullanilarak SAW kaynagi yapilan 30 mm kalinligindaki modifiye
X2CrNi12 paslanmaz celiginin makro ve mikroyapi gérUntuleri asagidaki sekilde

sunulmaktadir.

Sekil 6.76: 30 mm kalinhdinda 309 tir ek metal ile SAW kaynakli baglantinin makro ve
mikroyapilari (P9).
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Es metal SAW kaynakli 30 mm kalinhgindaki modifiye 12 Cr ¢eliginin makro ve
mikroyapilari asagida verilmektedir.

e

IEBa+b

Sekil 6.77: 30 mm kalinliginda duplex tir ek metal ile SAW kaynakli baglantinin makro ve
mikroyapilar (PD).
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12 mm modifiye X2CrNi12 paslanmaz celigi ve S355 ¢eligi kullanilarak olugturulan
FCAW kaynakl baglantinin  makro ve mikroyapilari asagidaki sekilde
gOsterilmektedir.

d‘-;-‘a YR
BM (12Cr) _

e gt
HAZ a+b (12Cr) HAZ a+b (S355)

Sekil 6.78: 12 mm kalinliginda 309 tir ek metal ile farkl metal FCAW kaynakh baglantinin
makro ve mikroyapilari (U9).

167



20 mm kalinhgindaki farkli metal SAW kaynakl baglantinin makro ve mikroyapilar

asagidaki sekilde sunulmaktadir.

Zasb (12Cr) | HAZ a+b (S355)

Sekil 6.79: 20 mm kalinliginda 309 tir ek metal ile farkli metal SMAW kaynakli baglantinin
makro ve mikroyapilari (M9).
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12 mm kalinhigindaki modifiye X2CrNi12 paslanmaz ¢eligi ve S355 ¢eligi kullanilarak
olusturulan farkh metal SAW kaynakli baglantinin makro ve mikroyapilari asagida

verilmektedir.

" HAZ a+b (12Cr) " HAZ a+b (S355)

Sekil 6.80: 20 mm kalinhdinda 309 tir ek metal ile farkh metal SAW kaynakh baglantinin
makro ve mikroyapilari (C9).
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6.9. Sertlik Deneyi Sonuclari

TOm kaynakli baglantilardan alinan makro kesitler Gizerinde gergeklestirilen Vickers

sertlik deney sonuglari (HV5) asagidaki tablolar ve grafiklerle verilmektedir.

HV5 sonuglarini gésteren tablolarda KM ve IEB’de dlglilen maksimum degerler koyu

renkte gosterilmistir. Parantez igindeki degerler IEB sag ve sol taraflarinda 0,7 mm

asagida ve yukarida 6lciilen degerleri gdstermektedir. lgili grafiklerdeki acik

sembollerle gbsterilen ifadeler de bu degerleri vermektedir.

Asagida, 6 mm kalinhginda GMAW kaynakh baglantilardan alinan makro kesitler

Uzerindeki HV5 taramasi sonucu elde edilen degerler, tablo ve grafik halinde

sunulmaktadir.

Tablo 6.48: ROM1 ve R9M2 kodlu numunelerin HV5 degerleri.

Sekil 6.81: R9M1 kodlu numunenin HV5 sertlik dagilim grafigi.
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N
umune |y onum EM IEB KM IEB EM
kodu
o Yiz  |168-170-173]278-280-246(-229-240)| 186-203-192| (281-246)-254-299-296 | 172-169-162
Kok  |174-175-178[229-264-222(-234-225)| 196-192-206 | (220-213)-215-281-258 | 168-168-168
o2 Yiz  |169-164-162[278-257-233(-226-227)| 185-185-186 | (255-239-)258-274-250 | 174-186-174
Kok | 166-169-169 [268-244-216(-229-224)| 206-214-199| (193-224-)192-205-214 | 174-175-181
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Sekil 6.83: SM1 kodlu numunenin HV5 sertlik dagihm grafigi.
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Tablo 6.50: S6M1 ve S6M2 kodlu numunelerin HV5 degerleri.

Numune | num EM IEB KM IEB EM
kodu
SEM1 Yiz 171-168-162[278-283-244(-216-246)| 332-328-315 | (214-204)-227-249-258 | 167-169-170
Kok 172-166-166 [277-281-200(-208-229)| 345-319-334 | (229-212)-229-265-268 | 169-171-169
SEM2 Yiz 168-171-176 [206-260-254(-233-239)| 320-317-322 | (229-211)-234-251-243 | 171-166-166
Kok 173-176-169|281-262-236(-245-240)( 245-282-289 | (231-238)-231-272-278 | 170-174-170
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Sekil 6.84: S6M1 kodlu numunenin HV5 sertlik dagilim grafigi.
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Sekil 6.85: S6M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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EM
175-175-174

IEB
(189-236-)201-264

KM

IEB

VoM2
173

Tablo 6.51: VIM1 ve VIM2 kodlu numunelerin HV5 degerleri.

EM

168-169-169 [277-215-195(-201-195)(199-192-189| (193-187-)183-217-281 | 179-173-176

171-166-169 [202-239-201(-224-201)(224-216-214 | (185-201-)181-221-213 | 171-172-169

166-165-174[262-235-196(-207-201)(181-197-195

167-171-171265-255-194(-232-226)| 234-221-227 | (234-249-)216-258-268 | 174-176-172
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Sekil 6.87: VOM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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170-174-175
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IEB
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Tablo 6.52: BOM1 ve BOM2 kodlu numunelerin HV5 degerleri.

EM

174-173-1781215-271-205(-169-203)| 172-186-179 [ (218-198)-200-262-268 | 170-175-180

173-171-173| 210-181(-186-204)

166-164-167 [253-275-194(-185-200)( 178-176-178 | (185-196-)191-268-265 [ 166-174-173
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Sekil 6.89: BOM2 kodlu numunenin HV5 sertlik dagilim grafigi.



EM

IEB

KM

IEB

B8M2
175

Tablo 6.53: B8M1 ve B8M2 kodlu numunelerin HV5 degerleri.

EM

166-170-168 [262-275-187(-201-195)( 188-183-177| (203-200)-178-229-278 | 174-168-169
169-169-175[292-275-239(-223-210)( 226-235-235 | (261-229)-236-291-299 | 189-178-178

175-171-168 [267-227-168(-183-184)(169-161-172| (186-188-)191-238-278 | 166-169-166

174-178-175]255-272-224(-246-210)|213-239-229 [ (211-223-)232-257-228 | 178-171-171
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Sekil 6.91: B8M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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IEB

KM

B6M2
176

IEB

EM
171-171-169254-251-231(-204-209)| 213-213-205 | (227-220-)216-246-217 | 175-175-178

174-183-181[275-243-178(-202-185)(178-178-168 | (176-212)-212-271-278 | 185-197-186
178-178-179[211-240-205(-209-203)( 222-223-226 | (201-216)-203-234-194 | 188-184-192
164-170-171[275-264-203(-231-197)( 186-191-169 | (212-194-)206-235-267 | 169-177-171

Tablo 6.54: B6M1 ve B6M2 kodlu numunelerin HV5 degerleri.
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Sekil 6.93: B6M2 kodlu numunenin HV5 sertlik dagilim grafigi.



Tablo 6.55: E9M1 ve E9M2 kodlu numunelerin HV5 degerleri.

Numune | -\ hum EM IEB KM IEB EM
kodu
Co Yiz  |169-167-167[275-203-208(-195-192)| 188-183-201 | (176-200-)206-234-283 | 173-171-165
Kok  |172-164-169| 207-201(-201-196) |210-217-208| (197-236-)210-244 |169-172-168
o2 Yiz  |170-167-169]277-261-194(-187-201)| 173-183-193| (206-211)-200-258-265 | 173-172-171
Kok | 163-172-166240-223-220(-208-227)| 224-231-226 | (218-229)-225-212-210 [ 173-175-173
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Sekil 6.94: E9M1 kodlu numunenin HV5 sertlik dagilim grafigi.

Sertlik (HV5)

320 T T T T T T T T T
F— b - — 4l — bk — 4 — 4 e |- = = =4 — A4 — = —
300 1 T I D T
L L L e L e e R
280 +— | | | | | | | |
OO L e A o R 7 R
WS AL EERRE R RE -
| [ | | | | | | | —— YUz
220 T/f\ﬂ_\/*»ﬂ”‘\v?&\/ ST e kok
oo LA s
wo | TN
’%J‘T””\”” ”’T””\””\””T”"1”§’
B T Ry Rt R R
140 | | | | | | | | |
& S LS S & &
E9M2

Sekil 6.95: E9M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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EM
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KM

IEB

E6M2
178

Tablo 6.56: E6M1 ve E6M2 kodlu numunelerin HV5 degerleri.

EM

172-175-178[278-244-180(-208-214)(204-178-223 | (186-194-)188-229-281 | 177-177-167

169-171-171[222-229-211(-197-214)| 224-221-214 | (228-208-)187-228-215 | 174-175-168
174-170-171(286-189-177(-201-213)( 186-175-207 | (179-200)-201-271-272| 165-171-174
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Sekil 6.97: E6M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.57: VM1 ve VM2 kodlu numunelerin HV5 degerleri.
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Sekil 6.99: VM2 kodlu numunenin HV5 sertlik dagihm grafigi.
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Tablo 6.58: L9M1 ve LOM2 kodlu numunelerin HV5 degerleri.

Numune
kodu

Ko

num

EM

IEB

KM

IEB

EM

LOM1

Yiz

164-169-166

244-267-189-(196-188

193-195-192

203-216)-218-241-283
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Sekil 6.100: L9M1 kodlu numunenin HV5 sertlik dagilim grafigi.
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Sekil 6.101: LOM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.59: L6M kodlu numunenin HV5 degerleri.

N
umune |y onum EM IEB KM IEB EM
kodu
LM Yiz |164-168-174[265-257-186-(178-185)[ 194-175-228 | (178-203)-201-266-267 | 172-170-169
Kok  |168-169-175[195-207-191-(191-189)[174-173-162 (200-189)-194-210-226 | 169-168-171
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Sekil 6.102: L6M1 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.60: FOM1 ve FOM2 kodlu numunelerin HV5 degerleri.
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Sekil 6.103: FOM1 kodlu numunenin HV5 sertlik dagihm grafigi.
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Sekil 6.104: FOM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.61: ASM1 ve ASM2 kodlu numunelerin HV5 degerleri.

N
z?:u"e Konum EM IEB KM IEB EM
. Yiz1 |170-174-175|260-227-209(-184-168)| 193-182-206 | (231-213-)178-224-267 | 172-170-173
Yiz2 |167-171-164[278-250-169(-206-210)| 239-204-210] (192-213-)188-184-268 | 177-171-169
o Yiz1 |173-173-176 |274-257-220(-194-225)| 268-239-320 | (177-179-)173-192-265 | 178-177-174
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Sekil 6.105: A9M1 kodlu numunenin HV5 sertlik dagilim grafigi.
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Sekil 6.106: A9M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.62: KOM1 ve KIM2 kodlu numunelerin HV5 degerleri.

N
z?:u"e Konum EM IEB KM IEB EM
o Yiz1 |181-176-193[277-251-201(-208-223)| 188-204-204 | (205-224-)210-210-281 | 189-194-185
Yiz2 [187-181-181[281-213-198(-194-220)| 205-197-192| (222-216-)208-236-286 | 184-182-177
o2 Yiz1 |176-178-183[288-246-234(-205-248)| 204-200-204 | (229-192-)215-244-283 | 189-182-186
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Sekil 6.108: KIM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.63: P9M1 ve P9M2 kodlu numunelerin HV5 degerleri.

Numune
kodu

Konum

EM

IEB

KM
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EM

POM1

Yiz 1

178-190-182
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Sekil 6.110: P9M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.64: PDM1 ve PDM2 kodlu numunelerin HV5 degerleri.

Numune |\ onum EM IEB KM IEB EM
kodu
PDM1 Yiz 1 188-183-186[274-216-180(-221-181)(236-243-229 | (208-221-)227-239-274 [ 195-185-191
Yiz 2 185-186-185[285-248-210(-197-235)(240-251-239 | (208-244-)199-231-264 [ 181-188-191
PDM2 Yiz 1 192-182-196 [274-268-202(-234-206)| 249-234-245 | (207-229-)224-249-275 | 186-202-187
Yiz 2 180-187-184|269-232-202(-222-231)(244-241-239 | (229-208-)232-206-293 | 195-190-186
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Sekil 6.112: PDM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.65: U9M1 ve U9M2 kodlu numunelerin HV5 degerleri.

Nz?:u"e Konum | EM (12Cr) IEB KM IEB (S355) EM (S355)
. Yoz |165-166-172[255-265-182(-200-192)| 194-181-175| (228-265)-255-238-203 | 160-164-156
Kok  |166-168-172[272-269-225(-217-192)| 187-190-185 | (200-203)-208-190-181 | 157-158-156
. Yoz |162-167-164268-265-192(-200-191)|190-178-192| (296-278)-296-239-208 | 153-159-157
Kok 163-169-168|217-223-200(-206-174)[ 190-193-198| (218-211)-195-192-174 | 153-150-158
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Sekil 6.114: U9M2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.66: MOM1 ve MOM2 kodlu numunelerin HV5 degerleri.

N
z?:u"e Konum | EM (12Cr) IEB KM IEB (S355) EM (S355)
ot Yiz |169-177-172[275-236-185(-185-194)| 212-220-186 | (291-280)-286-249-201 | 167-165-169
Kok | 174-173-178|266-191-176(-185-205) 176-177-177 | (328-351)-315-330-288 | 170-160-160
otz Yiz |172-181-175[239-257-187(-223-186)| 194-192-206 | (323-271)-296-227-208 | 165-162-146
Kok | 172-177-181|268-255-223(-216-217)| 188-183-182 | (309-270)-301-290-233 | 166-163-159
360 T T T T T T
-7 1= |- - - it Bl e | —| - |- - - -7 - - - - -
O T Tt AN ] -
320 Il Il Il Il Il \V
N
300 | | | | | |
'lf?zso”1”7”1”””77777771777717/#‘”/17‘””\7 77777 —
E 260 77#*’**\***** 7*7777\77777//7’77\77777‘\ 77777 - -
< ‘ ‘ ‘ ‘ - Yiiz
o s |\ e ey S e S b
k- I I O S [ R R I P N I M W |
Foaof N\
MEET S NEEPZaV EEaN:
i A M — T~ - N = - =71\ -\ - = |- -
180 g e (e N[
180 — oI -] -
140 | | | | | |
S ¢ SIS S LOLS
MOM1

Sertlik (HV5)

s e e
o NAN
s
A e B R
N e R
SEDSEvacEs BEER e
e EEESESEE
SHE KPP {_‘»&b«/@o & & Q}»&@;a &

Sekil 6.116: MOM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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Tablo 6.67: COM1 ve C9M2 kodlu numunelerin HV5 degerleri.

Numune
zo:u Konum | EM (12Cr) IEB KM IEB (S355) EM (S355)
oM Yiz  |161-169-172(265-260-195(-187-186)| 203-219-200 | (229-226)-239-199-183 | 172-169-170
Kok [180-181-187| 239-217(-216-231) [267-227-231|(195-218)-206-193-190 [ 172-173-178
oMz Yiz  |176-180-178[271-260-222(-218-215)| 215-214-195 | (236-223)-233-223-222 | 207-186-169
Kok  [216-210-198[218-270-259(-234-273)[ 249-214-218 | (206-208)-210-192-174 | 166-162-164
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Sekil 6.117: C9M1 kodlu numunenin HV5 sertlik dagihm grafigi.
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Sekil 6.118: COM2 kodlu numunenin HV5 sertlik dagilim grafigi.
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6.10. Tane Boyutu ve Darbe Toklugu iliskisi

EC, IEB ve EM’ye bagli olarak tane boyutu analizi ve darbe tokluk deney sonuglari
arasindaki iligki asagidaki tabloda verilmektedir.

Tablo 6.68: Tum kaynakli baglantilarin darbe toklugu ve tane boyutu arasindaki iligki.

Centik L Maks. Tane boyut no.su
Kaynakl levha kodu ozisvonu Darbe enerijisi (J)
pozisy IEB (Sol) IEB (Sag)
19-20-19/19
Vo EC 12-165-51/76|  2Veyasd 3
EG+2mm | 559 _ 255233/ 4 8
EC+5mm 239 9 9
B8 EC 18 -17-77/37 3 M10
EC+2mm | 5-178-13/65 1-2 2 veya M10
EC+5mm 23-9-87/40 8-9 8-10
E9 EC 47 -41-40/43 6 veya 7 5
EC+2mm | 58 -28-30/39 3-5 2-4
EC 56 —69 —35/53 7 7
E6 EC+2mm | 47-49-33/43 2-4 2
EC+5mm | 19-23-21/21 9 9
EC 13-4-4/7 (diiz hat) (diiz hat)
36-212-15/88
\ EC+2mm 1 193/ 4 4
EC+5mm | 87188193 9 9
130
U9 EC 14-18-16/16 2
EC+2mm | 16-14-13/14 M10
EC (Yuz)) T
EC+2mm 17-48-12/26 5 4 veya 5
A9 . 17-17-9/14
(Yuz) 2 2veya 3
99 -98-102/
EC+5mm 100 9 9
(Yiiz)
EC (Yiz)
EC+2mm | 42-49-45/45 5 5
P9 (Yiiz) 79-101-81/87 7 8
EC+5mm | 91-89-91/90 8 9
(Yiiz)

7.11. Ferrit Miktari Olciim Sonuglari
Tdm kaynakl levhalarin kaynak bdlgelerinin makro kesitlerinde yapilan ferrit yizde

analiz sonuglari asagidaki tabloda verilmektedir. Kaynak bdlgesi bigimine bagh
olarak délgiimler KM sol taraftan baslamis sag ve alt taraflara dogru ilerlemistir.
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Tablo 6.69: Kaynakli baglantilarin KM ferrit ylizde analizleri-1.kisim.

Es metal kaynakli baglantilar

Kaynakl levha kodu KM sol KM orta KM sag KM alt orta KM alt
orta2
ROM1 8,60 10,76 10,42
RIM2 10,21 11,66 12,56
SM1 92,52 92,67 82,60
S6M1 73,04 75,69 69,89
SeM2 75,06 78,98 74,02
L9M1 15,32 14,27 18,48 69,02 88,97
L9M2 15,48 13,79 16,29 49,67 89,57
L6M1 17,63 25,97 19,96 36,83 89,33
VM1 15,21 15,45 15,85 18,98 14,59
Vom2 18,49 15,85 16,00 15,03 16,36
BIM1 12,52 11,78 15,72
BIM2 10,77 11,01 11,42 9,54 12,69
B8M1 11,75 8,38 10,15
B8M2 8,59 8,82 9,35 8,22 9,89
B6M1 11,77 9,01 10,43
B6M2 8,49 10,56 11,01 7,91 9,62
E9M1 11,19 11,85 12,72 12,19 17,08
E9M2 13,08 12,59 11,67 15,56 16,48
E6M1 7,78 7,37 8,39 10,82 10,60
E6M2 8,80 6,65 9,68 7,58 10,54
ViM 99,3 97,60 98,1
VaM 95,33 99,7 97,34
FOM1 20,28 23,28 22,72 21,42 20,66
FOM2 17,60 22,46 23,12 22,78 15,24
A9M1- 1. paso 26,04 16,58 18,93 18,21
A9M1- 2. paso 18,46 16,30 18,73 16,29
A9M2- 1. paso 20,88 20,32 28,61 34,79
A9M2- 2. paso 20,93 21,66 40,44 22,76
Tablo 6.70: Kaynakli baglantilarin KM ferrit ylizde analizleri-2.kisim.
Es metal kaynakh baglantilar
Kaynakl levha kodu KM sol KM orta KM sag KM alt orta | KM alt orta2
K9M1- 1. paso 22,54 23,49 19,82 22,98
K9M1- 2. paso 21,20 22,45 19,70 20,93
K9M2- 1. paso 22,22 22,88 19,51 21,76
K9M2- 2. paso 23,33 23,46 22,12 21,09
P9M1- 1. paso 9,63 8,77 8,82 10,63 9,87
P9M1- 2. paso 9,77 7,92 10,66 10,33 8,69
P9M2- 1. paso 8,26 10,02 9,24 9,00 7,45
P9M1- 2. paso 11,51 7,27 9,17 11,48 11,95
PDM1- 1. paso 39,23 38,99 40,91 43,43 58,39
PDM1- 2. paso 44,30 40,78 42,09 43,34 62,02
PDM2- 1. paso 44,85 39,34 40,26 42,28 63,98
PDM2- 2. paso 41,10 44,01 41,33 42,38 49,24
Farkli metal kaynakli baglantilar
UoM1 20,74 20,78 10,56
Uam2 18,51 16,48 11,01
MIM1 13,87 13,21 10,52 15,31 13,75
M9Im2 10,42 10,51 7,81 12,24 12,00
CoM1 17,87 19,62 19,45 19,69 14,58
Com2 17,83 15,69 18,57 17,07 14,25
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7.12. Korozyon Deney Sonuclari

Tdm kaynakh levhalarin atmosferik korozyona karsi direncini belirlemek amaciyla

tuz paskurtme ve blister korozyon deneyleri yapilmistir.

7.12.1. Tuz puskurtme deney sonuclari

Kaplanmamis ve kaplanmis kosulda hazirlanan numuneler kullanilarak

gerceklestirilen deneylerin sonuclari asagidaki tablolarda ve ilgili grafiklerde

verilmektedir. Benzer bicimde numunelerin 24 saat, 350 saat ve 1000 saat

sonundaki deney sonuclarini iceren fotograflar da ilerleyen sayfalarda verilmektedir.

7.12.1.1. Kaplanmamis numunelerin tuz puskiirtme deney sonuclari

24, 24, 48, 71, 167, 237 ve 350 saatlik deney sireleri sonunda kaplanmamig
numuneler Gzerinde yapilan gézlem sonuglari asagidaki tablolarda verilmektedir.

Asagidaki paragraflarda belirtilen gézlemler kisisel yargilara dayanmakla birlikte,
buradaki amac¢ kétl veya iyi kombinasyonlar arasinda ayrim yapmaktan ziyade

daha ¢ok veya daha az direngli numunelerin belirlenmesidir.

Her bir tablo, bir dnceki duruma gére herhangibir kétlilesme veya yeni gdzlem olup

olmadigini géstermektedir.

Genel bir kural olarak, 1000 saatlik tuz ptskirtme deneyi sonucu gbzlenen hasarlar

yaklasik olarak 5 yillik atmosferik etkiye ekstrapole edilebilir.

24 ve 48 saat slOre sonunda kaplanmamis numuneler (zerinde yapilan tuz

puskldrtme deneyinin gézlem sonuclari asagida verilmektedir.
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Tablo 6.71: 24 saat sonunda kaplanmamig numunelerin tuz piskirtme gdzlemleri.

Kaynak yoéntemi/ek metal/ levha|Gdzlemler *

kodu
GMAW / 309LSi/ R9 KD uzerinde ve asagisinda Kkh ve Kkh,
SMAW /309L / V9 KD (zerinde ve agagisinda Kkhg

GMAW / 309LSi/ B9

KD Uzerinde ve asagisinda genis Kkh

GMAW / 308LSi/ B8

KD Uzerinde ve asagisinda genis Kkh

GMAW / 316LSi/ B6

KD uzerinde ve asagisinda genis Kkh

SAW /309L / E9 KD Uzerinde ve asagisinda genis Kkh
SAW /316L / E6 KD Uzerinde ve asagisinda genis Kkh
Lazer/V KD Uzerinde ve asagisinda Kkh

FCAW /309L / F9 KD Uzerinde ve asagisinda genis Kkh
SAW /309L / A9 KD (zerinde ve agagisinda Kkhg
FCAW / 309L / K9 KD uzerinde ve asagisinda Kkhg

SAW /309L / P9 KD’de Kkh ve KD asagisinda genis Kkh

SAW / duplex / PD

KD Uzerinde ve asagisinda Kkh ve damlalar

Heter. FCAW / 309L / U9

KD Uzerinde damlalarla birlikte Kkh

Heter. SMAW / 309L / M9

KD Uzerinde Kkh

Heter. SAW /309L / C9

KD Uzerinde Kkh

*

Kkh = Kirmizi-kahverengi hasar; KKh¢ = Cizgisel kirmizi kahverengi hasar; KD = kaynak dikisi

Tablo 6.72: 48 saat sonunda kaplanmamig numunelerin tuz piskirtme gbzlemleri.

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

KD’de Kh ve KD lizerinde kahverengi damlalar

SMAW /309L / V9

KD (zerinde kahverengi damlalar

GMAW / 309LSi/ B9

KD’de Kh ve KD lzerinde kahverengi damlalarda artis

GMAW / 308LSi / B8

KD’de Kh ve KD (izerinde kahverengi damlalarda artis

GMAW / 316LSi/ B6

KD’de Kh ve KD lzerinde kahverengi damlalarda artis

SAW /309L / E9 KD’de Kh ve KD (izerinde kahverengi damlalarda artis

SAW /316L/ E6 KD’de Kh ve KD (izerinde kahverengi damlalarda artis

Lazer/V KD’de damla artigl

FCAW /309L/F9 KD Uzerinde ve asagisinda kahverengi damlalarda artis

SAW /309L / A9 KD’de Kh artigi

FCAW /309L / K9 KD Uzerinde ve asagisinda az miktarda kahverengi damlalarda artis
SAW /309L/ P9 KD Uzerinde ve asagisinda Kh artisi

SAW / duplex/ PD KD Uzerinde ve asagisindaaz miktarda Kh artisi

Heter. FCAW / 309L / U9

Numune alt kisimlarinda Kkh artisi ve KD (izerinde damlalarda artis

Heter. SMAW / 309L / M9

KD Uzerinde ve asagisinda genis kahverengi hasar damlalarda artis

Heter. SAW / 309L / C9

KD Gzerinde ve asagisinda genis kahverengi hasar damlalarda artis

*  Kh = Kahverengi hasar

; Kkh = Kirmizi-kahverengi hasar; KD = kaynak dikisi
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71 ve 167 saat slre sonunda numuneler Gzerinde tuz pusklirtme deney gdzlem

sonuglari asagida verilmektedir.

Tablo 6.73: 71 saat sonunda kaplanmamig numunelerin tuz piskirtme gbzlemleri.

Kaynak yontemi/ek metal/|Gozlemler
levha kodu
Tumu Degisiklik yok

Tablo 6.74: 167 saat sonunda kaplanmamig numunelerin tuz paskirtme gézlemleri.

Kaynak ydntemi/ek metal/|Gézlemler *

levha kodu

GMAW / 309LSi/ R9 KD’de Skh artigl

SMAW /309L/ V9 KD’de Skh ve damlalarda artig

GMAW / 309LSi/ B9

KD (izerinde Sk damlalarda artis

GMAW / 308LSi/ B8

KD (izerinde Sk damlalarda artis

GMAW / 316LSi / B6

KD asagisinda Sk damlalarda artis

SAW /309L / E9

KD (izerinde ve asagisinda Sk damlalarda artis

SAW /316L / E6 KD Uzerinde ve asagisinda Sk damlalarda artis
Lazer/V KD’de damlalarda artig

FCAW /309L / F9 KD Uzerinde ve asagisinda kahverengi damlalarda artis
SAW /309L / A9 KD (izerinde Sk damlalarda artis

FCAW /309L / K9 KD asagisinda Sk damlalarda artis

SAW /309L / P9 KD Uzerinde ve asagisinda Sk damlalarda artis

SAW / duplex/ PD KD Uzerinde ve asagisinda Sk damlalarda artis

Heter. FCAW / 309L / U9

KD Uzerinde kahverengi hasar artigi ve numune alt kisminda Skh artisi

Heter. SMAW / 309L / M9

KD (zerinde Skh artisi ve numune alt kisminda damlalarda artis

Heter. SAW / 309L / C9

KD Gzerinde Skh artisi ve numune alt kisminda damlalarda artis

e  Skh = siyah kahverengi hasar ; Sk = siyah kahverengi ; KD = kaynak dikisi
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237 ve 350 saat sonunda kaplanmamis numunelerin tuz puskirtme deney

g6zlemleri.

Tablo 6.75: 237 saat sonunda kaplanmamig numunelerin tuz paskirtme gézlemleri.

Kaynak yéntemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

SMAW /309L / V9

KD Uzerinde ve asagisinda ¢ok az Kh artigl

GMAW / 309LSi/ B9

Numune Ust kisminda ¢ok az Skh artisi

GMAW / 308LSi / B8

Numune Ust kisminda ¢ok az Skh artisi

GMAW / 316LSi/ B6

Numune alt kisminda ¢ok az Skh artigi

SAW /309L / E9 KD Uzerinde ve asagisinda ¢ok az Skh artisi

SAW /316L / E6 Numune alt kisminda Skh artisi ve KD asagisinda damlalarda artis
Lazer/V KD Uzerinde ve asagisinda Sk damlalarda artis

FCAW /309L / F9 KD’de Kh ve damlalarda artis

SAW /309L / A9 KD’de Kh’'da ve damlalarda ¢ok az artig

FCAW / 309L / K9 KD asagisinda ve numunenin st kisminda damlalarda artis

SAW /309L / P9

Numunenin alt kisminda Skh’da ciddi artis ve KD (izerinde damlalarda
artis

SAW / duplex / PD

KD (izerinde ve asagisinda, Ust késede damlalarda artig

Heter. FCAW / 309L / U9

Ust kenarda bir miktar damla olusumu ve KD (zerinde Kh artisi ve
numune alt kisimlarinda Skh artigi

Heter. SMAW / 309L / M9

Ust kenarda bir miktar damla olusumu ve KD lzerinde Kh artis!

Heter. SAW / 309L / C9

Ust kenarda bir miktar damla olusumu ve KD {zerinde Kh artis!

*

Skh = siyahkahverengi hasar; Sk = siyah kahverengi ; Kh = kahverengi hasar ; KD = kaynak dikisi

Tablo 6.76: 350 saat sonunda kaplanmamig numunelerin tuz paskirtme gézlemleri.

Kaynak yéntemi/ek metal/
levha kodu

Gozlemler *

TmG

350 saat tuz plskirtme deneyi sonrasinda kaplanmamis numunelerin gérinimu

asagidaki sekilde verilmektedir.
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PDCH U9CT M9C1 cocCi

Sekil 6.119: 350 saat sonunda kaplanmamis numunelerin tuz piskirtme deneyi sonrasi
gorinima.
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Sekil 6.120 ve 6.121, 24 saat ve 350 saat tuz plskirtme deneyi sonunda
kaplanmamis numunelerin hasar faktorlerini ve ortalama hasar faktérlerini grafik

halinde vermektedir.

m 24 saat
m 350 saat

Hasar faktori
(6)]

R9 V9 B9 B8 B6 E9 E6 V F9 A9 K9 P9 PD
Kaynakli kaplanmamis humune kodlar

Sekil 6.120: 24 saat ve 350 saat tuz piiskirtme deneyi sonunda hasar faktéra.

16

14

12

10

Hasar faktori
oo
[}
o
pm

RO V9 B9 B8 B6 E9 E6 \ F9 A9 K9 P9 PD

Kaynakli kaplanmamis humune kodlan

Sekil 6.121: 24 saat ve 350 saat tuz pliskirtme deneyi sonunda ort. hasar faktéra.
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7.12.1.2. Kaplanmig humunelerin tuz pliskiirtme deney sonuclari
24, 49, 67, 141, 215, 309, 453, 500, 617, 779, 972 ve 1000 saatlik deney sureleri

sonunda kaplanmigs numuneler Uzerinde yapilan gb6zlem sonuglari asagidaki

tablolarda verilmektedir.

Tablo 6.77: 24 saat sonunda kaplanmis numunelerin tuz piskirtme gdzlemleri.

Kaynak y&ntemi/ek metal/|Gézlemler *

levha kodu

GMAW /309LSi/ R9 Gizgide Kh

SMAW /309L / V9 Gizgide Kh

GMAW /309LSi/ B9 Gizgide Kh

GMAW / 308LSi/ B8 Gizgide Kh

GMAW / 316LSi / B6 Gizgide Kh

SAW /309L / E9 Cizgide Kh ve KD'’de kahverengi noktalar
SAW /316L / E6 Gizgide Kh

Lazer/V Gizgide Kh

FCAW /309L / F9 Gizgide Kh

SAW /309L / A9 Gizgide Kh ve KD’de kahverengi noktalar
FCAW /309L / K9 Gizgide Kh ve KD’de kahverengi noktalar
SAW /309L / P9 Gizgide Kh

SAW / duplex / PD Gizgide Kh

Heter. FCAW /309L / U9 |Cizgide Kkh ve KD’de kahverengi noktalar
Heter. SMAW /309L / M9 |Cizgide Kkh ve KD’de kahverengi noktalar
Heter. SAW / 309L / C9 Cizgide Kkh ve KD’de kahverengi noktalar

*

Kh = Kahverengi hasar ; Kkh = Kirmizi-kahverengi hasar; KD = kaynak dikisi
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Tablo 6.78: 49 saat sonunda kaplanmis numunelerin tuz piskirtme gdzlemleri.

Kaynak yéntemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

Gizgide Kh artisi

SMAW /309L / V9

Cizgide Kh artigl

GMAW / 309LSi/ B9

Cizgide Kh artigl

GMAW / 308LSi / B8

Cizgide Kh artisi

GMAW / 316LSi/ B6

Cizgide Kh artigl

SAW /309L / E9 Gizgide Kh artisi ve KD’de kahverengi noktalar
SAW /316L / E6 Cizgide Kh artisi
Lazer/V Cizgide Kh artigl
FCAW /309L / F9 Cizgide Kh artisi
SAW /309L / A9 Cizgide Kh artigi ve KD’de kahverengi noktalar
FCAW / 309L / K9 Cizgide Kh artigi ve KD’de kahverengi noktalar
SAW /309L / P9 Cizgide Kh artisi
SAW / duplex/ PD Cizgide Kh artigi

Heter. FCAW / 309L / U9

Gizgide Kh artisi ve KD’de kahverengi noktalar

Heter. SMAW / 309L / M9

Cizgide Kh artigi ve KD’de kahverengi noktalar

Heter. SAW / 309L / C9

Cizgide oldukga fazla Kh artisi

*

Tablo 6.79: 67 saat sonunda kaplanmis numunelerin tuz puskdrtme gézlemleri.

Kh = Kahverengi hasar; KD = kaynak dikisi

Kaynak yéntemi/ek metal/
levha kodu

Gozlemler *

Tam{

Cizgilerde ¢ok az Kh artigl ve gizgilerden damla baslangici

*

Kh = Kahverengi hasar
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Tablo 6.80: 141 saat sonunda kaplanmis numunelerin tuz piskdrtme gdzlemleri.

Kaynak yéntemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

SMAW /309L / V9

KD’de kiguk kahverengi noktalar

GMAW / 309LSi/ B9

GMAW / 308LSi / B8

GMAW / 316LSi / B6

SAW /309L / E9

KD’de kiiguk kahverengi noktalarda artis

SAW /316L/ E6 KD’de kiiguk kahverengi noktalar
Lazer/V Cizgide blister olusmasi

FCAW /309L / F9 -

SAW /309L / A9 KD’de kiigik kahverengi noktalarda artis
FCAW /309L / K9 KD’de kiiguk kahverengi noktalarda artis
SAW /309L /P9 -

SAW / duplex / PD -

Heter. FCAW / 309L / U9

KD’de kiiguk kahverengi noktalarda artis

Heter. SMAW / 309L / M9

KD’de kiigiik kahverengi noktalarda artis

Heter. SAW / 309L / C9

KD’de kiigik kahverengi noktalarda artis

* KD = Kaynak dikisi

Tablo 6.81: 215 saat sonunda kaplanmis numunelerin tuz piskdrtme gdzlemleri.

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

Tami

Cizgilerde Kh ve damla artisi

*

Kh = Kahverengi hasar

Tablo 6.82: 309 saat sonunda kaplanmis numunelerin tuz puskirtme gézlemleri.

Kaynak yéntemi/ek metal/ Gozlemler *
levha kodu
Tuma Cizgilerde ve yakinlarinda Kh ve damla artigi

*

Kh = Kahverengi hasar

Tablo 6.83: 453 saat sonunda kaplanmis numunelerin tuz piskdrtme gdzlemleri.

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

Tami
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Tablo 6.84: 500 saat sonunda kaplanmis numunelerin tuz puskirtme gézlemleri.

Kaynak ydntemi/ek metal/|Gézlemler *
levha kodu

Tami - (lazer kaynakli numune harig- blisterde artis)

Tablo 6.85: 617 saat sonunda kaplanmis numunelerin tuz puskirtme gézlemleri.

Kaynak ydntemi/ek metal/|Gézlemler *
levha kodu

Tdma -, (C9 kodlu baglanti harig- kaplamada kiigik blisterler)

Tablo 6.86: 779 saat sonunda kaplanmis numunelerin tuz piskdrtme gdzlemleri.

Kaynak yontemi/ek metal/ |Gézlemler *
levha kodu

Tdma -, (C9 kodlu baglanti harig- kaplamada blisterlerde artig)

Tablo 6.87: 972 saat sonunda kaplanmis numunelerin tuz puskurtme gézlemleri.

Kaynak yontemi/ek metal/ |Gézlemler *
levha kodu

Tdma Cizgilerde damla seklinde Kh ve C9 kodlu baglantida blister boyutunda
artis

e Kh = Kahverengi hasar

Tablo 6.88: 1000 saat sonunda kaplanmigs numunelerin tuz piskirtme gbzlemleri.

Kaynak yontemi/ek metal/ |Gézlemler *
levha kodu

Tami -

Kaplanmis numunelerin 1000 saat sUreyle tuz putskirtme deneyi sonrasi géruntileri

asagidaki sekil ile gdsterilmektedir.
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Sekil 6.122: 1000 saat sonunda kaplanmis numun. tuz pisk. deney sonrasi gérinima.
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Kaplanmis numunelerin kisa ve uzun dénem tuz piskirtme deneyi hasar faktérlerini

gOsteren sekiller agagida verilmektedir.

Hasar faktori
(6]

Kaynakli kaplanmis numune kodlari

O 24 saat
m 1000 saat

R9 V9 B9 B8 B6 E9 E6 V F9 A9 K9 P9 PD

Sekil 6.123: 24 saat ve 1000 saat tuz puskirtme deneyi sonunda kaplanmis numunelerin

hasar faktord.

12

10

Hasar faktori
o

RO V9 B9 B8 B6 E9 E6 \ F9 A9

Kaynakli kaplanmis numune kodlar

K9

P9

PD

Sekil 6.124: 24 saat ve 1000 saat tuz puskirtme deneyi sonunda kaplanmis numunelerin ort.

hasar faktord.
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7.12.2. Blister Deney Sonuclari
Kaplanmis numunelerin blister deney gbzlemleri ilerleyen sayfalarda verilmektedir.

Tablolar, sirasiyla 96, 192, 288, 360, 528, 648, 816, 1008, 1176, 1344, 1632, 1872,
2088, 2544 ve 3120 saat deney stirelerine gére dizenlenmigtir.

Tablo 6.89: 96 saat sonunda numunelerin blister deney g6zlemleri (hava sic: 0,4 °C).

Kaynak yontemi/ek metal/|Gozlemler *
levha kodu

Tam{

Tablo 6.90: 192 saat sonunda numunelerin blister deney gézlemleri (hava sic: 2,5 °C).

Kaynak yontemi/ek metal/|Gdzlemler *
levha kodu

Tdma -, (U9 ve M9 kodlu baglantilar harig- ¢izginin altinda Kh)

Tablo 6.91: 288 saat sonunda numunelerin blister deney g6zlemleri (hava sic: 5,0 °C).

Kaynak yoéntemi/ek metal/|Gbzlemler *
levha kodu

Tami
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Tablo 6.92: 360 saat sonunda numunelerin blister deney gézlemleri (hava sic: 6,0 °C).

Kaynak yontemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

Gizgide U¢ kuglk nokta

SMAW /309L / V9

GMAW / 309LSi / B9

GMAW / 308LSi / B8

KD’de cizginin disindaki kisimda gok kiguk Kh

GMAW / 316LSi/ B6

SAW /309L / E9 -

SAW /316L/ E6 -

Lazer/V Cizgide c¢ok klg¢uk noktalar

FCAW /309L/F9 KD’de cizginin disindaki kisimda gok kiguk Kh
SAW /309L / A9 -

FCAW / 309L / K9 Cizgide ¢ kigik nokta

SAW /309L / P9

KD’de ¢izginin digindaki kisimda ¢ok kigik Kh

SAW / duplex / PD

Heter. FCAW / 309L / U9

Gizginin alt kisminda Kh'da artis

Heter. SMAW / 309L / M9

Cizginin alt kisminda Kh'da artis

Heter. SAW / 309L / C9

Gizginin Ust kisminda Kh'da artis

*

Kh = Kahverengi hasar

Tablo 6.93: 528 saat sonunda numunelerin blister deney gézlemleri (hava sic: 6,0 °C).

; KD= kaynak dikigi

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

Tami
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Tablo 6.94: 648 saat sonunda numunelerin blister deney gézlemleri (hava sic: 3,5 °C).

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

Cizgide Kh’da artis ve kaplamada iki kiigliik nokta

SMAW /309L / V9

Cizgide Kh'da artis ve kaplamada iki kliglik nokta

GMAW / 309LSi/ B9

Cizgide Kh’da artis ve kaplamada iki kiigiik nokta

GMAW / 308LSi / B8

very small increase of bA at unscratched part of W

GMAW / 316LSi/ B6

SAW /309L / E9

small brown spots at coating (upper part)

SAW /316L/ E6

Laser/V

FCAW /309L / F9

Gizgide ¢ok kiicik Kh

SAW /309L / A9

FCAW /309L / K9

Cizgide Kh'da artis

SAW /309L /P9

SAW / duplex / PD

Heter. FCAW / 309L / U9

Heter. SMAW / 309L / M9

Heter. SAW / 309L / C9

KD’de ¢ok kuglik kahverengi noktalar

* Kh = Kahverengi hasar; KD = kaynak dikisi

Tablo 6.95: 816 saat sonunda numunelerin blister deney gézlemleri (hava sic: 5,5 °C).

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

Tami
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Tablo 6.96: 1008 saat sonunda numunelerin blister deney gézlemleri (hava sic: 10°C).

Kaynak yontemi/ek metal/
levha kodu

Gozlemler *

GMAW / 309LSi/ R9

Cizgide Kh’da ¢ok az artis ve KD’de ¢ok kiiglk koyu kaverengi noktalar

SMAW /309L / V9

Cizgide Kh'da ¢ok az artis

GMAW / 309LSi/ B9

GMAW / 308LSi / B8

Cizgide Kh'da ¢ok az artis

GMAW / 316LSi / B6

SAW /309L / E9

Kaplamanin Ust kisminda kahverengi noktalarda artis

SAW /316L/ E6

Laser/V

FCAW /309L / F9

SAW /309L / A9

FCAW /309L / K9

SAW /309L /P9

SAW / duplex / PD

Heter. FCAW / 309L / U9

Heter. SMAW / 309L / M9

Heter. SAW / 309L / C9

* Kh = Kahverengi hasar;

KD = kaynak dikisi

Tablo 6.97: 1176 saat sonunda numunelerin blister deney gézlemleri (hava sic: 3°C).

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

Tam{

Tablo 6.98: 1344 saat

sonunda numunelerin blister deney gdzlemleri (hava sic: 15°C).

Kaynak ydntemi/ek metal/
levha kodu

Gozlemler *

Tami
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Tablo 6.99: 1632 saat sonunda numunelerin blister deney gézlemleri (hava sic: 10°C).

Kaynak ydntemi/ek metal/|Gézlemler *

levha kodu

GMAW / 309LSi / R9 Cizgide Kh'da ¢ok az artis

SMAW /309L / V9 Cizgide Kh'da ¢ok az artis ve kaplamada kuglk kahverengi noktalar
GMAW / 309LSi / B9 Cizgide Kh'da ¢ok az artis

GMAW / 308LSi/ B8 Cizgide Kh'da ¢ok az artis

GMAW / 316LSi / B6 -

SAW /309L / E9 -

SAW /316L/ E6 -

Lazer/V -

FCAW /309L / F9 Cizgide Kh'da ¢ok az artis

SAW /309L / A9 -

FCAW /309L / K9 -

SAW /309L /P9 -

SAW / duplex / PD -

Heter. FCAW /309L /U9 |Cizgide Kh'da artis

Heter. SMAW / 309L / M9

Heter. SAW / 309L / C9

* Kh = kahverengi hasar

Tablo 6.100: 1872 saat sonunda numunelerin blister deney gézlemleri (hava sic: 10°C).

Kaynak ydntemi/ek metal/|Gézlemler *
levha kodu

Tam{ -

Tablo 6.101: 2088 saat sonunda numunelerin blister deney gézlemleri (hava sic: 20°C).

Kaynak yontemi/ek metal/|Gozlemler *
levha kodu

Tami -
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Tablo 6.102: 2544 saat sonunda numunelerin blister deney gézlemleri (hava sic: 24 °C).

Kaynak ydntemi/ek metal/|Gézlemler *
levha kodu

GMAW / 309LSi / R9 Cizgide Kh'da gok az artis

SMAW /309L / V9 -

GMAW / 309LSi/ B9 -

GMAW / 308LSi / B8 -

GMAW / 316LSi/ B6 -

SAW /309L/ E9 -

SAW /316L/ E6 -

Lazer/V -

FCAW /309L / F9 -

SAW /309L / A9 -

FCAW /309L / K9 -

SAW /309L /P9 -

SAW / duplex / PD -

Heter. FCAW /309L / U9 |Cizginin alt kisminda Kh’'da artis

Heter. SMAW /309L / M9 |Cizginin alt kisminda Kh’da artig

Heter. SAW / 309L / C9 Cizginin Ust kisminda Kh'da artis

* Kh = Kahverengi hasar

Tablo 6.103: 3120 saat sonunda numunelerin blister deney gézlemleri (hava sic: 42°C).

Kaynak yoéntemi/ek metal/|Gbzlemler *
levha kodu

Tam{ -

Kaplanmis numunelerin 3120 saat sUreli blister deneyi sonucunda gérGntmleri

asagidaki sekilde verilmektedir.
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Sekil 6.125: 3120 saat sonunda blister deney sonrasi numunelerin gérinima.
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7. DENEY SONUCLARININ iRDELENMESI

Bu bdélimde, bu cahsmanin sonuglari degerlendiriliecek ve tartisilacaktir. Bu
calisma, yapisal uygulamalarda artan oranlarda kullaniimak {zere geligtirilen
modifiye edilmis X2CrNi12 paslanmaz celiginin kaynak kabiliyeti ve kaynakli

baglantilarinin 6zelikleri Gzerine yapilmistir.

6 mm, 12 mm, 20 mm ve 30 mm kalinliklarinda 12Cr’lu bu paslanmaz celik ve S355
celigi ve AISI 309L, AISI 309LSi, AISI 308LSi, AISI 316L, AISI 316LSi ve 2205
dupleks ek kaynak metalleri ile GMAW, PAW, SMAW, SAW, PAW+TIG, LAZER ve
FCAW kaynak yontemleri kullanilarak es ve farkli metal kaynakli baglantilar

olusturulmustur.

Kaynakli baglantilarin ézeliklerinin tim agilardan incelenmesi amaciyla tim kaynakli
levhalar uygun deneylerle incelenmis, degerlendiriimis ve Kkarsilastirilarak
tartisiimigtir.

7.1. Kimyasal Analiz

E309L-16 tir elektrodlarla kaynak edilen farkh metal kaynakh ve M9 kodlu
baglantida en ylksek Si miktari belirlenmesine karsin, diger tim baglantilarin
kaynak metali kimyasal analizlerinde Si miktari, LSi tlr ek kaynak metalleri ile

kaynak edilen baglantilarda daha digtk degerlerde dlgiimustar.

20 mm kalinliginda E309L tdr elektrodlarla tozalti kaynagi yapilan A9 kodlu kaynakl
baglantinin Cr ve Ni miktari sirasiyla %18,8 ve %6,61 olarak olciimustir. Ayrica
dupleks tur elektrodlarla tozalti kaynakh 30 mm kalinhigindaki PD kodlu baglantinin
Ni miktari da %8,93 olarak bulunmustur ve bu deger diger tim baglantilardan alinan
degerlerden distktir. Bu deger kaynak dikisinin 9 mm disindaki yUzeyde iki
konumdan alinan élgulerden elde edilmistir.

Ayrica, V ve N miktarlari esas metale gbre artarken Nb azalmistir.
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7.2. Cekme Dayanim Ozelikleri

7.2.1. Enine cekme dayanim 6zelikleri

309, 308, 316 ve dupleks tlr elektrodlarla olugturulan tim kaynakl baglantilardan
cikarilan enine ¢ekme numunelerinin test edilmesi sonucunda, kaynak dikisinin

dayanimi esas metale gére daha yiksek bulunmustur.

Farkh metal kaynakli baglantilarda iki ¢eligin dayanimlari yakin degerlerde oldugu
icin kirllmalar, bazi numuneler i¢in paslanmaz c¢elik tarafinda bazilari iginse S355

tarafinda gerceklesmistir.

Cekme deneyi sonucunda, tim levha kalinliklari icin hadde yénine dik dogrultuda

esas metal ortalama dayanim degerleri asagida verilmektedir:

6 mm kalinligindaki kaynakli baglantilar icin 536MPa (535MPa ve 536MPa arasinda
degisen degerler),

12 mm kalinhgindaki kaynakh baglantilar icin 489MPa (471MPa ve 504MPa
arasinda degisen degerler),

20 mm kalnhgindaki kaynakli baglantilar icin 506MPa (503MPa ve 509MPa
arasinda degisen degerler),

30 mm kalnhgindaki kaynakli baglantilar icin 579MPa (567MPa ve 587MPa
arasinda degisen degerler),

Paslanmaz celik esas metalin 10 mm uzunlugunda yarilarak kopmasi, literatlrle de
daha 6nce dogrulandigi belirtildigi Uzere, genellikle kirilma yuUzeylerine yakin ve
kalinliktan bagimsiz olarak tim numunelerin levha ylzeyine paralel bicimde

gerceklesmigtir.

7.2.3. Silindirik numunelerin kaynak metali cekme 6zelikleri
Tamamen kaynak metalinden c¢ikarilan silindirik numunelerin ¢ekme dayanimi

degerleri de yine enine ¢ekme numunelerindekine benzer bigcimde esas metal

degerlerinden ylUksek olarak él¢timustir.
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30 mm kalinligindaki kaynakl levhadan g¢ikarilan numunelerin test edilmesi sonucu
562 MPa-569 MPa arasindaki degerler, 567 MPa-587 MPa arasindaki esas metal
degerlerinden daha digsUk ¢ikmistir.

Esas metalde ¢cekme deneyi sirasinda gérilen kirllma, yén, numune sekli ve boyut
farkhhklarina dayanarak agiklanabilir.

Dupleks paslanmaz celik ek kaynak metalleri ile olusturulan 30 mm kalinligindaki
kaynak metali akma dayanim degerleri, 6ngérildigu bicimde, esas metalin garanti
edilen dayanim 6zeliklerinden ¢ok daha yuksek olarak 570 MPa ¢ekme dayanimi

degeri gbstermistir.

Yine dupleks tir elektrodlarla kaynak edilen baglanti hari¢, &zellikle artan
miktarlarda Si iceren elektrodlarla Uretilen baglantilarda, kaynak metali akma
dayanimi esas metal deg@erlerinin Uzerine gikamamistir. SMAW kaynakli baglanti

Ustin akma dayanim 6zelikleri gdstermistir.

12 mm kalinhiginda 316 tir elektrodlarla olusturulan ve B6 kodlu kaynakl baglantida
akma dayanim degerlerinde sapma gértlmustir (483 MPa ve 337 MPa). Ayrica, 20
mm kalinhdinda tozalti kaynakli ve A9 kodlu baglantida dusik akma dayanim
degerleri (337 MPa ve 330 MPa) élcultrken, dzellikle A9/2 kodlu baglantida (663
MPa ve 789 MPa) arasinda daha ylksek ¢cekme dayanim degerleri bulunmustur.

308 veya 316 tur ek kaynak metalleri ile olusturulan kaynak metalleri, 309 tir ile

olusturululanlara gére biraz daha yiiksek akma mukavemet degerleri géstermistir.

7.3. Egme Ozelikleri

Egme deneyi sonuclarinda ifade edilen yanma oluklari oldukca ylzeysel olmakla
birlikte normal kosullarda ciplak g6zle ayirdedilebilecek durumdadir. Bu gézlemlerin
toplami, ilgili kaynak dikisleri hakkinda abartili derecede olumsuz bir etki verebilir,
ancak bu durum gézénine alinarak eklenmesi gereken konu, bir numune haricinde,
egdme deneyi sonucunda dis fiberlerde 3 mm’den fazla hasar veya kirilma ile
karsilagiimamistir. Bu da, kaynak dikisinin olabildigince orjinal kogullarda kalmasini
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saglamak icin talasl isleme ile giderilmeyen mevcut yanma oluklarina karsin yeterli
oda sicakhgi stnekligi oldugunu géstermektedir.

Ergime ¢izgisinde kenar catlagr goértlen 12 mm kalinhiginda B9, B8 ve B6 kodlu
GMAW kaynakli numuneler hari¢, tim kaynakli baglantilar emniyetli ve saglam

bulunmustur.

Hasara ugrayan egme numunesi, dupleks ek metalle tozalti kaynagi yapilan 30 mm
kalinligindaki baglantidan cikarilmistir. 45° egme agisinda gevrek kirilma gd6zlenen
numunede kirllma ergime cizgisini izlemekte ve dig fiberlerde kaynak metali ile
kesismektedir. Bu kisimlardaki kirilma ylUzeyinde 6zellikle basma tarafinda ve
cekme tarafinda tane blylmesi gézlenmistir. SEM incelemesi de 2 mm derinliginde
ve 3 mm uzunlugunda ve katillagsma catlagina benzer gérintiide bir kenar ¢atlagi
oldugunu gdéstermistir. Bu durumda bu kisimlarda iri taneli kaynak metalinde bu
boyutlarda yer alan herhangibir catlak, kirilma baslangicini tehlikesini
glglendirmekte oldugu asikardir. Ayrica, levha yilzeyine dik ybnlenmis uzun
eseksenli tanelerin Ust pasolarin konumunu da hasarin olusmasi ydninde

uyardigindan pratikte dikkat edilmelidir.

7.4. Charpy Darbe Tokluk Ozelikleri

Charpy darbe deneyinden elde edilen tim degerler, 6. bélimde verilmisti. 6 mm
kalinhgindaki GMAW ve plazma kaynakli baglantilardan ¢ikarilan ve alt boyutlarda
hazirlanan numuneler kullanilarak tokluk deneyleri yapilmistir. Deneyden elde edilen
sonuglar, iki ile carpildiginda standard 10 mm kahnhgdindaki ¢entik darbe deney
nuuneleri kullanilmasi durumunda olasi esdeger sonuglari éngérmede yardimci

olmaktadir.

Bu ¢alismadan elde edilen tim darbe tokluk deney sonuglari dikkate alindiginda,
referans test sicakligi olan -20°C’de yapilan deneylerde bazi kaynakli baglantilar
yetersiz tokluk degerleri vermigtir. Eger 27J ve 20J sirasiyla ortalama ve tekil
degerler olarak kabul edildiginde, bazi bdlgeler icin yetersiz ortalama degerler
vermesi nedeniyle bazi kaynakli baglantilarin tokluk degerlerinin zayif olabilecegi

sdylenebilir. Bunlar;
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R9 (6 mm, ER309LSi elektrodlara olusturulan GMAW kaynakli baglanti), EC
bdlgesinde,

V (12 mm, ek metalsiz LAZER kaynakh baglanti), KM ve EC bdlgesinde,

F9 (20 mm, E309LTO-4 6zlU tellerle olusturulan FCAW kaynakli baglanti), EC ve
IEB’de,

A9 (20 mm, ER309L tellerle olusturulan SAW kaynakli baglanti), EC ve IEB’de,

K9 (30 mm, E309LT-1 6zIU tellerle olusturulan FCAW kaynakli baglanti), EC’de,

PD (830 mm, dupleks tellerle olusturulan SAW kaynakh baglanti), KM ve EC’de,

U9 (12 mm, E309LT-1 6zIG tellerle olusturulan FCAW kaynakli baglanti),

M9 (20 mm, E309L-16 elektrodlarla olusturulan SMAW kaynakh baglanti), 12 Cr
tarafinda EC ve EC+2mm’de,

C9 (20 mm, ER309L tellerle olusturulan SAW kaynakh baglanti), 12 Cr tarafinda EC

ve EC+2mm’de,

nispeten disitk tokluk degerleri elde edilmistir. Bu bilgiler dikkate alindiginda, elde

edilen ortalama tokluk degerlerine gére, ¢entik darbe gecis sicakliklari;

V kodlu baglanti i¢in oda sicakliginin tizerinde,

B8, F9, A9, K9, PD, U9, M9 ve C9 kodlu baglantilar i¢cin 0°C ve +10°C arasinda,
R9 ve V9 kodlu baglantilar i¢in -10°C,

E6 kodlu baglanti i¢in -15°

B9 ve B6 kodlu baglantilar i¢in -20°C,

P9 kodlu baglanti i¢in -40°C’nin biraz daha altinda,

(E9kodlu baglanti igin -50°C,

olarak EC veya IEB tokluk degerlerine bagli olarak belirlenmistir.

Dupleks elektrodlarla olusturulan baglanti icin de KM tokluk degerleri de dikkate

alinarak gecis sicaklik degerleri belirlenmisgtir.

Lazer kaynakli baglanti icin 30 dakikallk 690 C ve 750°C sicakliklarda iri taneli
ergimis kaynak metalindeki martenziti temperlemek amaciyla yapilan kaynak

sonrasi isil islem sonucu da tokluk degerlerinde iyilesme gorilmemistir.
Moore 1997 tarafindan yayimlanan c¢alismada, yuksek 1si girdisi ve disik soguma

hizlari nedeniyle distk tokluk degerleriyle karsilagilabileceginden tozalti kaynagi bu
tar celikler icin uygun gérilmemektedir. Ancak yukaridaki sonuglardan da goérllecegi
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Uzere tokluk degerleri dikkate alindiginda 12 mm kalinhginda tozalti kaynakli
baglantilarin -50°C’nin altindaki isletme sicakliklarinda da kullanilabilecek bicimde
iyi tokluk Ozelikleri gbsterdigi goértlmektedir. Ayrica elde edilen sonuglar, 30 mm
kalinhgindaki ER309L tellerle Uretilen tozaltt kaynakli baglanti ve 12 mm
kalinligindaki ER309LSi veya ER316LSi ile Uretilen gazalti kaynakl baglanti da -
20°C ile -40°C arasindaki ¢calisma sicakliklarinda kullanilabilecegini géstermistir.

Cesitli kombinasyonlarda genellikle EC+2 mm veya EC+5 mm’lik pozisyonlarda bir

miktar sapma gd6zlenmistir.

ilgili centiklerin bazi durumlarda, kaynak metali, ergime ¢izgisi ve IEB mikroyapilarini

6rnekleyebilecedi de vurgulanmalidir.

Literatirde de dogrulanmakla birlikte, levha ylUzeyine dik diz bir ergime gizgisi
iceren lazer kaynakli baglantiy1 iceren gdzlemler de dahil, sapmalar genellikle
ostenitik kaynak metali ve ferritik martenzitik esas metal arasindaki degisime
baglanmaktadir (Gooch ve Ginn 1988).

720°C ve 750°C’de 30 dakika sureyle yapilan kaynak sonrasi isil islem c¢entik darbe
toklugundaki sapmalari oldukga azaltmistir. 12 mm kalinhgindaki kaynakli
levhalardan iki farkli pozisyonda ¢ikarilan numunelerde, sapmalar azalirken 6zellikle
EC+5 mm pozisyonunda lazer kaynakli levhalardan ¢ikarilan numunelerde ayni isil
islem uygulandiktan sonra bile deney sonugclarinda yine sapmalar gértlmustar.

Bir diger ilging sonu¢ ta R9, E9, E6, B9, U9 ve M9 gibi daha tok olan kaynakh

baglantilardaki darbe tokluk degerlerinde sapma gorilmemektedir.

Bunlarin yanisira tokluk degerleri olduk¢a dislUk olan lazer kaynaklh baglantilarin
oda sicakhginda egme Ozelikleri oldukca iyi bulunmusgtur. 180° egme yapildiktan
sonra da ¢atlama gérilmemistir. Ayrica talagli islemeden sonra da ergimis metaldeki
eksiklik de catlak genislemesine neden olmamistir. Bir kaynakl baglantinin stineklik
veya sekillendirilebilirliginin degerlendirildigi ve deneylerden elde edilen sonuglar

herzaman darbe tokluk deneylerine ekstrapole edilemez.
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7.5. CTOD Kirilma Tokluk Ozelikleri

En az 20 mm kalinhgindaki kaynakli levhalardan c¢ikarilan numuneler, KM ve
EC’den centik acilarak hazirlanmig ve -20°C’de CTOD kirilma toklugu deneyine tabi
tutulmuslardir. Malzemenin CTOD toklugu da deneysel olarak belirlenen (¢
degerden en dustk deger ile belirlenmektedir.

CTOD verileri ilgili tablolarda &nceki bdélimde verilmisti. Ayrica bu tablolarin
basliklari, daha 6nce darbe tokluk deneyi ile belirlenen sinek gevrek gegis sicaklik
bilgilerini de kapsamaktadir. Bu c¢alisma icin referans CTOD kirilma tokluk degeri

olarak 0,10 mm alinmistir.

CTOD sonuglari, yukarida bahsedilen referans degerle kiyaslandiginda daha az
yeterli gbériinmektedir. Genellikle, kaynak metali tokluk degerleri iyi ile mikemmel
aras! bulunurken, P9 kodlu -40°C’nin altinda gegis sicakhgi gdsteren kaynakh
baglanti bile 0,100 mm’nin Uzerinde ergime ¢izgisi CTOD kirilma toklugu degeri
g6sterememistir. Dupleks paslanmaz celik elektrodlarla yapilan benzer kaynakli
baglanti ise kaynak metali igin ylksek gegis sicakhgi géstermis ve iyi kaynak metali
degerleri vermigtir. Genel olarak kaynak metali kirilma toklugu da ostenitik veya
dupleks tur elektrodlarin kullanimina bagli olarak oldukga iyi dederlerdedir.

Bu tir ¢elikte ¢entik darbe toklugu ve kirilma toklugu arasinda belirgin bir korelasyon

bulunmamaktadir.

7.6. Yorulma Dayanim Ozelikleri

ilgili tablolarda ve sekillerde, dnceki boliimde yorulma sonuglari verilmisti. Dért farkli
gerilme aralidr ¢ tekrar deney yapilarak deneylerde kullaniimigtir. Numuneler
8.000.000 (8.10°%) cevrime veya kirilma goriliinceye kadar yorulma deneyine tabi

tutulmustur

Sekillerde goésterilen diz gizgiler malzemenin ¢cekme dayanim degerlerine, érn. Alt
¢izgi 500 MPa, ve Ust ¢izgi 600 MPa’a dayanmaktadir. Cekme dayaniminin %90 ve
%50 arasindaki gerilme degerlerinin yaklasik 1.000 (1.10°% ve 1.000.000 (1.10°)
cevrim é6mur gbsterecegdi kabul edilmektedir (Bannantine ve dig. 1990).
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Tozalti ve lazer kaynakl baglantilar, 600 MPa c¢ekme dayanimina dayanarak
6ngérilen yorulma direncine gbére en yiksek yorulma dayanim degerleri
gbstermigtir. 28 MPa ve 280 MPa arasinda yani 252 MPa gerilme araligi mikemmel

yorulma dayanimina karsilik gelen uzun veya en az 8.10° gcevrim icin uygulanabilir.

E9V3 kodlu numunenin daha kisa olan émur sdresi, talash sekil vermeden sonra
acikca gorilen ergime cizgisindeki hataya bagllidir. Bu durumda,hatasiz bir kaynak

dikiginin de sonsuz 6mre sahip olacagina inaniimaktadir.

SMAW kaynakli baglanti, 500 MPa ve 600 MPa arasindaki ¢ekme dayanimi ile
karsilastirildiginda biraz daha distk yorulma dayanimi gdstermistir. Bu durumda,
istisnai olarak farkh ylUk kapasitelerine sahip olan test cihazlari arasindaki olasi

sapmalari 6nlemek i¢in tim yorulma deneyleri, ayni test cihazinda yapilimigtir.

B9 kodlu GMAW kaynakli baglanti ise, kaynak metalinin ylizeye yakin kisminda
ergime ¢izgisinde bulunan uzamis hatalarin bulunmasina bagh olarak 500 MPa
cekme dayanimi ile kiyaslandiginda daha dasik yorulma dayanimi géstermistir. Bu
durumda yorulma dayanimindaki bu azalma daha zayif yorulma direnci olmasina
baglanmamali, bunun yerine numunede bulunan herhangibir hatanin émdr

Uzerindeki belirgin etkisine baglanmalidir.

Bu nedenle, numunelerin hazirlanmasi asamasinda, geometrik gecisteki herhangibir
hatalarin azaltiimasi i¢in yorulmaya maruz kalan tasarimlar igin keskin gegislerin

Onlenmesi 6nerilmektedir.

TOm yorulma numunelerinde kaynak metali taskinhidi esas metale kadar giderildigi
icin, kaynak metali kalinliginda yerel bir azalma olmasina karsin, yorulma

dayanimlari ilgili kaynak dikigleri icin olabilen en yuksek degerlerdir.

Yorulma numunelerinin bu sekilde islenmesinin bir diger nedeni de, aksi durumda
yorulma dayaniminin geometrik gegislere bagli olacagi ve bu nedenle de sonuglarda
ilave sapmalar gorilebilecegidir. Buna ilaveten, birgok durumda bunun neden
oldugu etkiyi sayisal bir faktér olarak temsil etmek icin dénlstirme yapmanin

oldukg¢a gug¢ olmasidir.
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Modifiye X2CrNi12 paslanmaz ¢eliginin yorulma davraniginin sonucu olarak, kaynak
hatalarinin giderilmesi durumunda, mikemmel oldugu sdylenebilir. Bu kosullar

altinda, yorulma dayanimi esas metal kadar ytksektir.

7.7. Mikroyapisal Ozelikler

ilgili fotograflar tezin énceki bolimiinde verilmisti. Makroyapi gériintileri sertlik izleri

giderildikten sonra ¢ekilmistir.

6 mm kalinigindaki GMAW kaynakl baglantidan g¢ikarilarak hazirlanan makro
kesitinde ylz tarafinda kaynak dikis taskinhigi dizgtndur.

12 mm kalinhigindaki kaynakli baglantilarin makro kesitleri dizenli kaynak dikis
profili gdéstermekle birlikte, kdk kisminda alisiimamis kaynak metali taskinhgi
g6rilmektedir. Bu durum B9, B8 ve B6 kodlu GMAW kaynakli numuneler igin de
gecerlidir.

E9 ve E6 tozalti kaynakh makrokesitlerde ylz kismindaki dikis gérinimu oldukga
genis olmakla birlikte 6zellikle ER309L tir elektirodla yapilan baglantinin kaynak
dikisi, 60° olarak V agzi hazirlanan levha g6zénine alindiginda asimetriktir.

Beklendigi Uzere, lazer kaynakli dikis olduk¢ca dar olmakla birlikte dikisteki
icbUkeylik, ek kaynak metali kullaniimamasina baghdir. Ergimis metalde tane
irilesmesi de acikca gorilmektedir. iki GMAW kaynakli baglanti ve bir tozalti

kaynakli baglanti da bir miktar agisal carpilma gostermigtir.

20 mm kalinhgindaki FCAW kaynakli dikis te her iki ylzeyde de dizenli bir dikis
profili gbstermektedir. A9 kodlu baglantidan ¢ikarilan makrokesitte géruldiga Uzere,
dis ylzeylerde Ust pasolarin pozisyonundan ve nlfuziyet eksikliginden dolayi dikis

profili olduk¢a genistir.
K9 kodlu FCAW kaynakli makrokesit de iki ylizeyde de normal bir dikis tagkinligi ve

dizenli kaynak dikis profili vermektedir. ER309L ek metallerle yapilan tozalti
kaynakli baglantilar da 90° agiyla agiz hazirlanmasindan dolay! genis dikis profili
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gbstermektedir. Ayni durum 30 mm kalinligindaki PD kodlu baglanti igin de
gecerlidir.

12 mm kalinhgindaki farkli metal kaynakli ve U9 kodlu baglantinin makrokesiti de
birmiktar agisal ¢arpilmayla birlikte normal bir dikis profili géstermektedir. Benzer
durum M9 kodlu levha igin de gecerlidir. Farkli metal kaynakh C9 kodlu baglanti ise
levha yUzeyine dik ve diz ergime gizgisi 6zeligi géstermektedir. Kaynak dikiginin
genis olmasi da genis kok araligl uygulanmasina baglidir. iki dikis te, ¢ekme

numune deneylerinin hazirlanmasinda zorluk olusturan agisal ¢arpilma gostermistir.

Tim makro ve mikroyapi gortntileri, 12Cr tarafinda i1sidan etkilenmis bdlgelerde bir

miktar tane irilesmesi gostermektedir.

Tim kaynak dikis kesiti boyunca 6l¢illen sertlik sonuglari tablo ve sekillerle énceki
boélimlerde verilmisti. Tablolarda, kaynak metali ve 1sidan etkilenmis bélgelerde
Olctlen maksimum degerler koyu renkle gésterilmistir. Parantez icindeki degerler ise
sol IEB ve sag |IEB’lerde 0,7 mm alt ve Ustte dlcilen degerleri gdstermektedir. llgili
sekillerdeki agik semboller de bu dlgtimleri géstermektedir.

Tablo ve sekillerde farkli metal kaynakli baglantilar igin verilen sertlik verileri de 12
Cr tarafindan S355 tarafina dogru soldan saga gelecek bigcimde dizenlenmistir. Bu

da paslanmaz celiklerin makroyapilarda sol tarafta gésterilme durumu ile uyumludur.

Maksimum |IEB sertliginin ergime ¢izgisinden uzak olmasi genel olarak dogrulanmig
ve 270HV5 ile 300HV5 arasinda 6lgtimuUstir. Kaynak metali sertlik degerleri ise
200HV5 ve 240HV5 arasinda degismektedir. istisna olarak, A9 kodlu baglanti makro
kesitinden alinan sertlik dl¢ciimlerinde yiz bdlgesinde 320HV5, kdk bdlgesinde ise
303HV5 maksimum degerleri 6lgulmustir. Ve 316 tlr elektrodlarla plazma kaynakl
6 mm kalinhgindaki baglantinin kesitinde kaynak metalinde de 335 HV5 degeri
Olgulmastar. 316 tr ek metallerle hibrid kaynagdi yapilan numunelerde ise sertlik
verilerinde fazla bir artis goérilmemistir. Maksimum deger, 267HV5 olarak
Olgtlmastar. Beklenildigi tzere, dupleks ek metalli baglantida (PD) kaynak metali
ostenit tr ek metalli baglantilara gére daha sert olmakla birlikte, degerler 230HV5
ile 250HV5 arasinda degismektedir.
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Farkli metal kaynakli baglantilarda, yapi ¢eligi tarafindaki maksimum sertlik yaklasik
350HV5 olmakla birlikte yalnizca M9 kodlu baglantinin makro kesitinde IEB koék

kisminda él¢timastar.

7.8. Tane boyutu analizi

Darbe toklugu ve mikroyapi arasindaki korelasyonu iceren arastirma sonuglari ilgili
tabloda sunulmustu. Tim kaynakli baglantilarin makro kesitleri, EC’ne komsu ve
uzaktaki |IEB bolgeleri mikroyapilari gesitli pozisyonlarda taranarak arastiriimistir.
Yiizeyden orta kalinhga kadar cesitli kalinlik pozisyonlarinda ASTM tane boyutlari
dlcuimastdr. lyi taneli bélgeler yiksek ASTM no.lari ile, iri taneli bélgeler diisiik
ASTM no.lari ile ifade edilmigtir.

Yontemin uygulanmasindan en dogru sonuglarin alindigindan emin olunmasi igin de
hem sag hem de sol taraftaki 1sidan etkilenmis bdlgeler incelenmis, bdylece gentik
acllan taraflardaki sonug karisikhidinin da énlenmesi amaglanmistir. Genel olarak,
disuk ergime ¢izgisi darbe dayanim degerleri mikroyapi ile iligkilidir.

30 mm kalinhginda tozalti kaynakli P9 kodlu baglanti mikroyapisinda isidan
etkilenmis bdlgede tane irilesmesi gbézlenmemistir ve bu baglanti disik gecis
sicakhgi ve ylksek tokluk Ozelikleri géstermektedir. Benzer bigimde yine tozalti
kaynakli E9 kodlu baglanti da en iyi darbe davranisi ve benzer isidan etkilenmis
bdlge mikroyapisi géstermistir.

Pagani ve Robinson tarafindan elde edilen verilere de bagl olarak, benzer durumda
daha dusuk tokluk gbézlenmistir ve kinlma ylzeylerinin incelemesi de kirilmanin
tanelerdisi ve gevrek kirilma 6zelikleri gostermistir. IEB’de gevreklik ve zayif tokluk
Ozelikleri de tane blyUmesi ile iligkilendirilmistir. Benzer durum Grobler tarafindan
yurGtUlen doktora tez calismasinda da ve Meyer ve du Toit'nin ortak calismalarinda
ve Gooch ve Ginn tarafindan da dogrulanmistir (Meyer and du Toit 2001, Pagani
and Robinson 1988, Gooch and Ginn 1988, Grobler 1987).
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7.9. Ferrit Miktar1 Analizi

Tdm kaynakli baglantilarin kaynak bélgeleri ferrit ylzde analizine tabi tutulmustur.
Bu analizle elde edilen veriler, ferritik ve martenzitik yapilarin ferromanyetik faz
miktarlarinin belirlenmesini saglamaktadir.

Olglilen minimum deger olan % 6,65, 316 tiir elektrodlarla tozalti kaynag: yapilan E6
kodlu 12 mm kalnhgindaki baglantinin kaynak bdlgesinden elde edilirken
maksimum deger ise ek kaynak metali kullaniimadan plazma kaynagi yapilan S
kodlu baglantidan ¢ikarilan numuneler tGzerinde, 6ngérildigu Gzere, %92,67 olarak

Olctimustar.

7.10. Korozyon Deneyleri

Atmosferik korozyona kargl direnci 6lcmek amaciyla, kaynakli baglantilar tuz
pusklrtme ve blister deneylerine tabi tutulmustur. Gogu kaynakli levhadan gikarilan
numuneler kaynak metali dikis tagkinligi gideriimeden ve yUz tarafindan test
edilmistir. R9, F9 ve U9 kodlu baglantilardan ¢ikarilan numuneler de kék tarafindan
test edilmigtir.

7.10.1. Tuz piskirtme korozyon o6zelikleri

Kaplanmis ve kaplanmamis kosuldaki numunelerin test edilerek c¢esitli periyodlarla
yapilan gbézlemlerinden elde edilen sonuglar daha énceki bélimde verilmisti. Her bir
tablo, 6nceki periyoda gére herhangibir kétllesme veya yeni gbézlemler olup
olmadigini ve go6zlemlerdeki degisiklikleri tanimlamaktadir. Kural olarak, tuz
puskirtme deneyinde 1000 saat sonunda olusan hasar 5 yillik atmosferik korozyon

sonucu olusan hasara esdeger olacak bicimde ekstrapole edilebilir.

24, 350 ve 1000 saatlik test strelerinden sonra, kaynak dikislerindeki bazi
degisiklikler ve siralamanin, kisisel gbzlemlere dayanarak olusturuldugu dikkate
alinmahdir. Ayrica buradaki amac iyi veya koti kombinasyonlar arasindaki
ayirnmdan ziyade direngli ve daha az direngli dikigler arasinda ayirim yapiimasidir.

Kaplanmamis kosuldaki numunelerin 24 saatlik test sonrasinda, F9 kodlu
baglantidan ¢ikarilan numune en direngli, daha sonra V9, A9, R9, V ve PD kodlu
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numuneler siralanabilir. En az kisa dénem direngli kombinasyonlar olarak B9, B8,
B6, P9 ve E9 ve E6 kodlu numuneler siralanabilir.

Uzun sureli korozyon deneyi sonrasinda R9 kodlu numune en az hasari
gOstermistir, daha sonra A9, F9, ve V kodlu numuneler KM'de en fazla hasari
gOstermistir. Daha fazla korozyon hasari V9, B6 ve PD kodlu baglantilardan
cikarilan numunelerde géralmastir. B9 ve B8'in daha ¢ok korozyona ugradigi ve en
az uzun dénem direncine sahip numunelerin E6, P9 ve E9 kodlu baglantilardan

¢tkarilan numuneler oldugu saptanmistir.

Bu durumda, kaplanmamis numunelerin kisa ve uzun dénem korozyon davraniglari
birlestirildiginde, korozyon direncinin dikisler arasinda farklilik ile birlikte, kullanilan
ek metalin korozyon direnci Uzerinde az miktarda etkisi oldugu gézlenmistir. Burada
istisna olarak 309 tur elektrodlarla olusturulan kaynak dikislerine gére dupleks ek
metalle olusturulan baglantinin kaplanmamis durumdaki korozyon direnci oldukga
iyidir. Bu da korozyonun genellikle kaynak metalinden ziyade isidan etkilenmis
bélgede baglamasina baglanabilir. Burada da yine lazer kaynakh dikigsin kaynak
metalinden korozyona ugramasi durumu istisnadir. Ve kaynak parametreleri ile
koruma tdrd, atmosferik korozyon Uzerinde ek kaynak metalinden daha etkili
olmustur. Burada lazer kaynakhh numunenin kaynak dikis boyutunun sinirh
olmasindan dolayi, diger genis boyutlu dikislere gére daha iyi korozyon direnci
gOsterdigi séylenebilir.

Kaplanmis numunelerin kisa dénem korozyon davranigi incelendiginde, E9, A9 ve
F9 kodlu baglantilardan c¢ikarilan numunelerin, c¢izik Gzerinde kaynak dikiginin
kaplanmamis kisimlarinda kigUk noktalar bigiminde korozyona ugradigi
gbrilmUstir. 140 saat sonunda olusan hasar artmistir. 49 saat ve 141 saat
arasindaki siUrelerde de kaynak dikiglerinin Kaplanmis kisimlarinda da V9, E9 ve
E6’da go6rildigu gibi bazi renklenmis noktalar belirlenmigtir. V kodlu lazer kaynakl
baglantidan ¢ikarilan numune igin ise ¢izgide olusan blister boyut olarak daha sonra

artmistir.

1000 saatlik uzun dénem korozyon davranisinda ise, F9'un oldukca direncli, daha
sonra da V9, PD, B6, B9, V ve F9 olarak belirlenirken E9 ve R9 kodlu baglantilardan
cikarilan numuneler daha az direngli bulunmustur. En az korozyon direngli

numuneler ise B8 ve A9 kodlu baglantilardan gikariimigtir.
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Kaplanmis kosulda, kaynak dikisleri arasindaki ayirim yalnizca uzun sdreli test
sonucunda yapilabilmektedir. Uygulanan kaplamanin tim kombinasyonlar igin iyi bir
koruma sagladigi acikga gorilmektedir, zira yalnizca c¢izilen kisimlarda hasar

belirlenmigtir.

Kaplanmis durumda, ek kaynak metalinin etkisi gbzlenmektedir. Zira 308LSi tellerle
yapilan gazalti kaynakl baglantilarin korozyon direnci 309LSi tellerle yapilan
baglantilardan daha dasUktir. Bu durum, ayrica dupleks tellerle yapilan tozalt
kaynakli baglantinin korozyon direncinin ostenitik teller kullanilarak yapilan
baglantilardan daha iyi olmasi ile dogrulanmaktadir. 309 ve 316 tlr elektrodlarla
yapilan kaynakll baglantilarda korozyon direnci bakimindan belirgin fark
g6rulmemektedir. En az ergimis kaynak metali igceren lazer kaynakh baglanti ise
yalnizca 141 saatlik test sonucunda blister olusumu gdéstermistir. kaplanmis kosulda,
kaynak yontemi ve diger kaynak kosullarinin korozyon davranigi Uzerinde belirgin

etkisi gértlmemistir.

7.10.2. Blister korozyon 6zelikleri

Daha dnceden belirtildigi gibi ilgili tablolar, bir édnceki periyodda gézlenen duruma
gbre yenilik veya degisiklik olup olmadigini belirtmektedir. Hava sicaklklari da 0 C
ile 42 C arasinda degismekle birlikte her gbézlemde not edilmistir, zira bu
parametrenin korozyon direnci Uizerinde buyuk etkisi olabilmektedir.

B6, E9, E6, A9 ve PD, tim kaynakli baglanti boyunca ¢izilmesine ragmen 2500 saat
sonunda tamamen atmosferik korozyona karsi diren¢ géstermiglerdir. V ve F9, 360
saat sonunda kiicik noktalar biciminde lekeler gbéstermislerdir. Bu kiicik noktalar, ilk
360 saat ve 648 saat arasinda B9, V9 ve R9'da cizik Uzerinde gbzlenmistir. B8, F9
ve P9 da 360 saat sonunda cizik kisimda korozyona ugramalarina karsin, daha

sonra hasarda artis gérilmemistir.

Blister testleri sonucunda, dzellikle 316 veya dupleks tlr elektrodlarla kaynak edilen
baglantilardan ¢ikarilan numunelerin yaz ve kis mevsimlerini kapsayan periyodlar
sonucunda atmosferik korozyona karsi olduk¢a direngli olduklari sonucuna
variimigtir. Ayrica, 309 ek metallerle olusturulan tozalti kaynakh bazi baglantilar da

224



benzer davranigi géstermigstir. Lazer kaynakli ve 309 tir elekirodlarla yapilan 6zIG tel
ile kaynakli baglantilar da diger direncli baglantilardir. Ancak bunlarin disinda kalan
baglantilar, hasarin artigina daha kolay zemin hazirlamiglardir. Ayni firma tarafindan
yapilan kaynakh baglantilar i¢in de fazla farkhhk gézlenmemistir.

7.11. Ek kaynak metali tirinin etkisi

Bu arastirma calismasindan elde edilen sonuglar, referans elektrod 309 ve 308, 316
ve dupleks tlr elektrodlar ile olusturulan modifiye edilmis X2CrNi12 paslanmaz
celiginin es ve farkh metal kaynakh baglantilarinin mekanik ve korozyon &6zeliklerini

karsilastirma olanagi saglamistir.

308 tir elektrodlarla yapilan kaynakli baglantilarda sertlik, 309 veya 316 tirle
yapilan baglantilara gére 10HVS ile 20HV5 arasinda deger farkhhgr géstermistir.
308 ve 316 tur elektrodlarla da referans elektroda gére daha yiuksek kaynak metali
cekme dayanimi elde edilebilecegdi dogrulanmistir. Diger taraftan, 308 ile elde edilen
akma dayanim degerleri 309'dan daha disiUk olarak elde edilmistir. Ancak 308 ile
elde edilen baglantilarda stneklik belirlenmigtir. En yiksek akma dayanim degerleri,
stineklikte bir miktar azalma gdsterse de 316 tlr elektrodlarla olusturulan kaynakli
baglantilarda elde edilmistir.

-20°C’de kaynak metali tokluk o6zelikleri G¢ turdeki elektodlar icin ¢cok benzer
degerler gbsterse de ergime cizgisi icin tokluk degerleri referans elektrod igin diger
elektrodlara gére daha disUktir.

Korozyon davranisi, Ozellikle kaplanmis ve cizilmis kosulda elekirod tirinden
etkilenmektedir. Bu durumlarda daha disik alasim elementi icermesinden dolayi
309 tdr elektrodlara gére dupleks veya 316 tlr elektrodlar daha iyi korozyon direnci

saglamistir.

Bu nedenle, 308 tir gibi daha ekonomik elektrodlar kullaniimasi durumunda, daha
yuksek alasimli 309 tir elektrodlara gére daha disik akma dayanim degerleri elde
edilir. Bu bakimdan, daha distk korozyon direncinin gerekli oldugu ortamlarda daha
ekonomik tlr elektrodlarin kullanimi da gézénine alinabilir. En ylksek ¢cekme
dayanim &zelikleri ve yerel korozyon direnci 316 tur elektrodlarla saglanmaktadir.
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8. GENEL SONUCLAR

Gok bluyik cogunlugu Belgika Kaynak Teknolojisi Enstitiisi Arastirma Merkezinde
ve bir kismi da CTAS-Paris’'teki Arastirma Merkezinde gerceklestiriimis olan ve
Ozellikle IWT ve bircok endistriyel kurulus tarafindan desteklenmis olan, oldukca
genis kapsamli bir arastirma calismasi olan bu c¢alisma sonucunda elde edilen

sonuclar asagida verilmektedir:

EN 10088’e karsilik gelen, olduk¢a disik karbonlu ve arayer elementi ve katiski
iceren modifiye edilmis X2CrNi12 paslanmaz celidi kullanilarak es ve farkli metal
kaynakli alisiimis ve yeni kaynak yontemleri- SMAW, GMAW, SAW, FCAW, PAW,
lazer, hibrid (PAW+TIG), kullanilarak emniyetli kaynakli baglantilar, AISI 309, 308,
316 ve dupleks tir elektrodlar kullanilarak olusturulabilir.

Cesitli kaynakh levhalar -40°C’ye ve hatta daha disik sicakliklara kadar isidan
etkilenmis bdlge darbe 6zelikleri gbsterdigini kanitlamistir ki bu da oldukga cesaret
verici bir sonugtur. Her ne kadar mikroyapilarin ergime ¢izgisi veya isidan etkilenmig
bdlgedeki ¢entik yerlerine karsilik gelmesini karmasik olmasindan dolayi, yapilan
mikroyapi ve tane boyutu analizleri bu Gstin kaynakl baglantilarin ASTM no.lari 5
veya daha buyltk tane boyutu &zelikleri g6stererek tane blylmesinin
sinirlandirilabilecegi gdsterilmigtir.

-20°C’de minimum 20 mm kalinhgindaki es ve farkh metal kaynakli baglantilarin
CTOD kirilma toklugu deneyleri ergime ¢izgisi pozisyonlarinda bazi yetersiz
sonuglar vermigtir. Bunun ve gentik darbe deney numunelerinde gérulen bazi
sapmalarin da olasi nedeni, test edilen malzemenin kaynak metali, i1sidan etkilenmis
bbolge ve esas metal bolgelerini icermesi, dolayisiyla ¢entigin kaynak dikisi

kalinliginin tdmanu kapsayacak bigimde agilmasidir.

Gekme testinde ise mevcut kaynak dikislerinde kaynak metali degerleri esas metal

degerlerini agsmistir.
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Modifiye X2CrNi12 ferritik paslanmaz cgeliginin kaynakli baglantilarinda yorulma
numuneleri hazirlanirken, kaynak metali taskinhigi uygun bicimde temizlenirse ve
kaynak metalinden esas metale gegis oldukca dikkatli yapilabilirse ayrica kaynak
hatalari gbzardi edilirse kaynakh baglantilarinin yorulma dayanimi muikemmel

durumdadir.

Isidan etkilenmis boélgedeki sertlik degerleri ise 300HVS ile sinirlanabilmektedir. 12
mm kalinhigindaki X2CrNi12 paslanmaz ¢eliginin ek kaynak metali kullaniimadan
yapilan lazer kaynakli baglantilari hatasiz olarak elde edilebilmekle birlikte,
300HVY5’in altinda ancak daha sert ergimis kaynak metali sertlik dederleri elde

edilebilmektedir.

Bu paslanmaz celikte kontrol edilmesi gerekli en dnemli konu, ergime gizgisine yakin
Isidan etkilenmis boélgelerdeki isil gevrimin 1200°C ‘nin Uzerindeki sicakliklarda, 1si
girdisinin  kaynak sirasinda iyi kontrol edilmedigi durumlarda olusan tane

blylmesinin azaltiimasidir.

Tane bldyOimesi, c¢cekme veya egme O&zelikleri Uzerinde olumsuz bir etki
olusturmamasina karsin, 6zellikle sifiralti sicakliklardaki darbe tokluk &zeliklerini
etkileyebilmektedir. Bu da iri taneli mikroyapiya ve c¢entik boyunca varolabilen

martenzit miktarina baglanmaktadir.

Kaplanmis kosulda kaynakh baglantilar, yapay olarak hasara ugratildigi durumlarda
oldukga zor kosullar altinda bile oldukga iyi atmosferik korozyon direnci
gostermislerdir. Ongdérildigi (izere, yilksek alasimli ek kaynak metalleri daha
ekonomik ve az alasimh elektrodlarla olusturulan kaynakli baglantilara gére daha
disik korozyon direnci gostermislerdir. Saf atmosfer kosullarinda, tim kaynak
dikigleri bir kere bagsladiktan sonra daha ileri korozyon olusumunu 6énleyebilmislerdir.
Mekanik olarak asiri iyi dzelikler gbsteren bazi kaynakli baglantilar digerlerine gére

daha az korozyon direnci gbéstermislerdir.

8.1. Endustri tarafindan uygulanabilecek yeni uygulamalar icin sonuglarin

yorumlanmasi

Bu modifiye paslanmaz c¢eligin kaynak yoéntemleri ile kaynagdi, yapisal
uygulamalarda iyi  Ozelikler olusturacak bigcimde ekonomik kosullarda
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yapilabilmektedir. Olasi tane buylimesine bagli olarak, i1sidan etkilenmis bdlge tokluk
degerlerini dusirmemek igin dikkat edilmelidir. Bunu gergeklestirmek icin bir ydntem
levha hazirhgini aligiimamis dikis geometrisi verecek bigimde hazirlamak olabilir. Bu
durum kaynak dikis genisligini artirsa da kaplanmis numunelerin korozyon direncini
kétl yonde etkilemektedir.

Bu nedenle, alisiimis kalitesine gére artirimis mekanik &zelikleri ve iyilestiriimis
kaynak kabiliyeti 6zelikleri ile modifiye X2CrNi12 paslanmaz c¢eligi, atmosferik
korozyona karsi korunarak onlarca yil boyunca 350 MPa garanti edilmis akma

dayanim 6zelikleri ile alagsimsiz yapi ¢elikleri yerine kullanilabilir.

EndUstri igin yeni olan taraf ise, bu paslanmaz c¢eligin az korozif ortamlarda galisan
képruler, boru hatlari, kazanlar gibi birgok kaynakli tasarimda, veya kisimlarinda,
kullanilabilir. Yabanci rakiplere gbére daha ekonomik tasarim olanagi saglayacak
olan bu celik sayesinde firmalar, daha ekonomik ¢éziimleri bu ¢alismada bulabilirler.
Bu calismada katkisi bulunan endustriyel kuruluslar ve bu tezin bulgularindan
yararlanabilecek olan kuruluslar, olanaklari élgisiinde bu yeni tir paslanmaz celigi
nasil ve hangi tir ek kaynak metalleri ile kaynak edebileceklerini 6greneceklerdir.

Ferritik paslanmaz celikler, dogasi geregi, Uretiminde kontrol gerektirmekte ve bu
nedenle bu tir geliklerin Uretilmesinde deneyimli, siki kalite kurallari ile ¢alisan ve
glvenilir firmalarla igbirligi yapilmasi gerekmektedir. Zira bu da Uretim sirasindaki
1sil islemlerden dogabilecek mekanik 6zeliklerdeki sapmayi 6nlemek ve dusuk
seviyelerde katiski ile ¢eligin tretilmesini saglamak agisindan da énemlidir.

Bu modifiye gelik, alagimsiz yapi celikleri, martenzitik de daha pahali ostenitik ve
dupleks paslanmaz celikler arasindaki ilging konumu sayesinde, verimlilik ile
nispeten daha diusik yatirnm ve bakim giderleri ile uzun dénemde cazip ¢6zUmler

sunmaktadir.

Esas amag, mevcut EN10088:X2CrNi12 paslanmaz ¢eligini daha yiksek dayanim,
uygun atmosferik korozyon direnci ve kaynak kabiliyeti 6zelikleri ile iyilestirmek ve
bu celigin Uretiminde ve kaynaginda ticari olarak gercege ddénuUstirilebilecek

kosullar sunmaktir.
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YAPISAL UYGULAMALAR iCiN GELISTIRILEN MODIFIYE 12 CR
FERRITIK PASLANMAZ CELIGININ OZELIKLERI VE KAYNAK
KABILIYETI

Emel TABAN

Anahtar Kelimeler: paslanmaz celik, yap! celigi, kaynak kabiliyeti, kaynak
teknolojisi, plazma ark kaynagi, lazer kaynagi, hibrid kaynak, mekanik &ézelikler,
darbe toklugu, CTOD kirilma toklugu, yorulma davranisi, korozyon.

Ozet: Modifiye edilmis X2CrNi12 paslanmaz celigi, yapi geliklerine alternatif olarak
yapisal uygulamalarda kullaniimak Gzere ve kaynak kabiliyeti ve mekanik ézeliklerini
artirmak amaciyla disik karbon (<0,015) ve arayer elementleri icerecek bicimde
celik Ureticisi tarafindan gelistirilmis ve Uretilmistir. Bu ¢alismada, modifiye edilmis
X2CrNi12 paslanmaz ¢eliginin kaynak kabiliyeti, 6 mm, 12 mm, 20 mm ve 30 mm
kalinliklarinda esas metal, gesitli tir ek kaynak metalleri ve GMAW, PAW, SMAW,
SAW, FCAW, Lazer ve Hibrid (PAW+TIG) gibi aligiimig ve yeni tir kaynak
yontemleri  kullanilarak arastinlmistir. Bu tir paslanmaz c¢eligin  yapisal
uygulamalarda kullanimi disincesine bagl olarak 12 mm ve 20 mm kalinhdindaki
X2CrNi12 ve EN10025: S355 celigi ile olusturulan farkli metal kaynakli baglantilarin
da performans ve 06zeliklerinin degerlendiriimesi planlanmistir. Tim baglantilarin
mekanik, darbe toklugu, kirilma toklugu, yorulma, mikroyapisal ve korozyon
Ozelikleri gbz 6nune alinmistir. Mekanik 6zelikler, enine ve boyuna ¢ekme, egme,
Charpy centik darbe, CTOD kirilma toklugu ve yorulma deneyleri ile belirlenmigtir.
Kirlma yuzeyleri makroskop, SEM ve EDX analizleri ile incelenmistir. Mikroyapisal
incelemeler, metalografik, sertlik, tane boyutu ve ferrit miktari analizleri
kapsamaktadir. Atmosferik korozyon direnci ise tuz puskirtme ve blister deneyleri
ile belirlenmigstir. Elde edilen tim sonuclara gére, modifiye X2CrNi12 paslanmaz
celigi, yapisal uygulamalar icin cazip &zelikler sunacak bicimde ve ekonomik
kosullar altinda kaynak edilebilmis ve birgok kaynaklh baglantida -40°C ve hatta
daha disiUk sicakliklarda, yeterli IEB darbe tokluk degerlerinin elde edilebildigi
basarili sonuclara ulasiimistir. Tokluk ve mikroyapi arasinda da iligki belirlenmistir.
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WELDABILITY AND PROPERTIES OF MODIFIED 12 CR FERRITIC
STAINLESS STEEL FOR STRUCTURAL APPLICATIONS

Emel TABAN

Keywords: Stainless steels, structural steel, weldability, welding, plasma arc
welding, laser welding, hybrid welding, mechanical properties, impact toughness,
CTOD fracture toughness, fatigue behavior, corrosion.

Abstract: Modified X2CrNi12 stainless steel was developed and produced by the
steel producer with low carbon content (<0,015) and interstital levels to increase the
weldability and mechanical properties and to widen the use of the steel for structural
applications as an alternative to structural steels. In this study, modified X2CrNi12
stainless steel was used. The weldability of this stainless steel was investigated
using conventional and innovative welding processes such as GMAW, PAW,
SMAW, SAW, FCAW, Laser and Hybrid (PAW+TIG). This was done with various
types of filler metals on various thicknesses such as 6 mm, 12 mm, 20 mm and 30
mm. Due to the idea of using this modified stainless steel for structural applications,
it was planned to evaluate the performance and properties of dissimilar welded
joints of X2CrNi12 and EN10025: S355 steel. Mechanical, impact toughness,
fracture toughness, fatigue, microstructural and corrosion properties of the welded
joints are considered. Mechanical testing of the similar and dissimilar joints of
X2CrNi12 and S355 steels was done by means of transverse and longitudinal
tensile, bend, Charpy impact toughness, CTOD fracture toughness and fatigue
tests. Fractographs were examined with LOM, SEM and EDX analysis.
Microstructural examination was carried out including metallography, hardness,
grain size analysis and ferrite content analysis. Salt spray corrosion and blister tests
were realized on the samples of welded plates. Joining of this modified stainless
steel can be accomplished by welding under economical conditions producing
weldments with attractive properties for use in structural applications. Successful
results were obtained such as various welds though have proven that adequate heat
affected zone impact properties are achievable down to -40°C or even lower. A
correlation between toughness and microstructure was also determined.
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1. INTRODUCTION

Iron is one of the most common and the most important metals in the earth’s crust
and it forms the basis of irons and steels which are the most widely used group of
metallic materials. The success of these materials depends on the fact that they can
be manufactured relatively cheaply in large volumes and provide an extensive range
of mechanical properties. However, mild steels suffer from corrosion and require
corrosion protection. In many situations, galvanic protection or painting of a steel
surface is impractical. For long term service, corrosion protection requires
maintenance with associated expenditure. Selecting a more corrosion resistant
material at the design stage can provide economic advantage on a total life cycle
cost basis (de Cooman et al 2005, Karlsson 2004, Gooch and Ginn 1988).

Taking into account the highly expensive measures to prevent or delay the onset of
corrosion, life cycle costs and environmental compatibility for mild steels, stainless
steels are in many cases the only viable option to replace carbon steels for
numerous structural applications. “Stainless” is a term coined early in the
development of the steels for cutlery products. It was adopted as a generic name
and now covers a wide range of steel types and grades for corrosion resistant
applications The stainless character occurs when the concentration of chromium
exceeds about a minimum of 10,5 wt % which allows to generate a thin, invisible,
continuous and passive oxide film on the surface of the alloy that prevents oxidation
and corrosion (Sourmail and Bhadeshia 2007, Lippold and Kotecki 2005, Karlsson
2004, Marsall and Farrar 2000).

Stainless steels are an important and a large group of engineering materials which
were developed primarily to withstand with corrosion and they constitute a group of
high-alloy steels based on the Fe-Cr, Fe-Cr-C, and Fe-Cr-Ni systems. They have
commonly been used in a variety of industries and environments such as chemical
and power engineering, food and beverage industry, health applications, petroleum
and petrochemical plants, textile plants, transportation, elevated or cryogenic
temperature applications, architecture etc (Lippold and Kotecki 2005, Karlsson
2004, Marshall and Farrar 2000, Oates et al 1998, Davis and Assoc. 1994).



Besides plain carbon and C-Mn steels, stainless steels are the most widely used
steels. Because so many varieties of stainless steel are available, a wide range of
desirable properties is achievable and they can be used in many different
applications (Lippold and Kotecki 2005).

Engineers and designers must be very aware of the service environments and
impact of fabrication practice on metallurgical behavior when selecting stainless
steels for use in corrosive conditions. The selection of stainless steels may be based
on corrosion resistance, fabrication characteristics, availability, mechanical
properties in specific temperature ranges, and product cost. However, corrosion
resistance and mechanical properties are usually the most important factors in
selecting a grade for a given application (Lippold and Kotecki 2005, Karlsson 2004,
Davis and Assoc. 1994).

Stainless steels also have good resistance to oxidation, even at high temperatures,
and they are often referred to as heat-resisting alloys. Resistance to elevated
temperature oxidation is primarily a function of chromium content, and some high
chromium alloys can be used at temperatures as high as 1000°C. The stainless
steels have very wide compositional ranges with the other main alloying elements of
importance being, dependent on the type of stainless steels under consideration
(Lippold and Kotecki 2005, de Cooman et al 2005).

For other material systems, the classification is usually by composition while
stainless steels are categorized based on the metallurgical phase(s) which is
predominant. Stainless steels can be divided into five families. Four are based on
the characteristic crystallographic structure of the alloys in the family. The three
phases possible in stainless steels are martensite, ferrite and austenite. Duplex
stainless steels contain approx. 50% austenite and 50% ferrite. Precipitation
hardenable (PH) grades are termed such because they form strengthening
precipitates and are hardenable by aging heat treatment. PH stainless steels are
grouped by the phase such as martensitic, semi-austenitic or austenitic types in
which the precipitates are formed. The American Iron and Steel Institute (AlISI) uses
a system with three numbers, sometimes followed by a letter to designate stainless
steels, i.e. 304, 316L, 410 and 430 (Lippold and Kotecki 2005, Oates et al 1998,
Davis and Assoc. 1994, Krauss 1989, Folkhard 1984, McGannon 1971).



Welding is an important fabrication technique for stainless steels, and numerous
specifications, papers, handbooks and other guidelines have been published over
the past 75 years that provide insight into the techniques and precautions needed to
weld these materials successfully. In general, the stainless steels are considered
weldable materials, but there are many rules that must be followed to ensure that
they can readily be fabricated to be free of defects and will perform as expected in
their intended service. Often, the problems are associated with improper control of
the weld microstructure and associated properties, or the use of welding procedures

that are inappropriate for the material and its microstructure (Kotecki 2005).

Most stainless steels are weldable, but many require special procedures. Effective
and widespread application of any alloy is dependent upon good weldability and this
factor alone has previously restricted the exploitation of ferritic and martensitic
grades more than any other. For example, alloy 420, is one of the few stainless
steels with virtually no practical arc welding history. Development of new steels
inevitably brings new problems in manufacturing and joining. There is a continuous
demand for increased productivity in welding, while maintaining the parent metal
properties. In almost all cases, welding results in a significant alteration of the weld
metal and heat affected zone (HAZ) microstructure relative to the base metal. This
can constitute a change in the desired phase balance, formation of intermetallic
constituents, grain growth, segregation of alloy and impurity elements, and other
reactions. In general, these lead to some level of degradation in properties and
performance and must be factored into the design and manufacture (Lippold and
Kotecki 2005, Karlsson 2004, Marshall and Farrar 2000, Davis 1994, Gooch and
Ginn 1988).

Although ferritic stainless steel family is the second most common used group of
stainless steels, they had mostly been used for the applications that do not require
welding. Because fully ferritic structure has poor low temperature toughness and
poor high temperature strength with regard to austenite, so they were considered as
low weldable steels. (Akita et al 2006, Lippold and Kotecki 2005, Meadows and Fritz
2005, Gordon and van Bennekom 1996, Woollin 1994, Davis 1994, Gooch and Ginn
1988, Folkhard 1984, Thomas 1983).

Conventional martensitic stainless steels have also dubious weldability due to their



relatively high carbon content. These grades require pre-heating and post weld heat
treatment (PWHT) after welding (Lippold and Kotecki 2005, Meadows and Fritz
2005, Gordon and van Bennekom 1996, Davis 1994, Thomas 1983).

The life cycle costs analysis and improved steelmaking technologies provided lean
alloyed chromium stainless steels a new status based on 10,5- 14% Cr system. The
microstructure of these alloys, roughly described as 12% or 13% Cr, ranges from
predominantly ferritic to fully martensitic, the former having good resistance to SCC
whilst the latter have the highest strength. The reasons for the renewed interest in
this group of materials are that these steels can provide good mechanical properties
and useful corrosion resistance for many applications and at a relatively low cost
(Marshall and Farrar 2000).

12 % Cr stainless steels are sufficiently corrosion resistant in atmospheric and non
aggressive aqueous conditions in many applications and are widely used as low
cost, utility stainless steels. In some predominantly ferritic steels, a small amount of
austenite forms at high temperatures and may transform to martensite on cooling.
This has been exploited to develop 12% Cr transformable stainless steels potentially
with better weldability than either ferritic or martensitic steels with close control of
the carbon content and martensite/ferrite balance to avoid the extremes of
completely ferritic or martensitic structures which is also finding interesting
applications as a high strength stainless structural steel (Greef and du Toit 2006, du
Toit et al 2006, Woollin 1994, Karjalainen et al 1992, Gooch and Ginn 1988).

The first generation of 12 % Cr steels is known as 3Cr12 stainless steel. This low
cost grade was developed and first produced in 1979 by the Middelburg Steel and
Alloys Ltd with 0,03% C. 3Cr12 steel is used generally by several steel suppliers
and is variously described as “ferritic” or “ferritic- martensitic’ 12 % Cr stainless
steel. The composition and annealing conditions are controlled to give a
microstructure of about 10 % tempered martensite in a fine grained ferrite matrix at
room temperature. This structure restricts the grain growth common in fully ferritic
stainless steels. Thus a weldable, strong ferritic stainless steel is produced (Topic et
al 2007, NN 2006a,b,c,d, NN 2004, Moore 1997, Maxwell 1997, Marini and Knight
1995, Bredenkamp and van den Berg 1995, McEwan et al 1993, Bennett 1991,
Weiss et al 1990, Tullmin et al 1988, Callaghan 1993, Thomas 1983).



Originally 3Cr12 is a trademark and was not included in any international
specifications. However a 12 % chromium steel developed from 3Cr12 has been
designated DIN type 1.4003 and ASTM/ASME 41003. 3Cr12 now appears in ASTM
A240 as UNS S41003 and in Europe as Material Number 1.4003. This lean alloy
chromium stainless steel bridges the cost and performance gaps between carbon
steels and high alloy stainless steel grades. It was not designed to replace stainless
steels, but was designed to fill the gap between expensive stainless steels and the
cheaper carbon steels as it provides designers both the advantages of stainless
steels depending on the corrosion resistance and engineering properties of carbon
steels due to the strength property similar to S355 (NN 2006a,b,c,d, Kotecki 2005,
NN 2004a,b, NN 2001, Moore 1997, Maxwell 1997, Marini and Knight 1995,
McEwan et al 1993, Bennett 1991, Weiss et al 1990).

Applications for 3Cr12 are generally in atmospheric and non-agressive aqueous
conditions those requiring good resistance to mild corrosion, often together with
some degree of abrasion such as gold and coal wagons for transportation in mining
and mineral industries, storage vessels, motor vehicles, freight containers, chutes
for the conveyance of wet rock, pipes for the pumping of corrosive and abrasive
slurries, transport of abrasive materials, conveyor steelwork, chutes, automotive
emission systems, military and civil aircraft and airframe pieces, electrical
transmission masts etc. Several major railroads worldwide, such as in South Africa,
Australia, Belgium, UK and USA, have had more than 20 years experience with
3Cr12 coal and gold wagons (IAF-Editor 2000, Maxwell 1997, Moore 1997, Marini
and Knight 1995, Karjalainen et al 1992, Ball et al 1987, Eckenrod and Kovach
1980).

It is clear that the 12% Cr type of steels had not achieved its full potential because
the possible alloy combinations were not fully understood. EN 1.4003 steel is
modified from conventional 12% Cr stainless steel by decreasing the C content to
well below 0.03% to improve the weldability, which is regarded as the limit for low
carbon steels since steel manufacturers can fabricate the EN 1.4003 steel
conforming to grades 1.4003 in EN 10088-2 and EN 10028-7 and UNS S41003 in
ASTM A240. Also, the amount of titanium is limited because of the tendency of
titanium to form brittle carbide phases in the HAZ of a welded joint (du Toit et al
2006, Greef and du Toit 2006, Lahti 2000, Irvine 1960).



Initial application of 3Cr12 steels used to be materials handling equipment in
corrosive/abrasive environments, but the cost effective and weldable 1.4003 steels
are now used extensively in the coal mining industry, for cane and beet sugar
processing equipment, and for bulk transport of coal and gold, road and rail
transport, power generation, for petrochemical, paper industries, in structural
applications and in aerospace engineering. The past few years have also seen a
marked increase in the use of these steels in the transport, mining, and agricultural
sectors, with successful application in passenger vehicles, freight and passenger
wagons, and rail infrastructure, shipbuilding, tank with particular cost advantages
(du Toit et al 2006, Greef and du Toit 2006, Dhooge and Deleu 2005a,b, NN
2004a,b,c, Meyer and du Toit 2001, Maxwell 1997, Marini and Knight 1995, Lelyveld
and van Bennekom 1995, Woollin 1994).

As seen from the literature survey, to produce an effective and widespread use of a
steel, good weldability is inevitable. In this study, modified X2CrNi12 stainless steel
was developed and produced by the steel producer with less carbon content
(<0,015) and interstital levels to increase the weldability and mechanical properties
to widen the use of the steel to structural applications as an alternative to structural
steels. A comprehensive study of welding and weldability was required. The
literature survey on 12%Cr steels showed that there has been limited weldability
studies on these type of steels. It has been mentioned elsewhere that plasma
welding of 1.4003 steel is possible however a paper revealing this has not been
found elsewhere (Moore 1997).

In this study, modified X2CrNi12 stainless steel was used. The weldability of this
recent steel was investigated using conventional and innovative welding processes
such as GMAW, SMAW, SAW, FCAW, LASER and HYBRID (PAW+TIG). This was
done with various types of filler metals (AISI 309, 309L, 308L, 316, 316L) on various
thicknesses, i.e. 6 mm, 12 mm, 20 mm and 30 mm of this modified stainless steel.
Due to the idea of using this modified stainless steel for structural applications, it
was planned to evaluate the performance and properties of dissimilar welded joints
of X2CrNi12 and EN10025: S355 steel. Mechanical, toughness, fatigue,
microstructural and corrosion properties of the welded joints is considered. Chemical
analysis of the weld metal deposits were done. Mechanical testing was carried on
the several samples extracted from the similar and dissimilar welded panels of



X2CrNi12 and S355 steels by means of transverse and longitudinal tensile, bend,
Charpy impact toughness, CTOD fracture toughness and fatigue tests. Fractographs
were examined as macrographs and with SEM and EDX analysis. Microstructural
examination was carried out with macrographs, micrographs, hardness
measurements, grain size analysis and ferrite content analysis. A correlation
between toughness and microstructure was found. Salt spray corrosion and blister
tests were realized on the samples of welded plates.

The whole thesis is divided into seven chapters. Chapter 2 gives an overview of
stainless steels in short. Chapter 3 combines the theoretical and development
history background, the literature survey and experimental studies about 12% Cr
stainless steels. In Chapter 4, aim and plan of the present study is explained.
Chapter 5 reveals the experimental studies. In Chapter 6, experimental results are
given in detail. Finally, discussion of the results with all the conclusions that have
been drawn from the present work and the implementation of results for innovative

applications for the industry is also presented in Chapter 7.



2. STAINLESS STEELS

2.1. Introduction

Iron is one of the most common and the most important metals in the earth’s crust. It
forms the basis of the most widely used group of metallic materials, irons and steels.
The success of these metals depends to the fact that they provide an extensive
range of mechanical properties and they can be manufactured relatively cheaply in

large volumes (Karlsson 2004).

Mild steels suffer from corrosion and require corrosion protection such as protective
coatings to reduce the rate of degradation. In many situations, galvanic protection or
painting of a steel surface is impractical. For long term service, such corrosion
protection requires maintenance with associated expenditure. So selecting a more
corrosion resistant material at the design stage can provide an economic advantage
on a total life cycle- cost basis (de Cooman et al 2005, Lippold and Kotecki 2005,
Karlsson 2004, Davis and Assoc. 1994, Gooch and Ginn 1988).

In U.S.A, in 2000, it was estimated that corrosion costs industry and government
276 billion$/year. With factors such as the additional requirements and highly
expensive measures to prevent or delay the onset of corrosion considering life cycle
costs and environmental compatibility, stainless steels have increasingly been the
only viable option against carbon steels which are used today for numerous

structural applications (Karlsson 2004, Davis and Assoc. 1994).

The vast majority of the world’s steel is carbon and alloy steel, with the more
expensive stainless steels representing a small but important niche. Of all steel
produced, approximately 2% by weight are stainless steels. However, there has
been a steady annual growth of about 5- 8% for stainless steels, see Figure 2.1.
Taking into account of the growing awareness of environmental issues, the need for
easily recyclable materials and life cost considerations, continuing increase in the
use of stainless steels can be expected (Karlsson 2004, Wilke 2004).



Figure 2.1: World production of stainless steel. (Karlsson 2004).

Stainless steels are an important and a large group of engineering materials that
have widely been used in a variety of industries and environments. These alloys are
developed primarily to withstand with corrosion and they constitute a group of high-
alloy steels based on the Fe-Cr, Fe-Cr-C, and Fe-Cr-Ni systems. (Lippold and
Kotecki 2005, de Cooman et al 2005, Oates et al 1998, Davis and Assoc. 1994,
Krauss 1989).

“Stainless” is a term coined, early in the development of these steels, for cutlery
products. It was adopted as a generic name and now covers a wide range of steel

types and grades for corrosion or oxidation resistant applications (Karlsson 2004).

Chromium is a ferrite stabiliser which has the property of being able to protect itself
with a passive oxide film and to contribute this property to other metals with which it
is alloyed. Steels are said to be stainless when they resist corrosion; which is
achieved by dissolving sufficient chromium in the iron to produce a coherent,
adherent, insulating and regenerating chromium oxide protective film on the surface.
The stainless character occurs when the concentration of chromium exceeds about
a minimum of 10,5 wt % which alows to generate a thin, invisible, continuous and
passive oxide film on the surface of the alloy that prevents oxidation and corrosion

of the underlying metal under ambient, noncorrosive conditions. However, this



amount of chromium is not adequate to resist corrosion in acids such as HCI or
H.SOy,; higher chromium concentrations and the judicious use of other solutes such
as molybdenum, nickel and nitrogen is then needed to ensure a robust material and
to modify the structure, stabilize other phases and enhance properties such as
formability, strength and cryogenic toughness (Sourmail and Bhadeshia 2007,
Lippold and Kotecki 2005, Carrouge, 2002, Davis and Assoc. 1994, Krauss 1989).

Although extremely thin, 1-5 nanometres and invisible, this protective film adheres
firmly and is chemically stable under conditions which provide sufficient oxygen to
the surface. The oxide film itself is formed by rapid corrosion of the steel surface.
However, once established, it dramatically stifles the rate of further oxidation by
acting as an insulating barrier between the metal and the corrosive environment to
further oxidation, rust and corrosion. The steel is thus said to be in a state of
passivity. Furthermore, the protective oxide film is self-healing provided there is
sufficient oxygen available. Therefore, even when the steel is scratched, dented or
cut, oxygen from the air immediately combines with the chromium to reform the
protective layer. However, the stainless steels can not be considered as
“indestructible”. The passive state can be broken down under certain conditions and
corrosion can result. The rate at which a stainless steel develops a passive film in
the atmosphere depends on its chromium content (Sourmail and Bhadeshia 2007,
Lippold and Kotecki 2005, Karlsson 2004, Oates et al 1998).

It should also be reminded that many 12% Cr steels, or even with much more Cr,
will exhibit rust when exposed to ambient conditions. Because some of the Cr is tied
up as carbides or other compounds, reducing the matrix Cr composition below the

level that will support a continuous protective oxide (Lippold and Kotecki 2005).

Corrosive media that attack and remove the passive oxide cause corrosion of
stainless steels. Corrosion can be in many forms such as pitting, crevice and
intergranular corrosion. These corrosion forms are influenced by the corrosive
environment, the metallurgical condition of the material, and the local stresses that
are present. It is important to carefully select the appropriate grade for a particular
application. Engineers and designers must be careful about the service
environments and impact of fabrication practice on metallurgical behaviour (Lippold
and Kotecki 2005, Karlsson 2004).
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The selection of stainless steels may be based on corrosion resistance, fabrication
characteristics, availability, mechanical properties in specific temperature ranges,
and product cost. However, corrosion resistance and mechanical properties are
usually the most important factors in selecting a grade for a given application.
Corrosion resistance is frequently the most important characteristic of a stainless
steel but often is also the most difficult to assess for a specific application. General
corrosion resistance to pure chemical solutions is comparatively easy to determine,

but actual environments are usually much more complex.

Characteristics to be considered in selecting the proper type of stainless steel for a
specific application include: corrosion resistance, strength and ductility at ambient
and service temperatures, suitability for intended fabrication techniques, weldability,
stability of properties in service, toughness, physical property characteristics, such
as magnetic properties, thermal conductivity, and electrical resistivity, resistance to

abrasion, erosion, rigidity (Davis and and Assoc. 1994).

Stainless steels also have good resistance to oxidation, even at high temperatures,
and they are often referred to as heat-resisting alloys. Resistance to elevated
temperature oxidation is primarily a function of chromium content, and some high
chromium alloys (25- 30%) can be used at temperatures as high as 1000°C.
Another form of heat resistance is resistance to carburization, for which stainless
steel alloys of modest chromium content (about 16%) but high nickel content (about
35%) have been developed. The stainless steels have very wide compositional
ranges with the other main alloying elements of importance being, dependent on the
type of stainless steels under consideration (Lippold and Kotecki 2005, de Cooman
et al 2005).

2.2. Physical and Mechanical Properties of Stainless Steels

The physical and mechanical properties of stainless steels are quite different from
commonly used nonferrous alloys such as aluminum and copper alloys. However,
when comparing the various stainless families with carbon steels, although there are
some key differences exist, many similarities in properties can be observed., the
density of stainless steels is ~8,0 g/cm?® like carbon steels, which is approximately
three times greater than aluminum alloys (2,7 g/cm?®). Like carbon steels, stainless
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steels have a high elasticity modulus of 200 MPa which is almost twice of copper
alloys (115 MPa) and almost three times of aluminum alloys (70 MPa).

There are differences among these materials for thermal conductivity, thermal
expansion and electrical resistivity, as well. i.e. aluminum alloys have a very high
thermal conductivity, followed by aluminum bronze, carbon steel, and then stainless
steels. For stainless steels, alloying elements such as nickel, copper, and chromium,
greatly decrease thermal conductivity. Thermal expansion is greatest for aluminum
alloys, followed by aluminum bronze and austenitic stainless steels, then ferritic and
martensitic grades. Stainless steels have high electrical resistivity and alloying
elements tend to increase electrical resistivity. The ferritic and martensitic stainless
steels have lower electrical resistivity than the austenitic, duplex, and PH alloys, but
higher electrical resistivity than 1080 carbon steel. Electrical resistivity of stainless
steels is almost 7,5 times greater than aluminumbronze and almost 20 times greater

than aluminum alloys (Davis and and Assoc. 1994).

The ferritic stainless steels (type 405 and 409) have yield strengths similar to
austenitic grades but lower values for UTS, ductility, and toughness. However,
strength, ductility, and toughness are still excellent compared with other materials,
such as 6061 aluminum alloy and aluminum bronze. The duplex stainless alloy
S32950 has twice the yield strength of the austenitic and ferritic grades and approx.
half the toughness. Again, its toughness is far superior to that of alloys that are heat
treated and hardened (Davis and and Assoc. 1994).

2.3. History of Stainless Steel

The history of stainless steels dates back almost as long as the history of the
covered electrode during the first decade of last century. The addition of chromium
to steels and its apparent beneficial effect on corrosion resistance is attributed to the
Frenchman Berthier, who developed a 1,5% Cr alloy and recommended for cutlery
applications in 1821. Early experiments with these steels revealed that with
increased Cr, the formability of the steel deteriorated dramatically and interest in

them waned until the early 20" century (Lippold and Kotecki 2005, Karlsson 2004).

Interest in corrosion resistant alloys (CRAs) arised between 1900 and 1915. The
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development of a technique for producing low-C Cr-bearing alloys by Goldschmidt in
Germany, in 1897 was the main catalyst for this renewed activity. Guillet, Portevin
and Giesen published papers respectively in 1904 and 1909 explaining the 13% Cr
martensitic and 17% Cr ferritic stainless steels. In 1909, Guillet published a paper of
Cr-Ni steels that were precursors of the austenitic grades. The development of the
direct arc electric melting furnace by Heroult in 1899, enabled widespread
production of stainless steels (Lippold and Kotecki 2005).

The laboratory studies sparked considerable interest in CRAs for industrial
applications. There was considerable effort to commercialize these alloys between
1910 and 1915. The first reported commercial "stainless steel" alloys are attributed
to Harry Brearly, who was a metallurgist at Thomas Firth and Sons in Sheffield,
England. Brearly came from a poor working-class family and started at Firth at the
age of 12 as a bottle washer in the chemical laboratory. In 1907, when he was 36,
he became head of the research laboratories. In May 1912, Brearly visited the Royal
Small Arms factory in Enfield to investigate the failure of rifle barrels made of 5 wt%
Cr steel due to internal corrosion. He concluded that higher chromium contents
could possibly be a solution to the corrosion problem. He initially cast two steels with
10 and 15% Cr and nominally 0,30% C. Both of these were unsuccessful because of
the excessively high carbon contents. An acceptable ingot with a composition (wt%)
12.86% Cr, 0.24% C, 0.20% Si, and 0.44% Mn, so the first true stainless steel was
melted on the 13"™ August 1913, in Sheffield, on the initiative of Harry Brearley. This
material was used to make 12 experimental gun barrels, but the new barrels did not
show the expected improvement. Some of this material was also made into cutlery
blades and the age of stainless steel had begun. (Lippold and Kotecki 2005,
Karlsson 2004).

The first stainless steel ingot was cast in the U.S. by Firth Sterling Ltd. in Pittsburgh
on 3" of March in 1915. This led to U.S. patent 1,197,256, assigned to Brearly for
cutlery grade steel. It included the composition range from 9 to 16% Cr and less
than 0.7% C. Steels made under this patent soon came to be called Firth Stainless
(Lippold and Kotecki 2005).

Although Brearly is widely recognized as the "inventor of stainless steels" based on

his patent in 1915, it is clear that his invention would not have been possible without
the background research carried out in France and Germany in the preceding
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decade. The work of contemporaries should also be recognized, including that of
the Americans Dansitzen and Becket for ferritic alloys, and the Germans Maurer and
Strauss for austenitic alloys. From these inventions, just before World War 1, the
martensitic, ferritic and austenitic stainless steel groups were developed. The
commercial production and use of stainless steels in the U.S began in the 1920s,
with Allegheny, Armco, Carpenter, Crucible, Firth-Sterling, Jessop, Ludlum,
Republic, Rustless and U.S. Steel being among the early producers. (Lippold and
Kotecki 2005, Karlsson 2004, Davis and Assoc. 1994).

The problem of obtaining raw materials has been a significant one, particularly in
regard to Ni during the 1950s when civil wars raged in Africa and Asia, prime
sources of nickel and chromium and Cold War politics played a role because
Eastern bloc nations were also prime sources of element. This led to development
of a series of alloys (AISI 200 type) in which Mn and N are particularly substituted
for Ni. These stainless steels are also being used in increasing amounts (Davis and
Assoc. 1994).

The first duplex stainless steel was produced in Sweden, in 1930s for applications in
the paper industry. However commercial production of PH stainless grades did not
take place until after World War |l (Karlsson 2004).

The basic metallurgy of Fe-Cr and Fe-Cr-Ni systems were understood by about
1940 and by the 1950’s stainless steels became standardised in specifications that
have changed little since that time. As these grades became accepted, the
emphasis changed to find cheaper mass-production methods and popularising the
use of stainless steel. From the 1970’s onwards, the addition of N and decreasing
the C content made it possible to develop the duplex grades into readily weldable
materials. The introduction of “super” stainless steels occured in the last two
decades. Superferritic grades with very low interstitial levels and high Cr and Mo
contents have superior corrosion resistance compared to standard ferritic grades.
Although these steels have found certain applications, their success has been
limited. Supermartensitic stainlesss steel is the most recent contribution to the
stainless steel family. These steels are extremely low in carbon (<0,010%) and offer
a high combination of high strength and adequate corrosion resistance and

weldability at a competitive price (Karlsson 2004).

14



Welding is an important fabrication technique for stainless steels and numerous
specifications, papers, handbooks and other guidelines have been published over
the past 75 years providing insight into the techniques and precautions needed to
weld these materials successfully. In general, the stainless steels are considered
weldable materials, but there are many rules that must be followed to ensure that
they can readily be fabricated to be free of defects and will perform as expected in
their intended service. Often, the problems are associated with improper control of
the weld microstructure and associated properties, or the use of welding procedures
that are inappropriate for the material and its microstructure (Lippold and Kotecki
2005).

Most stainless steels are weldable, but many require special procedures.
Development of new steels inevitably brings new problems in manufacturing and
joinig. There is a continuous demand for increased productivity in welding and
maintaining the parent metal properties. In almost all cases, welding results in a
significant alteration of the weld metal and HAZ microstructure relative to the base
metal. This can constitute a change in the desired phase balance, formation of
intermetallic constituents, grain growth, segregation of alloy and impurity elements,
and other reactions. In general, these lead to some level of degradation in properties
and performance and must be factored into the design and manufacture (Lippold
and Kotecki 2005, Karlsson 2004).

2.4. Production of Stainless Steels

Stainless steel is produced in a wide variety of shapes and sizes, and the available
forms of these alloys for commercial use are almost limitless. Melting of stainless
steels was revolutionized by the introduction of argon-oxygen decarburization (AOD)
and vacuum-oxygen decarburization (VOD) techniques. These techniques enabled
to produce much cleaner steels with a low C well controlled N levels. In the 1970’s,
the introduction of continuous casting in stainless steel production has contributed to
lower production costs and higher quality (Lippold and Kotecki 2005, Karlsson 2004,
Davis and Assoc. 1994).
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2.5. Types of Stainless Steel and Their Application

Next to plain carbon and C-Mn steels, stainless steels are the most widely used
steels. Because so many varieties of stainless steel are available, a wide range of
desirable properties is achievable and they can be used in many different
applications. Not surprisingly, considerable research has been conducted to define
their microstructure and properties.

Stainless steels can be divided into five families. Four are based on the
characteristic crystallographic structure of the alloys in the family. Unlike other
material systems, where classification is usually by composition, stainless steels are
categorized based on the metallurgical phase(s), which is predominant. The three
phases possible in stainless steels are martensite, ferrite and austenite. Duplex
stainless steels contain approximately 50% austenite and 50% ferrite, taking
advantage of the desirable properties of each phase. Precipitation hardenable (PH)
grades are based on the type of heat-treatment used, rather than microstructure,
because they form strengthening precipitates and are hardenable by an aging heat
treatment. PH stainless steels are further grouped by the phase or matrix in which
the precipitates are formed: martensitic, semi-austenitic, or austenitic types. (Lippold
and Kotecki 2005, Oates et al 1998, Davis and . Assoc.1994).

In the U.S., wrought grades of stainless steels are generally designated by the
American Iron and Steel Institute (AISI) numbering system with three numbers
sometimes followed by a letter: e.g., 304, 304L, 410, and 430, the Unified
Numbering System (UNS) or proprietary name of the alloy. Of the two institutional
numbering systems used in the U.S., AISI is the older and more widely used. Most
of the grades have a three digit designation: the 200 and 300 series are generally
austenitic stainless steels, whereas the 400 series are either ferritic or martensitic.
Some of the grades have a one- or two-letter suffix that indicates a particular
modification of the composition. The UNS system is a broader based system that
comprises a list of all metallic materials, including stainless steel. This system
includes a considerably greater number of stainless steels than AISI, becasue it
incorporates all of the more recently developed stainless steels. The UNS
designation for a stainless steel consists of the letter S, followed by a five-digit
number. For those alloys that have an AISI designation usually correspond to an
AlISI number. When the two digits are 00, the number desginates a basic AlSI
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grade. Modifications of the basic grades are two digits other than zeros. For
stainless steel that contain high nickel contents (25 to 35 % Ni), the UNS
designation consists of the letter N followed by a five digit number (Lippold and
Kotecki 2005, Davis and Assoc. 1994).
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Figure 2.2: Stainless steel family of alloys (Davis and Assoc. 1994).

Magnetic properties can be used to identify some stainless steels. The austenitic
types are essentially nonmagnetic. Duplex grades are relatively strongly magnetic,
due to their high ferrite content. A small amount of residual ferrite or cold working
may introduce a slight ferromagnetic condition, but it is notably weaker than a
magnetic material. The ferritic and martensitic types are ferromagnetic (Lippold and
Kotecki 2005, Davis and Assoc. 1994).

Since they were first used in the cutlery industry, the number of applications for

stainless steels has increased dramatically. Stainless steel grades are used in a
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wide variety of applications, such as power generation, chemical and paper
processing, and in many commercial products. They are used in the harsh
environments of the chemical, oil production and power generation industries, and in
utility goods such as furniture, automotive trims and cutlery, where both aesthetic
appearance and corrosion resistance are important design criteria. (Sourmail and
Bhadeshia 2007, Lippold and Kotecki 2005).

Over the years, stainless steels have become firmly established as materials for
cooking utensils such as kitchen equipment, fasteners, cutlery, flatware, decorative
architectural hardware and equipment for use in the chemical plants, diary and food
processing plants, health applications, petroleum and petrochemical plants, textile
plants, pharmaceutical and transportation industries. Stainless steels also find
extensive use for purity and sanitary applications in areas such as dairy and food
processing. Some of these applications involve exposure to either elevated or
cryogenic temperatures. Modifications in composition are sometimes made to
facilitate production. The relative importance of the major fields of application for flat
and long stainless steel products are as follows: (Sourmail and Bhadeshia 2007,
Lippold and Kotecki, 2005, Davis and Assoc. 1994).

Table 2.1: Major application areas for stainless steel products (Davis and Assoc. 1994).

Application Percentage

Industrial equipment

Chemical and power engineering 34
Food and beverage industry 18
Transportation 9
Architecture 5
Consumer goods

Domestic appliances, house hold utensils 28
Small electrical and electronic appliances 6

Chemical and power engineering is the largest market for both long and flat
products. It began in 1920 with the nitric acid industry. Today, it includes an
extremely diversified range of service conditions including nuclear reactor vessels,
heat exchangers, oil industry tubulars, components for the chemical processing and
pulp and paper industries, furnace parts and boilers used in fossil fuel electric power
plants. Many varieties of stainless steels are used in the food and beverage
production such as milk and cheese production, beer brewing, fruit juice production,
storage i.e., wine and beer vats and large kitchens for restaurants (Davis and Assoc.
1994).
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A wide range of functional and decorative components for transportation vehicles
are fabricated from stainless steels: automobile parts such as trim, fasteners, wheel
covers, mirror mounts, windshield wiper arms and exhaust manifolds, railroad cars
and large vehicles such as busses and tanker trucks, seagoing chemical tankers,
aerospace components such as structural parts, fasteners and engine cooling
sections. Stainless steel has also been employed in a number of well known
architectural landmarks. One of the oldest cases is the use of type 304 sheet to
decorate the summit od Crysler building in New York, in 1929 (Davis and Assoc.
1994).

Due to the fact that the steel used in this thesis is mainly categorized in ferritic
stainless steel group, ferritic stainless steels will shortly be introduced, then in
Chapter 3, 12% Cr stainless steels and the development history will be introduced in

detail.

2.6. Ferritic Stainless Steels

Ferritic stainless steels are classified as such because the predominant
metallurgical phase present is ferrite. These alloys possess good resistance to
stress corrosion cracking (SCC), pitting corrosion, and crevice corrosion- particularly
in chloride environments. They are used in a variety of applications where corrosion
resistance, rather than mechanical properties, is the primary service requirement.
Low-chromium (10,5 to 12,5%) grades are used for applications such as automotive
exhaust systems, where resistance to general corrosion is superior to carbon steels.
Medium and high-chromium grades are used in more aggressive corrosion

environments (Cavazos 2006, Lippold and Kotecki 2005).

Ferritic stainless steels possess an excellent resistance to SCC, while they had poor
toughness and as-welded ductility. In recent years, new ferritic stainless steels with
extremely reduced (C+N) content have been developed, in which toughness and
weldability are significantly improved. Of various joining methods, welding is widely
used in machine components and structures. However, historically ferritic stainless
steels had been used in the greatest tonnage in applications that do not require
welding. For example, the medium-Cr grades are used extensively for automotive
trim and other decorative and architectural applications. Since the early 1980s, the
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use of low- and medium-Cr grades for automotive exhaust systems has increased
dramatically. Since exhaust tubes and connections are welded, the weldability of
ferritic stainless steels has received increased attention (Akita et al 2006, Lippold
and Kotecki 2005).

A number of high-Cr grades have been developed over the years for use in
demanding environments, such as chemical plants, pulp and paper mills and
refineries. These alloys possess superior corrosion resistance relative to the
austenitic and martensitic grades. However, they are relatively expensive and
difficult to fabricate. The weldability of alloys with medium (16 to 18%) and high
(>25%) Cr content has be the subject of considerable research. Ferritic stainless
steels are generally limited for the use at service temperatures below 400°C, due to
the formation of emobrittling phases. High-Cr grades are particularly susceptible to
475°C embrittlement (Lippold and Kotecki 2005).

2.6.1 Standard alloys and consumables

Over the years ferritic stainless steels have evolved in three generations relative to
their general composition ranges. First-generation alloys were mainly the medium-
chromium types with relatively high C contents. These steels are not 100% ferritic
because they form some austenite in their structures during solidification and
cooling or when heated to elevated temperature. The austenite that is present at
elevated temperature transforms to martensite on cooling to room temperature.
Second generation ferritic alloys were developed to minimize the formation of
martensite in the ferrite structure and improve weldability. They have lower carbon
contents and often contain a stabilizing element (Nb or Ti) that ties up C and N,
thereby promoting ferrite stability. Because that ferritic stainless steels have
relatively low strength at elevated temperature compared to austenitic stainless
steels, Nb containing ferritic stainless steels were developed. Nb can improve high
temperature strength by solid solution hardening (Man Sim et al 2005, Lippold and
Kotecki 2005). Third-generation ferritic stainless steels have high chromium, low
interstitial (C+N) levels and low impurity levels. These grades are often developed
for specific applications under various trade names. The high-purity grades of
stainless steels have superior corrosion resistance with moderate toughness and

ductility. When welding these high-purity grades, extreme care must be taken to
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avoid pick up of undesirable elements, particularly nitrogen and oxygen, and to
minimize grain growth. It should be noted that many of these alloys have a 4XX
designation, similar to that of the martensitic stainless steels, even though their
microstructure and properties are different (Man Sim et al 2005, Lippold and Kotecki
2005).

The ferritic stainless steel grades which are commonly used in the industrial

applications are summarized in Table 2.2.

Table 2.2: Ferritic stainless steels commonly used in the industry (Kaluc and Tulbentci

1998).
Alsl| EURONORM Composition (%)
(UNS)* DIN
(TSE) C Mn P S Si Cr Ni Mo Other
405(S40500) X6CrAl13 < 1.00 | 0.040 0.030 1.00 | 11.50/13.00 - - 0.10/0.30 Al
0.08
409(S40900) X5CrTi12 < 1.00 | 0.045 0.045 1.00 | 10.50/11.75 - - 6 X
0.08 C/0.75Ti
429(S42900) X7Cr14 < 1.00 | 0.040 0.030 1.00 | 14.00/16.00 - - -
0.12
430(S43000) X6Cr17 < 1.00 | 0.040 0.030 1.00 | 16.00/18.00
0.12
430F(S43020) X12CrMoS17 < 1.25 | 0.060 | 1.15(min) | 1.00 | 16.00/18.00 - 0.60*
0.12
430FSe(S43023) - < 1.25 | 0.060 0.060 1.00 | 16.00/18.00 - - 0.15Se(min)
0.12
434(543400) X8CrMo17 < 1.00 | 0.040 0.030 1.00 | 16.00/18.00 - 0.75/1.25
0.12
5 X C/0.70
436(S43600) < 1.00 | 0.040 0.030 1.00 | 16.00/18.00 - 0.75/1.25 Nb+Ta
0.12
442(S44200) < 1.00 | 0.040 0.030 1.00 | 18.00/23.00
0.20
446(S44600) X10CrN28 < 1.50 | 0.040 0.030 1.00 | 23.00/27.00 - - 0.25N
0.20
* This alloying element can be added by the producer. ** ASTM- SAE Unified Numbering System.

Castings of ferritic stainless steels have rather limited availability, and the
composition ranges specified by ASTM A743 or ASTM A297 have very wide C
ranges, so that it is possible to develop a predominately ferritic microstructure or a
predominately martensitic microstructure in the as-cast condition (Lippold and
Kotecki 2005).

2.7. Constitution diagrams

To understand the properties of stainless steels and the associated phenomena that
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take place in the heat affected zone (HAZ), the constitution diagrams associated
with the alloying elements used in stainless steel alloys should be studied. However,
constitution diagrams are equilibrium phase diagrams that can be used to describe
phase transformations and phase stability, i.e. they represent the situation for a very
low heating and cooling rates. The heating and cooling rates obtained during
welding are high and therefore deviations from equilibrium diagrams are expected.
For a more rigorous treatment of phase diagrams and phase stability associated
with stainless steels, other sources are suggested (Lippold and Kotecki 2005,
Ladanova 2003).

An approximate equilibrium is achieved during post weld heat treatment.
Phenomena for instance the type of solidification, phase transformations and
precipitation can directly be related to the constitution diagrams. The Kkinetic
behaviour of the steel should also be considered. These diagrams can only
approximate the actual microstructure that develops in welds since stainless steel
base and filler metals contain up to 10 alloying elements that can not be
accommodated easily with standard phase diagrams and phase diagrams are based
on equilibrium conditions. To get an impression of the microstructure, transformation
and precipitation processes in stainless steels, various kinds of knowledge should
be combined (Lippold and Kotecki 2005, Ladanova 2003).

In this section, the Fe-Cr binary system and the Fe-Cr-C and Fe-Cr-Ni ternary
systems are shortly described. The intention here is to provide knowledge of
applicable equilibrium phase diagrams that can be used to predict microstructure
evolution as they apply to the various grades of stainless steels.

2.7.1. Fe-Cr system

Since Cr is the primary alloying element, the iron-chromium equilibrium phase

diagram is shown in Figure 2.3.
It is the important start point to describe stainless steel phase stability and phase

relationships and microstructures (Lippold and Kotecki 2005, Ladanova 2003,
Carrouge 2002, Folkhard 1974).
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Figure 2.3: Fe- Cr binary equilibrium phase diagram. (Davis and Davis Assoc 1994).

At elevated temperatures, there is complete solubility of Cr in iron, and solidification
of all Fe-Cr alloys occurs as ferrite. Ferrite is indicated on phase diagrams by the
symbols a and &. Based on the Fe-C system, &-ferrite is considered high
temperature ferrite, and a-ferrite is low-temperature ferrite that forms from austenite.
In binary and ternary systems, a and & are often used interchangeably, the ferrite
that forms at elevated temperature is not fully transformed and some or all can be
retained at room temperature (Lippold and Kotecki 2005).

By analogy with iron and ordinary steels, d-ferrite is known as it is precipitated from
the melt, while ferrite resulting from transformation of austenite during cooling is
called a-ferrite. The two types of ferrite show differing grain structures. &-ferrite is
often coarse when compared with a-ferrite and its morphology retains features of
the solidification microstructure (Lippold and Kotecki 2005, Ladanova 2003,
Carrouge 2002).

Chromium stabilizes the body-centered cubic (bcc) ferrite structure of iron; thereby
increasing Cr content, the high temperature & and a ferrite field expands. At low Cr
concentrations a "loop" of austenite exists in the temperature range 912 to 1394 °C.
This is commonly referred to as the gamma loop. As the ferrite field expands, the
gamma loop contracts. The solidification range for Fe-Cr alloys is very narrow.
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Alloys with greater than 12,7% Cr will be fully ferritic at elevated temperature, while
those with less than this amount of Cr will form at least some austenite at
temperatures within the gamma loop. Alloys with less than about 12% Cr will be
completely austenitic at temperatures within the gamma loop. Upon rapid cooling,
this austenite can transform to martensite (Lippold and Kotecki 2005, Carrouge
2002).

The Fe-Cr diagram produces a basis for martensitic and ferritic stainless steels.
These steels contain alloying elements other than Cr; the effects of these elements

are illustrated in the following paragraphs (Lippold and Kotecki 2005, Krauss 1989).

Figure 2.4: shows that other ferrite stabilizing elements such as vanadium and
molybdenum act similarly to chromium when alloyed with iron and also form gamma

loops (Krauss 1989).
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Figure 2.4: Gamma loops formed in various binary systems of iron (Krauss 1989).

2.7.2. Fe-Cr-C system

The addition of C to the Fe-Cr alloys increases the range of Cr contents over which
austenite can be formed at elevated temperatures, so this significantly alters and
complicates phase equilibrium. C is an austenite promoter so it expands the gamma

loop which allows austenite to be stable at elevated temperatures at much higher Cr
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contents. The effect of C on the expansion of the gamma field is shown below.
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Figure 2.5: Effect of carbon on the expansion of y loop (Lippold and Kotecki 2005).

It should be noted that even small amounts of C result in a dramatic expansion of
the gamma loop. This is important for development of the martensitic stainless
steels, since for martensite to form during cooling, these steels must be austenitic at
elevated temperatures. For the ferritic grades, the size of the gamma loop, must be
controlled such that little or no austenite forms at elevated temperatures (Kaluc and

Taban 2006, Lippold and Kotecki 2005, Davis and Davis Assoc. 1994, Folkhard
1974).
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3. 12 % CHROMIUM STAINLESS STEELS & LITERATURE REVIEW

3.1. Lean Alloyed Stainless Steels

Because the life cycle costs and environmental compatibility became more and
more important, chromium stainless steels are increasingly the only viable option for
numerous structural applications. The carbon steels still used today in many
applications require additional and highly expensive measures to prevent or delay
the onset of corrosion (NN 2004b).

The ferritic stainless steel family is the second most common used group of
stainless steels due to their good corrosion resistance and lower cost compared to
austenitic stainless steels. Since these steels were considered as low weldable
steels they have mostly been used for those applications that do not require welding
because a fully ferritic structure has poor low temperature toughness and poor high
temperature strength compared to austenite (Akita et al 2006, Taban et al 2007a,d,
Lippold and Kotecki 2005, Meadows and Fritz 2005, Gordon and van Bennekom
1996, Woollin 1994, Davis 1994, Gooch and Ginn 1988, Folkhard 1984, Thomas
1983).

AISI 430 ferritic grade finds uses in areas where its good corrosion resistance and
formability are needed. AISI 410 martensitic grade is used in numerous applications
where its high strength and moderate corrosion resistance are advantageous. On
the other hand, both these steels have dubious weldability. Traditional ferritic
stainless steels thicker than 6 mm have poor toughness, ductility and corrosion
resistance because of a coarse HAZ grain size and martensite formation on the
grain boundaries. In addition to their notch sensitivity, another major withdrawback
of these grades is their susceptibility to sensitization especially after welding.
Martensitic stainless steels require pre-heating to prevent hydrogen cracking, and
PWHT to optimise strength and toughness (Lippold and Kotecki 2005, Meadows
and Fritz 2005, Gordon and van Bennekom 1996, Davis 1994, Thomas 1983).
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Effective and widespread application of any alloy is dependent upon good
weldability and this factor alone has previously restricted the exploitation of ferritic
and martensitic grades more than any other. For example, alloy 420, is one of the
few stainless steels with virtually no practical arc welding history. During the last
decades the developments for the improved weldability increased the application of
such materials (De Santana et al 2006, Lippold and Kotecki 2005, Marshall and
Farrar 2000, Davis 1994, Gooch and Ginn 1988).

The emergence of life cycle costs analysis and improved steelmaking and working
technologies has given stainless ferritic and martensitic steels new status and has
provoked an appraisal of the economics and performance potential of "lean alloyed"

stainless steel in general.

The consequence of this vigorous activity has been evident in a wave of new or
improved alloys based on the 10,5 - 14% Cr system. The leanest is the utility
ferritics which has the minimum chromium level to provide the essential
"stainlessness" of the alloy. As a whole, the microstructure of these alloys, loosely
described as 12% or 13% Cr ranges from predominantly ferritic to fully martensitic,
with the former having good resistance to SCC whilst the latter have the highest
strength. The reasons for the renewed interest in this group of materials are that
these steels can provide strength to weight ratio equal to HSLA steels and better
than duplex stainless steels, combined with useful corrosion resistance for many

applications and at a relatively low cost (Marshall and Farrar 2000).

Advanced steel making technology now enables tight control of composition and can
provide extremely low levels of carbon and nitrogen with consequent improvement
in the as welded HAZ properties, as well as the reduction of chromium carbides
which degrade corrosion performance (Dhooge and Deleu 2005a-b, Lippold and
Kotecki 2005, Marshall and Farrar 2000).

These opportunities have not only helped to improve the weldability of utility ferritics,
but have also been fully exploited in the new weldable martensitics. Corrosion
performance and mechanical properties are enhanced with additional alloying
(Marshall and Farrar 2000).
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3.1.1. Introduction to 3Cr12 stainless steel

11 to 12 percent chromium stainless steels are sufficiently corrosion resistant in
atmospheric and and non aggressive aqueous conditions in many applications and
are widely used as low cost, utility stainless steels. In some predominantly ferritic
steels, a small amount of austenite forms at high temperatures and may transform to
martensite on cooling. This has been exploited to develop 12 % Cr transformable
stainless steels potentially with better weldability than either ferritic or martensitic
steels. For this, close control of the carbon content and martensite/ferrite balance
are used to avoid the extremes of completely ferritic or martensitic structures which
is also finding interesting applications as a high strength stainless structural steel.
The hardness and detrimental effect on toughness of the martensite is limited by the
low carbon levels. In general, the ferrite grain size led the HAZ toughness and
increasing the martensite level has a slightly detrimental effect when martensite is
the minor phase. With the development of steels with low carbon and interstitials
which improved weldability, the engineering applications of such materials have
increased (Greef and du Toit 2006, du Toit et al 2006, Lippold and Kotecki 2005,
Meadows and Fritz 2005, Woollin 1994, Davis 1994, Karjalainen et al 1992, Gooch
and Ginn 1988, Folkhard 1984, Castner 1977, McGannon 1974, Irvine et al 1960).

The first generation of 12 % Cr steels is known as 3Cr12 stainless steel which was
developed with 0.03 %C making use of the minimum chromium content required to
impart acceptable corrosion resistance. It was first produced by the Middelburg
Steel and Alloys (Pty) Ltd, later to become Columbus Stainless Steel Co. in South
Africa and commercialised in 1979. 3Cr12 steel is used generally by several steel
suppliers and is variously described as “ferritic” or “ferritic- martensitic’ 12 % Cr
stainless steel. Originally 3Cr12 is a trademark and was not included in any
international specifications. However a 12 % chromium steel developed from 3Cr12
has been designated DIN type 1.4003 and ASTM/ASME 41003. 3Cr12 now appears
in ASTM A240 as UNS S41003 and in Europe as Material Number 1.4003, although
the two specifications are not exactly the same. In particular, conformance to
S41003 does not require nickel as an alloying element, although it is permitted,
while conformance to 1.4003 does require some nickel. In addition to the
composition ranges of S41003 and 1.4003, some suppliers, but not all include a
deliberate addition of titanium (Topic et al 2007, Bartsch and Hoffmann 2006, NN
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2006a, Kotecki 2005, NN 2004, NN 2001, Moore 1997, Marini and Knight 1995,
McEwan et al 1993, Bennett 1991, Weiss et al 1990).

Table 3.1: 3Cr12 compositions (wt %) (Kotecki 2005 2006).

Specification C Mn P S Si Cr Ni N Ti
UNS S41003 0,03 1,5 0,040 | 0,03 | 1,0 | 10,5-12,5 1,5 0,03 -
Material No. 1.4003 0,03 | 0,5-1,5 | 0,045 | 0,03 | 1,0 | 10,5-12,5 | 0,3-1,0 | 0,03 -
Supplier A 0,03 1,5 0,03 | 0,03 | 1,0 11-12 1,5 - 0,6
Supplier B 0,03 2,0 0,40 | 0,03 | 1,0 | 10,5-12,5 1,5 - 4(C+N) to 0,6
UNS S§40920 0,03 1,0 0,040 | 0,02 | 1,0 | 10,5- 11,7 0,5 0,03 0,15- 0,50

Supplier A indicates conformance to both S41003 and Material Number 1.4003,
while Supplier B does not indicate any conformances, see Table 3.1. Also included
in the table is one of three composition ranges given in ASTM A240 for 409
stainless steel, UNS S40920. Note that the 3Cr12 of both Supplier A and Supplier B
could, with slightly restricted composition, be certified as 409 (Kotecki 2005).

3Cr12 is a low cost grade, nominal corrosion resistant 12% Cr steel. It is a modified
version of AISI 409 stainless steel. Significant minor elemental changes have been
made to overcome the major drawback of ferritic stainless steels, namely poor
weldability. The composition and annealing conditions are controlled to give a
microstructure of about 10 % tempered martensite in a fine grained ferrite matrix at
room temperature. This structure restricts the grain growth common in fully ferritic
stainless steels. Thus a weldable, strong ferritic stainless steel is produced (Topic et
al 2007, Hoffman, Moore 1997, Lelyveld and van Bennekom 1995, Marini and
Knight 1995, McEwan et al 1993, Callaghan 1993, Thomas 1983, Tullmin et al 1988,
Bredenkamp and van den Berg 1995).

The corrosion rate in many of the applications is low enough to consider use of this
material as an alternative to painted or galvanized steels and weathering steels in
structural applications in natural or industrial environments. The cost of additional
thickness requirements and surface treatments needed to counteract corrosion loss
in conventional carbon steel presents a large portion of the material cost over the life
cycle of a component. The interest in 3CR12, therefore, arises from its relative
resistance to atmospheric corrosion. 3Cr12 is an engineering material which is often
easier to use than mild steel. The reduced allowance required for the corrosion
decreases the need for expensive corrosion treatments and the improved yield

strength of the material allows large weight savings to be made in component
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design (NN 2004a, Meyer and du Toit 2001, Marini and Knight 1995, Beckitt 1994,
Orava et al 1993, Thomas 1983, Thomas and Hoffman 1982).

3Cr12 steel is used generally by several steel suppliers with excellent corrosion
resistance in many environments and possesses considerable economic advantage
over austenitic stainless steels. It is not a conventional stainless steel and was not
designed to replace stainless steels, but was designed to fill the gap between
expensive stainless steels at one end of the market and the rust-prone cheaper
carbon steels at the other end since it provides designers with an alternative which
displays both the advantages of stainless steels depending on the resistance to
corrosive attack and engineering properties on a par with carbon steels due to the
strength property similar to S355. This lean alloy chromium stainless steel bridges
the cost and performance gaps between carbon steels and high alloy stainless steel
grades. Although, 3Cr12 steel is recognized as the world’s most specified 12%
chromium utility steel, it is by no means universal and should not be substituted for
higher grades of steel unless detailed corrosion testing has been carried out. In
addition to the corrosion resistance advantages, the increased strength to mass
ratio over mild steel could realize an economical materials saving through the use of
a reduced component cross-section has enhanced this steel to be recommended
over the past years for numerous applications (Maxwell 1997, Topic et al 2007,
Kotecki 2005, Balmforth and Lippold 2000, Lelyveld and van Bennekom 1995,
McEwan et al 1993, Karjalainen et al 1992, Nirosta 4003, Gooch and Ginn 1988,
Tullmin et al 1988, Ball et al 1987, Eckenrod and Kovach 1980).

The 3Cr12 steel which contains 11 - 12 %Cr, has a low carbon content, minor nickel
and manganese additions, and is stabilized by titanium to reduce the amounts of C
and N in the solid solution by the formation of stable Ti carbonitrides. This cost
effective alternative material has a fine grained dual phase microstructure consisting
of martensite and ferrite and has a tensile strength of 550 MPa, a proof strength of
360 MPa and a Charpy toughness value >70 J at room temperature allowing
designers the option of using less material than with mild steels, a longer operating
lifetime and reduced maintenance (Beckitt 1994, Aghion and Ferreira 1993, Tullmin
et al 1988, Ball et al 1987).

It has found successful applications generally in the corrosive, low-stress abrasive

wear environments associated with the mining and mineral processing industries
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where corrosion/abrasion and aqueous corrosion problems arise such as
encountered in the South African gold and coal mines. Applications include ore cars,
chute liners, settling tanks, walkways, flooring, drain covers, surface and
underground piping, slurry tanks, fencing, and elevator buckets. The steel has been
used in a wide variety of applications ranging from autoclave trolleys in the brick
industry to industrial refuse containers and electrical transmission masts.
Widespread use of 3Cr12 in these environments, since its introduction in 1979, has
resulted in a quantity of data on its performance. It exhibits satisfactory weldability in
most applications, provided that the specified welding procedures are adopted. In
recent years, considerable interest has developed in the use of 3Cr12 by the
automotive and agricultural industries also (Topic et al 2007, NN 2006a,b,c, Meyer
and du Toit 2001, Lelyveld and van Bennekom 1995, Ball et al 1987, McEwan et al
1993).

3Cr12 is available in both the “black” and “white” form. The “white” form comes in an
annealed and pickled condition, with various surface finishes available. When
thinner thicknesses are required or the surface roughness of the “white” form needs
to be improved, the hot rolled material is cold rolled. Cold rolling hardens the steel
which is then annealed and pickled to produce a uniform dull matt finish. More
recently the material has been made available in the “black” form which has reduced
the cost of material. In “black” form, it is supplied in an identical metallurgical
condition to the “white” form, but is not descaled. The mill scale which remains on
the surface gives the material a bluish-black colour. The “black” form is mostly used
in wear and corrosion applications as during usage the initial layer of mill scale will
be worn away leaving a conventional “white” finish. The “black” form is not
recommended for applications where the material will be partially or totally
immersed as crevice corrosion may occur below the mill scale on the material’s
surface (Maxwell 1997, Marini and Knight 1995).

Although 3Cr12 has excellent corrosion resistance in many environments, its
weldability was limited. In the early 1990s, the second generation of these steels,
namely 5Cr12 and 5Cr12HT with higher toughness has been modified to give better
toughness, but weldability remained limited due to the carbon content (Topic et al
2007, NN 2001, Moore 1997, Marini and Knight 1995, McEwan et al 1993, Bennett
1991, Weiss et al 1990).
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3.1.2. Microstructure and phase balance

Low carbon Fe-Cr stainless steels have either a ferritic or martensitic, possibly semi-
ferritic, microstructure depending on composition:

i) When the chromium content is below approximately 12 wt%, it is possible to
obtain a martensitic microstructure since the steel can be made fully austenitic at
elevated temperatures. Such steels solidify as o&-ferrite and are completely
transformed to austenite (y) at high temperature, followed by relatively rapid cooling
to transformation into non-equilibrium martensite.

i) Chromium content greater than approximately 14 wt% gives a completely ferritic
stainless steel over the whole temperature range corresponding to the solid state
and hence cannot be hardened on quenching.

iii) Between the austenite phase field and the fully ferritic domain, there is a narrow
range of compositions which defines the semi-ferritic alloys, with a microstructure
consisting partly of d-ferrite which remains unchanged following solidification, the

remainder being martensite.

Considering that a minimum of 10,5 wt% Cr is required to obtain passivity and that a
chromium content above 12 wt% produces semi-ferritic microstructures, martensitic
stainless steels have their chromium content in the range 10,5-12 wt% (Carrouge
2002)

Dual phase materials are of great interest, designed and used to obtain the
desirable properties of both phases, without any concomitant detrimental effects.
They show a combination of strength, ductility and initial work-hardening rate. A
potential benefit often ignored with regard to dual-phase steels is that of cost, and
since nickel and manganese are rather expensive alloying additions, low nickel
ferritic-martensitic stainless steels can offer some potential as low cost corrosion
resisting high strength steels. A major advantage of those steels is that their
mechanical properties can be manipulated by microstructural modification. The
mechanical properties are generally sensitive to both the volume fraction of
martensite and the morphology of phases. The tensile properties of most of these
type of steels have been found to vary approximately linearly with the volume
fraction of martensite. (Blum et al 1992, Ball et al 1987, Thomas 1983, Eckenrod
and Kovach 1980).
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The phase structure of 3Cr12 is sensitive to the variation of composition and it can
be fully martensitic, martensitic-ferritic or fully ferritic. The actual proportions of
ferrite and martensite are determined by both the composition and the heat
treatment. The presence or absence of nickel, and the presence or absence of
titanium, are both important to the thermal behavior of the HAZ. All possible
compositions of 3CR12 will solidify as 100% ferrite. So the part of the HAZ closest to
the weld fusion zone will be 100% ferrite at peak temperature. At intermediate
temperatures, between about 1300° and 900°C, austenite may form, depending
upon the correct balance between ferrite forming elements which are chromium,
titanium, silicon and austenite forming elements such as carbon, nitrogen, nickel and
manganese. If the austenite promoting elements dominate, austenite will form in this
temperature range. If the ferrite promoting elements dominate, little or no austenite
will form. Austenite formation may be complete in this temperature range, or it may
be partial, again depending upon the balance of alloy elements. Furthermore, in the
more remote portions of the HAZ, where the peak temperature is less than about
900°C, the formation of a lesser amount of austenite can take place. Whatever
austenite does form will eventually transform to martensite on cooling below about
300°C (Kotecki 2005, Orava et al 1993, Ball et al 1987).

12%Cr stainless steel types are balanced to give a martensitic microstructure
adjacent to the fusion boundary and a fine grained ferritic martensitic dual phase
structure outside this zone. The fine grained zone has been found to be very tough,
the transition temperature being <100°C (Orava et al 1993).

In a study by Pagani and Robinson, TEM studies on 3Cr12 confirmed the
occurrence of low carbon lath martensite having a high dislocation density with laths
approximately 0,4 um in width. Dislocation densities were found to vary considerably
between different samples taken from the same weld. The difficulty in differentiating
between the ferrite and the tempered low carbon martensite is complicated due to
an increase in the dislocation density of the ferrite brought about by residual
stresses generated in the weld on cooling. Diffraction patterns indicated that the
welds have a bcc crystallographic lattice. However because of its low carbon
content, the lattice distortion of the martensite was insufficiently large to allow
differentiation between it and any ferrite present (Pagani and Robinson 1988).

The HAZ of a 12% Cr stainless steel is shown in Figure 3.1. The effect of the
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martensite content on the impact properties of HAZ is also illustrated.
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Figure 3.1: a) The HAZ of a 12 % Cr low carbon ferritic/martensitic steel, b) The effect of
martensite content on HAZ impact toughness of 12 % Cr steel (Woollin 1994).

The critical balance between ferrite and austenite in the hot rolled structure of 3Cr12
can be controlled using certain relationships based on the ferrite or austenite
forming tendencies of alloying elements. A high austenite content (low ferrite factor)
in the steel ensures that a high martensite content is obtained in the final product.
The Mg temperature for 3Cr12 is of the order of 550°C ensuring that no retained

austenite occurs in the steel (Thomas and Hoffman 1982, Kaltenhauser 1971).

The phase composition and morphology of the banded ferrite-martensite
microstructure of 3Cr12 can be compared to the microstructure developed after
furnace cooling from 1380 to 950°C, followed by quenching to room temperature.
The partitioning behaviour expected from &—y transformation was identified in the
alternating bands of ferrite and martensite and the sharp interface between these
two phases is reminiscent of incomplete 8—vy transformation. This suggests that the
duplex structure present during hot rolling is composed of austenite and residual
untransformed & ferrite. The incomplete d—y transformation has been shown to
produce a lathlike ferrite-austenite structure which obviously results in a banded
microstructure after rolling, i.e. the alternating thin lamellae of ferrite and austenite in
the wrought microstructure are reminiscent of the structure developed during

Widmanstatten growth (Knutsen 1992).
Similar phase banding and substitutional element partitioning is shown by Figure 3.2

and 3.3, by the commercially hot rolled 3Cr12 plate which has been allowed to air

cool after final reduction. It is also apparent that the continuous air cooling of the
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rolled coil has allowed partial regression of some of the austenite to & ferrite. Once
again, the —y transformation has involved the migration of the &/y interface into the
austenite bands. Although recrystallisation has occurred within the ferrite bands,
continuous boundaries are still produced as the interface migrates. Since the initial
recrystallisation of ferrite at the &/y interface produces a flat boundary corresponding
to this interface, migration of a number of recrystallised ferrite boundaries into the
austenite appears as a long, fairly straight boundary. The directionality of the original
0/y interface that existed during rolling is therefore maintained even during the
subsequent recovery events and regression of austenite (Knutsen 1992).

Figure 3.3: a)Structure of 3Cr12 showing banded F+M, b) annealed 3Cr12 with equiaxed
grains of ferrite and small cuboid precipitates of Ti(CN) (Thomas 1981).

The commercially rolled and tempered steel exhibits a fully ferritic microstructure
which is anisotropic with respect to grain morphology. Long flat grains were
identified in a section parallel to the rolling direction (Knutsen 1992).
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A number of equivalency relationships and diagrams have evolved the prediction of
microstructure in ferritic stainless steel welds. Schaeffler diagram covers the
composition range for ferritic stainless steels but has been proven to be relatively
inaccurate for predicting whether martensite will be present in ferritic alloys. The
Kaltenhauser ferrite factor can be used to predict whether martensite will be present
in ferritic alloys. The microstructure of nominally ferritic steels is highly sensitive to
the relative concentration of ferrite and austenite stabilizing elements, and fully
ferritic, ferritic/martensitic or martensitic steels can be obtained by varying the
balancing elements slightly. The final microstructure can be predicted by means of
Kaltenhauser ferrite factor (KFF). It does not provide any information regarding the
amount of martensite that will be present. The K factor shown, below, can not be
applied equally to all alloys and low and medium chromium alloys must be

considered seperately (Lippold and Kotecki 2005, Karjalainen et al 1992).

The ferrite factor also establishes the temperature region at which duplex austenite-
plus-ferrite occurs and as this affects the hot rolling characteristics of the steel, it is
controlled to maintain a minimum of about 30% austenite at the finish rolling
temperature. Low carbon martensite (high dislocation density) is the preferred
structure but since the partitioning of carbon to the austenite at high temperature
occurs very rapidly, it is essential to use titanium to lower the soluble carbon content
(Thomas and Hoffman 1982).

The first version of KFF was given by Kaltenhauser as KFF = Cr + 6Si + 8Ti + 4Mo
+ 2Al - 2Mn- 4Ni- 40(C+N) (Kaltenhauser 1971). Then referring to Karjalainen et al,
KFF was given as follows: KFF = Cr + 6Si + 8Ti + 4Mo + 2Al+ 4Nb- 2Mn- 4Ni-
40(C+N) while KFF = Cr + 6Si + 8Ti + 4Mo + 2Al + 4 Nb — 2Mn — 4Ni — 40(C+N)
was explained as above according to Greef and du Toit 2006, Lippold and Kotecki
2005, Marshall and Farrar 2000, Johansson 1999, Gooch and Ginn 1988. For
instance, if a steel grade has a low FF, then it is expected to have a high austenite
potential. More austenite is therefore expected to form in the high-temperature HAZ

of this steel during cooling (Greef and du Toit 2006).

The preliminary diagram and later the Balmforth diagram were developed to predict

the microstructure of both martensitic and ferritic stainless steel weld metals. Figure
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3.4 illustrates the position of 3Cr12 steel (Kotecki 2005, Balmforth and Lippold 2000,
Balmforth and Lippold 1998).

It should be noted that Balmforth and Lippold diagram was developed for as-
solidifed weld metal, not for the HAZ, so its predictions may not be totally accurate.
Nevertheless, the diagram can be expected to give a reasonable prediction of
compositional effects. In particular, it can be seen that anywhere from no martensite
(0,6 Ti and no Ni) to about 90% martensite (at 1,5 Ni and no Ti) can be expected
(Kotecki 2005, Balmforth and Lippold 2000, Balmforth and Lippold 1998).
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Figure 3.4: Balmforth constitution diagram with a rectangle of 3Cr12 compositions of varying
Ti and Ni (Kaluc and Taban 2007, Lippold and Kotecki 2005, Balmforth and Lippold 2000).

Assuming no Ni or Ti and a base composition of 0,02%C and 0,02%N and 11,5%Cr
a Crgq of 11,5 and a Nigq of 1,1 are calculated from the diagram above. This is
plotted as the lower left corner of the 3Cr12 rectangle in Figure 3.4. If no Ti is
present, but Ni is added to the maximum of 1,5%, that composition plots as the
upper left corner of the rectangle. If no Ni is present, but the max. of 0,6%Ti is
added, that composition plots as the lower right corner of the rectangle. And if both

Ti and Ni are present at their max. of 1,5%, that composition plots as the upper right
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corner of the rectangle. And the rectangle would be still larger if Cr, C and N were
allowed to vary over their full ranges instead of being fixed (Kotecki 2005).

The tensile properties of 3Cr12 in the hot rolled condition are affected by the volume
fraction of martensite in the structure, see Figure 3.5. The impact properties, if
measured using Charpy impact tests, show much wider scatter. Since the M;
temperature is depressed by nickel additions, the toughness of the structure
depends on the nickel content and the volume fraction of martensite as well as the

cooling rate.
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Figure 3.5: Effect of FF on volume fraction of martensite in steels quenched from 1000°C
(Thomas 1983).

3Cr12 is a hot rolled weldable plate material produced in thicknesses up to 30 mm.
It is produced to three different nickel contents, depending on the thickness and the
use of the steel. 0.4% Ni at 3 to 5 mm, 0.6% Ni at 6 to 12 mm and 1.2% Ni greater
than 12 mm (Thomas 1983).

The effect of nickel on the phase balance in the hot rolled condition is shown in the
Figure 3.6. However, since 3Cr12 is stabilised with titanium, and the alloy also
contains manganese and silicon, it is more convenient to use derived formulae to
relate the composition to the hot rolled structure. The so-called "ferrite factor" is
often used for this purpose (Thomas 1983).
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Figure 3.6: Effect of Ni on 12% Cr steel. Results from eight melts designated A-1 are shown
(Thomas 1983).

Titanium was originally added into ferritic stainless steel to prevent formation of
austenite and subsequently martensite, which have been regarded as harmful to
toughness properties. It was also believed that it would enhance toughness by
taking carbon out of solid solution and by forming titanium carbides. It was also
believed that titanium would restrict grain growth in the HAZ by grain boundary

pinning. However carbide particles can act as nucleation sites for clevage fracture.
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In general 3Cr12 is a titanium stabilized ferritic chromium alloy. It has been shown
that removal of titanium improved the toughness of 12Cr steel. In 3Cr12, the carbon
and nitrogen contents have been kept to a minimum and titanium is added to tie up
carbon and nitrogen to prevent the formation of intergranular chromium
carbonitrides. With the addition of titanium, the remaining carbon and nitrogen react
to form titanium carbonitrides. The formation of such carbonitrides leads to a
chromium depleted zone which may cause intergranular corrosion susceptibility. It
should also be noted that intergranular corrosion is not a problem for these grades
because of the very low carbon content (Orava et al 1993, Aghion and Ferreira
1993).

The actual amount of titanium required has to be carefully controlled. Excess
titanium in the steel has been found to lead to embrittlement by Fe,Ti and other
complex intermetallics. On the other hand, insufficient titanium will not ensure the
formation of low carbon martensite. During solidification and hot rolling, titanium-rich
inclusions tend to segregate and problems known as blisters or stringers can occur
in steels of high titanium content (Tullmin et al 1988, Thomas and Hoffman 1982,
Thomas 1983).

3.1.3. Mechanical properties

The splitting phenomenon noted with 3Cr12 and other duplex steels is of particular
interest. This has been examined previously and attributed to intergranular
decohesion along ferrite-martensite grain boundaries. It occurs during tensile testing
of 3Cr12 at stresses below the point at which necking occurs (Thomas 1983,

Hoffman).

Splitting behaviour to the occurrence of banded structures in low alloy steels.
Banding in 3Cr12 hot rolled from continuously cast slab is common, but not all
samples are prone to splitting. A crucial heat treatment apparently removes banding
and thus reduces the splitting tendency. The exact conditions of this heat treatment

remain to be determined (Thomas 1983).

A decrease in sharpness of the cutting edges has a similar effect on shearing as
that of widening the blade gap. This can also result in delamination or “shear brake”
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of thick materials which exhibit anisotropic properties. Much concern has been
expressed regarding the occurence of delamination during Charpy impact testing of
certain wrought steels and not surprisingly grain anisotropy is often mentioned as a
probable cause for delamination parallel to the rolling plane. Considerable research
has been carried out on the occurence of delamination in 3Cr12. The alloy
composition produces a steel having a two-phase ferrite-austenite structure during
hot rolling and on tempering at subcritical temperatures results in a fine grained
structure of ferrite and tempered martensite. 3Cr12 is one example of many such

material which exhibit anisotropic properties ((Knutsen 1992, Veldsman 1990).

3.1.4. Corrosion resistance

3Cr12 offers good resistance to atmospheric corrosion and mildly corrosive water.
Atmospheric corrosion testing has found an improvement of up to 250 times the life
of unpainted carbon steel in certain marine environments. Like other stainless steel
grades it is susceptible to pitting corrosion from chloride environments, it is less
resistant than the austenitic grades or the 17%Cr ferritic grades such as 430. Some
staining is normal in aggressive atmospheric exposure so if aesthetic appearance is
important, it is recommended that 3Cr12 be painted (Moore 1997, NN 2007).

The corrosion resistance of 3Cr12 is limited due to its relatively low chromium
content. It has good atmospheric corrosion resistance in marine and industrial
environments, but some discolouration occurs. 3Cr12 is used extensively in mining
environments where a combination of low pH, high chloride content and high
temperature results in high corrosion rates with mild steel or galvanised steel. The
low rates of corrosion with 3Cr12 and its resistance to pitting corrosion make
installations in 3Cr12 practical. Since the passivity of 3Cr12 is tenous in most
environments preferential attack on the martensite does not occur in practical
applications. The corrosion rate in many of these applications is low enough to
consider use of the material as an alternative to coated mild steels. The low
chromium content of 3Cr12 causes a protective film to form rather slowly on the
surface. This can lead to rather high corrosion rates in very aggressive media. It is
essential to passivate 3Cr12 using dilute nitric acid solutions before service in all

corrosive environments (Thomas 1983, Thomas and Hoffmann 1982).
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3.1.5. Physical properties

3Cr12 is magnetic and its Curie temperature is about 740°C. Other physical
properties include: Density 7.7 kg/dm?®. Electrical resistance 0.6 Q mm?%m. 3Cr12
behaves similarly to mild steel in terms of its distortion due to a similar thermal
expansion rate (NN 2004a, NN 2004b, Moore 1997).

3.1.6. Welding properties

Poor weldability of ferritic stainless steels has been one of the principal reasons
preventing their widespread use. These grades suffer from excessive grain growth
in the weld and HAZ. Although grain growth does still occur, 3Cr12 overcomes these
limitations to a degree and exhibits satisfactory weldability in most applications
provided that the specified welding procedures are adopted. Study by Lelyveld and
van Bennekom shows the coarse grain structure in the WM and HAZ, together with
the presence of martensite film along the grain boundaries resulting in poor
toughness. Fracture surfaces presented clevage planes and river markings typical of
brittle fracture (Lelyveld and van Bennekom 1995).To minimise grain growth and
hence poor toughness, it is recommended to use the minimum heat input that will

result in good weld integrity (Kaluc and Tulbentci 1998, Moore 1997).

Welding processes that are in common use for 3Cr12 include manual metal arc
welding (MMAW), gas metal arc welding (GMAW) and gas tungsten arc welding
(GTAW). GTAW is suitable for thicknesses up to 2,5 or 3 mm. According to Moore,
submerged arc welding (SAW) is not usually applicable as its high heat input and
slow cooling rate result in low toughness of the HAZ. In a study by Eriksson and
Johansson, results of Charpy impact tests on conventional and high speed MIG
welded samples of 12% Cr stainless steel showed that, heat input has a major effect
on the toughness of 3Cr12. The coarse grained HAZ was found to be the most
critical zone and lower heat input improved the transition temperature (Moore 1997,

Eriksson and Johansson 1997).
The duplex nature of 3Cr12 at high temperatures causes a considerable portion of

the HAZ to transform to martensite during subsequent rapid cooling. Cooling rate
and hence welding process affects the toughness of HAZ structures, as there is a
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remarkable hardness difference between rapidly cooled and slowly cooled
martensit, see Figure 3.7. The morphology of martensite is both inter- and
intragranular. It is likely that the intragranular martensite is of relatively high carbon
content, because of high austenitising temperature. Intergranular martensite shows
greater toughness and a tough grain boundary second phase has a beneficial effect
on mechanical properties. Some grain coarsening occur in the HAZ, particularly if
the volume fraction of martensite remains small (Thomas 1983, Thomas and
Hoffman 1982).
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Figure 3.7: DBTT of 3Cr12 tested after welding (Thomas and Hoffman 1982).

The duplex structure of ferrite + martensite in the HAZ is tougher than the ferritic
structure of the parent metal. The F-M interface, particularly if decorated with large
carbo-nitrides, is an area where cracks often initiate. Cracks reaching a certain
critical size will tend to grow rapidly into the more brittle phase, but cleavage fracture
in Fe-Cr ferrite occurs readily and this makes the ferrite more prone to cracking than
the martensite. 3Cr12 is mainly welded with austenitic stainless steel electrodes, so
that the weld metal consists of austenite with a small amount of ferrite, usually 5-
15%. High dilution increases the amount of ferrite and in certain cases a triplex
structure of ferrite-plus-austenite-plus-martensite is likely in the weld metal. This is
to be avoided, as the triplex structure has very poor properties, particularly
toughness. (Thomas 1983).
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Recommended filler metal for all processes for the welding of the low-carbon, 12
percent chromium ferritic stainless steels conforming in composition to grades
S41003 (ASTM A240) and 1.4003 (EN 10088-2 and EN 10028-7) is the austenitic
stainless steel grade AISI 309 type of stainless steel consumables, although the
grades 308L and 316L are also commonly used. Even this leads to a property
mismatch between the weld and the surrounding base metal, the ductile austenitic
weld metal improves the overall toughness of the weld by absorbing some of the
impact that the joint may be exposed to during service. This procedure limits
martensite formation in the weld metal and grain coarsening in the HAZ, which could
otherwise be a problem when too high heat inputs are used during the welding
process. This can however be expensive and has the added disadvantage that
austenitic stainless steels have much higher coefficients of thermal expansions than
3Cr12 or mild steel. This may result in thermal stresses in the welds, particularly in
the long welds used in the application under consideration (Taban et al 2007a,b,c,
2006a,b, du Toit et al 2006, Greeff and du Toit 2006, Meyer and du Toit 2001,
Marshall and Farrar 2000, Johansson et al 1999, Gooch and Ginn 1988, Moore
1997, Lelyveld and van Bennekom 1995, Thomas 1983, Thomas and Hoffman
1982).

Reported weldability studies have shown that austenitic stainless steel consumables
can be used to produce arc welds to minimise the risk of HAZ hydrogen cracking
and to ensure deposition of tough weld metal yielding adequate properties required
for structural purposes. Filler metal of “matching” composition is commercially
available (classified as E410NiMo, with modified Cr content), but it is not
recommended in applications where impact, shock, fatigue or any other form of non-
static loading is anticipated. This electrode is only specified in applications where
matching corrosion resistance is essential. These stainless steels can also be
welded to mild steel and low alloy steels, using austenitic stainless steels filler
materials. However dissimilar metal welding between 12Cr steels and carbon steels
present a few problems because matching 3Cr12 fillers are not acceptable for
dissimilar welding of 3Cr12 (Taban et al 2007a,b,c, 2006a,b, du Toit et al 2006,
Greeff and du Toit 2006, NN 2006a,b, NN 2004a,b, Meyer and du Toit 2001,
Marshall and Farrar 2000, Johansson et al 1999, Gooch and Ginn 1988, Moore
1997, Lelyveld and van Bennekom 1995, Pagani and Robinson 1988, Thomas
1983, Thomas and Hoffman 1982, Eckenrod and Kovach 1980).
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3.1.7. Industrial applications for 3Cr12

3Cr12 is intended to help reduce processing costs, by increasing the service life and
operational efficiency of processes in applications where corrosion abrasion is
present. Applications for 3Cr12 are generally in atmospheric and non-agressive
aqueous conditions those requiring good resistance to mild corrosion, often together
with some degree of abrasion such as gold and coal wagons for transportation in
mining and mineral industries, storage vessels, motor vehicles, freight containers,
chutes for the conveyence of wet rock, pipes for the pumping of corrosive and
abrasive slurries, transport of abrasive materials, conveyor steelwork, chutes,
automotive emission systems etc. Some typical low stress corrosion abrasion
applications include the coal and gold transport wagons, ore pass chutes, coal
mining industry, shaker conveyor, ash disposal pipelines. Several major railroads
worldwide, such as in South Africa, Australia, Belgium, UK and USA, have had more
than 10 years experience with 3Cr12 coal and gold wagons (Maxwell 1997, Moore
1997, Marini and Knight 1995, Karjalainen et al 1992, Eckenrod and Kovach 1980).

The mining industry in Southern Africa and Australia is involved in the handling of
enormous tonnages of gold mines, coal mines, platinum mines, diamond and
titania/illmenite mines. The atmospheric conditions in mining can be particularly
aggressive where there is a combination of high humidity, high temperature, the
presence of blasting fumes containing oxides of nitrogen and water with low pH
values, high chloride levels and high levels of ferric sulphate. Wear is further
accelerated by the synergetic effect of corrosion and abrasion. The wear rate
caused by corrosion abrasion in uncoated mild steel is unacceptably high in mines
and thus constitutes a significant proportion of maintenance (Moore 1997, Marini
and Knight 1995, Thomas 1983).

The combination of corrosion and abrasion that exist pose a serious problem to
materials engineers. Hard, abrasion resisting carbon-manganese and quenched and
tempered low alloy steels have poor corrosion resistance in low pH mine water and
sea water. Austenitic stainless steels are too expensive and of insufficient hardness
to resist abrasion. 3Cr12 has a good combination of corrosion resistance and
hardness to provide an economic solution to wet sliding abrasion problems. Impact
abrasion applications remain an area for use of 14% Mn steels or high-chromium
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cast irons. In field and laboratory trials, 3Cr12 has proved to be a cost effective
material for chutes, bins, launders and other applications involving wet abrasion (NN
2006b, Moore 1997, Marini and Knight 1995, Thomas 1983).

In conventional steels, the product corrosion, i.e. rust, is easily removed by spalling
or abrasion thus exposing fresh surface for further accelerated corrosion. The 3Cr12
corrosion product, a microscopic layer of Cr oxide is hard and extremely adherent
protecting the surface even under acidic and abrasive conditions. If damaged, this
layer is instantly self healing and the steel remains unaffected. The practical result of
this superior performance is that the design of 3Cr12 coal wagons requires no
corrosion allowance, so that 3Cr12 plating can be used, giving a lighter car with
increased payload and a much longer maintenance free life. Because of its greater
strength and improved corrosion resistance, applications also include conveyer
structures, battery boxes, spill pans, underground locos and ore cars, shaft
screenwork, piping, reagent storage tanks, flooring, machine guards and skip liners
(NN 2006b, Maxwell 1997, Moore 1997, Marini and Knight 1995, Thomas 1983).

3Cr12 prototype coal wagons were taken into service on the Ermelo-Richards Bay
coal line in April 1985. At that time, Corten was the material specified for coal wagon
construction, but due to the corrosive abrasive conditions present in transporting
coal, severe corrosive attack was experienced. During the initial trials of the new
3Cr12 prototypes, “white” 3Cr12 was used. In a later drive to reduce material costs
further, all future coal wagons were produced in “black” 3Cr12. Coal wagons later
became the largest market for the usage of the “black” 3Cr12, which is currently
about 2500 metric tons. After five years in service, two of the 3Cr12 wagons, and
two Cor-ten (conventional carbon and weathering steel) wagons, which had been
used as a comparison standard, were inspected. The 3Cr12 wagons, which were in
excellent working condition, showed minimal signs of corrosion with only slight
discolouration occurring as a result of contact with the coal. In the areas where wet
coal accumulated, no evidence of corrosion was found in either the welds or the
heat affected zone. The side panels of the two Corten wagons showed a greatly
reduced wall thickness, due to corrosive attack. In addition to this, cracks were
present in the stiffening boxes, which had also undergone severe corrosive attack.
There was also severe corrosion of the welds between the structural members. This
inspection indicated that the Corten wagons would require comprehensive repair
work after 5-6 years in service, which clearly illustrated the limited lifespan of these
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wagons. In comparison to this, it was predicted, based on the corrosion rates
recorded, that the 3Cr12 wagons would have a service life of approximately 20
years (Maxwell 1997, Marini and Knight 1995).

Since the introduction of 3Cr12 in 1985, two wagons were inspected in 1986 and
again in 1999. After 14 years of service, the wagons were still in excellent condition
with areas of high abrasion e.g. the sides having a smooth, shiny surface with
extremely good slide ability. With no apparent signs of fatigue, weld failure or pitting
in the HAZ, these wagons were found to be in excellent condition and may be

expected to last for approx. 50 years (NN 2007).

Another type of coal wagon built in South Africa using 3Cr12 was a fleet of 58
wagons for the rail link between Duvha Open Cast mine and Middleburg Mine
Services. The wagons carrying 57 tonne loads discharge through discharge doors.
3Cr12 was used in the body sides, discharge doors, under frame and bulkhead
liners. Inspection was carried out in March 2003. After little more than 20 years in
service the wagons were found to be in super condition with no apparent wear or

any signs of fatigue or weld related defects (NN 2007).

Examples of coal wagons produced from 3Cr12 stainless steel are illustrated in the

figures below.
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Figure 3.8: Tonne Coal Wagon as used on the line between Duvha Open Cast Mine and
Middleburg Mine Services (NN 2007).

Figure 3.9: Interior of an 82 Tonne CCL Jumbo Wagon (NN 2007).
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Figure 3.10: Coal wagons for Q-rail, Queensland rail company, the subject of a A$40M order
for stainless steel plate and coil and welding wire (NN, 2001).

Figure 3.11: A coal wagon produced from 3Cr12 steel used in Australia (Moore 1997).

The use of 3Cr12 was considered for components in the power generating and
chemical industries operating under creep-fatigue loading conditions and oxidizing
environments. The alloy was considered for use in the applications where the
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component is exposed to a range of loading conditions which includes cyclic
plasticity, time dependent creep and an atmosphere containing various amounts of
oxygen (Aghion and Ferreira 1993).

3Cr12 has been used extensively in aqueous environments since its introduction in
1979. It has also been used successfully in numerous applications such as piping,
tanks, X Grid packing in cooling towers, settlers, immersed plate, animal drinking
troughs etc (NN 2007).

Figure 3.12: DAF Thickener built in 1989 for the Middelburg Municpality (NN 2007).

3Cr12 is utilised in the construction of tubular bus frames in order to minimize the
effect of corrosion in numerous countries world wide. Manufacturers in Europe and
South Africa have selected 3Cr12 as the material of choice for the construction of
bus frames due to its excellent weldability and high mechanical properties. Due to its
corrosion resistance together with its high proof stress, max. passenger safety is
achieved while guaranteeing long term structural integrity. The use of 3CR12 can
realise a mass saving of up to 900 kg due to its higher strength which allows for
lighter gauges to be used (NN 2007, Dhooge and Deleu 2005).
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Figure 3.13: a) TFM Bus in 2004, b) View of 3CR12 framework underneath bus.
approximately 10 years old (NN 2007).
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Figure 3.14: A bus with the use of 12% Cr stainless steel (NN 2004b).

In the early eighties serious maintenance problems were experienced by the owner
of the Dodgem Car facility in Durban. The floor of the Dodgem Car arena consisted
of carbon steel, which continually corroded. The corrosion generally occurred during
the downtime such as overnight or out of season. The subsequent layer of oxide
would then be pulverized and picked up by the cars and then contaminate the
electric motors giving rise to costly maintenance and repairs. The decision was
taken to replace the carbon steel flooring with 3Cr12. The plates of 6x1000x2000
were bolted to the floor with countersunk bolts and have been in service for over 20
years. A visit to the playground in July 2003 found the floor to be shiny and smooth
and maintenance on the cars reduced by approximately 80% (NN 2007).
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Figure 3.15: The Dodgem car arena (NN 2007).

Figure 3.16: 6 x 1000 x 200mm 3Cr12 plates bolted to the dodgem car floor (NN 2007).

12% chromium steels are used in fabricating component parts of gas turbine
engines both for military and civil aircraft and airframe pieces such as door panels,
window frames and access panels (IAF-Editor 2000).
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3Cr12 was also used for X-Grid packs in power station cooling towers after
extensive tests a tower at Rooiwal Power Station was fitted with the mesh, which
was named X-Grid. X-Grid was manufactured from 1,2 mm 3Cr12 which has now
been in service for up to 20 years maintenance free (NN 2007).

Figure 3.17: View of the X-Grid layers inside the cooling tower after 20 years service.
Diameter is approximately 52 meters (NN 2007).

3Cr12 has demonstrated its success with its innovative use for electrification masts.
Over 30 km of track were electrified by the S. African Railways on their mainline.
3Cr12 was chosen for the lattice girder masts and beams on the line including the
entire system in the harbor area. Twenty years later, there has been no measurable
corrosion and the system is expected to remain completely maintenance free for at
least 40 years (Maxwell 1997, NN 2007).
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Figure 3.18: Welded areas with no significant corrosion (NN 2007).

Passenger train cars and trams were built with 3Cr12 tubing framework and the
bodywork (Maxwell 1997).

Figure 3.19: Trams built with 3Cr12 frame and bodywork (NN 2004b).
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For many years corrosion and abrasion have posed serious and costly problems for
the sugar industry throughout the sugar-producing world. Since 1980/81 when
3Cr12 was introduced to the South African sugar industry, it has proved itself in
many applications in numerous countries in both cane and beet processing. With
3Cr12’s resistance to corrosion abrasion and relatively low cost, it has performed
very well in most areas in sugar plants e.g. cane carriers, diffusers, bagasse
handling, boilers etc. The sugar industry is seasonally regulated with maintenance
being carried out during the “off crop” period. Unplanned maintenance during the
crushing period results in costly loss of production along with the cost of repairs. A
visit to a typical sugar mill in S. Africa, which processes approx. 2 million tonnes of
cane per annum, revealed many applications where 3Cr12 is the preferred material
of choice vastly out performing carbon steel. i.e., the main cane carriers where
carbon steel needs replacement after 10 years max. 3Cr12 was installed in 1985
and is still performing perfectly in 2003. A chute lining in 6 mm 3Cr12 is still
excellent after 15 years of service. Throughout the typical sugar mill one finds 3Cr12
used in applications such as: cane carriers, juice troughs, donnelly chutes, bagasse
handling, ducting, scrubbers, centrifugals and ash handling (NN 2007).

Figure 3.20: Scalding juice heater cover. Note the condition of the carbon steel vs 3Cr12 (NN
2007).
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Taking into consideration the fact that thinner 3Cr12 than carbon steel may be used.
And less need for treating and painting and much longer life time, 3Cr12 is a very
cost effective material in the sugar industry (NN 2007).

3Cr12 is a very succesful material for corrosion abrasion and many other
applications. It should be noted that this material may not be suitable for certain very
aggressive environments. 3Cr12 is a corrosion resisting material and is not
designed to replace the more expensive stainless steels especially in very
aggressive environments. Problems may be experienced if 3Cr12 is immersed in
environments containing high concentrations of chlorides especially if the material is
used under stagnant conditions. There is also the risk of attack by microbial
corrosion where bacteria are present. Although 3Cr12 is resistant to atmospheric
attack, staining may occur on the surface if there is water spilling out onto it.
Therefore if the external aesthetic appearance of structures is important, it is
recommended that a surface coating be applied (NN 2006a, NN 2004c, Marini and
Knight 1995).

Long, maintenance free service life requirements in excess of 50 years for
reinforced concrete structures in marine and some aggressive industrial
environments will best be met by the use of corrosion resisting steel. Structures built
using accepted concrete practices and using 3CR12 or other stainless steel
reinforcement will have long service life with no or minimal costs resulting from
corrosion of the reinforcement (NN 2007).

Widespread use of 3Cr12 in these environments mentioned above, since its
introduction in 1979, has resulted in a large quantity of data on its performance.
Many of the early recommendations for use in non-critical applications were based
upon intuition and case by case experimental testing. With time this spawned a
number of generic corrosion testing programmes. This resulted in the production of
interesting, but often difficult to interpret, results concerning the performance of
3Cr12. (McEwan 1993).
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Table 3.2: 3Cr12 applications in South African industry (McEwan et al 1993).

Industry type Main application areas

Ore cars, chutes and chute liners, measuring flasks and liners, skip
Mining liners, conveyors, shaft steelwork, air heat exchangers, settling tanks,
skips

Can preparation tables, cane knife disks, bagasse intercarriers, boiler
Sugar processing | feed chutes, maceration tanks, juice lines, vapour piping, vacuum
condensers, water piping

Agriculture  and | Manure spreaders, fertilizer tanks, grain piping, grain chutes, drinking

fishing througs, cattle trucks, deodorisers, fish chutes, chicken manure hoppers
Pulp and paper Woodchip hoppers, woodchip pipelines, repulper vats, raw pulp storage
tanks, water piping, water treatment tanks, flooring, gren liquor tanks
Power Bunker liners, ash slurry lines, cooling tower steelwork and packing,
water tanks
Petrochemical Hot gas ducting, fan casings, vessel cladding, scrubber liners, steam
and metallurgical | diffusers, tanks, piping and flanges
Abattoir Blood tank trolleys, offal trolleys, drinking througs, rotary washers
Filter baffle plates, pipe hangers, splitter boxes, walkway sections, scum
Sewerage boards, weir plates, digesters, centrifugal casings, piping, sewerage
tankers
Municipal Hospital hot well tanks, road sweepers, electrical boxes, water piping

3.1.8. Experimental studies about 3Cr12

Since its introduction in 1979, widespread use of 3Cr12 resulted in a number of
data, especially about its corrosion resistance, on its performance. Very few studied
on weldability of this steel were found. Many of the early recommendations for use
in non-critical applications were based upon intuition and case by case experimental
testing. A number of generic corrosion testing programmes were carried out on
3Cr12. So firstly, corrosion performance studies, then mechanical property studies
about 3Cr12 will be outlined.

Laboratory abrasive and abrasive-corrosive testing was carried out on a range of
ferritic, austenitic and martensitic stainless steels and the results were compared
with the testing of similar materials in situ in the abrasive corrosive conditions of a
gold mine. All grades were found to have better abrasive-corrosive resistance than
proprietary abrasion resistant alloys. Notwithstanding the advantages of austenitic
grades, the ferritic grades were found superior in terms of cost per unit volume lost
and the 3Cr12 steel was found to have a potential as an abrasion resisting material
in corrosive environments (Allen et al 1981).
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Influence of ion implantation on the corrosion performance of 3Cr12 steel was
investigated by Hicks and Robinson since ion implantation has shown beneficial
effects on wear and oxidation. The effect of implantation of Mo, V, Pb and N were
studied each at 4 dosages. Pb implanted 3Cr12 showed increased pitting resistance
with increasing dosages while Mo and V implantation showed similar behaviour for
the lower doses but the results showed poorer pitting resistance for the higher doses
(Hicks and Robinson 1984).

The effects of Mo additions on the general, pitting and crevice corrosion resistances
of 3Cr12 were investigated by Tullmin and Robinson. Ti stabilized and unstabilized
3Cr12 alloys with nominal Mo wt % of 0, 0,1, 0,2, 0,3, 0,5, 1 and 2 were used. Test
results revealed that Mo additions up to 1% did not significantly improve the pitting
resistance of staibilized or unstabilized 3Cr12. Mo additions of stabilized 3Cr12 were
not considered advisable as the impact toughness was unacceptably low for Mo
contents of 0,5% or higher, while the corrosion resistance was not improved

significantly by Mo additions below 0,5% (Tullmin and Robinson 1988).

Referring to a study by Mursalo et al, the corrosion resistance of mild steel, 3Cr12
and 316L steels were assessed by accelerated electrochemical corrosion testing in
synthetic minewaters since most industrial waters contain both chloride and
sulphate ions. In the case of South African minewaters, these two anions, derived
from soluble salts, usually make up the bulk of the total solids in solution. Mild steel
has been used extensively as a material of construction for components in contact
with South African minewaters, mostly with suitable coatings for improved
resistance. However materials with higher inherent corrosion resistance, such as the
corrosion resisting steel 3Cr12 and the more highly alloyed stainless steels, such as
316L have found increasing application. Mild steel tends to corrode by uniform or
general corrosion in minewaters. General rusting over the entire surface is
characteristic of this form of attack. In corrosive minewaters which are usually
associated with low pH, high contents of dissolved oxygen and total dissolved solid
and high temperature, the general corrosion rate of mild steel may become
excessive in the absence of coatings, such as galvanising, paint systems or a
duplex combination of both. The corrosion resistance of mild steel, 3Cr12 and 316L
steels was assessed by accelerated electrochemical corrosion testing in synthetic
minewaters containing different permutation levels of chloride and sulphate. The
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general corrosion resistance of mild steel was adversely affected by the presence of
both the chloride and the sulphate ions. In contrast, sulphate ions in the water had a
beneficial passivating effect on the stainless alloys and improved their resistance to
both general and localized corrosion. Sulphate ions in the water would thus tend to
offset the detrimental effects on insidious chloride ions on stainless steels (Mursalo
et al 1988).

The influence of several non metallic inclusions on the corrosion behaviour of 3Cr12
steel was reported by Knutsen and Ball. Potentiodynamic and potentiostatic tests
were carried out on two commercial 3Cr12 heats in order to examine the occurrence
of micropitting associated with inclusions. As results, the presence of relatively
insoluble titanium rich sulfide and titanium carbonitride inclusions did not
significantly affect the corrosion behaviour of the steels and the dissolution of MnS
in NaCl solution led to formation of micropittings and decrease of pitting potential
(Knutsen and Ball 1991).

The corrosion resistance of eight high alloy steels including 3Cr12 for flowing juice in
a cane sugar factory has been investigated by Cash et al. All of those steels were
unlikely to suffer spontaneous pitting corrosion under the conditions that exist in the
sugar factory while crushing is in progress. A surface film formed on these alloys
which was almost entirely organic in nature. This gave additional resistance to
pitting. Provided this film is not disturbed and chloride-free water is used for
cleaning, it was concluded that the lower grade alloy steel 3Cr12 should be a
suitable material for mixed juice lines (Cash et al 1992).

A paper by McEwan et al highlights the process followed from the release of 3Cr12
into the market place to the production of predictive, usable data on its performance
in aqueous environments. Techniques such as pitting scans, ZRA studies and
experimental E-pH diagrams were employed to produce a number of predictive
models. The integration and accuracy of these models was then tested against
known case histories. It is argued that technology and information transfer need to
be improved to enable material users and specifiers to recommend appropriate

materials, not just 3Cr12, for various applications (McEwan 1993).

Concerning the corrosion of reinforcing steel in concrete structures as a major

problem in the coastal areas of South Africa, 3Cr12 was used in a series of
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exposure programmes to assess its performance as a reinforcing in concrete in a
study by Callaghan. In the first exposure programme, mild steel and 3Cr12 in the
pickled and passivated condition were exposed in a specially designed marine
climate simulator. Comparative performance after 4,5 years exposure confirmed

3Cr12 as a durable reinforcing material for concrete (Callaghan 1993a).

In the second exposure programme, steel, 3Cr12, 316 and 304 stainless steel were
exposed in the hot rolled condition. Galvanised steel and powder epoxy coated
rebar were also exposed. Exposures were carried out at a severely corrosive marine
site and in the simulator. Within 2 years, the results from this programme
emphasized the need to remove all hot-roll scale from the 3Cr12, the 316 and 304
stainless steel rebars before being used as reinforcing in concrete. Galvanized steel
bars performed poorly. Powder epoxy coated rebars showed severe under-rusting
and corrosion. By comparison steel rebars performed extremely badly. Despite the
highly alkaline conditions, chloride penetration caused severe corrosion within two
years. (Callaghan 1993b).

A study by Chong et al reveals the observations of pitting morphologies of the laser
melted 3Cr12 surfaces showing that corrosion was initiated at the grain boundaries
where the martensite or possibly impurities were located (Chong et al 2005).

A paper by Liu et al, summarizes the results of the investigations into the corrosion
performance of various laser-melted 2014-T6 and 2024-T351 aluminium alloys, AlSI
304L austenitic stainless steel and 3Cr12 steel to enhance the knowledge of
important, but poorly understood relationships between corrosion and
microstructural characteristics of surfaces following laser treatment. It has been
found that apart from the refinement/homogenization of microstructure, factors such
as the electrochemical nature of various intermetallics with respect to the solid
solution matrix and HAZs produced by overlapping, and phase transformation
determined by cooling rate, play key roles in corrosion behaviour after the laser
treatment (Liu et al 2006).

Some aspects of the mechanical behaviour of 3Cr12 were investigated as a function
of the temperature and strain rate by Weiss et al. The yield stress was found to
depend on both the temperature and the strain rate, with no substantial differences
between the longitudinal and the transverse directions (Weiss et al 1990).
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A study by Aghion and Ferreira reveals the effect of oxidizing environments on high
temperature fatigue failure of 3Cr12. As a result, it has been found that the fatigue
life of 3Cr12 depended on the amount of oxygen present in the testing atmosphere.
The shorter life time obtained in the pure inert argon environment was attributed to
the absence of the crack blunting and branching as experienced by the specimens
tested in air environment (Aghion and Ferreira 1993).

The findings of a study into the structural performance of 3Cr12 built-up I-section
columns were presented by Bredenkamp and van den Berg. A better prediction of
3Cr12 steel column strength was found by using the mechanical properties obtained

from the stub columns (Bredenkamp and van den Berg 1995).

In a research about web crippling of stainless steel cold formed beams by Korvink et
al, 304 and 3Cr12 type of stainless steels were used. It was concluded that the
experimental results compare reasonably well with the theoretical predictions
(Korvink et al 1995).

In a study by van Bennekom and Potgieter, the failure of a conditioning tower at a
cement plant was investigated. It was found that the structure failed due to a
combination of high temperature oxidation and sulphidation. This was aggravated by
the presence of sodium and potassium salts in the exit gases. It was concluded that
a stainless steel with a higher chromium content than the 3Cr12 would be a more
suitable for that type of application (van Bennekom and Potgieter 2000).

The plain fatigue and fretting fatigue behaviour of a plasma nitrided 3Cr12 stainless
steel and an AISI 316 stainless steel was studied in a study by Allen et al. Test
specimens were produced at two nitriding temperatures, namely 400°C and 520°C,
representing low temperature and conventional nitriding temperature, respectively.
The test results demonstrated that both nitriding processes can enhance the plain
fatigue limit of these steels by approximately 10- 25%, with the high temperature
process being slightly more effective. Under fretting fatigue conditions, the beneficial
effect of plasma nitriding is even more significant and the fretting fatigue limit is
increased between 50 and 100% for 3Cr12 and at least 50 to 150% for the AISI
steel as the nitriding temperature is raised from 400 to 520°C (Allen et al 2003).
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The fatigue behaviour of 3Cr12 corrosion resistant steel wires has been investigated
by Topic et al as a function of combined effects of heat treatment, such as
annealing, quenching as well as mechanical treatments, such as a cold drawing.
The samples were heat-treated, cold drawn and subjected to fatigue testing under
load control mode. The results obtained for cold drawn 3Cr12 steel wires having
initial annealed microstructure, showed that the drawing strain increases both static
mechanical properties and fatigue limit. Further drawing above 0,47 strain does not
increase the fatigue strength significantly. However, an application of quenching
treatment followed by cold drawing, improves the fatigue limit more significantly than
in case where the 3Cr12 steel was annealed and cold drawn. Dual-phase
microstructure obtained by quenching treatment acts beneficially in terms of
delaying fatigue crack initiation and propagation processes and most importantly, a
notch effect on the fatigue behaviour of 3Cr12 steel wires treated in this way
become insignificant (Topic et al 2007).

When compared with FeCrNi stainless steels, much less work has been performed
regarding the physical metallurgy and electrochemical behaviour of 3Cr12 steel.
Knutsen describes a banded microstructure of ferrite and martensite phases in
which chromium depletion and nickel and manganese enrichment in the martensite

phase was found (Knutsen 1992).

In a study by Blum et al, it was reported that a heat treatment for two hours at 850°C
followed by oil quenching results in a more isotropic and coarse flake-like
morphology of martensite and ferrite, see below (Blum et al 1992).

Figure 3.21: Optical micrograph of the 3Cr12 heat treated at 850°C for 2hrs and followed by
oil quenching (Blum et al 1992).
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In a paper by van Bennekom and Robinson, it has been found that temperature is
one of the most important etching parameters and should be considered carefully
before etching is performed (van Bennekom and Robinson 1992).

Few experimental studies about welding and weldability of 3Cr12 stainless steel are
present.

In a study by Bennett, 10 mm thick 3Cr12 and 5Cr12HT steel with higher toughness
were used. 3Cr12 steel was butt welded to 5Cr12HT steel with 309Mo filler metal
with a max. heat input of 1 kd/mm. Very different grain sizes of 5Cr12HT and 3Cr12
steels between welded and unwelded conditions were observed. The grain size on
5Cr12HT side was found better than 3Cr12 side. This difference in the structure was
accounted for the higher toughness and fatigue resistance of the 5Cr12HT
compared to 3Cr12 (Bennett 1991).

A research on two duplex stainless steel, Avesta 2205 and 3Cr12 were welded by
SMAW process using eat inputs of between 0,4 to 1,7 kd/mm. The effects of varying
heat inputs on the properties of the HAZ were investigated with hardness, impact
toughness, tensile strength, microstructure and corrosion rate (Jana 1992).

In a study by Orava et al, the influence of composition, microstructure and grain size
on impact toughness of the coarse grained zone of the heat affected zone of a weld
in non-stabilized 12%Cr stainless steel was investigated. Eight laboratory heats
were prepared to obtain five completely martensitic, two martensitic, two martensitic
ferritic and one ferritic structure. The effect of C and N content on hardness and
toughness were studied. The coarse grained zone was simulated and impact test
results showed that the microstructure of the coarse grained zone had a
considerable influence on toughness. Lowest transition temperatures were obtained
in fully martensitic heats. The hardness of the martensite increased with increasing
carbon content. The lath size of martensite had no effect on hardness or toughness
(Orava et al 1993).

An investigation on autogeneous welding of 3Cr12 tubing has been carried out by

van Lelyveld and van Bennekom. 3Cr12 tubing for use in heat exchanger and
scalding juice applications in the sugar industry was investigated using an
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autogeneous TIG process. In the case of tubes manufactured from the old titanium
stabilised version of 3Cr12, martensite formation in the weld is limited to the grain
boundaries which combined with the large grain size that results a brittle weld
structure. Welding of tubes manufactured from the unstabilised version of 3Cr12,
however yields a much greater volume fraction of martensite in the WM and HAZ,
which refines the grain size and improves weld toughness (Lelyveld and van
Bennekom 1995).

In a study by Eriksson and Johansson, conventional and high speed MIG welding
processes were used to weld 3Cr12 steel. The effect of heat input on the transition
temperature was investigated. The parent base metal showed a transition
temperature of -30°C, while 40°C and 60°C were found respectively for the

martensitic zone and coarse grained zone (Eriksson and Johansson 1997).

Ferritic-martensitic steels with Cr contents ranging from 9 to 12 wt. % have been
extensively developed and studied over the past 30 years and are being considered
for applications in various Generation IV advanced nuclear power plant designs as
pressure vessels, tubing and piping, and fuel cladding. Heating of the base metal
immediately adjacent to the weld to 800- 900°C during welding produces a structure
with coarsened carbides and recrystallized ferrite grains instead of the desirable
tempered martensite structure of laths and fine carbides. When stress is applied
across the weld, creep deformation is localized in this narrow band resulting in fine
cracks. Cracking is more prevalent at the lower stresses typically encountered in
service (Totemeier et al 2006).

3.2. EN 1.4003 Stainless Steel

At a low carbon content of about 0,1% which is desirable for good weldability and
good ductility, there is a choice between the following compositions: i) a low
chromium steel such as 1-5% Cr, which has insufficient chromium to provide much
increase in oxidation resistance but is transformable with increasing hardenability as
the chromium content increases. ii) a 11-13% Cr steel which is fully transformable
and air hardening up to large section sizes. The oxidation resistance is adequate at
temperatures up to 700°C and there is a possiblility of adding alloying elements to

improve the tempering resistance without introducing large amounts of ferrite, iii) a
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steel containing 17% or more of chromium which will be non transformable, i.e. fully
ferritic. Although the oxidation resistance is improved, there is now no possibility of
obtaining high tensile properties except by cold working or by the utilization of a
precipitation hardening effect.

Of these alternatives there is greatest scope for development in the 11-13% Cr
steels. Another aspect which must be considered is the effect of alloying elements in
depressing the martensite transformation range. A 0,1%C low alloy steel has an Ms
temperature of about 450°C which means that complete transformation to
martensite can occur when cooling from the solution temperature to room
temperature. There is a decrease in this Mg temperature when increased amounts of
alloying elements are added and the M, temperature of a 0,1% C and 12% Cr steel
is about 300°C.

The fact is that the 12% Cr type of steels had not achieved its full potential because
the possible alloy combinations were not fully understood. There were considerable
difficulties in developing suitable steels because of the critical nature of the
composition. A mininum of 11% Cr is necessary to ensure adequate oxidation
resistance. To obtain reasonable ductility and impact properties and to prevent
welding difficulties, low carbon content is desirable. The combination of 0,1%C and
12%Cr produces a steel near to the borderline of the stable austenite phase at
solution temperatures with an M; temperature at about 100-150°C. The mechanical
properties of the base metal can still be improved by the addition of alloying
elements such as molybdenum and vanadium. Since these are strongly ferrite
forming, they must be balanced by austenite forming elements such as nickel,
manganese, copper and cobalt. This combined alloy addition may then depress the
martensite transformation temperature range so that there is incomplete
transformation and the mechanical properties are impaired. It will however be seen

that there is only a limited possibility for alloying 12%Cr steels (Irvine et al 1960).

As mentioned earlier, original 3Cr12 was not included in any international
specifications. However a 12 % chromium steel developed from 3Cr12 has been
designated DIN type 1.4003 and ASTM/ASME 41003. The former has been

incorporated into EN 10088 and EN 10028 (NN 2006a).

Alloying with a strong carbide and nitride forming element to getter C and N is a
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generally adopted technique in ferritic stainless steels such as type 409 to stabilize
them against sensitisation to intergranular corrosion, but the modern steel making
process enables the interstitial atom level to be reduced sufficiently low so that
stabilization treatment is not necessary (Karjalainen et al 1992).

EN 1.40083 steel is modified from conventional 12% Cr stainless steel by decreasing
the C content to well below 0.03% to improve the weldability, which is regarded as
the limit for low-carbon steels since steel manufacturers can fabricate the EN 1.4003
steel conforming to grade 1.4003 in EN 10088-2 and EN 10028-7 and UNS S41003
in ASTM A240. Also, the amount of titanium is limited because of the tendency of
titanium to form brittle carbide phases in the HAZ of a welded joint (du Toit et al
2006, Greef and du Toit 2006, Lahti 2000).

EN 1.4003 type alloys perform well in many wet sliding abrasion applications and in
aqueous environments, often replacing coated carbon and galvanized steels in
mildly corrosive surroundings. Initial application of these steels used to be materials
handling equipment in corrosive/abrasive environments, but the 1.4003 steels are
now used extensively in the coal mining industry, for cane and beet sugar
processing equipment, and for bulk transport of coal and gold, road and rail
transport, power generation, for petrochemical, metallurgical, pulp, paper industries,
in structural applications and in aerospace engineering. The past few years have
also seen a marked increase in the use of these steels in the transport, mining, and
agricultural sectors, with successful application in passenger vehicles, coaches,
buses, trucks, freight and passenger wagons, and rail infrastructure. 1.4003 steel
with better weldability than 3Cr12 is to be considered as a link between carbon
steels and higher alloyed corrosion resistant alloys and displays both the
advantages of stainless steels for corrosion resistance and engineering properties of
carbon steels. For the long term maintenance costs, 1.4003 steel requires less
coating renewals offering a substantial economic and considerable environmental
advantage. For other applications, the use of this steel with improved weldability
would be more economical with regard to higher alloyed stainless steels (Taban et
al 2007a, du Toit et al 2006, Greef and du Toit 2006, Dhooge and Deleu 2005a,b,
NN 2004a,b, Meyer and du Toit 2001, Maxwell 1997, Marini and Knight 1995,
Lelyveld and van Bennekom 1995, Woollin 1994).
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1.4003 steel is found to be a cost effective weldable 12%Cr stainless steel
combining: strength and ductility in the as delivered and as welded condition,
corrosion and abrasion resistance in moderately aggressive conditions, scaling
resistance up to 600°C, better welding and fabrication properties and useful impact
resistance and it withstands oxidation up to 600°C in air and other oxidizing, low
sulfur and low halogen environments (NN 2004a).

1.4003 steel is less sensitive to 475°C embrittlement than 17%Cr steels and other
higher alloyed ferritics. As a result of its dual phase structure, it has better low
temperature impact properties than fully ferritic grades. KV values at 20°C are over
50J/cm? and 35J/cm? individual. At —20°C, typical KV values are over 35J/cm? (NN
2004a).

In a wide range of applications, 1.4003 steel is thought to provide particular cost
advantages in the following areas: vehicle construction such as rail vehicles, frames,
panels and road vehicles, shipbuilding, containers, chemical processing equipment,
tanks, steel structures/building industry, conveyors, gates, profile, tube production,

rollformed structural elements.

The 1.4003 ferritic stainless steels are designed to transform partially to austenite on
cooling, passing through the dual-phase (austenite+ferrite) field on the Fe-Cr
equilibrium phase diagram, see Figure 3.22 for C contents below 0,01%. Although
the 1.4003 steels normally contain more than 0,01% carbon, this phase diagram
illustrates the general shape of the austenite and austenite+ferrite phase fields. An
increase in C content is expected to enlarge these phase fields at the expense of
ferrite. The partial solid-state phase transformation of ferrite to austenite on cooling
improves the weldability and as-welded toughness of these steels by restricting HAZ
grain growth. The 1.4003 steels are usually supplied in the fully annealed and
desensitized condition. Final annealing is performed at temperatures below the A1
(normally between 700°C and 750°C) after air cooling or cold rolling. During the
annealing treatment, any austenite formed on slow cooling through the dual-phase
region transforms completely to ferrite. Due to its low solubility in ferrite, the majority
of the carbon precipitates as chromium-rich carbides or carbonitrides during
annealing, but any chromium-depleted zones formed in the ferrite are healed
through rapid chromium back-diffusion from the grain interiors. The rapid cooling
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rates associated with welding, however, prevent the transformation of austenite to
ferrite at lower temperatures, and any austenite formed on cooling through the dual-
phase (6+Y) region transforms to martensite below the Ms-temperature (du Toit et al
2006, Greef and du Toit 2006).
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Figure 3.22: Vertical section of the ternary Fe-Cr-C phase diagram for 1.4003 steel (du Toit
et al 2006).

As a result of the high carbon solubility in austenite, the austenite phase that forms
on cooling acts as a carbon sink, dissolving significant amounts of carbon. When
this austenite transforms to martensite at lower temperatures, the amount of carbon
retained in solid solution in the martensite phase is determined by the cooling rate.
Martensite formed on fast cooling retains higher levels of the carbon in
supersaturated solid solution. At slower cooling rates, the formation of martensite is
preceded by carbide precipitation in the austenite, and less carbon is retained in
solution in the martensite phase (du Toit et al 2006, Greef and du Toit 2006).
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The low carbon and nitrogen contents prevent excessive hardening during the
transformation from austenite to martensite, which explains the material’s favorable
fatigue, strength and bending properties even in the welded condition. The dual
phase, low carbon composition of 1.4003 is balanced to limit grain growth and
hardening effects in the heat affected zone of welds. 1.4003, compared to older
versions of low cost 12%Cr, contains no addition of titanium (NN 2004a,b).

The heat-affected zone microstructure of a 1.4003 weld is shown in Figure 3.23.

Figure 3.23: The HAZ microstructure of 1.4003 steel after welding (du Toit et al 2006).

The high temperature heat-affected zone (HTHAZ) adjacent to the fusion line
represents parent metal heated above the A3 temperature during the weld thermal
cycle, and is characterized by o-ferrite grains surrounded by grain boundary
martensite. Despite the partial solid-state phase transformation from ferrite to
austenite on cooling, the HTHAZ is normally characterized by grain growth. This is
in contrast to the much finer grain size of the low temperature heat-affected zone
(LTHAZ) further removed from the fusion line. This region has a structure consisting
of ferrite and martensite, and represents parent metal heated to temperatures
between the A1 and A3 temperatures during welding. The grain growth that occurs
in the HTHAZ during welding is the main cause of concern. The phase composition
of the heat-affected zone at high temperatures depends on the relative amount of
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austenite and ferrite stabilizers in the steel. During cooling, grain growth is restricted
by grain boundary austenite. Considerable ferrite grain growth occurs during the
heating cycle and close to the peak temperature when the phase composition is fully
ferritic. The width of the heat-affected zone is a function of the heat input during
welding (du Toit et al 2006, Greef and du Toit 2006, Meyer and du Toit 2001).

Ferrite grain size has a marked effect on the impact properties of the HTHAZ.
Ductile to brittle transition temperature (DBTT) results from samples obtained
through temperature-cycle simulation by Gooch and Ginn indicate the DBTT of 12%
ferritic martensitic steel increases with the ferrite grain size (Meyer and du Toit
2001).

3.2.1. Experimental Studies about 1.4003 Steel

There have been only a few studies on 1.4003 stainless steel and on its weldability.
Thomas et al carried out a study on the feasiility of friction stir welding steel. 12 mm
and 15mm thick, low carbon steel grade BS EN 10083-1 and 12mm thick, DIN
1.4003 (X2CrNi12), (EN 10083-3) steels were used and acceptable double sided

similar and dissimilar friction stir welds were produced (Thomas et al 1999).

Figure 3.24, shows the macrophotographs of the friction stir welded base metals by

Thomas et al.
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Figure 3.24: Macrosections of double sided FS welded a) 12%Cr steel, b) low C steel, ¢)
dissimilar 12% Cr and low C steel weld (Thomas et al 1999).

In a study by Lahti et al., ferritic—-martensitic EN 1.4003 and austenitic EN 1.4310
stainless steels were used and three-point bending nominal stress range fatigue of
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stainless steel fillet welds was tested. The test results obtained were shown to be in
good agreement with suggested fatigue classes in the related design standard,
derived from fatigue data on structural steels. However, if the size of the weld was
increased, and the failure location could be moved to the weld toe instead of the
weld root, a significant increase in fatigue strength was observed (Lahti et al 2000).

The effects of weld seam configuration are highlighted by the results of bend fatigue
tests of welded 1.4003 steel. The data are presented in Figure 3.25— data supplied
from a steel producer (NN 2004b).
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Figure 3.25: Fatigue strength in bending of 1.4003, MAG welded (NN 2004b).

In a recent research by Che’hab et al., the high temperature tearing resistance of
EN 1.4003 grade dual phase ferritic stainless steel was characterized by the
essential work of fracture method. This method proved to be very well adapted to
high temperature cracking. Two microstructures were tested to assess the method
which turns out to be very discriminating (Che hab et al. 2006).

As shown in Figure 3.26, the microstructure of the as-received steel consists of two
phases: a matrix of martensite a' with interlath residual &-ferrite. The two heat
treatments shown in Figure 3.27- (a) HT1 and (b) HT2 were performed in order to
generate two different microstructures. The microstructure HT1 consists of a matrix
of martensite with interlath &-ferrite, which resulted from first cooling down to 1150°C
for the formation of Widmanstatten austenite from the old grain boundaries of &-

ferrite; then quenching for the austenite transformation into martensite. The
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microstructure HT2 consisted of a matrix of martensite with globular &-ferrite
(Che’hab et al 2006).

Figure 3.26: Microstructure of the as-received EN1.4003 grade (Che hab et al 2006).

b 30 min an 1300%C

/ IWater quen ching
150 min at 1150°C

martensie

globsular &fervite

Figure 3.27: Schematics of the heat treatments and resulting microstructures:
(a) HT1 and (b) HT2 (Che’hab et al 2006).

The susceptibility of EN 1.4003 ferritic stainless steels to sensitization during
continuous cooling after welding at low heat input levels was investigated by Greef
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and du Toit. Two steel grades with different austenite potentials were welded using
a range of heat inputs (30 to 450J/mm) and welding speeds (2.36 to 33.3mm/s). The
steels were found to be sensitized when lower heat inputs and faster cooling rates
suppressed austenite nucleation during cooling, resulting in almost fully ferritic HAZs
and continuous networks of ferrite-ferrite grain boundaries in the HTHAZ. With an
increase in heat input, the cooling rate was reduced and more martensite formed in
the HTHAZ. The ferrite-martensite boundaries were generally observed to be
unsensitized. The results suggest that if enough austenite forms in the HTHAZ
during cooling, it acts as a carbon sink to dissolve excess carbon. This prevents
supersaturation of the ferrite phase and subsequent carbide precipitation that could
lead to sensitization of the ferrite grain boundaries. Excessive welding speeds
appeared to promote sensitization during low heat input welding (Greef and du Toit
2006).

A study by du Toit et al presents an overview of the findings of several investigations
about the HAZ sensitization and stress corrosion cracking (SCC) behaviour of
12%Cr type 1.4003 ferritic stainless steel (du Toit et al 2006).

As seen from the literature survey mentioned above, ease of weldability for 1.4003
stainless steels is essential. To increase the ease of weldability and to enhance
mechanical properties, carbon content and interstital levels should be kept as low as
possible. With all these requirements, a modified version of X2CrNi12 stainless steel
was developed, a comprehensive welding and weldability study was required. It has
been mentioned in a paper that plasma welding of 1.4003 steel is possible however
a paper revealing this has not been found elsewhere (Moore 1997). It is concluded
that, within this study, conventional and innovative welding processes should be
planned to be used with various types of filler metals on various thicknesses of this

type of steels. Dissimilar welding should also be performed.

73



4. AIM AND PLAN OF THE STUDY

Ferritic stainless steel as specified in EN10088:X2CrNi12 (UNS 1.4003) is well
known as a low cost steel grade exhibiting good resistance to wet abrasion and
mildly corrosive environments. Typical applications are railway wagons for coal and
iron ore, coal and gold mining and mineral processing, transport equipment, bus
frames, containers, silos, sugar and chemical processing equipment, furnace parts,

etc...

Modern production routes allow fabricating this grade with low carbon (< 0,015%)
and low levels of impurities thus improving its weldability and mechanical properties,
see Table 4.1. Under these conditions, this steel, which still conforms to
EN10088:X2CrNi12, can be regarded as a serious candidate replacing the non-alloy
structural steel grades such as EN10025: S355, for applications like pressure
vessels, beams or even bridges, pipelines, etc...

Table 4.1. Proposed chemical composition (wt %) of the X2CrNi12 stainless steel.

C Si Mn P S Cr Ni N (ppm)

<0,015 +0,45 +1 +0,02 +0,001 +11,5 +0,5 +100
[£0,030] | [£1,00] | [£1,50] | [<0,04] | [£0,015] |[10,5-12,5] | [0,30-1,00] | [<300]

Values between square brackets are as specified in EN10088

Evaluating this was the main objective of the present research so target mechanical
properties for the modified steel type should be those applicable for the non-alloy
steel EN10025:S355, which are a minimum yield strength of 345 MPa or 355 MPa,
depending on the thickness, and a minimum ultimate tensile strength of 490 MPa.

Requirements for the standard X2CrNi12 ferritic stainless steel in hot rolled plate
form according to EN10088 are ‘only’ 250 MPa or 280 MPa, depending on the
orientation, and 450 MPa to 650 MPa respectively for yield and ultimate tensile
strength. Guaranteed base metal strain at fracture is 18%.
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Compared with usual structural steel grades, substantial cost savings should be
achieved by using this modified X2CrNi12 stainless steel because of its improved
corrosion resistance. This stainless steel demands less expensive coatings and far
less coating renewals yielding tremendous environmental advantages. Therefore,
maintenance costs of the end product would remain low while its working life would

be much longer than for regular steel grades.

For other applications, the use of this adapted X2CrNi12 should be more
economical than for instance higher alloyed and more expensive austenitic stainless

steel, the use of which cannot be justified in many cases.

Finally, the enhanced weldability of the improved steel should improve the ease of
welding, increase the welding speed and thus overall productivity while the
possibility of joining the steel by laser or plasma welding without filler metal was also
worthwhile to consider for certain applications. Several situations arise in industrial
practice which call for joining of dissimilar materials. The materials employed are
location dependent in the same structure for effective and economical utilization of
the special properties of each material. The joining of dissimilar metals is generally
more challenging than that of similar metals because of difference in the physical,
mechanical and metallurgical properties of the parent metals to be joined, that is
why welding of dissimilar metals has been the object of investigations for many
years. Their growing importance is justified by their technical and economic
potentials. In order to take full advantage of the properties of different metals it is
necessary to produce high quality joints between them. Only in this way can the
designer use the most suitable materials for each part of a given structure. The
growing availability of new materials and higher requirements being placed on
materials creates a greater need for joints of dissimilar metals (V.V. Satyanarayana
et al 2005, I. Magnabosco et al 2006). So dissimilar welding of modified X2CrNi12

stainless steel to S355 steel was also found to be interesting for consideration.
In order to achieve a good idea about the potentials of this modified X2CrNi12

ferritic stainless steel and thus to realise the above objectives, the following areas

needed to be investigated within this research.
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Weldability: Welding of steel is crucial for its use in structural applications and
therefore especially toughness, hardness and resistance against cracking have to

be examined.

Filler metal: Nowadays, these type of steels are welded with austenitic stainless
steel filler metals, like AISI 309. In this study, various types of austenitic filler metals
will be used and the effects of the filler metals will be explained.

Welding technique: Different welding techniques have to be investigated. Semi- and
full automatic welding processes for economic production should be incorporated in

the study but also manual welding is to be considered for eventual repair work.

Properties of welded joints: for structural applications strength, fatigue resistance
and impact toughness levels have to be achieved. These properties strongly depend
on welding technique, welding parameters, joint design and type of filler metal used

and so all weldments within the study will be thoroughly examined.

Taking these considerations into account, a research programme has been
proposed on this clean X2CrNi12 ferritic stainless steel base metal with improved
weldability and delivered by the steel producer, in a plate thickness of 6 mm, 12 mm,
20 mm and 30 mm. The test material was evaluated mainly according to its
mechanical properties and weldability, the latter by means of thermal weld
simulations where remnant impact toughness, morphology and hardness were
examined. The said technique permits to determine the welding parameters for
obtaining acceptable strength and toughness at the heat affected zone (HAZ).

The welding processes applied within this comprehensive study were gas metal arc
welding (GMAW), plasma arc welding (PAW) and flux cored arc welding (FCAW),
shielded metal arc welding (SMAW), submerged arc welding (SAW), Laser welding
and Plasma + TIG hybrid welding. Welded joints were also included between the
ferritic stainless steel and the non-alloy steel EN10025:S355 in a thickness of 12
mm and 20 mm by means of SMAW and SAW processes. Different type of filler
metals such as AISI 309L, AISI 309LSi, 308LSi, 316L, 316LSi and 2209 duplex

consumables were used to produce the welded joints.
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All welded joints were properly investigated, evaluated and compared. Detailed
testing included tensile and bend testing, Charpy impact toughness and CTOD
fracture toughness tests, fatigue tests, microstructural examinations such as
metallography, hardness measurements, grain size analysis and ferrite content

analysis. Corrosion testing was also applied by means of salt spray and blister tests.
It was finally possible to determine the properties of all welded joints and thus to

indicate the most appropriate welding technique depending on the plate thickness,

joint configuration and type of structural application.
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5. EXPERIMENTAL STUDIES

Modified X2CrNi12 stainless steel, designed with less carbon content (<0,015 %) to
improve the weldability and still conforming in composition to grades UNS S41003 in
ASTM A240 and 1.4003 in EN 10088-2 and EN 10028-7, has been used for an
increasing number of applications. Intersting topics for investigation are the
mechanical, microstructural and corrosion properties of the welded joints. Due to the
idea of using this modified stainless steel for structural applications, it is useful to
evaluate the performance and properties of heterogeneous welded joints of
X2CrNi12 and EN10025: S355 steel.

In this study, a comprehensive research work has been carried out: 6 mm, 12 mm,
20 mm and 30 mm thick plates of modified 12 Cr stainless steel and 12 mm and 20
mm thick plates of S355 steel have been used. Homogeneous (modified 12 Cr
stainless steel to modified 12 Cr stainless steel) and heteregeneous (modified 12 Cr
stainless steel to S355 steel) welded joints were produced with a variety of filler
metals such as AISI 309L, AISI 309LSi, AISI 308LSi, AISI 316L, AISI 316LSi and
2205 duplex stainless steel. The welding processes that have been used within this
study are as follows:

® Gas metal arc welding (GMAW),

° Plasma arc welding (PAW),

° Shielded metal arc welding (SMAW),
4 Submerged arc welding (SAW),

o Laser welding,

° Hybrid welding (Plasma + TIG),

° Flux cored arc welding (FCAW) process.
Welded joints were also included between the 12 Cr stainless steel and S355 steel

with a thickness of 12 mm and 20 mm by means of FCAW, SMAW and SAW

processes.
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In order to investigate all aspects of the properties of welded joints, all butt welds

were properly investigated, evaluated and compared in detail. Several samples

(over 1000 samples) extracted from the welded joints were subjected to mechanical

testing by means of tensile and bend tests, Charpy impact toughness and CTOD

fracture toughness tests, but also fatigue tests. Microstructural examinations

including metallography, hardness measurements, grain size analysis, ferrite

percentage measurements were carried out. Corrosion testing by means of salt

spray and blister tests were also applied to determine the atmospheric corrosion

resistance.

5.1. Material

The chemical composition data of the 6 mm, 12 mm, 20 mm and 30 mm thick base

metals of modified X2CrNi12 stainless steel and S355 steel issued by the steel

supplier and by the chemical analysis are respectively given in Table 5.1 and 5.2.

Table 5.1: Chemical composition of the base metals (data from the steel producer).

Modified X2CrNi12 stainless steel (wt. %)

Thickness C Si Mn P S Cr Ni N (ppm)
(mm)

6 0,016 0,25 0,96 0,023 0,0005 12,45 0,42 80

12 0,012 0,26 0,95 0,035 0,0010 12,45 0,51 80

20 0,012 0,26 0,95 0,035 0,0010 12,45 0,51 80

30 0,010 0,32 0,97 0,032 0,0011 12,38 0,71 101
S355 steel (wt. %)

Thickness C Si Mn P S Cr Ni N
(mm) (ppm)
20 0,122 0,33 1,47 0,009 0,0007 0,11 0,09 46

Table 5.2: Chemical composition of the base metals (data from chemical analysis).

Modified X2CrNi12 stainless steel (wt. %)

Thickness | C Si Mn P S Cr Cu Ni Mo Ti \' Al Nb N
(mm) (ppm)
6 0,01 0,32 | 1,01 | 0,023 | 0,002 | 12,4 | 0,38 | 0,43 | 0,08 0,001 0,041 0,025 | 0,031 | 104
12 0,01 0,32 | 0,97 | 0,033 | 0,003 | 12,2 ] 0,39 | 0,52 | 0,14 0,001 0,039 0,027 | 0,031 | 90

20 <0,01 | 0,32 | 0,97 | 0,033 | 0,003 | 12,2 | 0,39 | 0,52 | 0,14 0,001 0,040 0,029 | 0,031 | 88

30 0,03 0,38 | 0,96 | 0,034 | 0,003 | 12,2 | 0,38 | 0,76 | 0,19 0,002 0,052 0,070 | 0,030 | 106
S355 steel (wt. %)

Thickness | C Si Mn P S Cr Cu Ni Mo Ti \' Al Nb N
(mm) (ppm)
20 0,09 0,33 | 1,53 | 0,011 | 0,003 | 0,11 | 0,06 | 0,08 | <0,01 | <0,001 | <0,001 | 0,049 | - 45
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The tensile properties obtained from the steel producer, see Table 5.3, fullfill the
requirements specified for the non-alloy structural steel EN10025:S355. Also the
chemical composition complies quite well with the envisaged composition. No

impact toughness data were included in the supplied certificate.

Table 5.3: Mechanical properties of the base metals (data from the steel producer).

Modified X2CrNi12 stainless steel

Transverse tensile properties Hardness
Thickness Yield strength Ultimate tensile | % Elongation Hardness Mean
(mm) (MPa) strength (MPa) (HB) (HB)
6 363 — 359 527 — 525 31-33 141 — 149 — 148 146
12 363 — 362 502 — 500 30 - 32 134-132-121 | 129
20 352 — 353 507 — 506 28 - 29 131-133-144 | 136
30 450 — 441 591 — 585 25-24 165157158 | 160
S355 steel
Thickness Yield strength Ultimate tensile | % Elongation Hardness
(mm) (MPa) strength (MPa) (HB)
20 379 504 37 -

5.2. Welding procedures of the modified X2CrNi12 stainless steel

The relevant welding procedures applied to the base metals and welding
programme is summarized in Table 5.4. All welding was done in the PA or 1G

welding position.

5.2.1. Welding of 6 mm thick X2CrNi12 stainless steel plates

R9: Two GMAW welded joints of 6 mm thick modified X2CrNi12 ferritic stainless
steel with a solid ER309LSi-wire of 1 mm diameter and protected by a
67Ar/30He/3CO, and thus slightly oxidising EN 439-M12(1) shielding gas. Three
passes were deposited to complete for each V-shaped prepared plate with an
opening angle of 60° and a root gap of 3 mm. The heat input varied from 0,65
kd/mm to 1,16 kd/mm for the first weld and from 0,63 kJ/mm to 0,75 kd/mm for the
second weld. Care was taken to assure an initial temperature of minimum 15°C and

an interpass temperature of maximum 80°C.
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S: Plasma arc welding (PAW) of 6 mm thick 12 Cr base metal without using any filler

metal was protected by a Ar+N, gas mixture by using DCEN. Straight plate edges

perpendicular to the plate surface had been prepared. One pass was enough to

complete the whole weld. No preheat was applied while the heat input varied from
1,1 kd/mm to 1,2 kd/mm.

S6: Very similar conditions were chosen as summarized above, for the plasma arc
welding (PAW) of 6 mm thick 12 Cr base metal with a solid ER316L wire of 1 mm

diameter.
Table 5.4: Welding programme applied to the base metals.
Thickness Welding process Welding consumable Welded joint code
(mm)
Homogeneous welded joints
GMAW ER309LSI R9
6 - S
PAW ER316L S6
SMAW E309L-17 V9
ER309LS:i B9
GMAW ER308LSI B8
ER316LSi B6
12 SAW ER309L E9
ER316L E6
LASER - \'
HYBRID ER309L L9
(PAW + TIG) ER316LSi L6
20 FCAW ER309LT0-4 F9
SAW ER309L A9
FCAW E309LT-1 K9
30 ER309L P9
SAW ER 2205 PD
Heterogeneous welded joints
12 FCAW E309LT-1 U9
SMAW E309L-16 M9
20 SAW ER309L C9

The welding parameters followed by the respective companies are given in Table
5.5 and 5.6 see further.

5.2.2. Welding of 12 mm thick X2CrNi12 stainless steel plates

V9: Shielded metal arc welding (SMAW) was applied with a rutile-acid E309L-17

type of electrodes of 2,5 mm to 5,0 mm diameter and by using DC+ polarity.

Welding was done in seven or nine passes for filling the V-shaped plate preparation

with an opening angle of 60°. The heat input varied from 0,50 kJ/mm to 0,98 kd/mm.
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Table 5.5: Welding details applied for joining the 6 mm and 12 mm thick base metals.

Similar welded joints

. . Backing| Welding |Welding Heat |Preheatinterpass
JointWelding  Type of | ion| Plat® Imaterial jparameters| speed | input | temp. | temp.
otectio
codelpositioniconsumable preparationi (V/A) |cmimin| kdimm| <C e
PA | (@ 1mm) o 17,5-18,7 /
mm e V/60° 11,0- | 0,65-
RO| 3 ER309LSi | 3CO: | (c=3mm) - 105-160 | o5 | yqg |215°C| <80
passes DC+
PA - 28-29,6 /
S () Ar+N2 | Square butt 184-195 28 | 1,1-1,2 - -
1 pass DCEN
s6| PA | @1mm) |, N - 29/194 | og 12 ] ]
1 pass ER316L r+Nz2 | Square butt DCEN )
PA (@ 2,5-5 - . ]
vo | g ) ) V/60° 26,4-80.3/|g 0, 44 0| 050 ) )
60-200 0,98
passes | E309L-17
@1 ) 20,0-24,5/ 0.41
B9 mm 100-153 30-13 N <100
i - 1,73 - s
ER309LS Pulsed arc
PA 63Ar/
4 | @imm) | 35He/ | v/s0° | CU 280290/ 0,68-
B8 i| 2co 100-178 | 25-16 | g <115
passes | ER308LSi 2 |(c=2-4 mm) Pulsed arc ,
22,0-27,5/ .
B6 (@ 1mm) 90-185 | 30-18 2’5;% <118
ER316LSI Pulsed arc ’
PA 25,2-29,2/
| 2| e | || F |
Fpgzws Flux OK V/60° |Ceramic| DC+ 32-57 ’
¥ 1093 (c=35mm)| strip
> @24 24,9291/ 0,75- | 22 170
E6 | passes | (@ 2,:4mm) 180-387 119
SAW ER316L DO+ ,
° 13 kW
vl A . 45°He \gquarebutt| - |eokwcod 120 | 065 | - :
pass laser)
PA Plasma PAW: 37.5
137, .
Lo |ooss | @1.2mm) | F2SAT |y g0 TIG: 18,8/ PAW:2,5
plasma ’ Shieldin Cu 18871 18-20 |11G:1 5| - -
w5 | ERS0OL | TTECMI ] (o 4 mm) 250-300 e
passes 30He/70 Ar DCEN
TIG
PA Plasma PAW: 37.5
137, .
L6 1|paSS (@ 1 me) gas: Ar Y /90° T1G: 19 / PAW2,5
plasma el | Shielding Cu : 19 |ng:15| - -
.5 | ER316LSI gas: (c= 4 mm) 250-300 s
pa'lI'SISGeS 30He/70 Ar DCEN
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Table 5.6. Similar and dissimilar welding details applied for joining the 20 mm, 30 mm thick
(similar weld) and 12 mm and 20 mm thick (dissimilar weld) base metals.

. . Backing| Welding |Welding] Heat [Preheatlnterpass
JointWelding Typeof |, . ion| Plate material jparameters| speed | input | temp. | temp.
codefpositionjconsumable preparation ]

(V/A) |cm/min|kJ/mm °C °C
PA 24.5-26,4/
Fo (@ 1,2mm) | Ar/15C0O, | V/60° ) ] o7.44 | 0.82- 27 135
13 ER309LT0-4 Ceramic | 177-240 1.38
fo=4mm) | " gy ’
passes p DC+
PA X o
A9 6 (@ 4mm) Flux /90 i 30-34/ 50 1,0-1,7 _ <150
passes ER309L P2000S (c= 4 mm) 480-700
PA o |Ceramic|26,5-29,0/
K9 (@ 1,2mm) [82Ar/18CO, X /50 <tri ) 1642 | 289 | 3100 | <200
11 | E309LT-1 | M21 | (c=5mm) P | 170-230 2,34
passes DC+
28,0-32,0/
PA | (@ 3,2mm) ) ) 098 | 20 | <150
P9 21 ER309L 3 350- 450 60 1 a4
passes OK Flux | X/9015 DC+ ;
10.93 |(c=3-4 mm)
PA 32,0/450 -
(@ 3,2mm) ’ 1,44- 20 <150
passes DC+
Dissimilar welded joints

. . Backing | Welding |Welding| Heat |Preheat|Interpass
Joint|Weldingl  Typeof | o . .0 Plate material |parameters| speed | input | temp. | temp.
code| position [ consumable preparationi )

(V/A) |cm/min| kd/mm °C °C
PA i -
U9 (@ 1,2mm) [8B2A/18C04 V/50° Cesrtfim'c 2652900 1 113 | si00 | <200
4 | E309LT-1 (c= 5 mm) P 1170-215 DC 1,78 | © =
passes +
(D 2,5- V/70° 30-38/
MO | pa 4,0mm) - (c= 2mm) X2CrNi12| 80-155 | 20-28 | 1,2 - <200
E309L-16 B DC+
co (@ 4mm) |Flux P2000| V/14° . ] 1,92- )
PA ER309L. s (c= 18mm) X2CrNi12| 32/ 550 50-55 211 <200

B9: Gas metal arc welding (GMAW) with a solid ER309LSi-wire of 1 mm diameter
protected by a slightly oxidising EN 439-M12(2) gas and by using pulsed arc. The

plate preparation consisted of a V-shape with an opening angle of 50°. Four passes

were used to complete the whole weld supported by a copper backing strip. No

preheat was applied while the max. interpass temperature was 100 C. The heat

input varied from 0,41 kd/mm to 1,73 kd/mm.
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B8: and B6: The same conditions were applied for GMAW with ER308LSi and
ER316LSi solid wires. The heat input in these cases changed respectively from 0,68
kd/mm to 1,90 kJ/mm and from 0,53 kdJ/mm to 1,73 kd/mm. Maximum interpass
temperatures were 115°C and 118°C.

E9: Flux cored arc welding- submerged arc welding (FCAW-)SAW with an ER309L
wire of 2,4 mm diameter in combination with a basic agglomerated flux by using
DC+ polarity. The V-shaped plate preparation with an opening angle of 60° was
filled by two FCAW-passes followed by five SAW-passes. A ceramic strip was used
as backing material. The overall heat input varied from 0,71 kdJ/mm to 1,19 kdJ/mm
while the initial temperature was 27°C. The actual maximum interpass temperature
was 165°C.

E6: Very similar conditions were chosen for (FCAW-)SAW welding with ER316L
type of wires again with a diameter of 2,4 mm. The root gap instead was 3,0 mm

while the heat input was kept between 0,75 kd/mm and 1,19 kdJ/mm.

V: LASER welding with a laser power of 13 kW in a 20 kW CO, laser at a travel
speed of 120 cm/min or a heat input of 0,65 kd/mm without making use of any filler
metal. Shielding was done with pure helium ahead of the laser oriented at 45°.
Straight plate edges perpendicular to the plate surface had been prepared. No
preheat had been used

L9: HYBRID (PAW + TIG) welding was applied with an ER309L wire of 1,2 mm
diameter protected by Ar as plasma gas and 30He/70 Ar as shielding gas. Y groove

preparation with an opening angle of 90° was used.

L6: Similar conditions were used with an ER316LSi wire of 1,2 mm diameter for

hybrid (PAW + TIG) welding of 12 mm thick 12 Cr base metal.

5.2.3. Welding of 20 mm thick X2CrNi12 stainless steel plates

F9: FCAW welding of 20 mm thick 12 Cr base metal was done by using a rutile

E309LTO-4 flux-cored tubular wire of 1,2 mm diameter shielded by an 85Ar/15CO,
or an EN439-M21 oxidising gas mixture and by using DC+. The V-shaped plate

84



preparation with an angle of 60° was filled in thirteen passes. A ceramic backing
strip was used while the heat input changed between 0,82 kJ/mm and 1,38 kd/mm.

A9: SAW welding with an ER309L-wire of 4 mm diameter was performed without
using any backing material. The plate preparation was an X-shape with an opening
angle of 90°. Six passes were used. The heat input varied between 1,0 kd/mm and
1,7 kd/mm.

5.2.4. Welding of 30 mm thick X2CrNi12 stainless steel plates

K9: FCAW welding in eleven passes by using an ES09LT-1 flux-cored tubular wire
of 1,2 mm diameter was shielded by EN 439-M21 oxidising gas and by using DC+.
X-shaped plate preparation with an angle of 50°was done while a ceramic strip was

used as backing material while the heat input varied between 0,89 to 2,34 kdJ/mm.

P9: SAW welding was applied with an ER309L-wire of 3,2 mm diameter in
combination with a basic agglomerated flux by using DC+ polarity. The X-shaped
plate preparation with an opening angle of 9045, was filled by 21 passes and by
turning the plates three times during welding. No backing material was used. The
heat input varied from 0,98 kJ/mm to 1,44 kJ/mm.

PD: Very similar conditions were chosen for SAW welding with ER2209 or duplex
type of wires again with a diameter of 3,2 mm. The heat input varied now between
1,44 kdJ/mm (all except second pass) and 1,76 kJ/mm (second pass) and only 18

passes were necessary now to complete the gap.

5.2.5. Welding of 12 mm thick X2CrNi12 stainless steel to S355 steel

U9: FCAW welding this heterogeneous joint in four passes was done by using the
same flux-cored tubular wire of 1,2 mm diameter, the same EN 439-M21 oxidising
gas and the same welding current as K9. V-shaped plate preparation with an angle
of 50° was done while the heat input in this case varied between 1,13 kd/mm and
1,78 kd/mm.
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5.2.6. Welding of 20 mm thick X2CrNi12 stainless steel plates to non alloy
S355 steel plates

M9: SMAW welding of a first heterogeneous joint with rutile-basic E309L-16
electrodes of 2,5 mm to 4,0 mm diameter with DC+ polarity. The V-shaped plate
preparation consisted of an opening angle of 70°.

C9: Another heterogeneous joint was SAW welded with an ER309L type of wire of
4,0 mm diameter in combination with a proper flux. A V-shaped plate preparation of
only 14° was done. The weld was supported by an X2CrNi12 stainless steel plate.

The heat input range was situated between 1,92 kd/mm and 2,11 kdJ/mm.

5.2.7. Selection of consumables for the base metals

In general, to ensure adequate corrosion resistance for the intended application,
filler metals for stainless steels at least match or even overmatch the base metal
contents of specific alloying elements like chromium, nickel and molybdenum,
although the prevention of cracking should also be taken into account. For instance
hot cracking is of most concern in austenitic stainless steels, while cold cracking
commonly occurs in martensitic weld metals but also in ferritic stainless steel
weldments that are embrittled by grain coarsening and/or second phase particles. In
many instances, ferritic filler metals are replaced by austenitic filler metals that
include a small amount of ferrite to avoid the occurrence of both types of cracking.
Exceptionally even the latter solution is not applicable for instance when high
toughness at cryogenic temperatures or low magnetic permeability is required, when
media that selectively attack ferrite will be used or when PWHT’s will be applied that

embrittle ferrite.

Selection of filler metals and welding procedures are very often based on
constitution diagrams in order to estimate the weld metal microstructure taking
effects of dilution into consideration. Four microstructure prediction diagrams have
been developed: Schaeffler, DeLong and two Welding Research Council diagrams
(WRC-1988 and WRC-1992). All of these are based on a relationship among alloy
elements that promote the formation of ferrite (expressed with a Creq) or those that
promote the formation of austenite and suppress ferrite (expressed with a Nigg).
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If the weld metal is austenitic then a FN of minimum 4 or 5 will suffice to prevent hot
cracking to occur. In addition a weld deposit that is primarily austenitic will not be
sensitive for cold cracking. On the other hand, the ferrite that is present at room
temperature is only a fraction of what existed during solidification and therefore
finding ferrite at room temperature is only an indirect indication of the solidification
mode. If the weld metal solidifies as ferrite first while austenite is formed only in the
latter stage of solidification, then the weld metal will be crack resistant. However, if
the weld metal solidifies as austenite first, with ferrite only appearing in final stages,

then the weld metal will show risk for cracking.

Welds in ferritic stainless steels may be produced without or with an austenitic filler
metal. In the first case, the interstitial element contents of carbon, oxygen and
nitrogen of the parent metal should be as low as possible to avoid poor toughness
and corrosion resistance. In the second case, as austenitic stainless steel weld
metals do not exhibit a notch impact transitional behaviour with temperature, they
are often used to overcome problems with poor weld ductility and toughness. Then,
although weld metal grain growth normally is not a problem, grain growth in the HAZ
should not be overlooked while discrepancies in thermal expansion may cause
difficulties (Deleu et al 2006).

Matching welding electrodes such as E410NiMo is commercially available for
welding of EN 1.4003 steel however it is not recommended in applications where
impact, fatigue or any other form of non-static loading is anticipated. Reported
weldability studies have shown that austenitic stainless steel consumables can be
used to produce arc welds to minimise the risk of HAZ hydrogen cracking and to
ensure deposition of tough weld metal yielding adequate properties required for
structural purposes (Taban et al 2007d, Greef and du Toit 2006, du Toit et al 2006,
Meyer and du Toit 2001, Gooch and Ginn 1988, Marshall and Farrar 2000).

For this study, over-alloyed filler metal AlSI 309 was considered as reference so that
all different weld types were at least made with this consumable, including the
heterogenous welds, for which it is the most commonly used consumable. Stainless
steel AISI 308 is primarily used as filler metal for the popular AISI 304 base metal. It
is @ more economic alternative than AlISI 309 but the risk of developing weld metal
martensite in ferritic stainless steels is higher. Mo-alloyed AlSI 316 filler metal with
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improved corrosion resistance was also worthwhile to include. Duplex stainless steel
filler metal was also used providing weld metal with higher strength than the
aforementioned filler metals.

The former explanation from the literature supports the selection of filler metals for
the present study as discussed above. Filler metals usually are nominated according
to the AWS classification and are very often lower in carbon (so called L-types with
maximum 0,03%C instead of 0,08%C) eventually in combination with increased
silicon (0,65%-1,00%Si instead of 0,30%-0,65%Si) for better wetting and bead
shape (so called LSi-types).

The chemical composition of the stainless steel filler metals of interest is given in
Table 5.7.

Table 5.7: Chemical composition of filler metals used for the welding of base metals.

AlSI

type UNS no. C Mn Si P S Cr Ni Mo N

19,00- | 10,00- ) )
308 | S30800 | <008 | <200 | £1,00 | $0,045 | S0,080 | L o | 4500

22,00- | 12,00- ) )
309 | S30900 | <020 | <200 | £1,00 | £0,045 | <0080 | 0" | 1% o0

16,00- 10,00- 2,00- )
316 S31600 | <0,08 | 2,00 | 1,00 | 0,045 | <0,030 18,00 14,00 3.00

. < 21,0- | 450- | 2,50- | 0,08-
2205 | 31803 | (i, | <200 | <100 | <0030 | 0020 | o0 650 350 0.20

* Commercial name of the steel.

5.3. Chemical Analysis

In most of the cases longitudinal sections were prepared perpendicular to the plate
surface and entirely located at the weld metal.

At least two measurements were done by glow discharge optical emission
spectrometry (GDOES), nitrogen was determined by melt extraction, and averaged
for each element. If deviations occurred between both series of data, then a third

measurement was executed and the new averages were reported.
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5.4. Tensile Testing

5.4.1. Transverse tensile testing of flat test samples

Transverse, full-thickness, rectangular tensile test specimens were extracted from
the welds with respect to EN 10002-1 - EN 895 and testing was performed with a
600 kN capacity servohydrolic Amsler test machine at room temperature. The width
at the prismatic section was 25 mm while the excess of weld metal was removed

flush with the base metal in order not to overestimate the weld metal strength.

5.4.2. All weld metal tensile properties of cylindrical test samples

Room temperature tensile testing was performed with a servohydrolic Amsler test
machine with 600 kN capacity on cylindrical test samples, completely positioned at
the weld metal and removed from the respective welds, (except for the 6 mm thick
weld due to the insufficient weld thickness and for the laser weld due to the
insufficient weld cross section) in longitudinal direction in accordance with EN
10002-1-EN 876.

The net section diameter of all samples was taken as large as possible, i.e. 6 mm
for all 12 mm thick welds and all thicker welds with an X-shaped plate preparation
and 10 mm for all thicker welds with a V-shaped plate preparation.

5.5. Bend Testing

As planned, face and two root bend specimens were removed from all welds
transverse to the weld seam. Bending was executed till 180° according to EN 910
unless severe cracking was observed before. Testing was done with Amsler test
machines with capacities of 100 kN and 2000 kN.

5.6. Charpy Impact Toughness Testing

Several series of notch impact test samples were extracted transverse to each weld
and notched at the weld metal centre (WM), the fusion line (FL), at the heat affected
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zone 2 mm from the fusion line (FL+2mm) or eventually at 5 mm from the fusion line
(FL+5mm). Testing was started at -20°C (reference temperature) but other
temperatures were also explored to -40C, -60 C, 0 C and 20 C. Testing was
performed due to EN 10045-1 with a 300 J capacity Amsler test machine. The laser
weld was also examined after a post weld heat treatment between 690 C and 750°C

for 30 minutes.

It should be taken into account that toughness of the 6 mm thick GMAW weld was
measured on 5 mm thick and thus on so called ‘sub-sized’ test samples. Multiplying
these results with a factor of two, yields good estimate for the equivalent toughness

of a standard 10 mm thick notch impact specimen.

5.7. CTOD Fracture Toughness Testing

All welds with a thickness of at least 20 mm were investigated with regard to their
Crack Tip Opening Displacement (CTOD) fracture toughness properties at -20°C.
CTOD fracture toughness is expressed in millimetre, is measured in three point
bending under static loading conditions and is determined at onset of an unstable

fracture or at a maximum force plateau, whichever occurs first.

CTOD fracture toughness testing is often associated with a brittle fracture that is
immediately arrested while the test sample is still capable of sustaining much higher
loads than that attained at the said discontinuity. Such an arrested or short brittle
fracture is called a ‘pop-in’. Pop-ins and especially their significance have been the
topic of discussions in the past. International standards dealing with this type of
testing have in their recent versions included a method to distinguish between
critical and non-critical pop-ins. The latter may be disregarded and the toughness

determined on the next event, i.e. fracture, maximum force or pop-in.

Besides the type of test, the difference between CTOD fracture toughness and
notch impact toughness test samples is that the former should contain a sharp
fatigue pre-crack and that the thickness should correspond exactly with that of the
real weld. In case of butt welds, this normally involves removal of the excess of weld
metal flush with the base metal. Other dimensions of CTOD test samples are
proportional to the thickness and so for heavy welds large specimens and thus large

90



test equipments are necessary to determine the toughness of a weld. This way of
testing though creates a three-dimensional state of stresses avoiding any toughness
overestimation but leading to lower bound data.

Similar to impact testing, CTOD samples were notched at a pre-selected location
with regard to the weld profile. Typical notch positions are the weld metal centre
(WM) and the fusion line (FL) while each test is repeated at least three times to take
account of the scatter inherent to CTOD test results with reference to BS 7884. The
material's CTOD toughness is considered as being the lowest of the three

experimentally determined data (Deleu et al 2006).

5.8. Fatigue Testing

The fatigue strength of a material, as well as that of weldments, is key factors that
are studied when selecting materials for applications which are prone to fatigue
(Lahti et al 2000). So, the fatigue testing of the welded joints investigated in this
study were considered. Fatigue properties of in total four 12 mm thick joints welded
with 309 type of consumables and the laser weld were fully investigated and
evaluated. Constant fatigue cycling may be characterised by the maximum and
minimum stress or by the stress range, i.e. the difference between maximum and
minimum stress, and the fatigue ratio R, i.e. the ratio between minimum and
maximum stress. Maximum stress in fatigue is always the most positive (tensile)

stress while minimum stress is the most negative stress.

Fatigue ratios may vary from -« to + but typical ratios are -1 (i.e. between -50 MPa
and +50 MPa) or 0O (i.e. between 0 MPa and +100 MPa) or 0,1 to 0,5 (min. stress
equal to 10% to 50% of maximum stress). The number of cycles necessary to cause
failure is called the life time and for normal so called high cycle fatigue this may

range between about 10.000 cycles to several million cycles.

In general the stress range is considered as the major factor on fatigue life but also
the compressive portion of the cycle should be taken into account. So it is expected
that a fatigue cycle for instance between +50 MPa and +100 MPa (stress range of
50 MPa and fatigue ratio R of 0,5) should yield a similar life time as a fatigue cycle
between +100 MPa and +150 MPa (same stress range and R equal to 0,67). A
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fatigue cycle instead between -25 MPa and +25 MPa (same stress range but R
equal to -1) should result in a much larger life time as the accumulated damage
caused by the portion in compression is less than that of the portion in tension.

A problem associated with fatigue testing is to properly present fatigue data
obtained from different types of fatigue cycles. One way to tackle this is to represent
(the logarithm of) the life time or cycles to failure against stress range for a given
fatigue ratio R in a so called Wéhler-plot illustrating the fatigue resistance of the
weld under consideration. Based on the former statements, it is expected as long as
the fatigue ratio, within a certain range, is not negative, that the fatigue resistance is
more or less independent of R. In order to limit the duration and costs for fatigue
testing, experiments are arrested once a pre-selected life time is achieved and such
an event is called a ‘run out’. In most cases this life time may be 2.000.000 (or
2.10°) or 5.000.000 (or 5.10°) or even higher.

The stress gradient within the samples tested strongly influences the fatigue
resistance and so fatigue data obtained in bending can hardly be compared to those
obtained under pure tension. Because fatigue data normally reveal a lot of scatter it
is advised to repeat tests at the same conditions, thus generally involving large
series of tests.

The fatigue tests within the present work were all realised in pure tension with a
fatigue ratio of 0,1 and with a minimum tensile stress equal to 10% of the max.
stress. Full-thickness specimens were machined with a net width of 20 mm and a
length at the prismatic section of 30 mm symmetrical over the weld allowing failure
to occur at the weakest area of the weld. Specimens to be machined for fatigue
testing should be carefully designed and prepared as secondary effects, initiated for

instance from sharp edges or scratches, may cause premature fracture.

Four different stress ranges were explored throughout while each stress range was
repeated three times. Two servo-hydraulic ESH fatigue testing machines with
capacities of 100 kN and 150 kN respectively were used. Specimens were fatigue
cycled till max. 8.000.000 (or 8.10°) or complete separation, whichever occurred first
(Deleu et al 2006).
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5.9. Microstructural Analysis

Macro sections from each weld were extracted and prepared in order to make
macro and microphotographs of the weld after etching with Vilella’s reagent and/or
nital with respect to EN 1321. Also complete HV5 traverses were made, with an
Instron test machine with a capacity of 0,1 kg — 10 kg according to EN 1043-1, at
sub-surface from the face and at the root side of all V-shaped welds and at sub-
surface from one side and through the root area of all X-shaped welds.

Macrophotographs were taken before and/or after making hardness indentations.

5.10. Grain Size Analysis

Macro sections of all welds were examined at the HAZs adjacent to the fusion line
and the ASTM grain size numbers were measured at four thickness positions from
sub-surface to mid-thickness symbolised respectively by a; to a,. Similarly, HAZs
located further away from the fusion line at the same thickness positions were
symbolised by b, to by.

Taking into account of the inclined fusion line, the positions a; to a; are sampled in
specimens notched at the HAZ at 2 mm while the positions by to b; are samples by
notches at 5 mm from the fusion line. Position a, is sampled by notches located at
the fusion line. Fine grained microstructures have high ASTM grain size numbers
(for instance by 7 to 10) while coarse grained microstructures are identified by small
ASTM grain size numbers (for instance by 1 to 4 or by M10).

Due to having more accurate results to examine which side of the weld was notched

during fusion line and HAZ impact testing, both left and right side HAZs were

investigated metallographically.

5.11. Ferrite Content Analysis

All weld zones of the welded joints were subjected to ferrite percentage analysis by

means of Ferritscope.
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5.12. Corrosion Testing

Salt spray and blister corrosion tests were executed in order to assess the
resistance against atmospheric attack of all welds produced for this study.

5.12.1. Salt spray corrosion testing

Salt spray testing was applied in a 5% NaCl aqueous solution with a fog volume of
24 ml to 28 ml per 24 hours, a pH of 6,5 to 7,2 and at a temperature of 35°C.
Samples with a dimension of 150 mm x 75 mm were positioned at 60 ° with the weld
horizontally. Heterogeneous welds were positioned with the non-alloy S355 steel
side downwards. Specimens extracted from 20 mm welds or thicker were reduced to

a about 10 mm to limit weight.

Salt spray tests were done conforming to ASTM B117 on uncoated and coated
samples. Uncoated specimens were degreased with ethanol while the surfaces
perpendicular to the plate surface were covered with paraffin. Coated samples were
provided with a scratch in the shape of a cross over the entire test surface across
the weld till the metal surface and also with paraffin at the sawn and machined
surfaces. This allowed to estimate the resistance of the welds when the coating is
accidentally damaged prior to or during operation. Coating in all cases consisted of
the same two-layer protection system that is used in practice in industry. Most of the
welds were exposed from the face side (for V-shape welds) with the excess of weld
metal still present. It was agreed with the respective partners that R9, F9 and U9
should be tested from the root side of the weld.

5.12.2. Blister corrosion testing

Blister tests were executed only on coated samples prepared similarly as those for

salt spray testing with regard to dimensions, type of coating, scratching across the

weld, positioning, etc.... Samples were exposed to real atmospheric conditions at

the centre of Gent-Belgium and with their test surface oriented to direct sun light.
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6. EXPERIMENTAL RESULTS

The results drawn from the test programme executed on the several welded panels

are summarised in the following paragraphs.

6.1. Chemical Analysis

The experimental data obtained from chemical analysis are given in Table 6.1.

Table 6.1: Chemical composition of the weld deposits made for the different welds in
X2CrNi12 ferritic stainless steel or between X2CrNi12 and S355 non-alloy steel.

Welded | C (Si [Mn| P | S |[Cr[Cu|Ni [Mo| Ti [ V | Al [Nb| N
Jointcode| (%) | (%) | (%) |ppm ppm | (%) | (%) | (%) | (%) | pPM | ppPM | ppm | ppm | ppm

R9 0,03 |0,67 (1,70 190 | 30 |22,7|0,06 12,1({0,06( 70 |[1030 | 300 | <10 | 961
S 0,02 |0,31]0,98|0,025(0,006|13,5(0,37)0,45(0,08| 10 (0,037|0,013/<0,01| ?
S6 0,03 (0,38|1,06 |0,026(0,07| 15 [0,34|2,15]| 0,41 |<0,001(0,0420,012(0,002| ?

V9 0,02 |0,67|0,80| 200|100 21,9|0,0811,0{0,05| 130 | 880 | 360 | 90 | 813

B9 0,02 |0,791,80| 180 | 70 |23,6|0,04|12,9|0,04| 80 | 1100|280 | <10 | 524

B8 0,02 |0,76|1,51|210| 70 |20,0|0,10|9,79|0,10| 50 | 790 | 280 | 10 | 653

B6 0,03 (0,7211,56| 230 | 120 | 18,6 (0,15]|11,9(2,52| 40 | 820 | 260 | <10 | 474

E9 0,02 |0,48|1,47| 200|100 |22,2|0,12|10,8|0,09| 70 | 900 | 500 | <10 | 846

E6 0,02 |0,41|1,24| 260 | 80 |16,8|0,16|8,90|1,93| 40 | 680 | 460 | <10 | 144

\ 0,02 |10,33|0,95|350 | 30 |13,4(0,39|0,53|0,15( <10 | 380 [ 240 | <10 | -~

L9 <0,01 | 0,35 1,07 {0,030|0,003|14,80| 0,34 | 3,03 | 0,14 | 0,003 | 0,053 [0,029| <10 | ?

L6 <0,01 | 0,47 1,08 (0,031|0,004|14,40| 0,32 | 3,54 | 0,74 | 0,003 | 0,055 [0,030| <10 | ?

F9 0,03 10,53 (1,64(210| 80 |24,1|0,13(11,3(0,09| 130 [ 1020 | 310 | 40 | 314
A9 0,02 10,47 (1,26(230| 60 |18,8|0,19(6,61(0,09| 10 | 700 | 420 | 20 | 457
K9 0,03 10,57 (1,37 190 | 50 |23,3|0,08(11,3(0,16| 300 | 950 | 320 | 40 | 242
P9 0,02 10,52 (1,21(210| 60 |19,7|0,16(8,93(0,11| 40 | 840 | 500 | 30 | 956

PD <0,01 10,49 1,21 | 250 | 20 [18,9(0,19(|5,55|2,04| 30 |1010|500 | 40 | 624

U9 0,03 |0,57|1,36|170 | 40 |22,8|0,07|11,0{0,15| 280 | 900 | 320 | 20 | 232

M9 0,03 |0,98|0,73|230 | 160 |23,1|0,04|11,9|0,06| 140 | 850 | 320 | 90 | 806

C9 0,02 |0,52|1,48|210| 50 |22,5|0,09|10,2|0,08| 50 | 910 | 430 | <10 | 462
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6.2. Transverse Tensile Test Results

The transverse tensile test results performed on the 6 mm thick welds made in
modified X2CrNi12 stainless steel are summarized in Table 6.2. Splitting of the
stainless steel base metal was generally observed close to the fractographs and
parallel with the plate surface of all samples, irrespective of thickness. Fractographs
were also examined and illustrated with the relavant macrophotographs.

Table 6.2: Full-thickness transverse tensile properties of the 6 mm thick welds.

Welding Type of | Specimen R Fracture
process [consumables| code (MPa) location Remarks
Splitting of base metal parallel
ROTTH 535 Base metal with plate surface
GMAW | ER3ogLsi —
ROTT2 536 Base metal Splitting of base metal parallel
with plate surface
(-) Splitting of base metal parallel
PAW STT1 544 Base metal with plate surface
Splitting of base metal parallel
PAW ER 3161 S6TT1 513 Base metal with plate surface
PAW SETT2 457 Base metal Splitting of base metal parallel
with plate surface

ROTT1 ROTT2

Figure 6.1: Fractographs of R9TT1 and R9TT2 specimens.

STT1 S6TT1 S6TT2

Figure 6.2: Fractographs of STT1, S6TT1 and S6TT2 specimens.
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Full thickness transverse tensile test results are given in Table 6.9. Fractographs
obtained from the samples are examined and exhibited as fractographs in the
following figures.

Table 6.3: Full-thickness transverse tensile properties of the 12 mm thick welds made in the
modified X2CrNi12 stainless steel.

Welding Type of Specimen R Fracture
process | consumables code (MPa) location Remarks
Splitting of base metal parallel
VOTTH 500 Base metal with plate surface
SMAW Angular distortion at weld of + 59
E309L-17 Splitting of base metal parallel
VOTT2 504 Base metal with plate surface
Angular distortion at weld of + 59
Splitting of base metal parallel
. BIOTT1 484 Base metal with plate surface
ER309LSIi
BOTT2 504 Base metal Spllttlngl of base metal parallel
with plate surface
Splitting of base metal parallel
GMAW ) B8TT 491 Base metal with plate surface
ER308LS:i
Splitting of base metal parallel
B8TT2 492 Base metal with plate surface
Splitting of base metal parallel
. B6TT1 490 Base metal with plate surface
ER316LSi
Splitting of base metal parallel
B6TT2 499 Base metal with plate surface
E9TT1 475 Base metal Spllttlngl of base metal parallel
with plate surface
ER309L
E9TT2 471 Base metal Spllttlngl of base metal parallel
SAW with plate surface
Splitting of base metal parallel
E6TT1 483 Base metal with plate surface
ER316L
Splitting of base metal parallel
E6TT2 481 Base metal with plate surface
Splitting of base metal parallel
) VTT1 490 Base metal with plate surface
LASER )
VTT2 485 Base metal Spllttlngl of base metal parallel
with plate surface
PAWATIG ER309L LOTT1 489 Base metal Spllttlngl of base metal parallel
with plate surface
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VITT1

VITT2

Figure 6.3: Fractographs of VOTT1 and V9TT2 specimens.

"BOTTH

B9TT2

Figure 6.4: Fractographs of B9TT1 and B9TT2 specimens.

b R G s

B8TT1

B8TT2

Figure 6.5: Fractographs of B8TT1 and B8TT2 specimens.
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B6TT1 B6TT2

Figure 6.6: Fractographs of B6TT1 and B6TT2 specimens.

E9TT1 E9TT2

Figure 6.7: Fractographs of E9QTT1 and E9TT2 specimens.

E6TT1 E6TT2

Figure 6.8: Fractographs of E6TT1 and E6TT2 specimens.
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VTT1

VTT2

Figure 6.9:

L9TT1

L9TT1b

Figure 6.10: Fractographs of LOTT1 and L9TT1b specimens.

Tensile properties of 20 mm thick homogeneous welds of the 12%Cr stainless steel

are summarized below in Table 6.11. Fractographs can also be seen in the figures

below.

Table 6.4: Full-thickness transverse tensile properties of the 12 mm thick welds

made in the modified X2CrNi12 stainless steel.

Welding | Typeof |[Specimen| R, Fracture
process |consumables| code (MPa) | location Remarks
FOTT1 503 Base metal | Splitting of BM parallel with plate surface
FoAW E309LTO0-4 | EgTT2 503 | Base metal | Splitting of BM parallel with plate surface
SAW A9TT1 507 Base metal | Splitting of BM parallel with plate surface
ER309L A9TT2 509 Base metal | Splitting of BM parallel with plate surface
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FOTT1

FITT2

Figure 6.11: Fractographs of F9TT1 and F9TT2 specimens.

A9TT1

A9TT2

Figure 6.12: Fractographs of A9TT1 and A9TT2 specimens.

Table 6.5: Full-thickness transverse tensile properties of the 30 mm thick welds.

Welding | Typeof |Specimen| R, | Fracture

process [consumables| code (MPa) | location Remarks
K9TT1 567 |Base metal| Splitting of BM parallel with plate surface
FOAW E309LT-1 K9TT2 574 |Base metal| Splitting of BM parallel with plate surface
PIOTT1 583 [Base metal| Splitting of BM parallel with plate surface
ER309 POTT2 580 |Base metal| Splitting of BM parallel with plate surface
SAW PDTTA 583 |Base metal| Splitting of BM parallel with plate surface
ER2209 PDTT2 587 |Base metal| Splitting of BM parallel with plate surface

Tensile results and fractographs of 30 mm thick welds are given respectively above

and below.
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K9TT1

K9TT2

Figure 6.13: Fractographs of K9TT1 and K9TT2 specimens.

PI9TT1

PI9TT2

Figure 6.14: Fractographs of P9TT1 and P9TT2 specimens.

PDTT1

PDTT2

Figure 6.15: Fractographs of PDTT1 and PDTT2 specimens.
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Following table represents the full thickness transverse tensile test results of the
heterogeneous welds made between modified X2CrNi12 stainless steel and S355

steel.

Table 6.6: Full-thickness transverse tensile properties of the 12 mm and 20 mm welds made
between X2CrNi12 stainless steel and S355 non alloy steel

Welding | Type of Specimen R .
process consumables code (Mll;a) Fracture location Remarks
FCAW- U9TTH 502 Base metal (S355) None
E309LT-1
12mm u9TT2 485 | Base metal (S355) None
SMAW- M9TTA 509 | Base metal (S355) Angular distortion at weld
E309L-16 — -
20 mm Splitting of 12Cr BM parallel with plate
MoTT2 506 | Base metal (12 Cr) | grface- Angular distortion at weld
Splitting of 12Cr BM parallel with plate
SAW- coTT1 505 | Base metal (12 Cr) | gface - Angular distortion at weld
20 mm ER309L Splitting of 12Cr BM parallel with plate
coTT2 507 | Base metal (12 Cr) | ~ grface - Angular distortion at weld

Fractographs of 12 mm and 20 mm thick dissimilar FCAW, SMAW and SAW welds
of modified 12 Cr and S355 steel are given as fractographs below and in the

following page.

U9TT1

U9TT2

Figure 6.16: Fractographs of U9TT1 and U9TT2 specimens.
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M9TT1

MOTT2

Figure 6.17: Fractographs of MOTT1 and M9TT2 specimens.

COTT1

C9TT2

Figure 6.18: Fractographs of C9TT1 and C9TT2 specimens.
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6.3. All Weld Metal Tensile Test Results of Cylindrical Test Samples

Cylindrical test samples, completely positioned at the weld metal and extracted from

the respective welds in longitudinal direction, were tested.

The room temperature tensile test results for the 12 mm thick similar welds made in

modified 12 % Cr stainless steel are given below.

Table 6.7: Cylindrical all-weld metal tensile properties of the 12 mm thick welds made in the

X2CrNi12 stainless steel plate

WIS | ontomente| SPECITEN | R | Ra |yl Eongaton "oeLer
process code (MPa) (MPa) (%) (%)
33,3
VOTW1 427 [470] 568 [590] 0,75 3 60
SMAW E309L-17 [32]
VoTW2 | 390[470] | 566[590] | 0,69 ‘[‘521]” 49
, BOTW1 329 565 0,58 445 51
ER309LSi
BO9TW2 360 575 0,63 38,8 64
, B8TW1 336 595 0,56 47,0 62
GMAW ER308LSi
B8TW2 316 589 0,54 47,2 65
, B6TW1 483 573 0,84 ? 53
ER316LSi
B6TW2 337 566 0,60 25,8 44
E9TW1 371 [430] 562 [570] 0,66 37,7 36
ER309L E9TW2 360 [430] 553 [570] 0,65 46,8 53
SAW E6TW1 389[390] | 615 [565] 0,63 41,6 36
ER316L
E6TW2 394 [390] 606 [563] 0,65 33,2 46

Values between [ ] are typical properties given by consumable supplier for undiluted weld metal.

Longitudinal tensile test results of 20 mm and 30 mm thick similar welds of modified

X2CrNi12 stainless steel and results of 172 mm and 20 mm thick dissimilar welds

made between modified 12 Cr stainless steel and S355 steel are presented in the

following tables.
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Table 6.8: Longitudinal all-weld metal tensile properties of the 20 mm thick welds made in
the X2CrNi12 stainless steel plate

: Type of . Reduction
Welding yp - R R Ro / Rm [Elongation
Specimen code P m p/ Fm 9

process consumable| SP (MPa) (MPa) (%) of(oa/:)ea
FCAW FOTW1 [449] [594] 34,3 [32] 37
E309LT0-4 FOTW2 [449] |571 [594] 30,4 [32] 31
SAW ER309L A9TWA1 337 663 0,51 32,1 53
A9TW?2 330 789 0,42 26,4 36

Values between [ ] are typical properties given by consumable supplier for undiluted weld metal.

Table 6.9: Cylindrical all-weld metal tensile properties of the 30 mm thick welds made in the
X2CrNi12 stainless steel plate.

. Type of Reduction
Welding ; R R R,/ Rm |[Elongation
consumable| Specimen code P m p/ Tim g
process P (MPa) (MPa) (%) of(oa/r)ea
KOTW1 390 562 0,69 36,3 48
FCAW
E309LT-1 KITW2 387 563 0,69 34,1 41
P9TW1 358 [430] [ 569 [570] | 0,63 40,0 56
ER309
POTW2 360 [430] | 562 [570] | 0,64 441 58
SAW PDTW1 508 [630] | 743 [780] | 0,68 26,8 41
ER2209
PDTW2 532 [630] | 729 [780] | 0,73 28,5 49

Values between [ ] are typical properties given by consumable supplier for undiluted weld metal.

Table 6.10: Cylindrical all-weld metal tensile properties of the 12 mm and the 20 mm thick
welds made in the X2CrNi12 stainless steel plate and S355 steel.

. Type of . Reducti
Welding con‘s,ﬁmable Specimen Rp Rm Ry /Rm |Elongation uetion
process code (MPa) | (MPa) (%) of(a/r)ea

U9TW1 342 531 0,64 38,5 48
FCAW
ES0SLT-1 | ygTw2 | 360 569 0,63 44,7 46
M9OTW 1 442 567 0,78 39,2 51
SMAW | E309L-16
MITW2 439 574 0,76 38,3 49
CoTW1 419 593 0,71 37,6 55
SAW ER309L
CoTW2 407 576 0,71 35,3 48

Values between [ ] are typical properties given by consumable supplier for undiluted weld metal.
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6.4. Bend Test Results of the Similar and Dissimilar Welds

Bend test results obtained from face and root bend testing of all similar and
dissimilar welds made with modified X2CrNi12 stainless steel and S355 steel are
explained below with related tables.

Undercuts mentioned in these tables were very shallow and most often easier
detectable by naked eye under normal light conditions than in an optical
stereomicroscope at low magnifications equipped with an artificial light source. The
summation of the observations therefore may give an exaggerated negative

impression about the behaviour of the corresponding welds.
The bend test results of 6 mm thick samples extracted from GMAW and PLASMA

welded similar welded joints are summarized below. Test parametres are as follows:

(nominal specimen width: 30 mm - mandrel diameter: 28 mm - bending angle: 180°).

Table 6.11: Full-thickness bend properties of the 6 mm thick welds.

\I;\:‘ilgégg cogﬂfng:ale b?r,:;et:;t Specimen code Remarks
Face bend R9F1 None
SMAW ER300LSI RoF2 None
Root bend R9R1 None
R9R2 None
Face bend SF1 None
SF2 None
0 Root bend SR1 None
PLASMA SR2 None
Face bend S6F1 None
ER 316L SBF2 None
Root bend S6R1 None
S6R2 None

The bend test results of 12 mm thick SMAW, GMAW, SAW, LASER and HYBRID

(PLASMA+TIG) welds are summarized in two parts.
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The first part of the bend test results obtained from 12 mm thick homogeneous

welds between modified X2CrNi12 stainless steel are given in the table below. A

nominal specimen width of 30 mm, a mandrel diameter of 55 mm and a bending

angle of 180° were used.

Table 6.12: Full-thickness bend properties of the 12 mm thick welds (1st part).

Welding Type of Type of bend| Specimen
process consumable test code Remarks
VIF1 None
Face bend VIF2 None
SMAW
E309L-17 VIR1 None
Root bend VIR2 Edge crack of 1 mm at weld
BIF1 Harmless undercut
Face bend B9F2 SC close to mid-thickness of 1,3 mm
ER309LSi at FL
BIR1 SC of 0,5 mm at FL at both sides
Root bend BIR2 Mid-thickness side crack of about
0,6 mm at FL
B8F1 Harmless shallow undercut
GMAW Face bend B8F2 SC of 0,7 mm at FL towards face
ER308LSi
B8R1 None
Root bend B8R2 Harmless undercut and SC
B6F1 Shallow harmless undercut
Face bend B6F2 SC of 0,7 mm towards face at FL
ER316LSi
B6R1 Harmless shallow undercuts
Root bend B6R2 SC of 0,7 mm at mid-thickness
E9F1 None
Face bend E9F2 None
ER309L
E9R1 None
Root bend E9R2 None
SAW E6F1 None
ER316L Face bend EGF2 None
E6R1 None
Root bend E6R2 None

“Harmless” means that anomaly was present prior to testing but did not extend or extended till max. 3 mm.

SC: Side crack.
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2" part bend test results of full-thickness samples obtained from 12 mm thick welds

are as follows.

Table 6.13: Full-thickness bend properties of the 2nd part of the 12 mm thick welds.

Welding Type of Type of bend |Specimen
process | consumable test code Remarks
VF1 None
Face bend
VF2 Harmless lack of fused metal of 2,8 mm long
LASER )
Root bend VR1 None
VR2 None
Face bend L9F1 None
L9F2 None
ER309L
L9R1 None
Root bend L9R2 None
PAW4TIG
Face bend L6F1 None
L6F2 None
ER316LSi
Root bend L6R1 None
L6R2 None

The bend test results of 20 mm thick similar welds are given below. For testing, a

nominal specimen width of 30 mm, a mandrel diameter of 91 mm and a bending

angle of 180° were used.

Table 6.14: Full-thickness bend properties of the 20 mm thick welds.

Welding Type of Type of bend | Specimen
process | consumable test code Remarks
FOF1 None
Face bend FOF2 Two harmless undercuts of max. 4 mm
FCAW E309LTO-4
FOR1 None
Root bend FOR2 None
Face bend A9F1 Lack of penetration of 2,5 mm deep
A9F2 Lack of penetration of 2,0 mm deep
SAW ER309L
A9R1 Lack of penetration of 1,0 mm deep
Root bend A9R2 None
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Full- thickness bend properties, SEM and EDX analysis of the failure occurred in 30

mm thick welds are respectively given in the table and figure below.

Table 6.15: Bend properties of the 30 mm thick welds (mandrel diameter: 136mm).

Welding Type of Type of Specimen
process consumable bend test code Remarks
Face bend K9F1 None
K9F2 None
FCAW E309LT-1
Root bend K9R1 None
K9R2 None
Face bend POF1 None
POF2 None
ER309L
Root bend PIOR1 None
POR2 None
SAW
Face bend PDFA1 None
PDF2 None
ER2209
Root bend PDR1 Failure along FL after bending till about 45°
PDR2 None

PDR1X75 PDR1 x150
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Figure 6.19: SEM images and EDX analysis of PDR1 bend test sample.
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Bend test results of full thickness bend test samples derived from 12 mm thick

dissimilar welds between modified X2CrNi12 stainless steel and S355 steel are

summarized in the table below. Related parametres are as follows: nominal

specimen width: 30 mm - mandrel diameter: 55 mm - bending angle: 180°.

Table 6.16: Full-thickness bend properties of the 12 mm thick dissimilar welds.

brocese |consumable| | test . |SPecimen code Remarks
U9F1 Crack of almost 2 mm
Face bend U9F2 None
FCAW E309LT-1
U9R1 None
Root bend U9R2 None

Full thickness bend properties of 20 mm thick dissimilar welds made between

modified 12 Cr stainless steel and S355 steel are given as below. A nominal

specimen width of 30 mm, a mandrel diameter of 91 mm and a bending angle of

180° were used.

Table 6.17: Full-thickness bend properties of the 20 mm thick dissimilar welds.

Welding Type of Type of | Specimen
process |consumable|bendtest| code Remarks
Face bend M9F1 None
M9OF2 Shallow harmless undercut
SMAW E309L-16
Root bend M9R1 None
M9R2 None
Face bend C9F1 None
C9F2 None
SAW ER309L
Root bend C9R1 None
C9R2 None
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6.5. Charpy Notch Impact Toughness Test Results
Charpy impact test results measured on the sub-sized test samples extracted from

the 6 mm thick GMAW welds expressed in J are given in the following table and and
illustrated in Figure 6.20.

Table 6.18: Notch impact toughness data of 6 mm thick GMAW weld (Taban et al 2007).

. Test
Welding process / I Notch Impact toughness
Type of consumables Origin tem??éa)lture position W)
WM 50-49-45/48
FL 9-11-8/9
RO/ 20 FL+2mm 54— 54 -62/57
FL+5mm 43 -41-45/43
WM 54 -51-55/53
GMAW / ER309LSi FL 15-37-12/21
! R9/2 0 FL+2mm 48— 74-53-/58
FL+5mm 50 - 50 - 53/ 51
WM 45-45-43/44
FL 16-19-9/15
R9/2 40 FL+2mm 47— 4341/ 44
FL+5mm 45-39-48/44
100 ;
3 80 i
> - p_____ Lo
> l
g 60 : —— WM
% 77777 FL
8 ® —&— FL+2mm
E 40 | FL+5mm
c |\ [
‘“ |
0 |
= ‘
L ____
20
Temperature (°C) - [R9]

Figure 6.20: Notch impact toughness of the R9 welded joint (Taban et al 2007).
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Charpy notch impact test results again measured on the sub-sized test samples
extracted from the 6 mm thick plasma arc welded (PAW) joint without filler metal
expressed in J are given in the following table and figure.

Table 6.19: Notch impact toughness of the PAW welded joint without filler metal (S).

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem??(r:a)ature position )
WM 8-10-6/8
-20 FLFZL 8-6-14/9
PAW / (-) Plate S +cmm 72—-124-104/100
WM 12-8-12/11
20 FL 16-12-12/13
FL+2mm 216 —-170- 182 -/189
200 | | |
1 1 1
3 | | |
> | | |
> 1 1 1
‘g 1 1 1 —A—FL
g 80 FL+2mm
c 1 1 1
(1] | | |
2 | | |
40 - | | |
0 S he ;
-40 -20 0 20 40
Temperature (°C) - [S]

Figure 6.21: Notch impact toughness of the plasma welded joint without filler metal.
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Charpy impact test results of the sub-sized test samples removed from the 6 mm
thick plasma arc welded (PAW) joint with ER316L type of consumables are given in
the following table and figure.

Table 6.20: Notch impact toughness of the 6 mm thick PAW weld with 316L (S6).

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem??(r:a)ature position )
V'\:’I’i" 14— 24 —14/17
Plate S6/1 20 20-14-12/15
ate FL+2mm 146 — 44 —28/73
FL+5mm 82-92-90/88
VI\:/E/I 6-2-4/4
PAW / ER316L 12-24-28/21
Plate S6/2 0
ate FL+2mm 156 — 156 — 72/ 128
FL+5mm 113-112-108/112
WM 20-10-24/18
FL 24-20-14/19
Plate S6/2 20 FL+2mm | 150—162—82/197
FL+5mm 120-100-118/113
200
160 -
3
I e, ri’rbsd
>
Q 120 - ——WM
2 —A—FL
rrJ R R U SRR 2ty N SRR ER S
g ——FL+2mm
E 80 FL+5mm
c
©
(]
=
40
0
-40 -20 0 20 40
Temperature (°C) - [S6]

Figure 6.22: Notch impact toughness graph of the S6 welded joint.
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Charpy impact test data of the samples derived from the 12 mm thick SMAW welded
joint with 309 type of consumables are given in the following table and figure (Taban
et al 2007b,c, 2006a,b).

Table 6.21: Notch impact toughness measured on test samples removed from the SMAW
welded joint with 309 type of consumables (V9).

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem??(r:a)ature position )
V\Flhll 57 — 54 - 60/ 57
19-20-19/19
Plate V9/1 -20 FL+2mm 12-165-51/76
FL+5mm 229 — 255 — 233/ 239
WM 57 - 56 —-58/57
SMAW / E309L-17 FL 42 —45-23/37
Plate V9/2 0 FLe2mm | 123—138-205/155
FL+5mm 266 — 256 — 23/ 182
WM 56 -57-57/57
FL 60 —45-60/55
Plate V9/2 20 FL+2mm | 61—148—119/109
FL+5mm 238 -242-38/173

300
250
S
>
© 200
% —— WM
B 150 - —&—FL
g ——FL+2mm
E 100 FL+5mm
©
Q
=
50
0
-60
Temperature (°C) - [V9]

Figure 6.23: Notch impact toughness graph of the V9 welded joint.
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Charpy impact test data of the 12 mm thick GMAW welded joint (B9) with 309 type
of consumables are given in the table below. Curves of impact energies versus test
temperature are shown in the following figure (Taban et al 2006a, b).

Table 6.22: Notch impact toughness of the samples removed from the B9 welded joint.

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem??(r:a)ature position )
WM 124 -115-128 /122
Plate B9/1 -20 FL 21-42-16/26
FL+2mm 14 -83-99/65
: WM 138 -134-113/128
GMAW / ER309LSi Plate B9/2 0 FL 56 — 36 — 28/ 40
FL+2mm 84 —51-48/61
WM 134 — 140 - 153 /142
Plate B9/2 20 FL 44 — 45 -55/48
294 — 209 - 123 /209
FL+2mm

300

250

200

—e— WM
—&—FL
—— FL+2mm

150

100

Mean impact energy (J)

50

Temperature (°C) - [B9]

Figure 6.24: Notch impact toughness graph of the B9 welded joint.
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Charpy impact test data of the samples derived from the 12 mm thick GMAW
welded joint with 308 type of consumables (B8) are presented in the table below and
illustrated in the following figure.

Table 6.23: Notch impact toughness of the samples removed from the B8 welded joint.

Welding process / Test
Type of Origin temperature 'c\:gitt‘i;lc:n Impact t(c:jt;ghness
consumables (°C) P
V\Flllill 118 -125-122/122
18-17-77/37
Plate B8/1 -20 FL+2mm 5_178—13/65
FL+5mm 23-9-87/40
Plate B8/1 PWHT at 20 FL+2mm 71-60-61/64
720°C for 30 min. FL+5mm 294 —294 —-11/200
| Plate B8/1 PWHT at 20 FL+2mm 13-163-78/85
GMAW /ER308LSi | 750°C for 30 min. FL+5mm | 121 -294 —294 /236
WM 118 -129-128/125
FL 18-15-21/18
Plate B8/2 0 FLe2mm | 61-132-10/68
FL+5mm | 283—131-294/236
WM 137 -135-141/138
FL 76 —75-58/70
Plate B8/2 20 FL+2mm | 139—120-176/145
FLs5mm | 294—294—291/293
300 ‘
250
=
> |
2 200 1
- R R R AN R [ ——WM
(] |
S 150 | A—FL
s . __.% —&—FL+2mm
E | ‘ FL+5mm
c 100 : *
©
Q
=
50
0
Temperature (°C) - [B8]

Figure 6.25: Notch impact toughness graph of the B8 welded joint.
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Charpy impact test data expressed in J for the samples derived from the 12 mm
thick GMAW welded joint with 316 type of consumables (B6) are given in the
following table and figure.

Table 6.24: Notch impact toughness of the test samples removed from the B6 weld.

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem??(r:a)ature position )
WM 119-116-109/115
Plate B6/1 -20 FL 39-58-28/42
FL+2mm 143 -8-95/82
. WM 123 -126-125/125
GMAW /ER316LSI Plate B6/2 0 FL 17 —71 35/ 41
FL+2mm 8-10-66/28
WM 128 -128-132/129
Plate B6/2 20 FL 84-88-65/79
FL+2mm 144 -19-140/101

200

s 160

>

D

oy

g 120 o— WM
g —A—FL
:EL 80 —— FL+2mm
'c

m

O

=

40

-60 -40 -20 0 20
Temperature (°C) - [B6]

Figure 6.26: Notch impact toughness graph of the B6 welded joint.
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Charpy impact test results obtained from the samples removed from the 12 mm
thick SAW welded joint with 309 type of consumables (E9) are presented in the
table below and exhibited in the following figure (Taban et al 2006a,b).

Table 6.25: Notch impact toughness measured on test samples removed from the E9 welded

joint.
Welding process / Origin temT:rs;ture Notch Impact toughness
Type of consumables 9 FZ°C) position W)
WM 60— 66 — 60 /62
Plate E9 -20 FL 47 —41-40/43
FL+2mm 58 -28-30/39
WM 56 —57 - 52 /55
SAW / ER309L Plate E9 -40 FL 31-35-49/38
FL+2mm 36 -29-27/31
WM 51 —-46-47/48
Plate E9 -60 FL 40-39-31/37
FL+2mm 22-20-16/19
200 ;
3 160 ;
> |- L
E'! |
o 1
S 120 | ——WM
e P —A—FL
‘E" ; ——FL+2mm
c 1
]
Q
=
Temperature (°C) - [E9]

Figure 6.27: Notch impact toughness graph of the E9 welded joint.
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Charpy impact test results obtained from the samples removed from the 12 mm
thick SAW welded joint with 316 type of consumables (E6) are given with table and
figure below.

Table 6.26: Notch impact toughness of the test samples from the E6 welded joint.

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem?fg)’ture position )
V\Flhfl 65— 66 — 67 / 66
53 -55-57/55
Plate E6 0 FL+2mm 85— 104 - 97 /95
FL+5mm 104 -58-116/93
V|\=I|'YI 66 — 66 — 65 / 66
SAW / ER316L 56 —69 —35/53
Plate E6 20 FL+2mm 47 -49-33/43
FL+5mm 19 -23-21/21
V;/I'E/I 56 — 55 —55/55
30-36-27/31
Plate E6 40 FL+2mm 52— 25 - 30/ 36
FL+5mm 55-21—13/30
200 ‘
5 160 ;
> |l Lo
> l
% 120 | —o— WM
| L :r 77777 ——FL
[a]
S P } —8— FL+2mm
E T
= | FL+5mm
: |
] T
o |
= ‘
Temperature (°C) - [E6]

Figure 6.28: Notch impact toughness graph of the E6 welded joint.
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Charpy impact test results of the laser weld without filler metal (V) are as follows:

Table 6.27: Notch impact test results of the LASER weld without filler metal (V).

Welding process / Test
Type of Origin temperature ':::t.:i:gn Impact t(“’jl)’gh"e“
consumables (°C) P
VI\:’E/' 3-3-2/3
13-4-4/7
Plate V/1 20 FL+2mm 36-212-15/88
FL+5mm 8—188—193/130
WM 3
Plate V/2 PWHT at FL 3
690°C for 30 min. -20 FL+2mm 594
FL+5mm 192
Plate V/1 ; V/2 PWHT WM 2-2-1/2
at 720°C for 30 min 20 FL+2mm 294 — 294 — 149 / 246
LASER/ (-) FL+5mm 11-294-185/163
Plate V/1 ; V/2 PWHT WM 6-4-2/4
at 750°C for 30 min -20 FL+2mm 12-9-294/105
FL+5mm 294 — 294 — 20/ 203
VI\:/E/' 4-3-3/3
8-5-6/6
Plate V/2 +20 FL+2mm | 294 — 294 — 294 / 294
FL+5mm 294 — 294 — 294 / 294
WM 5-3/4
Plate V/2 PWHT at FL 9-12/11
690°C for 30 min. +20 FL+2mm 294 — 294 / 294
FL+5mm 294 — 294 / 294
300 —
/ J
250 7
o / ——WM
>
2 200 —&—FL
2 —8— FL+2mm
o -
S —O— WM (P)
E —/A— FL (P)
c 100 -
© —O~ FL+2mm(P)
[}]
= FL+5mm (P)
50
0 %
-60 -40 -20 20

Temperature (°C) - [V]

Figure 6.29: Notch impact toughness graph of the V welded joint (Taban et al 2006a,b).

121




Charpy impact test results measured on the samples extracted from the 12 mm thick
HYBRID (PAW+TIG) welded joint with 309 type of consumables (L9) are given in
the following table and figure.

Table 6.28: Notch impact toughness of the samples from PAW+TIG weld with 309 (L9).

. Test
Welding process / - Notch Impact toughness
Type of consumables Origin tem?fg)’ture position )
WM 68 —-66 —137/90
Plate L9/1 -20 FL 35-31-47/38
FL+2mm 16-20-16/18
i WM 157 —117 — 148 /141
PAW / ER309LSi Plate L9/1 0 FL b 6849
FL+2mm 175-90-35/100
WM 110 - 156 — 98 / 121
Plate L9/2 20 FL 48 —-50-57/52
FL+2mm 95 -95-130/160
200
160
)
>
>
o 120
s —— WM
§ ************** ——FL
o
£ 80 —— FL+2mm
c
(1]
Q
=
40 -
0
-40 -20 0 20 40
Temperature (°C) - [L9]

Figure 6.30: Notch impact toughness graph of the L9 welded joint.
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Charpy notch impact test results obtained from the samples of the 12 mm thick
HYBRID (PAW+TIG) welded joint with 316 type of consumables (L6) are given in
the table below and the following figure.

Table 6.29: Notch impact toughness measured on test samples removed from the L6 welded

joint.
Welding process / Origin temT:rS;ture Notch Impact toughness
Type of consumables 9 ?°C) position )
WM 66 —75-86/76
PAW /ER316L Plate L6 -20 FL 38 —47 — 49/ 45
FL+2mm 52 — 40 —44 /45
100

S | |
> l |
9 | |
o | |
G | | —o— WM
I | : —A—FL
g— ‘ ‘ —8—FL+2mm
'c | |
e @ - [ |
Q | |
= | |

20 ‘ ‘

0 l l

Temperature (°C) - [L6]

Figure 6.31: Notch impact toughness graph of the L6 welded joint.

Charpy results of the 20 mm thick FCAW weld with 309 type of consumables are

presented as below:
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Table 6.30: Notch impact toughness of the samples removed from the F9 welded joint.
Welding Test
process / . Thickness Notch Impact toughness
Type of Origin tem?fg;ture position position )
consumables
FL 30-36-44/37
Plate F9 +20 Root FlLy2 57 _99_31/29
V\Flllill 39-38-39/39
20-13-22/18
Plate F9 0 Face FL+2mm 12 13— 45 /23
FL+5mm | 192-8-193/131
WM 36-39-38/38
FL 21-18-21/20
Plate F9 0 Root FL+2mm 8-32-8/16
99 — 121 -201/
FCAW / FL+5mm 140
E309LTO-4
V\Flllill 33-36-40/36
10-12-14/12
Plate F9 -20 Face FL+2mm 31-9-14/18
V\Flllill 36 -35-35/35
13-14-24/17
Plate F9 -20 Root FL+2mm 6—-12-9/9
Plate F9 PWHT at 20 Root FL+2mm 74-72-68/71
750°C for 30 min. FL+5mm | 100-50-52/67
200 ; ;
§ 160 : : —e— WM/Face
5 ****** :*""”"""""""T*"}/ ********** —&— FL/Face
2 120 | | —— FL+2mm/Face
c I T
S 1 N 72 FL+5mm/Face
S 1 / —O—WM/Root
2 80 : ;
_§ | | * FL/ROOt
s e Tl Sy A e il bty —— FL+2mm/Root
§ 40 1 l 1 ~ —_— FL+5mnvRoot
0 ‘ T ‘ T
-60 -40 -20 0 20
Temperature (°C) - [F9]

Figure 6.32: Notch impact toughness graph of the F9 welded joint.
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Charpy results of the SAW weld with 309 type of consumables between 20 mm thick
plates of modified 12 Cr stainless steel are presented as follows:

Table 6.31: Notch impact toughness of the 20 mm thick SAW weld with 309 (A9).

Welding process / Test

. Thickness Notch Impact toughness
co:syl?;:gles Origin tem;zg(r;e)zture position position J)
VI\:IE/I 47 - 45-58/50
24 -18-188/77
Plate A9/2 0 Face FL+2mm 18 -73-16/36

VI\:/h/l 49 — 65 -59/58
39-54-35/43
Plate A9/2 0 Root FL+2mm 16—-18-24/19
SAW / ER309L FL+5mm | 20-15-19/18
Vglli/l 55—-50—47 /51
Plate A9/2 -20 Face FL+2mm 1177__4187__192 /1246
FL+5mm | 99-98—102/100
WM 42 -52-44/46
Plate A9/1 20 Root FL 24-23-23/23
and A9/2 FL+2mm 10-7-6/8
200 ; ;
S 160 ; ; —e— WM/Face
> [ B Ittt —A— FL/Face
S 120 | —8— FL+2mm/Face
% | | FL+5mm/Face
,,,,,, S D N S
g | ; =O— WM/Root
E 80 | A —— FL/Root
§ | B . L '§ ffffffffff —— FL+2mm/Root
= 40 1 1 FL+5mm/Root
ffffff =
ol =
-60 -40 -20 0 20
Temperature (°C) - [A9]

Figure 6.33: Notch impact toughness graph of the A9 welded joint.
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Charpy impact test data are given for the 30 mm thick FCAW weld are as below:

Table 6.32: Notch impact toughness measured on test samples from the K9 welded joint.

Welding process / Test .
- Thickness Notch Impact toughness
Type of Origin temperature - i
consumables (C) position position )
WM 28-33-36/32
FL 28 - 16-28/24
Plate K9/1 0 Face FL+2mm | 11—-23-191/75
204 -100-193/
FL+5mm 166
WM 52 -52-52/52
FL 40-40-27/36
Plate K9/2 0 Root FL+omm | 126—91-82/100
129 - 162 - 158/
FCAW / E309LT-1 FL+5mm 150
V\F/E/I 43 - 43 -45/44
Plate K9/1 -20 Face FL+2mm gg : gg B gi ; 2(2)
FL+5mm | 151—157-7/105
V\F/E/I 26-35-38/33
Plate K9/2 20 Root FLoomm | o oa2l/2
FL+5mm | 111-147-9/89
200 ‘ ‘
O 160 : : —e— WM/Face
5 e e R S-S —A— FL/Face
S 420 —8— FL+2mm/Face
% ! ! FL+5mm/Face
S ' —O— WM/Root
E | ‘ —/— FL/Root
5 —— FL+2mm/Root
= 1 FL+5mm/Root

Temperature (°C) - [K9]

Figure 6.34. Notch impact toughness graph of the K9 welded joint.
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Impact test results of 30 mm thick SAW weld with 309 (P9) are given below (Taban
et al 2007d).

Table 6.33: Notch impact toughness measured on test samples from the P9 joint.

Welding Test
process / - Thickness Notch Impact toughness
Type of Origin tem;z(:éa)lture position position )
consumables
V\F/E/I 85—-79-88/84
42 - 49 -45/45
Plate P9/1 -20 Face FL+2mm 79 —101—81/87
FL+5mm 91-89-91/90
VI\:/E/I 70-70-68/69
35-57—-47/46
Plate P9/2 -20 Root FL+2mm | 126-91—-82/100
FL+5mm 39-65-104/69
SAW / ER309L | Plate P9/1 PWHT at 20 Face FL+2mm | 35-10-13/19
750°C for 30 min. FL+5mm | 130 — 184 -96/137
Vglli/l 93-77-82/84
Levha P9/1 40 Face | FLizmm | o oo ag)on
V\F/E/I 68 — 69 — 68 / 68
Levha P9/2 -40 Root FL+2mm ?g B fs : g? ; i":’
FL+5mm 52 -28-108/63

200 ; ;

5 160 —e— WM/Face

5 ””” st —&— FL/Face

% 120 | | —8— FL+2mm/Face
5 | i 77777777777777777777777 L 7777777777777777 FL+5mm/Face
s ! ! —O—WM/Root

£ 80 ﬁ —— FL/Root

§ r —— FL+2mm/Root
= 30 : FL+5mm/Root

0
Temperature (°C) - [P9]

Figure 6.35. Notch impact toughness graph of the P9 welded joint.
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Charpy impact test results measured on the samples extracted from the 30 mm thick
SAW welded joint with duplex stainless steel consumables (PD) are given below.

Table 6.34: Notch impact toughness of 30 mm thick SAW weld with duplex filler (PD).

Weldl‘lr"gpgrgf ess Origin tem::rsatture Thiclfr]ess No_tc_:h Impact toughness
consumables (C) position position J)
WM 66 — 64 —75/68

FL 195 —-185—194 /191
Plate PD/1 0 Face FL+2mm | 190 -177 =92/ 153

WM 24-26-20/23
Plate PD/2 0 Root | Fsarm o e
SAW / ER2209 FL+5mm [112—250-229/197
WM 94-91-62/82
Plate PD/1 20 Face | FLiamm e aaae
FL+5mm 194 -77-37/103
WM 19-18-16/18
Plate PD/2 -20 Root FL +F2me gg B gé : g; ; gg

FL+5mm | 151 —152-97/133

200
S 160 —e— WM/Face
s —&— FL/Face
2 120 —8— FL+2mm/Face
% FL+5mm/Face
8 —O— WM/Root
80
§ —/— FL/Root
§ —— FL+2mn/Root
= 10 FL+5mm/Root
0

Temperature (°C)- [PD]

Figure 6.36: Notch impact toughness graph of the PD welded joint (Taban et al 20074d).
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Charpy notch impact test data obtained from 12 mm thick dissimilar FCAW welds
with 309 type of consumables (U9) between modified 12 Cr and S355 steels are
presented in the table below and illustrated in the following figure.

Table 6.35: Notch impact toughness measured on test samples from the U9 joint.

. Test
Welding process / - - Impact toughness
Type of consumables Origin tem;zs(r:a)ature Notch position W)
WM 58 —59 - 57 /58
FL (12Cr) 52-31-20/34
Plate U9/2 +20 FL+2mm (12Cr) 82-31-144/86
FL (S355) 66 —52 - 61/60
FL+2mm (S355) | 176 —160— 164 /167
WM 51 -53-51/52
: FL (12Cr) 41-18-14/24
FCAW /E309LT-1 Plate U9/2 0 FL+2mm (12Cr) | 45— 152 —61/86
FL (S355) 57 -35-52/48
FL+2mm (S355)) | 158 -150—-110/139
WM 49 —-49 -50/49
FL (12Cr) 14-18-16/16
Plate U9/1 -20 FL+2mm (12Cr) 16-14-13/14
FL (S355) 50 -34-36/40

FL+2mm (S355)

97 -101-123/107

200

160

120

80

Mean impact energy (J)

40

—o— WM

—&—FL (12Cr)

—— FL+2mm (12Cr)
—/x— FL (S355)

—— FL+2mm (S355)

Temperature (°C) - [U9]

Figure 6.37: Notch impact toughness graph of the U9 welded joint.
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Charpy notch impact test results measured on the test samples extracted from the
20 mm thick SMAW welds with 309 type of consumables (M9) between modified
X2CrNi12 stainless steel and S355 steel are given as below.

Table 6.36: Notch impact toughness of the samples from M9 welded joint.

Welding process / Test .
Type of Origin temperature Thtl"csl;tl;gzs Notch position Impact t(?jl;ghness
consumables (°C) P
WM 60-61-57/59
FL (12Cr) 22-28-45/32
Plate M9/2 0 Face FL+2mm (12Cr) 17 -43-12/24
FL (S355) 129 — 139 — 144 /137
FL+2mm (S355) (162 — 159 — 159/ 160
WM 59 - 51 -53/54
) FL (12Cr) 21 -18-25/21
SMAW /E309L-16 Plate M9/1 -20 Face FL+2mm (12Cr) 26—11-14/17
FL (S355) 76 —111-116/101
FL+2mm (S355) 89-75-66/77
WM 51 -52 -48/50
FL (12Cr) 18-17-22/19
Plate M9/2 -20 Root FL+2mm (12Cr) 13-25-13/17
FL (S355) 93-139-81/104

FL+2mm (S355)

123 -101-57/94

200

160

120

80

Mean impact energy (J)

40

—o— WM/Face

—&— FL/Face (12Cr)

—— FL+2mm/Face (12Cr)
—/— FL/Face (S355)

—{— FL+2mm/Face (S355)

Temperature (°C) - [M9]

Figure 6.38: Notch impact toughness graph of the M9 welded joint (Face part).
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200

160 -

120

80 -

Mean impact energy (J)

40 -

—8— WM/Root

—&— FL/Root (12Cr)

—— FL+2mm/Root (12Cr)
—/— FL/Root (S355)

—{— FL+2mm/Root (S355)

-40

-20

Temperature (°C) - [M9]

20

Figure 6.39: Notch impact toughness graph of the M9 welded joint (Root part).

Charpy test results of the test samples removed from SAW joints of 20 mm thick

dissimilar welds between 12 Cr and S355 are given in the table and figures below.

Table 6.37: Notch impact toughness measured on test samples from the C9 weld.

Welding process / Test .
Type of Origin temperature Th(l’zl;tl;grs‘s Notch position Impact t(c‘)Jl)Jghness
consumables (°C) P
WM 77-83-80/80
FL (12Cr) 17-30-23/23
Plate C9/2 0 Face FL+2mm (12Cr) 29-27-35/30
FL (S355) 44 —74 -59/59
FL+2mm (S355) [294 — 260 — 294 / 283
WM 93-93-88/91
FL (12Cr) 15-11-13/13
SAW/ERSOSL | p1ie cort -20 Face | FL+2mm (12Cr) | 16-17-18/17
FL (S355) 61—-40-47/49
FL+2mm (S355) |153 — 232 — 282 / 222
WM 87-74-76/79
FL (12Cr) 42-21-15/26
Plate C9/2 -20 Root FL+2mm (12Cr) 65-6-18/30
FL (S355) 39-26-45/37
FL+2mm (S355) [267 — 276 — 265/ 269
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Mean impact energy (J)

300

250

200 -

150

100 -

50 -

Temperature (°C) - [C9]

—8— WM/Face

—&— FL/Face (12Cr)

—- FL+2mm/Face (12Cr)
—/— FL/Face (S355)

—{— FL+2mm/Face (S355)

Figure 6.40: Notch impact toughness graph of the C9 welded joint (Face part).

Mean impact energy (J)

—i— WM/Root

——FL/Root (12Cr)
FL+2mm/Root (12Cr)

—C—FL/Root (S355)
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Figure 6.41: Notch impact toughness graph of the C9 welded joint (Root part).
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6.6. CTOD Fracture Toughness Test Results

The CTOD test results of this study are given in the following tables.

Fracture surface macrophotographs are included and illustrated with the relevant
figures. SEM photographs of the fractographs with EDX analysis are also presented.

For CTOD testing of the welds, weld metal centre (WM) and fusion line (FL) test
samples were prepared in each case and toughness was usually deduced from

three repeat tests.

In the table below, CTOD test results of the samples prepared from 20 mm thick
FCAW welded panels of modified X2CrNi12 stainless steel with 309 type of
consumables are presented. CTOD expressed in mm and maximum force plateau,

pop-in and fracture- the three types of failure modes are also mentioned in the table.

Table 6.38: CTOD fracture toughness at -20°C of the 20 mm thick F9 weld

Welding process / I Notch .
Type of Or(lgm position ((::]2:)3 Fallur:)mode
consumables (-)
0,230 Maximum force plateau
WM 0,191 Maximum force plateau
0,196 Maximum force plateau
FCAW / Plate F9 p
E309LT0-4 0,033 Pop-in
FL 0,125 Fracture
0,104 Fracture

In the figure below, fractographs of the test samples removed from F9 welded joint

are observed as macrophotographs.

133



FOCW3 FOCL1

F9CL2 FOCL3

Figure 6.42: Fractographs of CTOD samples from 20 mm thick FCAW weld (F9).

SEM images of the fractographs from the 20 mm thick FCAW welded 12 Cr
stainless steel are illustrated in the figure below.
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Figure 6.43: SEM and EDX analysis of the CTOD fractographs from F9 welded joint.

CTOD fracture toughness test results of the SAW welded panels of 20 mm thick
modified 12 Cr stainless steel are mentioned with the table below.

Table 6.39: CTOD fracture toughness at -20°C of the A9 weld (DBTT 0°C at HAZ).

Welding
process / Origin No_tc_:h CTOD Failure mode
Type of ) Pose" (mm) ()
consumables
0,217 Maximum force plateau
Plate A9/1 WM 0,210 Maximum force plateau
SAW / 0,177 Maximum force plateau
ER309L 0,064 Pop-in
Plate A9/2 FL 0,103 Pop-in
0,081 Pop-in
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A9CL2 A9CL3

Figure 6.44: Fractographs of CTOD samples from 20 mm thick SAW weld (A9).

Fractographs of the CTOD test samples extracted from 20 mm thick SAW weld with
309 type of consumables (A9) are presented as macrophotographs above.

CTOD test results and fractographs of FCAW welded panels of 30 mm thick panels
are given in the following page.
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Table 6.40: CTOD fracture toughness at -20°C of the K9 weld (DBTT 0°C at FL).

Welding
process / Origin p'c\)l:itt(izgn CTOD Failure mode
Type of ) . (mm) ()
consumables )
0,283 Maximum force plateau
Plate K9/1 WM 0,210 Maximum force plateau
ECAW / 0,202 Maximum force plateau
Fracture
E309LT-1 0,118
Plate K9/2 FL 0.100 Fracture
01090 Fracture

K9CL2

K9CL3

Figure 6.45: Fractographs of CTOD samples from 30 mm thick FCAW weld (K9).
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SEM photographs and EDX analysis of the CTOD fractographs obtained from
FCAW welded 30 mm thick plates of modified X2CrNi12 stainless steel are
presented below.
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Figure 6.46: SEM images and EDX of the CTOD fractographs from K9 welded joint.
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CTOD fracture toughness data and fractographs of SAW welded 30 mm thick
modified 12 Cr steel with 309 type of filler metals are given respectively in the table
and figure below (Taban et al 2007d).

Table 6.41: CTOD fracture toughness at -20°C of the P9 weld (DBTT below -40°C)

Welding
process / Origin p:)ks)ilt(i:gn CTOD Failure mode
Type of Q) . (mm) ()
consumables )
Plate P9/1 WM 0.579 Maximum force plateau
SAW / 0,121 Pop-in
ER309L Plate P9/2 FL 0,067 Pop-in
0,067 POp'ln

PO9CW1 POCL1

P9CL2 P9CL3

Figure 6.47: Fractographs of CTOD samples from 30 mm thick SAW weld with (P9).

139




CTOD data from 30 mm thick SAW weld with duplex filler metals are as follows

Table 6.42: CTOD toughness at -20°C of the PD weld (DBTT > 0°C) (Taban et al 2007d).

Welding
process / Origin p:)ks)ilt(i:gn CTOD Failure mode
Type of Q) . (mm) ()
consumables )
0,263 Maximum force plateau
SAW / Plate PD/1 WM 0,304 Maximum force plateau
ER2209 Pop-in
0,059 X
Plate PD/2 FL Pop-in
0,112 .
0,045 POp'ln

PDCLA1

PDCL2

PDCL3

Figure 6.48: Fractographs of CTOD samples from SAW weld with duplex filler (PD).
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CTOD data from the dissimilar 20 mm thick SMAW weld (M9) are presented below.

Table 6.43: CTOD fracture toughness at -20 C of the M9 dissimilar weld.

Welding process / Origin Notch CTOD (mm) Failure mode
Type of consumables position )
0,274 Maximum force plateau
WM 0,274 Maximum force plateau
SMAW / Plate M9/2 0,101 Fracture
E309L-16 FL (12Cr) 0076 Fracture
FL (S355) 0.756 Maximum force plateau

M9OCTH1
Figure 6.49: Fractographs of CTOD samples from 20 mm thick SMAW weld (M9).
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SEM photographs and EDX analysis of the CTOD fractographs obtained from the
dissimilar SMAW welds between modified X2CrNi12 stainless steel and S355 steel
with a thickness of 20 mm are illustrated in the below figure.
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Figure 6.50: SEM images and EDX analysis of the CTOD fractographs from M9 weld.

CTOD test results and fractographs of the SAW welded dissimilar weld with 309
types of consumables (C9) are given below:
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Table 6.44: CTOD fracture toughness at -20°C of the C9 weld (DBTT above 0°C at FL).

Welding
process / Origin 'c\)lgitt(i:Sn CTOD Failure mode
Type of ) o0 (mm) )
consumables
0,626 Maximum force plateau
WM 0,599 Maximum force plateau
SAW / Plate C9/2 0,047 Fracture
ER309L FL (12Cr) 0,023 Pop-in
FL (S355) 0.312 Fracture

C9CT1
Figure 6.51: Fractographs of CTOD samples from 20 mm thick SAW weld (C9).
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SEM and EDX analysis of the fractographs obtained from the 20 mm thick SAW
welded plates of modified X2CrNi12 and S355 steel are illustrated in the following

figure.
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Figure 6.52: SEM and EDX of the CTOD fractographs from C9 welded joint.
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6.7. Fatigue Test Results

Fatigue test results of the SMAW, GMAW, SAW welded plates by means of highly
alloyed 309 type of filler metals and LASER welded panels of modified X2CrNi12
stainless steel are given in tables, illustrated with fatigue strength graphs but also
with fractographs of the fatigue samples.

The straight lines in the mentioned figures represent the expected fatigue resistance
based on a material’s tensile strength of 500 MPa (lower line) and 600 MPa (upper

line).

It is indeed often accepted that stress ranges of 90 % and 50 % of the tensile
strength should yield a life time respectively of 1.000 (or 1.10% cycles and of
1.000.000 (or 1.10° cycles (Bannantine ve dig. 1990).

Fatigue testing was performed with a nominal specimen width of 20 mm and a
fatigue ratio of 0,1.

In the following pages, firstly the fatigue test results of 12 mm thick plates of SMAW
welded modified 12 Cr stainless steel with 309 type of electrodes are presented with
the following tables and figures illustrating the fatigue strength of the SMAW welded
panels, followed by the fractographs of the fatigue samples considered within this
study.

The fatigue test data are given in Table 6.46 for the GMAW welded 12 mm thick 12
Cr stainless steel. The fatigue strength graph is illustrated with the Figure 6.55.
Fractographs were also examined and shown in Figure 6.56.

The fatigue test results, the fatigue strength graph and the fracture surface
macrographs are respectively given in Table 6.47 and Figures 6.57 and 6.58 for the

12 mm thick SAW welded joint with 309 type of consumables.
Table 6.49, Figure 6.59 and 6.60 show respectively the fatigue test results, the

fatigue strength graph and the fractographs of the LASER welded joint of 12 mm

thick modified 12 Cr stainless steel without filler metal.
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Table 6.45. Fatigue properties of the 12 mm thick SMAW weld (V9).

i Fatigue Stress e
Specimen < Life time
identity / testing range ((I:yc|les) Description of fracture
Origin | equipment | (MPa)
Initiated from weld defect ; deviated towards
VIV1 [V9/1] | A (150 kN) 324 42.500 coarse FL/HAZ
VOV2 [V9/1] | A (150 kN) 324 321.580 |[Initiated from FL at face ; deviated towards BM
VoV3 [V9/1] A (150 kN) 304 426.220 Entirely located at BM (secondary crack at WM
at face)
VoV4 [V9/1] A (150 kN) 288 1.363.450 Initiated from WM ; deviated towards coarse
HAZ/FL
VOV5 [V9/2] A (150 kN) 288 879.930 :Brwllated from WM ; deviated towards FL and
VOV6 [V9/2] A (150 kN) 288 680.370 g'{}llated from WM ; deviated towards FL and
VOV7 [V9/2] | A (150 kN) 360 114.740 [Initiated from FL/HAZ ; deviated towards BM
VOV8 [V9/2] | A (150 kN) 360 203.170 |Entirely located at BM
Entirely located at BM (secondary edge crack
VOV [V9/2] | A (150 kN) 360 168.720 at HAZ at face)
VOV10 [V9/2] | A (150 kN) 252 1.239.490 |Initiated from FL at face ; deviated towards BM
VOV11 [V9/2] [ A (150 kN) 252 8.000.000 |No fracture (run-out)
VOV12 [V9/2] [ A (150 kN) 252 696.290 |Entirely located at WM
Fatigue strength of SMAW welded joint (V9) (R = 0,1)
600
500
g
—
= 400 ———
Y T || e e .
=l I 4
s 300 \\‘:b &
. ==
@ 200 ==
=
n
100
0 ‘
1.000 10.000 100.000 1.000.000 10.000.000
Life time (cycle)

Figure 6.53: Fatigue strength of 12 mm thick SMAW welded joint (V9).
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NO FRACTURE

(RUN OUT)

Vov10 VoVv11

Figure 6.54: Fatigue fractographs of samples from 12 mm thick SMAW weld (V9).
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Table 6.46: Fatigue properties of the 12 mm thick GMAW weld (B9)

. Fatigue
Specimen - Stress I
i%entity testing range | ife time Description of fracture
equipment | o0y | (cycles) [SWF = side wall fusion]
B9V1 [B9/1] [ A (150 kN) 324 17.160 |Initiated from lack of SWF at FL ; deviated towards BM
BOV2 [B9/1] [ A (150 kN) 324 16.650 |Initiated from lack of SWF at FL ; deviated towards coarse HAZ
B9V3 [B9/1] | A (150 kN) 324 14.190 |Initiated from lack of SWF at FL ; deviated towards coarse HAZ
B9V4 [B9/1] | B (100 kN) 216 52.940 ([Initiated from lack of SWF at FL ; deviated towards coarse HAZ
B9V5 [B9/2] | B (100 kN) 216 448.910 |[Initiated from partial lack of SWF at FL ; deviated towards BM
B9V6 [B9/2] | B (100 kN) 216 188.520 |Initiated from lack of SWF at FL
BOV7 [B9/2] [ A (150 kN) 288 51.470 [Initiated from lack of SWF at FL ; deviated towards BM
B9V8 [B9/2] | A (150 kN) 288 99.720 |[Initiated from lack of SWF at FL ; deviated towards other FL
BOV9 [B9/2] | A (150 kN) 588 35.130 I;tltrlc?;?d from lack of SWF at FL ; deviated towards coarse WM
BIOV10 [B9/2]| A (150 kN) 252 183.750 |Initiated from lack of SWF at FL ; deviated towards BM
BoV11 [BY/2]| A (150 kN) o5 149.130 Initiated from lack of SWF at FL ; deviated towards coarse
FL/HAZ
B9V12 [B9/2]| A (150 kN) 252 218.870 ([Initiated from lack of SWF at FL ; deviated towards WM and BM
Fatigue strength of GMAW welded joint (B9) (R = 0,1)
600 ‘
500
g
\\
% 400 ~—
o *0 T —
% 300 ' ? * —
= 400 =
2 N o o =1
g 200 =
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0 ‘
1000 10000 100000 1000000 10000000
Life time (cycle)

Figure 6.55: Fatigue strength of 12 mm thick GMAW welded joint (B9).
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Figure 6.56: Fatigue fractographs of samples from 12 mm thick GMAW weld (B9).

149




Table 6.47: Fatigue properties of the 12 mm thick SAW weld (E9)

. Fati
Specimen t:;;?:; ?;r:;: Life time Description of fracture
identity equipment (MPa) (cycles)
E9V1 [E9] B (100 kN) 252 8.175.910 |No fracture (run-out)
E9V2 [E9] B (100 kN) 252 8.113.740 |No fracture (run-out)
Initiated from 3,5 mm long defect at FL ; deviated
E9V3 [E9] B (100 kN) 252 408.280 towards BM
E9V4 [E9] A (150 kN) 360 202.270 |Initiated from FL at face ; deviated towards BM
E9V6 [E9] A (150 kN) 360 214.730 Entirely located at WM (secondary crack at WM)
E9V6 [E9] A (150 kN) 360 339.140 Initiated from WM ; deviated towards BM
E9V7 [E9] A (150 kN) 324 475.140 Initiated from WM ; deviated towards BM
E9V8 [E9] A (150 kN) 324 226.540 |Entirely located at WM
E9V9 [E9] A (150 kN) 324 208.310 Initiated from FL at face ; deviated towards BM
E9V10 [E9] B (100 kN) 288 1.008.470 |Entirely located at WM
E9V11 [E9] B (100 kN) 288 660.110 |Entirely located at WM
E9V12 [E9] B (100 kN) 288 6.139.560 |Entirely located at WM
Fatigue strength of SAW welded joint (E9) (R =0,1)
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S 400 | | T
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Figure 6.57: Fatigue strength of 12 mm thick SAW welded joint (E9).
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Figure 6.58: Fatigue fractographs of samples from 12 mm thick SAW weld (E9).
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Table 6.48. Fatigue properties of the 12 mm thick LASER weld (V)

Specimen . . Stress i .
identity Fatlgu_e testing | range Izgectllen;;e Description of fracture
equipment (MPa) Y
VV1 [V/1] B (100 kN) 324 221.200 Entirely located at BM
VV2 [V/1] B (100 kN) 324 660.100 Entirely located at BM
VV3 [V/1] B (100 kN) 324 573.350 Nearly entirely located at coarse FM
VV4 [V/1] A (150 kN) 252 8.000.000 No fracture (run-out)
VV5 [V/2] A (150 kN) 252 8.022.040 No fracture (run-out)
VV6 [V/2] A (150 kN) 252 8.369.700 No fracture (run-out)
VV7 [V/2] B (100 kN) 288 8.409.450 No fracture (run-out)
Entirely located at coarse FM
VV8 [V/2] A (150 kN) 288 1.385.840
(secondary crack at FL at face)
VV9 [V/2] B (100 kN) 288 2.160.090 Entirely located at coarse FM
VV10 [V/2] A (150 kN) 360 330.750 Initiated from FL ; deviated towards BM
VV11 [V/2] A (150 kN) 360 339.500 Initiated from FL at face ; deviated towards BM
VV12 [V/2] A (150 kN) 360 298.600 Entirely located at BM
Fatigue strength of Laser welded joint (V) (R =0,1)
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500 -
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Figure 6.59: Fatigue strength of 12 mm thick LASER welded joint (V).
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VV1 VV2 VV3
NO FRACTURE NO FRACTURE NO FRACTURE
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VV4 VV5 VV6
NO FRACTURE
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VVi0

VV11
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Figure 6.60: Fatigue fractographs of samples from 12 mm thick LASER weld (V).
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6.8. Microstructural Analysis

Relavant macro- and micrographs obtained from the samples of 6 mm thick GMAW
welded modified X2CrNi12 stainless steel are illustrated in the figure below.
Micrographs from base metal (BM), weld metal (WM) and heat affected zones (HAZ)

are included.

Figure 6.61: Macro and microphotographs of 6 mm thick GMAW weld (R9).
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Macro- and micrographs of plasma arc welded (PAW) modified 12 Cr stainless steel
without filler metal are exhibited in Figure 6.62.

= it 2 pys ._: _..i' bk~ e
HA 50)

Figure 6.62: Macro and microphotographs of 6 mm thick Plasma weld without filler metal (S).
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Relevant photographs obtained from the samples of plasma arc welded (PAW)

plates with a thickness of 6 mm with 316 type of filler metals.

Figure 6.63: Macro and micrographs of 6 mm thick Plasma weld with 316L filler (S6).
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Photographs from SMAW welded 12 mm thick similar welds are as below:

Figure 6.64: Macro and micrographs of 12 mm thick SMAW weld with 309 filler (V9).
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Photographs from GMAW welded 12 mm thick similar welds with 309 consumables
are illustrated below:

"HAZ

Figure 6.65: Macro and micrographs of 12 mm thick GMAW weld with 309 filler (B9).

Macro and microphotographs from GMAW welded 12 mm thick similar welds with
308 type of filler metals are illustrated below:
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HAZ c+d
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Figure 6.66: Macro and micrographs of 12 mm thick GMAW weld with 308 filler
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Macro and microphotographs obtained from the cross sections of 12 mm thick
GMAW welded homogeneous welds by means of 308 type of filler metals are as

follows.

"HAZ ¢

Figure 6.67: Macro and microphotographs of 12 mm thick GMAW weld with 306 type of
consumables (B6).
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Macro and microphotographs from SAW welded 12 mm thick similar welds with 309
type of filler metals are as below:

f . c+d :

Figure 6.68: Macro and micrographs of 12 mm thick SAW weld with 309 filler (E9).
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Relevant photographs of the SAW weld made with 316 filler metals are seen below.

Figure 6.69: Macro and micrographs of 12 mm thick SAW weld with 316 filler (E6).
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The macro and microphotographs of the LASER weld without filler metal made in
the modified X2CrNi12 stainless steel are observed in the following figure.

Figure 6.70: Macro and microphotographs of 12 mm thick LASER weld without filler metal
(V).
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The photographs of HYBRID welded (PAW+TIG) plates of 12 mm thick 12 Cr steel
are presented below.

; %m i
HAZ a+b x50 (TIG)

Figure 6.71: Macro and micrographs of 12 mm thick PAW + TIG weld with 309 filler metal
(L9).
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The macro and microphotographs of the samples extracted from the 12 mm thick
HYBRID welded (PAW+TIG) plates of modified 12 Cr steel are presented as folows.

o

S

WM

Figure 6.72: Macro and microphotographs of 12 mm thick PLASMA + TIG weld with 316 filler
metal (L6).
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Photographs from the 20 mm thick plates welded with FCAW process with 309 type
of electrodes are given in the following figure.

i‘:_*." q& '

“HAZ c+d

Figure 6.73: Macro and microphotographs of 20 mm thick FCAW weld with 309 filler metal
(F9).
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Figure below shows the macro and microphotographs of the samples derived from
SAW welded 20 mm thick weld with 309 type of filler metals.

Figure 6.74: Macro and microphotographs of 20 mm thick SAW weld with 309 filler metal
(A9).
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Macro and microphotographs of 30 mm thick SMAW weld with 309 type of

consumables are presented below.

HAZ c+d

"HAZ a+b

Figure 6.75: Macro and microphotographs of 30 mm thick SMAW weld with 309 filler metal

(K9).
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Macro and micrographs of the SAW welded 30 mm thick modified X2CrNi12
stainless steel with 309 type of filler metals are presented in the following figure.

Figure 6.76: Macro and microphotographs of 30 mm thick SAW weld with 309 filler metal
(P9).
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LOM macro and microphotographs of 30 mm thick SAW welded modified 12 % Cr
stainless steel with duplex type of consumables are given below (Deleu et al 2007).

e 5

HAZ a+b

Figure 6.77: Macro and microphotographs of 30 mm thick SAW weld with duplex filler metal
(PD).

170



Relavant photographs obtained from the dissimilar FCAW welded joints made
between the 12 mm thick modified X2CrNi12 stainless steel and S355 steel with 309
type of filler metals are illustrated in the figure below.

n ' ' HAZ a+b (S355)

Figure 6.78: Macro and microphotographs of 12 mm thick FCAW weld with 309 filler metal
(U9).
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Macro and microphotographs of 20 mm thick dissimilar SAW weld with 309 type of

consumables are presented in the following figure.

Ve

HAZ a+b (12Cr)

HAZ a+b (S355)

Figure 6.79: Macro and microphotographs of 20 mm thick SMAW weld with 309 filler metal
(M9).
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Photographs obtained from the cross sections of the dissimilar FCAW welded joints
made between the 12 mm thick modified X2CrNi12 stainless steel and S355 steel
with 309 type of filler metals are given in the below figure.

BM (12Cr)

o
b Pre - Y

" HAZ a+b (12Cr)

a+b (S355) _

Figure 6.80: Macro and microphotographs of 20 mm thick SAW weld with 309 filler metal
(C9).
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6.9. Hardness Measurement Results

Vickers hardness measurement (HV5) results for each weld are given in the form of

tables and hardness graphs.

In those HV5 data tables, maximum values measured at the weld metal and at both

heat affected zones are given in bold for each hardness traverse. Values between

brackets are valid for locations 0,7 mm respectively above and below the line of

indentations for the left HAZ and for locations 0,7 mm respectively below and above

the line of indentations for the right HAZ. Therefore, open symbols are used for the

corresponding data in the relevant figures.

HV5 measurement data and HV5 graph of 6 mm thick GMAW welded joints

presented below.

Table 6.49: HV5 hardness of the 6 mm thick GMAW weld with ER309LSi wires (R9).

s::;;ze T:‘(;g:t';g:s BM HAZ WM HAZ BM

con |_Face | 168-170-173 | 278-280-246(229-240) | 186-203-192](281-246)-254-299-296] 172-169-162
Root | 174-175-178 | 229-264-222(-234-225) | 196-192-206 | (220-213)-215-281-258| 168-168-168

ronp |__Face | 169-164-162] 278-257-233(-226-227) | 185-185-186 (255-239,258-274-250] 174-186-174
Root | 166-169-169 | 268-244-216(-229-224) | 206-214-199 |(193-224-)192-205-214] 174-175-181

320

280

Hardness (HV5)

300

260
240

220

| |=—Face
——Root

Figure 6.81: HV5 graph of ROM1.
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(SAH) ssaupieH

R9M2

Figure 6.82: HV5 graph of ROM2.

Hardness results and graph of the PLASMA welded joint of 6 mm thick panels

without filler metal are given below.

Table 6.50: HV5 hardness of the 6 mm thick Plasma weld without filler metal (S).

HAZ

WM

HAZ

172-171-169 | 251-262-202(-234-224) | 207-198-200 |(178-206)-192-265-269| 167-169-170
171-173-170| 229-280-254(-232-235) |210-199-220 |(238-243)-235-259-274| 168-168-168

location

Face

Root

(SAH) sssupieH

Sample [Thickness

code

SM1

Figure 6.83: HV5 graph of SM1.
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HV5 result table and the relavant graphs for the PLASMA welded joint of 6 mm thick

modified 12 Cr stainless steel with 316 type of consumables are summarized below.

Table 6.51: HV5 hardness of the 6 mm thick PAW weld with ER316L type of wires (S6).

Sample
code

Thickness
location

BM

HAZ

WM

HAZ

SeM1

Face

171-168-162

278-283-244(-216-246

332-328-315

214-204)-227-249-258

167-169-170

Root

172-166-166

335-319-334

169-171-169

Face

168-171-176

206-260-254(-233-239

320-317-322

229-211)-234-251-243

171-166-166

Sem2

)
277-281-200(-208-229)
)
)

— = =] =

)
229-212)-229-265-268

)

)

Root 173-176-169 | 281-262-236(-245-240) | 245-282-289 ((231-238)-231-272-278|170-174-170
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Figure 6.85: HV5 graph of S6M2.
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HV5 table and figures obtained from the samples of 12 mm thick SMAW weld with
ER309 type of electrodes are illustrated as follows:

Table 6.52: HV5 hardness of the 12 mm thick SMAW weld (V9).

Sample | Thickness
code location

Face 168-169-169|277-215-195(-201-195

BM HAZ WM HAZ BM

199-192-189 ((193-187-)183-217-281| 179-173-176

VOM1 ( )
Root 171-166-169 |202-239-201(-224-201) | 224-216-214 |(185-201-)181-221-213| 171-172-169
VoM Face 166-165-174|262-235-196(-207-201)| 181-197-195 | (189-236-)201-264 | 175-175-174
Root 167-171-171|265-255-194(-232-226) | 234-221-227 ((234-249-)216-258-268| 174-176-172
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Figure 6.86: HV5 graph of VOM1.
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Figure 6.87: HV5 graph of VOM2.
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Relavant table and figures of HV5 measurements of 12 mm thick GMAW weld with
ER309LS:i type of wires are presented below.

Table 6.53: HV5 hardness of the 12 mm thick GMAW weld (B9).

Sample| Thickness

code | location BM HAZ WM HAZ BM

BOM1 Face 174-173-178 | 215-271-205(-169-203) | 172-186-179 | (218-198)-200-262-268 | 170-175-180

Root 173-171-173| 210-181(-186-204) |213-218-218 (204-212)-199-210 170-174-175

BoM2 Face 166-164-167 | 253-275-194(-185-200) | 178-176-178 | (185-196-)191-268-265 | 166-174-173

Root 169-168-168 |234-228-249(-253-205) | 224-211-227 | (206-244-)203-233-269 | 178-170-171
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Hardness (HV5)
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Figure 6.89: HV5 graph of BOM2.
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Hardness values and graphs of the 12 mm thick GMAW weld with ER309LS:i type of
wires are presented in the following paragraphs.

Table 6.54: HV5 hardness of the 12 mm thick GMAW weld (B8).

Sample
code

Thickness
location

HAZ

WM

HAZ

BM

B8M1

Face

166-170-168

262-275-187(-201-195

188-183-177

203-200)-178-229-278

174-168-169

Root

169-169-175

292-275-239(-223-210

226-235-235

261-229)-236-291-299

189-178-178

B8M2

Face

175-171-168

169-161-172

186-188-)191-238-278

166-169-166

Root

174-178-175

= ||l ==

(

(
267-227-168(-183-184
255-272-224(-246-210

213-239-229

(
(
(
(

211-223-)232-257-228

178-171-171
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Figure 6.91: HV5 graph of B8M2.
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BM

HAZ

WM

HAZ

BM
171-171-169254-251-231(-204-209)| 213-213-205 | (227-220-)216-246-217 | 175-175-178

174-183-181[275-243-178(-202-185)(178-178-168 | (176-212)-212-271-278 | 185-197-186
178-178-179[211-240-205(-209-203)( 222-223-226 | (201-216)-203-234-194 | 188-184-192
164-170-1711275-264-203(-231-197)186-191-169 [ (212-194-)206-235-267 | 169-177-171

Table 6.55: HV5 hardness data of the 12 mm thick GMAW weld (B6).
Face
Root
Face
Root

location

Thickness

B6M2
180

Figure 6.93: HV5 graph of B6M2.
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Relavant HV5 data of 12 mm thick GMAW weld with ER316LSi wires are as follows.




Hardness measurements and HV5 graphs of 12 mm thick SAW weld with ER309L
type of wires are presented below.

Table 6.56: HV5 hardness of the 12 mm thick SAW weld with ER309L wires (E9).

Sample (Thickness
code location BM HAZ WM HAZ BM
EoM1 Face 169-167-167|1275-203-208(-195-192) 188-183-201 | (176-200-)206-234-283 | 173-171-165
Root 172-164-169( 207-201(-201-196) |210-217-208| (197-236-)210-244 169-172-168
EoM2 Face 170-167-169[277-261-194(-187-201)[173-183-193 | (206-211)-200-258-265 | 173-172-171
Root 163-172-166 [240-223-220(-208-227)| 224-231-226 | (218-229)-225-212-210 | 173-175-173
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Figure 6.94: HV5 graph of E9M1.
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Figure 6.95: HV5 graph of E9M2.
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Relavant HV5 data for the SAW weld with ER316L type of wires of 12 mm thick
modified 12 Cr stainless steel base metal are given below.

Table 6.57: HV5 hardness of the 12 mm thick SAW weld with ER316L wires (E6).

Sample (Thickness

- BM HAZ WM HAZ BM
code location

Face 172-175-178278-244-180(-208-214)|204-178-223 [ (186-194-)188-229-281 | 177-177-167
Root 169-171-171222-229-211(-197-214)| 224-221-214 | (228-208-)187-228-215| 174-175-168

E6M1

E6M2

( ) (
( ) (
Face |174-170-171|286-189-177(-201-213)[ 186-175-207 [ (179-200)-201-271-272( 165-171-174
Root [171-171-170]254-232-206(-216-218)|221-227-229 | (221-239)-218-255-234 | 175-174-171
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Figure 6.97. HV5 graph of E6M2.
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HV5 results and graphs of the 12 mm thick LASER weld without filler are below.

Table 6.58: HV5 hardness of the 12 mm thick LASER weld without filler metal (V).
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Figure 6.98. HV5 graph of VM1.
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Figure 6.99. HV5 graph of VM2.
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HV5 hardness for the HYBRID (PAW+TIG) welded 12 mm thick panels with ER309
type of wires are presented as follows.

Table 6.59: HV5 hardness of the 12 mm thick PAW+TIG weld with 309 wires (L9).

Sample (Thickness
code location BM HAZ FM HAZ BM
LoM1 Face 164-169-166 [244-267-189-(196-188)193-195-192| (203-216)-218-241-283 | 171-165-162
Root 162-171-166 [204-208-213-(194-202)| 185-185-169 | (186-190)-201-208-211 | 164-162-162
LoM2 Face 162-165-164 [262-245-183-(188-188)180-166-175| (175-188)-199-261-249 | 167-162-164
Root 162-166-169221-214-183-(195-188)[189-183-173| (192-192)-209-224-233 | 174-169-171
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Figure 6.100: HV5 graph of L9M1.
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Figure 6.101: HV5 graph of LOM2.
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Vickers hardness values and HV5 graphs are given below for the evaluation of the

hardness properties of 12 mm HYBRID welded plates by means of ER316L type of
consumables.

Table 6.60: HV5 hardness of the 12 mm thick PAW+TIG weld with ER316L wires (L6).

Sample [Thickness
code location BM HAZ FM HAZ BM

L6M Face |164-168-174 [265-257-186-(178-185)[194-175-228 |(178-203)-201-266-267 [172-170-169
Root  |168-169-175 [195-207-191-(191-189)[174-173-162 |(200-189)-194-210-226 [169-168-171

—=—Face
——Root

Hardness (HV5)

Figure 6.102: HV5 graph of L6M.
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BM

HAZ

—=—Face
—— Root

WM

FOM2
186

HAZ

BM
181-181-1741265-251-187(-176-182)| 188-193-201 [ (204-203)-194-268-267 | 182-182-182

171-178-177[271-251-235(-243-246)( 227-223-227 | (249-236)-236-253-275 [ 179-171-171
177-174-181[268-257-190(-214-187)[190-190-191 | (216-213)-206-269-265 | 180-177-182
172-176-180/286-268-257(-240-269)|231-231-228 [ (261-235)-238-286-285 | 186-171-165

Table 6.61: HV5 hardness of the 20mm thick FCAW weld (F9).

location
Face
Root
Face
Root

Thickness

Figure 6.104: HV5 graph of FOM2.
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Sample
code
FOM1
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HV5 data for FCAW welded 20 mm thick panels with E309LT0-4 type of wires are

below.




Relavant data for HV5 of 20 mm thick SAW weld with ER309L are below.

Table 6.62: HV5 hardness of the 20 mm thick SAW weld with ER309L wires (A9).
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Figure 6.105: HV5 graph of AOM1.
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BM

HAZ

—=—Face
——Root

—=—Face
——Root

HV5 data for SMAW welded 30 mm thick 12 Cr with E309LT wires are below.

Table 6.63: HV5 hardness of the 30 mm thick SMAW weld with E309LT wires (K9).

-220)[205-197-192 | (222-216-)208-236-286 | 184-182-177
205-248)(204-200-204 | (229-192-)215-244-283 [ 189-182-186

-226)|194-198-206 [ (191-262-)223-262-283 | 187-185-186

K9M1

181-176-193|277-251-201(-208-223)| 188-204-204 | (205-224-)210-210-281 | 189-194-185
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Figure 6.107: HV5 graph of K9M1.
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BM

HAZ

WM

HAZ

BM
186-184-184|275-254-186(-200-210)| 187-171-184 [ (218-214-)206-234-271| 186-178-178

178-190-1821271-228-201(-202-199)| 189-186-193 [ (208-199-)215-242-277 | 197-195-185
181-184-183[286-227-201(-208-218)(190-178-186 | (227-198-)211-229-275| 181-184-186
181-181-180[280-234-197(-206-206)( 192-184-174 | (232-211-)205-251-283 | 178-186-182

location
Face 1
Face 2
Face 1
Face 2

Thickness
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S A
S
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189

Figure 6.110: HV5 graph of P9M2.
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Table 6.64: HV5 hardness of the 30 mm thick SAW weld with ER309L wires (P9).

Sample
code
POM1
POM2

Data for HV5 of 30 mm thick SAW weld with ER309L wires are given below.




BM

HAZ

(229-208-)232-206-293 | 195-190-186

239

WM

HAZ

188-183-186|1274-216-180(-221-181)|236-243-229 | (208-221-)227-239-274 | 195-185-191

185-186-1851285-248-210(-197-235)| 240-251-239 [ (208-244-)199-231-264 | 181-188-191
192-182-196 |274-268-202(-234-206)| 249-234-245 [ (207-229-)224-249-275 | 186-202-187

180-187-184 [269-232-202(-222-231)( 244-241

location
Face 1
Face 2
Face 1
Face 2

Thickness

3% 83
gl S &
AREEEE .__,+ It t
[ [ [ [ [ [ [ [ \V@
LA
| | | | L | | 4
e i ! ! 23
RERNC-SauURRRNRREN I -
A I I A\ N T I I 4 W
| | | | | | |
\\f\r;,:\f\\/,\umh\vw\ﬁl\:r N o
[ i | i | i [ | 7 u—
| | | 1 | | I | QM@ [e]
T T T T T T T T T N
BERERNRRED> N RE N i 5
| | | ,%, I I | ¢&w\ 5
DTG 5 ¢
s, 8 T
RN BRI -
i e e i > o Al e A B> -
| | | | =y X | | NG .
T L TS | S <
A (0]
\p\\r\L\\L\\i\\,ﬂ\ ,\\,r\\”\ ¢v. 5
” ”\”ﬂ\T\L\, | | | k4 k=
[ ' o T [ [ [ [ [ ir
T ey
I I I I I ,Ij I I 2
R ”.%” | ®
Y R R A 4 N
| | | | | | | |
L L L L L L L L L &0
S 8 8 8 § |8 8 8 8 ¢
® ® N N & N & = + -
(GAH) ssaupieH (GAH) sssupiey

Table 6.65: HV5 hardness of the 30 mm thick SAW weld with ER2209 wires (PD).

Sample
code
PDM1
PDM2

HV5 of 30 mm thick similar SAW weld with duplex type of consumables are below.

PDM2
Figure 6.112: HV5 graph of PDM2.
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Hardness data given in the following tables and figures for heterogeneous welds are
arranged from the X2CrNi12-side (left) to the S355-side (right). HV5 data and
relavant figure for the dissimilar weld between modified 12 Cr stainless steel and
S355 steel with ES09LT-1 type of wires are given below.

Table 6.66: HV5 hardness of the 12 mm thick dissimilar FCAW weld (U9).

Sample [Thickness

ode | location | BM (12Cn HAZ WM HAZ (S355) BM (S355)

Face |165-166-172[255-265-182(-200-192)( 194-181-175
Root 166-168-172272-269-225(-217-192)| 187-190-185
Face |162-167-164|268-265-192(-200-191)[ 190-178-192
Root 163-169-168 [217-223-200(-206-174)( 190-193-198

228-265)-255-238-203 | 160-164-156
200-203)-208-190-181| 157-158-156
296-278)-296-239-208 | 153-159-157
218-211)-195-192-174| 153-150-158
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Figure 6.114: HV5 graph of U9M2.
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Hardness results and graphs of the dissimilar SMAW weld of 20 mm thick panels
with E309L-16 type of electrodes are presented below.

Table 6.67: HV5 hardness of the 20 mm thick dissimilar SMAW weld (M9).

Sample (Thickness

ode location | BM (12Cr) HAZ WM HAZ (S355) BM (S355)

VoM Face |[169-177-172[275-236-185(-185-194)| 212-220-186 | (291-280)-286-249-201 | 167-165-169
Root 174-173-178[266-191-176(-185-205)|176-177-177 | (328-351)-315-330-288 | 170-160-160
Vo2 Face |[172-181-175[239-257-187(-223-186)| 194-192-206 | (323-271)-296-227-208 | 165-162-146
Root |172-177-181[268-255-223(-216-217)|188-183-182| (309-270)-301-290-233 | 166-163-159
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Figure 6.115: HV5 graph of MOM1.
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Figure 6.116: HV5 graph of MOM2.
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Hardness data and graphs of the SAW weld between 20 mm thick modified 12 Cr
stainless steel and S355 steel with ER309L type of wires are as follows:

Table 6.68: HV5 hardness of the 20 mm thick SAW weld (C9).

Sample [Thickness

ode | location | BM (120 HAZ WM HAZ (S355) BM (S355)

CoM1 Face |161-169-172[265-260-195(-187-186)[203-219-200 | (229-226)-239-199-183 [ 172-169-170
Root 180-181-187| 239-217(-216-231) |267-227-231((195-218)-206-193-190|172-173-178
CoM2 Face |176-180-178|271-260-222(-218-215)[215-214-195( (236-223)-233-223-222 [ 207-186-169
Root  |216-210-198|218-270-259(-234-273)|249-214-218 | (206-208)-210-192-174 | 166-162-164
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6.10. Correlation Between Grain Size and Impact Toughness

Results obtained from grain size analysis are related to impact toughness result
corresponding to the FL, HAZ and BM. Relavant table is exhibited below.

Table 6.69: Grain size and impact toughness relationship of all welds.

; Max. grain size No. of
Weldl_lr_13p2rg;:ess/ Notch position Impact toughness microstructures
Q) )
consumables Left HAZ | Right HAZ
FL 9-11-8/9 2 2
R9 FL+2mm 54 —54 - 62 /57 4 4
FL+5mm 43 -41-45/43 3or4 3or4
FL 20-14-12/15 2o0r3 2
S6 FL+2mm 146 —44 -28/73 5 5
FL+5mm 82-92-90/88 6 6or7
V9 FL 19-20-19/19 20r3 3
FL+2mm 12-165-51/76 4 8
FL+5mm 229 — 255 - 233 /239 9 9
B8 FL 18-17-771/37 3 1
FL+2mm 5-178-13/65 1-2 2or1
FL+5mm 23-9-87/40 8-9 8-10
E9 FL 47 —41-40/43 6or7 5
FL+2mm 58 —28 —30/39 3-5 2-4
FL 56 —-69 —35/53 7 7
E6 FL+2mm 47 —49-33/43 2-4 2
FL+5mm 19-23-21/21 9 9
FL 13-4-4/7 (straight line) | (straight line)
\ FL+2mm 36-212-15/88 4 4
FL+5mm 8-188-193/130 9 9
L9 FL 35-31-47/38 3or4 4
FL+2mm 16-20-16/18 2 2
A9 FL (Face) 17-48-12/26 4 4o0rb5
FL+2mm (Face) 17-17-9/14 2 2o0r3
FL+5mm (Face) 99-98-102/100 9 9
FL (Face) 42 -49-45/45 5 5
P9 FL+2mm (Face) | 79-101-81/87 7 8
FL+5mm (Face) 91-89-91/90 8 9
U9 FL 14-18-16/16 2 S355
FL+2mm 16-14-13/14 1
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6.11. Ferrite Percentage Measurements
Ferrite % analysis results obtained from the weld zones of all weld cross sections
are illustrated with the following table. Depending on the weld bead the analysis

started from the left side of the WM and continued to the right and down sides.

Table 6.70: Ferrite percentage analysis of the welded joints.

Welded joint code WM left WM middle WM right WM down WM down
middle middle 2
RIM1 8,60 10,76 10,42
RoM2 10,21 11,66 12,56
SM1 92,52 92,67 82,60
S6M1 73,04 75,69 69,89
S6M2 75,06 78,98 74,02
VIM1 15,21 15,45 15,85 18,98 14,59
VoM2 18,49 15,85 16,00 15,03 16,36
BOM1 12,52 11,78 15,72
BIM2 10,77 11,01 11,42 9,54 12,69
B8M1 11,75 8,38 10,15
BsM2 8,59 8,82 9,35 8,22 9,89
B6M1 11,77 9,01 10,43
B6M2 8,49 10,56 11,01 7,91 9,62
E9M1 11,19 11,85 12,72 12,19 17,08
E9M2 13,08 12,59 11,67 15,56 16,48
E6M1 7,78 7,37 8,39 10,82 10,60
E6M2 8,80 6,65 9,68 7,58 10,54
ViM 102,3 97,60 102,1
Va2M 95,33 102,7 97,34
L9M1 15,32 14,27 18,48 69,02 88,97
L9mM2 15,48 13,79 16,29 49,67 89,57
L6M1 17,63 25,97 19,96 36,83 89,33
FOM1 20,28 23,28 22,72 21,42 20,66
FoM2 17,60 22,46 23,12 22,78 15,24
A9M1- 1. pass 26,04 16,58 18,93 18,21
A9M1- 2. pass 18,46 16,30 18,73 16,29
A9M2- 1. pass 20,88 20,32 28,61 34,79
A9M2- 2. pass 20,93 21,66 40,44 22,76
K9M1- 1. pass 22,54 23,49 19,82 22,98
K9M1- 2. pass 21,20 22,45 19,70 20,93
K9M2- 1. pass 22,22 22,88 19,51 21,76
K9M2- 2. pass 23,33 23,46 22,12 21,09
P9M1- 1. pass 9,63 8,77 8,82 10,63 9,87
PI9M1- 2. pass 9,77 7,92 10,66 10,33 8,69
PI9M2- 1. pass 8,26 10,02 9,24 9,00 7,45
P9M1- 2. pass 11,51 7,47 9,17 11,48 11,95
PDM1- 1. pass 39,23 38,99 40,91 43,43 58,39
PDM1- 2. pass 44,30 40,78 42,09 43,34 62,02
PDM2- 1. pass 44,85 39,34 40,26 42,28 63,98
PDM2- 2. pass 41,10 44,01 41,33 42,38 49,24
UgM1 20,74 20,78 10,56
ugm2 18,51 16,48 11,01
M9OM1 13,87 13,21 10,52 15,31 13,75
MIM2 10,42 10,51 7,81 12,24 12,00
CIM1 17,87 19,62 19,45 19,69 14,58
ComM2 17,83 15,69 18,57 17,07 14,25
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6.12. Corrosion Test Results

Salt spray and blister corrosion tests were executed in order to assess the

resistance against atmospheric attack of all welds produced for the present study.

6.12.1. Salt Spray Test Results

The observations made after several periods for samples in uncoated and coated

condition are given in the relavant tables in the following pages.

Photographs of uncoated and coated samples are also shown in the relavant figures

for an exposure time respectively of 24 hours, 350 hours and of 1000 hours.

6.12.1.1. Salt Spray Test Results of Uncoated Samples

Relavant salt spray test observations after 24, 48, 71, 167, 237 and 350 hours of
testing for the uncoated samples are given in the following tables respectively.

Some ranking between welds is given in the following paragraphs but this should be
treated with great care as interpretation of such type of observations is often
distorted by personnel bias. The purpose therefore is not to distinguish between
good and bad combinations but rather between resistant and less resistant welds.

Each table only describes the changes in observations, i.e. any worsening or new

observations, with regard to the former period.

As a rule of thumb, damage caused in a salt spray test over an exposure time of

1000 hours may be extrapolated to about 5 years of atmospheric attack.

Observations after respectively 24 and 48 hours of salt spray testing of uncoated

samples are given as follows:
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Table 6.71: Observations during salt spray test after 24 hrs for uncoated samples.

Weld combination

Description of observations *

GMAW / 309LSi/ R9

RbA_ above and below W and RbA at W with 2 drains from above W

SMAW /309L / V9

RbA_ above and below W

GMAW / 309LSi/ B9

wide RbA above and below W with drains from above W

GMAW / 308LSi / B8

same as previous combination

GMAW / 316LSi / B6

same as previous combination

SAW /309L / E9

RbA above and wide RbA below W with 1 drain from above W

SAW /316L / E6 RbA above and wide RbA below W with several drains from above W
Laser/V RbA at W with drains from W

FCAW /309L / F9 heavy RbA at W and wide RbA below and above W with drains from W
SAW /309L / A9 RbA_ at, above and below W

FCAW / 309L / K9 some RbA_ below W

SAW /309L /P9 RbA at W and wide RbA below W

SAW / duplex/ PD RbA above and below W and drains from above and below W

Heter. FCAW / 309L / U9

RbA above W with some drains from above W and over lower part of
spec.

Heter. SMAW / 309L / M9

wide RbA above W over lower part of spec.

Heter. SAW / 309L / C9

same as previous combination

* RbA = red-brown attack ; RbA_ = line-shaped red-brown attack ; W = weld

Table 6.72: Observations during salt spray testafter 48 hrs for uncoated samples.

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

increase of bA at W together with brown drains from above W

SMAW /309L / V9

drains from above W

GMAW / 309LSi/ B9

increase of wide bA above and below W and of drains from above W

GMAW / 308LSi / B8

same as previous combination

GMAW / 316LSi / B6

increase of bA at surface in the shape of drains from above and below W

SAW /309L / E9

increase of bA above and below W and of drains from above W

SAW /316L/ E6 same as previous combination

Laser/V increase of drains from W

FCAW /309L / F9 increase of brown drains from above and below W

SAW /309L / A9 small increase of bA at W

FCAW / 309L / K9 slight RbA above W and drains from upper part of spec. across W
SAW /309L / P9 increase of RbA at and below W

SAW / duplex/ PD slight increase of RbA above and below W

Heter. FCAW / 309L / U9

increase of RbA at lower part of spec. and increase of drains from above
W

Heter. SMAW / 309L / M9

increase of wide bA above and below W and drains from above W

Heter. SAW / 309L / C9

same as previous combination

* bA = brown attack ; RbA = red-brown attack ; W = weld
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The salt spray corrosion test observations after 71 and 167 hours of testing
respectively are presented in the following tables.

Table 6.73: Observations made during salt spray test after 71 hrs for uncoated samples.

Weld combination

Description of new or changes in observations

All

none

Table 6.74: Observations made during salt spray test after 167 hrs for uncoated samples.

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

increase of BbA at W

SMAW /309L / V9

increase of BbA above W and of drains from above W

GMAW / 309LSi/ B9

increase of Bb drains from above W

GMAW / 308LSi / B8

same as previous combination

GMAW / 316LSi / B6

increase of Bb drains from below W

SAW /309L / E9

increase of Bb drains from above and below W

SAW /316L/ E6 same as previous combination

Laser/V brown drains from upper edge and increase of drains from W
FCAW /309L / F9 increase of brown drains from above and below W

SAW /309L / A9 Bb drains from just above W (near edges)

FCAW /309L / K9 increase of drains from just below W

SAW /309L / P9 increase of BbA below W and drains from just above W
SAW / duplex/ PD increase of Bb drains from above and below W

Heter. FCAW /309L /U9 |increase of brown attack above W and of BbA at lower part of spec.

Heter. SMAW / 309L / M9 |increase of a lot of BbA above W and drains at lower part of spec.

Heter. SAW / 309L / C9 same as previous combination

e BDbA = black-brown attack ; Bb = black-brown ; W = weld
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After respectively 237 hours and 350 hours of salt spray corrosion testing the

uncoated samples of the welds has revealed the following observations.

Table 6.75: Observations made during salt spray test after 237 hrs for uncoated samples.

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

none

SMAW /309L / V9

slight increase of brown attack below W

GMAW / 309LSi / B9

slight increase of BbA at upper part of spec.

GMAW / 308LSi / B8

same as previous combination

GMAW / 316LSi / B6

increase of BbA at lower part of spec.

SAW /309L / E9 slight increase of Bb drains from above and below W

SAW /316L / E6 increase of BbA at lower part of spec. in the shape of drains from below W

Laser/V slight increase of Bb drains from above and below W

FCAW /309L / F9 increase of brown attack at W and of drains from W

SAW /309L / A9 slight increase of brown attack at W and of drains from above W (at
edges)

FCAW / 309L / K9 increase of drains from below W and from upper part of spec.

SAW /309L / P9

strong increase of BbA at lower part of spec. and increase of drains from
above W

SAW / duplex / PD

increase of drains from just above and below W and drains from upper
edge

Heter. FCAW / 309L / U9

some drains from upper edge and increase of bA above W with drains of
BbA at lower part of spec.

Heter. SMAW / 309L / M9

increase of a lot of BbA at lower part of spec. and some increase of bA
above W

Heter. SAW / 309L / C9

same as previous combination

*  BDbA = black-brown attack ; Bb = black-brown ; bA = brown attack ; W = weld

Table 6.76: Observations made during salt spray test after 350 hrs for uncoated samples.

Weld combination

Description of new or changes in observations

All

None : all exposure tests terminated
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Photographs of the uncoated salt spray corrosion test samples after 350 hours of
testing are illustrated in the following figure.

PDCH U9CT M9C1 coci

Figure 6.119: Photographs of uncoated salt spray test samples after 350 hrs.
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Figure 6.120 summarizes the damage factor due to the weld combinations after 24
and 350 hours of salt spray testing of uncoated samples. And the following figure
represents the mean damage factor of short and long time exposure for uncoated
samples of the welds.
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Figure 6.120: Damage factor during salt spray corrosion test after 24 hrs and 350 hrs for
uncoated samples
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Figure 6.121. Mean damage factor during salt spray test after 24 hrs and 350 hrs for
uncoated samples.
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6.12.1.2. Salt Spray Test Results of Coated Samples

Observations made during the salt spray corrosion testing of coated samples
prepared from all welds are presented as follows for the testing durations of
respectively; 24, 49, 67, 141, 215, 309, 453, 500, 617, 779, 972 and 1000 hours.

Table 6.77: Observations made during salt spray testing after 24 hrs for coated samples.

Weld combination Description of observations *

GMAW / 309LSi/ R9 bA at scratch

SMAW / 309L / V9 same as previous combination

GMAW / 309LSi/ B9 same as previous combination

GMAW / 308LSi/ B8 same as previous combination

GMAW / 316LSi/ B6 same as previous combination

SAW /309L / E9 bA at scratch and small brown spots at coated part of W
SAW /316L / E6 same as first combination

Laser/V same as previous combination

FCAW /309L / F9 same as previous combination

SAW /309L / A9 same as sixth combination

FCAW / 309L / K9 same as previous combination

SAW /309L / P9 same as first combination

SAW / duplex / PD same as previous combination

Heter. FCAW /309L / U9 |strong BbA at scratch and small brown spots at coated part of W
Heter. SMAW /309L /M9 |same as previous combination

Heter. SAW / 309L / C9 same as previous combination

*

BbA = black-brown attack ; bA = brown attack ; W = weld
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Table 6.78: Observations made during salt spray test after 49 hrs for coated samples.

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

increase of bA at scratch

SMAW /309L / V9

same as previous combination

GMAW / 309LSi / B9

same as previous combination

GMAW / 308LSi/ B8

same as previous combination

GMAW / 316LSi / B6

same as previous combination

SAW /309L / E9 increase of bA at scratch and of small brown spots at coated part of W
SAW /316L / E6 same as first combination

Laser/V same as previous combination

FCAW /309L / F9 same as previous combination

SAW /309L / A9 same as sixth combination

FCAW / 309L / K9 same as previous combination

SAW /309L / P9

same as first combination

SAW / duplex/ PD

same as previous combination

Heter. FCAW / 309L / U9

same as sixth combination

Heter. SMAW / 309L / M9

same as previous combination

Heter. SAW / 309L / C9

strong increase in bA at scratch

* bA = brown attack ; W = weld

Table 6.79: Observations made during salt spray test after 67 hrs for coated samples.

Weld combination [Description of hew or changes in observations *

All slight increase of bA at scratches and start of drains from scratches

* bA = brown attack
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Table 6.80: Observations made during salt spray test after 141 hrs for coated samples.

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

none

SMAW /309L / V9

small brown spots at coated part of W

GMAW / 309LSi/ B9

same as first combination

GMAW / 308LSi / B8

same as previous combination

GMAW / 316LSi/ B6

same as previous combination

SAW /309L / E9 increase of small brown spots at coated part of W
SAW /316L / E6 same as second combination

Laser/V development of small blister at scratch

FCAW /309L / F9 same as first combination

SAW /309L / A9 same as sixth combination

FCAW / 309L / K9 same as previous combination

SAW /309L / P9 same as first combination

SAW / duplex / PD same as previous combination

Heter. FCAW / 309L / U9 |same as sixth combination

Heter. SMAW /309L /M9 |same as previous combination

Heter. SAW / 309L / C9 same as previous combination

* W = weld

Table 6.81: Observations made during salt spray test after 215 hrs for coated samples.

Weld combination [Description of hew or changes in observations *

All slight increase of bA at scratches and of drains from scratches

* bA = brown attack

Table 6.82. Observations made during salt spray test after 309 hrs for coated samples.

Weld combination |Description of new or changes in observations *

All slight increase of bA at and nearby scratches and at the coating in the shape of
drains from scratches

* bA = brown attack
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Table 6.83: Observations made during salt spray test after 453 hrs for coated samples.

Weld combination

Description of new or changes in observations

All

none

Table 6.84: Observations made during salt spray test after 500 hrs for coated samples.

Weld combination

Description of new or changes in observations

All

none, except for laser weld (increase in size of blister)

Table 6.85: Observations made during salt spray test after 617 hrs for coated samples.

Weld combination

Description of new or changes in observations

All

none, except for heterogeneous SAW-weld (C9) (small blisters at coating)

Table 6.86: Observations made during salt spray test after 779 hrs for coated samples.

Weld combination

Description of new or changes in observations

All

none, except for heterogeneous SAW-weld (C9) (increase in size of blisters)

Table 6.87: Observations made during salt spray test after 972 hrs for coated samples.

Weld combination

Description of new or changes in observations *

All

increase of bA at surface in the shape of drains from scratches and increase
of size of blisters for the two earlier described welds

* bA = brown attack

Table 6.88. Observations made during salt spray test after 1000 hrs for coated samples.

Weld combination

Description of new a or changes in observations

All

none : all exposure tests terminated
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Photographs after 1000 hours salt spray corrosion testing of coated samples are
illustrated as follows:
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Figure 6.122: Photographs of coated salt spray corrosion test samples after 1000 hrs.
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Again damage factors during the short and long time salt spray testing of the coated
samples are given in the below figures.

@24 hrs
m 1000 hrs

Damage factor

R9 vV9 B9 B8 B6 E9 E6 V F9 A9 K9 P9 PD

Weld combination (coated)

Figure 6.123: Damage factor during SS test after 24 and 1000 hrs (coated samples).
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Weld combination (coated)

Figure 6.124: Mean damage factor for SS test after 24 and 1000 hrs (coated samples).
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6.12.2. Blister Test Results
Observations during the blister test of coated samples are given in the following

pages. Tables are arranges due to the testing durations of respectively 96, 192, 288,
360, 528, 648, 816, 1008, 1176, 1344, 1632, 1872, 2088, 2544 and 3120 hours.

Table 6.89: Observations made during blister test after 96 hrs (outside temp.: 0,4 °C).

Weld combination Description of observations

All none

Table 6.90: Observations made during blister test after 192 hrs (outside temp.: 2,5 °C).

Weld combination Description of new or changes in observations

All none, except for heterogeneous FCAW weld and SMAW weld (bA at
lower part of scratch)

Table 6.91: Observations made during blister test after 288 hrs (outside temp.: 5,0 °C).

Weld combination Description of new or changes in observations

All none
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Table 6.92: Observations made during blister test after 360 hrs (outside temp.: 6,0 °C).

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

three very small spots at scratch

SMAW /309L / V9

none

GMAW / 309LSi / B9

none

GMAW / 308LSi / B8

very small bA at unscratched part of W

GMAW / 316LSi/ B6 none

SAW /309L / E9 none

SAW /316L/ E6 none

Laser/V two very small spots at scratch

FCAW /309L / F9 very small bA at unscratched part of W
SAW /309L / A9 none

FCAW / 309L / K9 three very small spots at scratch

SAW /309L / P9

very small bA at unscratched part of W

SAW / duplex / PD

none

Heter. FCAW / 309L / U9

increase of bA at lower part of scratch

Heter. SMAW / 309L / M9

increase of bA at lower part of scratch

Heter. SAW / 309L / C9

bA at upper part of scratch

* bA = brown attack ; W = weld

Table 6.93: Observations made during blister test after 528 hrs (outside temp.: 6,0 °C).

Weld combination

Description of new or changes in observations

All

none
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Table 6.94: Observations made during blister test after 648 hrs (outside temp.: 3,5 °C).

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

small increase of bA at scratch and two very small brown spots at coating

SMAW /309L / V9

small bA at scratch and two very small brown spots at coating

GMAW / 309LSi/ B9

same as previous combination

GMAW / 308LSi / B8

very small increase of bA at unscratched part of W

GMAW / 316LSi/ B6

none

SAW /309L / E9

small brown spots at coating (upper part)

SAW /316L / E6 none

Laser/V none

FCAW / 309L / F9 very small bA at scratch

SAW /309L / A9 none

FCAW /309L / K9 very small increase of bA at scratch
SAW /309L / P9 none

SAW / duplex / PD none

Heter. FCAW /309L /U9 |none

Heter. SMAW /309L /M9 |none

Heter. SAW / 309L / C9

very small brown spots at W

* bA = brown attack ; W = weld

Table 6.95: Observations made during blister test after 816 hrs (outside temp. 5,5 °C).

Weld combination

Description of new or changes in observations

All

none
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Table 6.96: Observations during blister test after 1008 hrs (outside temp. 10,0 °C).

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

very small increase of bA at scratch and some very small dark brown spots at W

SMAW /309L / V9

very small increase of bA at scratch

GMAW / 309LSi/ B9

none

GMAW / 308LSi/ B8

very small increase of bA at scratch

GMAW / 316LSi/ B6

none

SAW /309L / E9 small increase of brown spots at coating (upper part)
SAW /316L / E6 none
Laser/V none
FCAW /309L / F9 none
SAW /309L / A9 none
FCAW /309L / K9 none
SAW /309L / P9 none
SAW / duplex / PD none
Heter. FCAW /309L / U9 none
Heter. SMAW / 309L / M9 none
Heter. SAW / 309L / C9 none

* bA = brown attack ; W = weld

Table 6.97: Observations during blister test. after 1176 hrs (outside temp. 3,0 °C).

Weld combination

Description of new or changes in observations

All

none

Table 6.98: Observations during blister test after 1344 hrs (outside temp.: 15,0 °C).

Weld combination

Description of new or changes in observations

All

none

211




Table 6.99: Observations during blister test after 1632 hrs (outside temp.: 10,0 °C).

Weld combination

Description of new or changes in observations *

GMAW / 309LSi/ R9

very small increase of bA at scratch

SMAW /309L / V9

very small increase of bA at scratch and small brown spot at coating

GMAW / 309LSi/ B9

very small increase of bA at scratch

GMAW / 308LSi / B8

very small increase of bA at scratch

GMAW / 316LSi/ B6 none

SAW /309L / E9 none

SAW /316L / E6 none

Laser/V none

FCAW /309L / F9 very small increase of bA at scratch
SAW /309L / A9 none

FCAW / 309L / K9 none

SAW /309L / P9 none

SAW / duplex / PD none

Heter. FCAW /309L /U9 |increase of bA at scratch
Heter. SMAW /309L /M9 [???

Heter. SAW / 309L / C9 2?7

* bA = brown attack

Table 6.100: Observations during blister test after 1872 hrs (outside temp.: 10,5 °C).

Weld combination

Description of new or changes in observations

All

none

Table 6.101: Observations during blister test after 2088 hrs (outside temp.: 20,5 °C).

Weld combination

Description of new or changes in observations

All

none
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Table 6.102: Observations during blister test after 2544 hrs (outside temp.: 24,0 °C).

Weld combination Description of new or changes in observations *

GMAW / 309LSi/ R9 very small increase of bA at scratch

SMAW / 309L / V9 none

GMAW / 309LSi/ B9 none

GMAW / 308LSi/ B8 none

GMAW / 316LSi/ B6 none

SAW /309L / E9 none

SAW /316L / E6 none

Laser/V none

FCAW /309L / F9 none

SAW /309L / A9 none

FCAW /309L / K9 none

SAW /309L /P9 none

SAW / duplex / PD none

Heter. FCAW /309L / U9 |increase of bA at lower part of scratch and drains from scratch
Heter. SMAW /309L / M9 |increase of bA at lower part of scratch and drains from scratch
Heter. SAW / 309L / C9 increase of bA at upper part of scratch

* bA = brown attack

Table 6.103: Observations during blister test. after 3120 hrs (outside temp.: 42,0 °C).

Weld combination Description of new or changes in observations

All none, all exposure tests terminated

Photographs of the coated samples after 3120 hours of blister testing are illustrated

in the following page.
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Figure 6.125: Photographs of coated blister corrosion test samples after 3120 hrs.
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7. DISCUSSION

In this section, the results of this research work are evaluated and discussed.

This comprehensive study deals with weldability and welding properties of modified

X2CrNi12 stainless steel recently designed to be used for structural applications.

Homogeneous and heterogeneous welded joints were produced with this 12 Cr
stainless steel but also S355 steel by means of several types of welding processes
(i.,e. GMAW, PAW, SMAW, SAW, PAW+TIG, LASER, FCAW). 6 mm, 12 mm, 20
mm and 30 mm thick plates were welded with a variety of consumables such as
AISI 309L, AISI 309LSi, AISI 308LSi, AISI 316L, AISI 316LSi and 2205 duplex
stainless steel.

In order to investigate all aspects of the properties of welded joints, all butt welds
were properly investigated, evaluated and compared in detail.

7.1. Chemical Analysis

As expected, the Si-content was higher for the LSi types of consumables than for
the L types although the heterogenous weld with an E309L-16 type of electrode
(M9) contained the highest amount of Si.

The Cr and Ni content of the 20 mm thick SAW weld with an E309L type (A9) was
surprisingly low (respectively 18,8% and 6,61%) while also the Ni-content of the 30
mm thick SAW weld with duplex stainless steel type of consumable (PD) was lower
(8,93%) than for the other welds. The latter value was obtained for two positions at

about 9 mm from the outer surface of the minor side of the weld.

Elements like vanadium and nitrogen throughout increased strongly while niobium
decreased compared to the base metal.
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7.2. Tensile Properties

7.2.1. Transverse tensile properties

The results of transverse, full-thickness, rectangular tensile tests demonstrate
without exception the actual overmatching strength of the weld versus the base
metal. Weld metals deposited with 309, 308, 316 and duplex stainless steel type of
consumables therefore possess ultimate tensile properties that are most probably

beyond that of the base metal.

Fracture in heterogeneous welds occurred as well in the stainless steel as in the

structural steel because the actual strength for both steels is very similar.

The present tensile tests give a good idea about the actual mean base metal
strength perpendicular to rolling direction for each plate thickness. These were

(including also the heterogeneous welds that failed at the X2CrNi12 stainless steel):

536 MPa for a thickness of 6 mm (varying from 535 MPa to 536 MPa)

489 MPa for a thickness of 12 mm (varying from 471 MPa to 504 MPa)

506 MPa for a plate thickness of 20 mm (varying from 503 MPa to 509 MPa)
579 MPa for a plate thickness of 30 mm (varying from 567 MPa to 587 MPa)

Splitting over about 10 mm long of the stainless steel base metal was generally
observed close to the fracture surfaces and parallel with the plate surface of all

samples, irrespective of thickness, as confirmed from the literature earlier.

7.2.2. All weld metal tensile properties of cylindrical test samples

The tensile strength of cylindrical test samples, completely positioned at the weld

metal, was generally above the actual base metal strength measured during

transverse tensile testing and above the strength values mentioned on the base

metal certificates.
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No safety margin though was obtained for the 30 mm thick weld (P9) where the weld
metal strength (562 MPa to 569 MPa) was lower than the measured base metal
strength (567 MPa to 587 MPa) and the level indicated on the certificate (582 MPa
to 591 MPa). Fracture during transverse tensile testing occurred at the base metal
and this may be explained by the difference in direction and specimen shape and
size between the former transverse and the present longitudinal test samples.

The duplex stainless steel weld metal made in the 30 mm thick SAW weld, as
expected, possessed a much higher tensile strength than the guaranteed and in this

case high actual base metal strength of about 570 MPa.

Except again for the weld made with duplex consumables, weld metal yield strength
overmatching is not generally accomplished, especially not for consumables with
increased Si-content supplied by one of the consumable manufacturers. SMAW

welds demonstrated superior yield strength values.

Two welds showed some peculiar weld metal yield strength properties. For instance,
the 12 mm thick GMAW weld made with 316 type of consumables (B6) produced
scatter on yield strength (483 MPa and 337 MPa). On the other hand, the 20 mm
thick SAW weld with 309 type of consumables (A9) demonstrated a lower bound
yield strength (337 MPa and 330 MPa) but, more surprisingly, a very high tensile
strength, especially plate A9/2 (663 MPa and 789 MPa).

Weld metals produced with 308 or 316 type of consumables are stronger and have
a slightly higher yield strength than those made with 309 type of consumables.

7.3. Bend Properties

Undercuts, mentioned in the tables, were very shallow and most often easier
detectable by naked eye under normal light conditions than in an optical
stereomicroscope at low magnifications equipped with an artificial light source. The
summation of the observations therefore may give an exaggerated negative
impression about the behaviour of the corresponding welds. So, taking account of
this, none of the samples, except one, failed during bending revealing defects longer
than 3 mm at the outer fibres. This demonstrates the adequate room temperature
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ductility despite the eventual undercuts that were not removed by machining in order
to respect as much as possible the original condition of the weld.

All welds were found to be sound except those that showed lack of side wall fusion
at the specimen sides. These were the three 12 mm thick GMAW welds (B9, B8 and
B6) showing defects at mid-thickness and/or near to the face or the root of the weld.

The bend sample that failed was removed from the 30 mm thick SAW weld with
duplex stainless steel consumables (PD). Brittle fracture occurred already at a bend
angle of about 45° mainly following to the fusion line but intersecting the weld metal
at the outer fibres. The fracture surface at these outer locations revealed a lot of
grain coarsening especially at the compression side but also at the tension side.
SEM investigation revealed the presence of an edge crack at the test side with a
depth of about 2 mm, a length of about 3 mm and a fracture appearance somewhat
similar to that of a solidification crack. It is obvious that any crack of this size located
at coarse grained weld metal enhances the risk for fracture initiation. Also the
shallow shape and eccentric position of some capping passes with long epitaxial
grains directed perpendicular to the plate surface had stimulated the failure to occur,
which therefore might be avoided in practice. Improving the appearance of the weld
may not be claimed as a reason for depositing such capping passes.

7.4. Charpy Impact Toughness Properties

All data obtained from Charpy impact testing were given in the relevant tables and
figures in the former part. It should be taken into account that toughness of the 6
mm thick GMAW and PLASMA welds (R9, S and S6) was measured on 5 mm thick
and thus on so called ‘sub-sized’ test samples. Multiplying these results with a factor
of two, yields fairly good estimate for the equivalent toughness of a standard 10 mm

thick notch impact test specimen.

Interpreting all data gathered within the present study, it is concluded that toughness
was not that adequate for some welds at the reference temperature of -20°C. If 27J
and 20J are considered respectively as required mean and individual toughness
levels, some of the joints fail because of insufficient mean toughness at a particular
zone. These are:
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R9 (the 6 mm thick GMAW weld made with ER309LSi wires), failing at the FL taken
account of the sub-sized test samples;

V (the 12 mm thick LASER weld made without filler metal), failing at the fused metal
and the straight fusion line;

F9 (the 20 mm thick FCAW weld made with E309LT0-4 tubular wires), failing at the
FL and at the HAZ at several thickness positions;

A9 (the 20 mm thick SAW weld made with ER309L consumables), failing at the FL
and/or HAZ at several thickness positions;

K9 (the 30 mm thick FCAW weld made with E309LT-1 tubular wires), failing at the
FL at the weld root;

PD (the 30 mm thick SAW weld made with ER2209 duplex consumables), failing at
the WM and at the FL at the root of the weld;

U9 (the 12 mm thick heterogeneous FCAW weld made with E309LT-1 tubular
wires), failing from the 12Cr side at the FL and at the HAZ at 2 mm from FL;

M9 (the 20 mm thick heterogeneous SMAW weld made with E309L-16 electrodes),
failing from the 12 Cr side at the FL and at the HAZ at 2 mm from the FL at
several thickness positions and finally

C9 (the 20 mm thick heterogeneous SAW weld made with ER309L wires), failing
from the 12 Cr side at the FL and at the HAZ at 2 mm from the FL at the face
side of the weld.

Taken account of all this, it is concluded again based on the obtained levels of mean
toughness that the notch impact transition temperature of:

(V) the 12 mm thick laser weld is above room temperature;

(B8) the 12 mm thick GMAW weld made with ER308LSi wires, (F9) the 20 mm thick
FCAW weld made with E309LTO0-4 tubular wires, (A9) the 20 mm thick SAW
weld made with ER309L consumables, (K9) the 30 mm thick FCAW weld
made with E309LT-1 tubular wires, (PD) the 30 mm thick SAW weld made
with duplex wires and all heterogeneous welds (U9, M9 and C9) is between
0°C and +10°C;

(R9) the 6 mm thick GMAW weld with ER309LSi and (V9) the 12 mm thick SMAW
weld with E309L electrodes is -10°C;

(EB) the 12 mm thick (FCAW-) SAW weld with (E316LT-)ER316L wires is -15°C;
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(B9) the 12 mm thick GMAW welds with ER309LSi wires, (B6) with ER316LSi wires
is respectively at or slightly below -20°C;

(P9) the 30 mm thick SAW weld made with ER309L wires is slightly below -40°C;

(E9) the 12 mm thick (FCAW-)SAW weld with (E309LT-)ER309L wires is -50°C.

All transition temperatures, except one, were determined by FL or by HAZ
toughness properties and in case of the welded joint made with duplex consumables
also by WM toughness properties.

A post weld heat treatment between 690 C and 750°C for 30 minutes to temper the
martensite present at the coarse grained fused metal of the laser weld showed no

improvement with respect to toughness.

As referred in a paper by Moore 1997, submerged arc welding (SAW) is not usually
applicable as its high heat input and slow cooling rate result in low toughness of the
HAZ. Even though this is determined in the paper, the most promising conclusions
concerning toughness were obtained for the 12 mm thick (FCAW-)SAW weld made
with (E309LT-)ER309L type of wires which allows for operating temperatures down
to -50°C. Also the 30 mm thick SAW weld made with ER309L wires and the 12 mm
thick GMAW welds made with ER309LSi or ER316LSi demonstrate adequate
toughness and are therefore fit for working temperatures ranging from -20°C to -
40°C.

Various combinations yielded quite some scatter. It concerns always, except once,
the heat affected zone at 2 mm or even 5 mm from the fusion line. It should be
emphasised that the corresponding notches, because of the inclined fusion lines
present in most of the welds, still may sample weld metal (though yielding very few
scatter in toughness), fusion line and all possible heat affected zone
microstructures. These observations together with those made for the laser weld
containing a straight fusion line perpendicular to the plate surface prove that scatter
most probably is attributed to the variation between austenitic weld metal and ferritic

martensitic base metal, as confirmed by literature (Gooch and Ginn 1988).
A heat treatment done at 720°C or 750°C for 30 minutes proved to strongly reduce

the scatter in impact toughness. Specimens were extracted at two different positions
within the 12 mm thick welded plates. Surprisingly, HAZ samples notched at 5 mm
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from the straight fusion line present in the laser weld still showed large scatter after
the same heat treatments.

Another interesting remark is that tougher welds do not tend to give rise to extreme
scatter. Examples of these are R9, E9, E6, B9, U9 and M9.

Finally, it is very striking that the present LASER weld with lack of toughness at the
fused metal and at the fusion line at room temperature behaved surprisingly well in
bending. No cracks initiated after testing till 180° and even a geometrical
discontinuity in the shape of lack of fused metal still present after machining did not
produce any crack extension. Conclusions from experiments evaluating the ductility
or deformability of a weld may therefore not always be extrapolated to tests

assessing the notch toughness.

7.5. CTOD Fracture Toughness Properties

All welds with a thickness of at least 20 mm were investigated with regard to their
CTOD fracture toughness properties. CTOD samples, notched at the WM and FL,
were tested at -20°C. The material’s CTOD toughness is considered as being the
lowest of the three experimentally determined data.

The CTOD data were given in relevant tables. The captions of these tables include
the transition temperatures determined by earlier notch impact testing. In view of the
rather poor toughness measured before, it was proposed for this study to consider a

CTOD fracture toughness of 0,10 mm as reference.

The CTOD results are less adequate compared to the reference value mentioned
above. In general weld metal toughness was found to be good to excellent, while
none of the welds proved to have a fusion line CTOD fracture toughness of 0,100
mm or higher, even not the P9 with an impact transition temperature below -40°C.
The similar weld made with duplex stainless steel consumables (PD), that
exceptionally showed a high transition temperature for the weld metal, yielded
surprisingly good weld metal results. Even in general weld metal toughness is fairly
good, which most surely is attributed to the austenitic or duplex type of filler metals
used.
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Obviously, the ferritic stainless steel welds under consideration represent one of the
exceptions where any correlation between notch impact and CTOD fracture
toughness is lacking.

7.6. Fatigue Properties

The results of all fatigue tests were given in relevant tables and were illustrated in
relevant figures. Four different stress ranges were explored throughout while each
stress range was repeated three times. Specimens were fatigue cycled till maximum

8.000.000 (or 8.10°) or complete separation, whichever occurred first.

The straight lines in the figures represented the expected fatigue resistance based
on a material’s tensile strength of 500 MPa (lower line) and 600 MPa (upper line). It
is indeed often accepted that stress ranges of 90% and 50% of the tensile strength
yield a life time respectively of 1.000 (or 1.10% cycles and of 1.000.000 (or 1.10°)
cycles (Bannantine et al 1990).

The results show that the (FCAW-)SAW and the laser weld possessed the highest
fatigue resistance which is comparable with the ‘predicted’ fatigue resistance based
on a tensile strength of 600 MPa. Fatigue cycles with a stress range of 252 MPa
(thus varying between 28 MPa and 280 MPa) may be applied ‘infinitely long‘ or at
least for more than 8.10° cycles, which is an excellent fatigue behaviour.

The shorter life time of test sample E9QV3 (408.280 cycles) was due to the presence
of a defect at the fusion line clearly visible after machining and prior to testing. It is

believed that a defect-free weld would have led also to an ‘infinite’ life time.

The SMAW-weld demonstrated a slightly lower fatigue behaviour corresponding with
a material’s tensile strength between 500 MPa and 600 MPa. In this case and as an
exception, all fatigue tests were done on the same test equipment so that scatter
from possible variance between test machines of different load capacity (100 kN and

150 kN for static loading conditions) was excluded.
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The GMAW weld (B9) clearly showed an inferior fatigue resistance well below the
anticipated resistance of a material with a tensile strength of 500 MPa but, as
mentioned before, this was due to elongated defects present at the fusion line near
to the face of the weld and/or close to mid-thickness. Therefore this inferior
behaviour most probably should not be attributed to a poorer fatigue resistance but
instead proves that any weld defect has a significant effect on the respective life

time.

A ‘defect’ may also consist of a geometrical transition present for instance at the toe
of a fillet weld or even a butt weld. For constructions exposed to severe fatigue

stresses, it is therefore advised to eliminate any sharp transition at these areas.

As the excess of weld metal in all fatigue test samples were removed flush with the
base metal, it is assumed, despite the local reduction in weld metal thickness, that
the present fatigue strengths are the maximum achievable levels for the respective
welds. A probable risk in removing the weld overfill may exist in cases where the
weld metal is substantially undermatched in tensile strength with regard to the base

metal.

Another reason why fatigue samples were machined in this way was that otherwise
the fatigue strength would have been governed mainly by the geometrical transition
at the weld toes, which might vary along each weld yielding additional scatter to the
results. Moreover, it is extremely difficult to convert the effect of such a detail into a
representative numerical factor while in a lot of cases, the present joints could hardly
be regarded as representative with regard to this important detail.

The conclusion is that the fatigue behaviour of X2CrNi12 ferritic stainless steel
welds is excellent provided weld defects are omitted. Under these conditions, the
fatigue strength is a high as that of the base metal and this is an outstanding
outcome.

7.7. Microstructural Properties

Relevant photographs were given in the former part of the thesis.
Photomacrographs were taken without hardness indentations.
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The excess of weld metal at the face side of the 6 mm thick GMAW weld is quite

impressive.

Sound manual welds were made in (V9)- the 12 mm thick plates showing a regular
weld profile only with some unusual excess of weld metal at the root side. This is
also the case for the root side of the three GMAW welds (B9, B8 and B6). The weld
at the face side of both SAW joints (E9, E6) is very wide and, especially the weld
made with the ER309L type of wires, extremely assymmetric though based on a
normal V-shaped plate preparation with an opening angle of 60° (or 2x30). As
expected, the LASER weld is very narrow with some weld underfill which is mainly
due to welding without filler metal. The extreme grain coarsening of the fused metal

is obvious. Two GMAW welds and one SAW weld show some angular distortion.

The FCAW-weld in the 20 mm thick stainless steel (F9) shows a regular weld profile
with a normal excess of weld metal at both surfaces. The SAW weld (A9) is quite
wide at the outer surfaces partially due to inaccurate positioning of some capping

layers while severe lack of penetration is visible on one macro section.

The FCAW-weld in the 30 mm thick stainless steel (K9) show a regular weld profile
with a normal excess of weld metal at both surfaces. The SAW welds made with
ER309L consumables (P9) also shows a reasonable but wide weld profile because
of the plate preparation with an opening angle of 90°. The same can be said about
the 30 mm thick SAW weld with duplex stainless steel wires (PD).

The 12 mm thick heterogeneous FCAW weld (U9) also shows a normal weld profile
with some misalignment and/or angular distortion. The same can be said about the
20 mm thick heterogeneous SMAW weld (M9), which contains a back weld at the
root side. The heterogeneous SAW weld (C9), shows straight fusion lines that are
perpendicular to the plate surface. The large width of the weld is due to the wide
root gap applied. Both welds showed severe angular distortions making it rather

difficult to test the later described transverse tensile samples.
All macro- and microphotographs clearly reveal some grain coarsening at the heat

affected zone of the 12Cr stainless steel with possible evidence in some cases of
precipitates located inside the large ferrite grains.
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Hardness measured over the entire weld cross sections was demonstrated earlier
with tables and figures. In the tables, maximum values measured at the weld metal
and at both heat affected zones are given in bold for each hardness traverse.
Values between brackets are valid for locations 0,7 mm respectively above and
below the line of indentations for the left HAZ and for locations 0,7 mm respectively
below and above the line of indentations for the right HAZ. Therefore, open symbols
are used for the corresponding data in the relevant figures. Hardness data given in
tables and figures for heterogeneous welds are always arranged from the X2CrNi12-
side (left) to the S355-side (right). This agrees with the respective

macrophotographs where the stainless steel is always shown at the left side.

The conclusion that maximum HAZ hardness should occur away from the fusion line
is confirmed in general. The absolute maximum hardness of 270HVS5 to 300HV5.
Weld metal hardness for all welds made with different types of austenitic stainless
steel consumables varies between 200HV5 and 240HV5 and generally occurs at the
root area. Exceptionally, one of the two SAW welded panels (weld A9/2) showed a
maximum of 320HV5 at the face and of 303HV5 at the root area. The PAW weld
made in 6 mm thick panels with 316 type of consumables showed a maximum value
of 335 HV5 at the weld metal. The hybrid weld made in 12 mm thick panels with 316
type of filler metal did not show that much increase in hardness. A maximum value
of only 267 HV5 was measured for this weld. As expected, also the duplex stainless
steel weld metal present in the joint (PD) is harder than the ‘normal’ austenitic weld
metals with individual values ranging from 230HV5 to 250HV5.

Maximum hardness at the non alloy structural steel in heterogeneous welds is about
350HV5 and was measured at the heat affected zone of the root of only one macro
section removed from the SMAW weld (M9).

7.8. Grain Size Analysis

The investigations, undertaken to examine a correlation between impact toughness

and microstructure, were summarized in the relevant table. Macro sections of all

welds were examined at the HAZ adjacent to the FL but HAZs located further away
from the FL were also investigated. The ASTM grain size numbers were measured

225



at the thickness positions from sub-surface to mid-thickness. Fine grained
microstructures have high ASTM grain size numbers while coarse grained
microstructures are identified by small ASTM numbers.

To be sure of the followed method, both heat affected zones (left and right) were
investigated metallographically to prevent the restrictions of which side of the weld
was notched during fusion line and heat affected zone impact testing. In general
poor fusion line toughness corresponds indeed with coarse grains.

No grain coarsened heat affected zone microstructures were detected in the 30 mm
thick SAW weld (P9) possessing indeed a low transition temperature or high
toughness. And the weld with the lowest transition temperature (E9) and thus with

the best impact behaviour showed also similar heat affected zone microstructures.

Depending on the data obtained by Pagani and Robinson, similar situation for less
adequate toughness were observed. Examination of the fracture surfaces revealed
that the fracture was dominantly transgranular and showed the presence of river
patterns which is evidence of brittle fracture. The embrittlement in the HAZ could not
have occurred by increased solution of carbon in the matrix, hence the poor
toughness was attributed to grain coarsening. This is also confirmed by the PhD
thesis by Grobler and in papers of Meyer and du Toit and Gooch and Ginn (Meyer
and du Toit 2001, Pagani and Robinson 1988, Gooch and Ginn 1988, Grobler
1987).

7.9. Ferrite Content Analysis

All weld zones of the joints were subjected to ferrite percentage analysis. The data
measured with this type of analysis include ferromagnetic phases and thus both

ferritic and martensitic structures.

The minimum value measured within the present research from the weld metals of
all the joints was 7% which was obtained from the 12 mm thick SAW weld with 316
type of filler metals (E6) while maximum of 93% from PAW welded 6 mm thick joint

without filler metal and this value is as expected.
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7.10. Corrosion Testing

To assess the resistance against atmospheric attack, salt spray and blister corrosion
tests were executed for all welds produced for the present work. Most of the welds
were exposed from the face side for V-shape welds with the excess of weld metal
still present. It was agreed that the joints R9, F9 and U9 instead should be tested
from the root side of the weld.

7.10.1. Salt spray corrosion properties

The observations made after several periods for samples in uncoated and in coated
condition were presented before. Each table only describes the changes in
observations, i.e. any worsening or new observations with regard to the former
period. As a rule of thumb, damage caused in a salt spray test over an exposure

time of 1000 hours may be extrapolated to about 5 years of atmospheric attack.

For an exposure time respectively of 24 hours and 350 hours and of 1000 hours,
see relevant photographs of uncoated and coated samples, some ranking between
welds is given; but this should be treated with great care as interpretation of such
type of observations is often distorted by personnel bias. The purpose is not to
distinguish between good and bad combinations but rather between resistant and
less resistant welds. Data between brackets specified the type of consumables
used.

In uncoated condition and for a short exposure time (24 hours) F9 may be classified
as mostly resistant, followed by V9, then by A9, the R9, V and then by PD. The least
short-time resistant combinations were B9, B8 and B6, P9, followed by both E9 and
E6.

Long time exposure (350 hours) showed that the R9 revealed the least deterioration,
then A9, followed by F9, then V with the highest attack at the weld metal. More
corrosion damage was observed for V9, B6 and PD. Still ‘worse’ conditions were
noticed for B9 and B8. The least long-term resistant combinations were the E6
followed by P9 and E9.
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So, combining short- and long-term behaviour for the uncoated condition, corrosion
resistance may vary between welds although the type of consumable has little effect
on corrosion response, except for duplex welds which showed improved resistance
with regard to 309-type of consumables. This is due to the fact that attack was often
initiated from the heat affected zone rather than from the weld metal, with exception
of the laser weld made without filler metal, and so factors like welding parameters,
including type of protection, have more influence than weld metal composition on
resistance against atmospheric attack of X2CrNi12 ferritic stainless steel weldments.
The laser weld most surely profits also from the limited weld size as wide welds turn

out to be least resistant.

Short-term behaviour (24 hours) of coated samples heavily scratched across the
weld revealed in all cases some corrosion products at the scratch and eventually
some small spots at the scratched part of the weld, i.e. for E9, A9 and F9. Both
types of damage systematically worsened in the course of testing till about 140
hours of exposure. Between a duration of 49 hours and 141 hours small coloured
spots at the unscratched part of the weld also occurred in case of V9, E9 and E6
while one blister was formed from the scratch in case of V, which afterwards steadily

increased in size.

Long-term (1000 hours) corrosion behaviour showed that finally F9 was very
resistant followed by V9, PD and B6, B9. V and F9 were less resistant followed by
E9 and R9. Least resistant were B8 and A9.

In coated condition, differentiation between welds can only be made for very long
exposures. Obviously the applied coating provides a good protection for all
combinations as in general only scratched regions were deteriorated. Some
influence of the type of consumable may be detectable in protected condition as the
GMAW weld made with 308LSi wires showed to be much less resistant than the
GMAW weld made with 309LSi-wires. This is confirmed by the better behaviour of
the duplex SAW weld compared with the austenitic SAW weld. The two
combinations produced with 309 and with 316 types of consumables instead
showed no clear distinction. The laser weld containing the least fused weld metal
demonstrated blistering ‘already’ after 141 hours which steadily increased with
exposure time. Welding process and other welding conditions have no prominent

effect on corrosion behaviour in coated condition.
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7.10.2. Blister corrosion properties

As before, relevant tables describe the new or changes in observations with regard
to the former period. Air temperatures were noted at each observation, ranging from
minimum about 0 C to maximum 42 C, as this parameter can have a great effect on

corrosion response.

From these it became apparent that B6, E9 and E6, A9 and PD were totally resistant
against atmospheric attack over a period of 2500 hours even when damaged by a

severe scratch across the entire welded joint.

V and F9 showed some small spots at the scratch already after 360 hours but this
type of damage merely aggravated thereafter and so also these combinations are
considered as having a good resistance. Some small spots were observed at first
between 360 hours and 648 hours at the scratch, the coating and/or the weld of B9,
V9 and R9 but these combinations were able to minimise development of these
types of damage. B8, F9 and P9 revealed corrosion products at the scratched weld
also after 360 hours of exposure but again all three combinations succeeded
practically in preventing further damage to occur.

So from the present blister tests it is concluded that welds particularly made with
316 or duplex types of consumables are very resistant against atmospheric attack
over periods that cover both winter and summer seasons. Also some SAW welds
made with 309 types of consumables may show a similar behaviour. Other resistant
welds were the laser weld and one FCAW weld made with 309-type of filler wires,
but all other welds, though somewhat prone to early attack, demonstrated properties
merely allowing damage extension. Any clear similarity between the corrosion
behaviour of welds produced by the same company cannot be detected probably
also because of the rather restricted difference in response to atmospheric

conditions for all weld combinations tested.
7.11. Effect of filler metal type
The data gathered within the research permitted to compare the mechanical and

corrosion behaviour between 309-(reference), 308-and 316 types of filler metals
used for welding modified X2CrNi12 ferritic stainless steel.
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Weld metal hardness for welds made with 308 type of consumables are 10HV5 to
20HV5 higher than that of welds made with 309 or 316 type of consumables. This
was also confirmed by a higher weld metal tensile strength of the former type of filler
metal but 316 type of filler metals may also produce a weld metal with increased
tensile strength with regard to the reference consumables. On the other hand yield
strength was lower for 308 than for 309 type of wires but the former revealed a
better ductility when determined by strain at fracture. The highest yield strength was
obtained with 316 type of consumables though accompanied by a slight decrease in

ductility.

Weld metal notch impact toughness at -20°C was very similar for all three types of
filler metals while fusion line toughness, where still a certain amount of weld metal
was involved, was lower for the reference consumable than in case of the other filler

metals.

Corrosion behaviour is affected by the type of consumables certainly in protected
condition and artificially damaged across the entire weld. In these cases a duplex
and often also a 316 type of filler metal improves the corrosion resistance of the
whole system with regard to a 309 type of filler metal while 308 type of
consumables, due to their lower alloying, demonstrate an inferior corrosion

behaviour.

So the use of a more economical consumable like a 308 type compared with a
higher alloyed 309 type results in a small concession concerning yield strength
(about 345 MPa instead of about 325 MPa for GMAW). From this point of view, it is
certainly worthwhile to consider using the cheaper type of consumable for many
applications of X2CrNi12 ferritic stainless steel demanding less stringent corrosion
properties. The highest tensile properties are achieved by using 316 type of

consumables, which should also yield an improved local corrosion behavior.
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8. CONCLUSIONS

The research work realised mostly at the Research Center of the Belgian Welding
Institute and supported by the Belgian Government (IWT) and a group of industrial
partners concerning modified X2CrNi12 stainless steel with improved weldability has

permitted to draw the following conclusions.

It could be demonstrated that the new developed low carbon X2CrNi12 ferritic
stainless steel, still complying with EN10088 but with reduced amount of impurities,
high productivity but sound homogeneous and heterogeneous welds can be made
by shielded metal arc, gas metal arc, submerged arc, laser, plasma, hybrid
(PAW+TIG) and flux cored arc welding by means of highly alloyed AlISI 309, lower
alloyed AISI 308 and Mo-alloyed AlSI 316 types of consumables with reduced risk
for hot and cold cracking.

Various welds though have proven that adequate heat affected zone impact
properties are achievable down to -40°C or even lower and this is a very
encouraging result. Although it is very difficult because of the complexity of
microstructures sampled by notches located at the ‘fusion line’ or the heat affected
zone, microscopic investigations have shown indeed for these superior welds that
the grain coarsening could be restricted to microstructures with ASTM grain size

numbers of 5 or higher.

CTOD fracture toughness tests at -20°C on welds with a minimum thickness of 20
mm have delivered disappointing results at the fusion line, where, because of its
slant orientation with regard to the plate surface, a mixture of weld metal, heat
affected zone and base metal microstructures are tested. This can be attributed to
the same reason invoking scatter in notch impact test samples as in case of CTOD
fracture toughness testing much more test material is sampled by the notch

travelling the entire thickness of the weld.

The weld metal in the present welds without exception was overmatched in tensile
strength.
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Fatigue behaviour of ‘clean’ X2CrNi12 ferritic stainless steel welds is excellent
provided weld defects are omitted and all excess of weld metal is removed
appropriately or at least the transition from weld to base metal is suitably
smoothened. Under these conditions, the fatigue strength of butt welds is
comparable with that of the base metal.

Hardness at the heat affected zone of this ferritic stainless steel can be limited to
300HV5. Defect-free joining of for instance 12 mm thick X2CrNi12 stainless steel is
also possible by laser welding without filler metal but in this case harder fused metal

microstructures are obtained, although still below 300HV5.

The major withdrawal of the stainless steel is the tendency to grain coarsening at
the heat affected zone close to the fusion line where temperature cycles occur with
peak temperatures above 1200°C if the heat input during welding is not properly

controlled.

Grain coarsening has no adverse influence on tensile properties nor on bend
properties but the heat affected zone impact toughness for sub-zero temperatures
may be disappointing and this certainly depends on the amount of grain coarsened
microstructures and probably also of the amount of martensite present along the
notch.

Resistance against atmospheric attack in coated condition of X2CrNi12 ferritic
stainless steel welds is also very promising even when evaluated under severe
circumstances, i.e. artificially damaged. As expected, over-alloyed filler metals
exhibit an improved resistance compared with consumables matching the 304 type

of austenitic stainless steel.

Under pure atmospheric conditions, all welds demonstrated the possibility to prevent
further development of corrosion products, once initiated. Surprisingly, welds that
behaved mechanically extremely well were classified as less corrosion resistant

than other welds.
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8.1. Implementation of results for innovative applications by industry

Joining of this modified stainless steel can be accomplished by welding under
economical conditions producing weldments with attractive properties for use in
structural applications. Mainly due to possible grain growth, care should be taken
though not to jeopardise too much the toughness of the heat affected zone and one
technique to realise this is to adapt the plate preparation leading to a rather unusual
weld geometry with heavily inclined fusion lines with regard to the plate surface. As
this increases the width of the weld it may, as it was shown by this study, somewhat

adversely affect the corrosion resistance of welds provided with a coating.

So, this grade of X2CrNi12 stainless steel with enhanced mechanical properties with
regard to the regular grade can replace non alloyed structural steels with a
guaranteed vyield strength of maximum about 350 MPa and only needs an
appropriate protection against atmospheric attack over a period that is estimated to

cover several decades.

The innovative aspect for industry is that this stainless steel can be applied indeed
for many welded constructions, or parts thereof, like bridges, steel girders, pipelines,
vessels, etc. working under mild environments. It will allow for cheaper constructing
improving the situation of the member companies against foreign competitors. Also
owner companies will benefit from the achievements realised during the present
research as they will be offered more economical solutions for their demands.
Industrial partner companies of this research that were effectively involved with
welding have learnt how to join this type of stainless steel and have been

demonstrated what types of consumables could be selected in this case.

The ferritic stainless steel nature demands close control during steel production and
so orders should be placed to trustworthy steel fabricators that have a lot of
experience in stainless steel and that are functioning under a tight quality control
system. This is mainly necessary for guaranteeing low levels of impurities but also
for omitting extensive scatter in mechanical properties arising from less accurate

heat treatments during production.

The interesting position of this modified steel, with regard to non alloy structural
steels and expensive austenitic, martensitic and duplex stainless steels, is still valid
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as it combines productivity with rather low investments and maintenance costs

resulting in long-term attractive solutions.

The main objective, i.e. to upgrade the existing EN10088:X2CrNi12 ferritic stainless
steel to an affordable, weldable structural stainless steel with high strength and
proper resistance against atmospheric attack, is achievable, but only when stringent
but commercially realisable conditions of steel production and welding are

respected.
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