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SHAPE MEMORY PROPERTY OF PCL/TPU BLENDS WITH A
DIISOCYANATE COMPATIBILIZER

ABSTRACT

Shape memory polymers are a smart material which is able to memorize the specific
shape with a particular stimulus. In this study, thermal stimuli-responsive shape
memory polymers based on blends of thermoplastic polyurethane (TPU) and poly(e-
caprolactone) (PCL) are investigated in the presence of a diisocyanate (1,4-
phenylene diisocyanate, PDI) compatibilizer. Mechanical, thermal, rheological and
morphological characteristics of the blends are investigated. Shape memory
properties are also studied with the fold deploy shape memory test. PCL also
provides thermal stability and higher tensile strength. PDI acts as the chain extender,
which potentially reacts with ends groups of PCL and/or TPU. The blends with PDI
tend to exhibit high elongation in comparison to the blends without PDI. PCL affects
the crystallinity of the blends and results in providing high fixity of the materials.
Contrarily, the presence of PCL negatively influences the shape recovery ratio. The
presence of PDI regulates the aforementioned behavior. Optimal shape memory
polymer can be designed by regulating the ratio of the components.

Keywords: Compatibilization, Polymer Blending, Poly(e-caprolactoe), Shape
Memory Polymers, Thermoplastic Polyurehtane.
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POLI(e-KAPROLAKTON)(PCL) / TERMOPLASTIK POLIURETAN(TPU)
KARISIMLARININ DIISOCYANATE 1LAVESI ILE SEKIL HAFIZA
DAVRANISININ INCELEMESI

0 ZET

Sekil hafizali polimerler, bir dis uyaran ile 6nceden hafizalanan sekle gegebilen akilli
malzemelerdir. Bu c¢alismada 1,4-fenilendiizosiyanat (PDI) ile uyumlastiriimis
poli(e-kaprolakton) (PCL) ve termoplastik poliliretan (TPU) bazli, sekil hafizal
polimer karigimlari iretilip, mekanik, termal, reolojik ve morfolojik &zellikleri
incelenmistir. Sekil hafiza 6zellikleri ise katlanma-agilma testi ile incelenmistir. PCL
ilavesi, TPU’nun ¢ekme dayanimi ve termal kararliligini arttirmistir. PDI ise hem
uyumlastirict hem de zincir uzatici gibi davranmig, PCL ve/veya TPU’nun zincir ug
gruplar ile etkilesmistir. PDI igeren karisimlarin kopma uzama degerleri digerlerine
gore daha yiksek olarak elde edilmistir. PCL, karisimlarin kristalinitesini etkileyerek
daha yulksek sekil sabitleme orani saglamistir. Tersine, PCL ig¢eren karisimlarda sekil
geri donids orami dismektedir. PDI ilavesi ile bu olumsuz durum
duzenlenebilmektedir. Optimum sekil hafiza 6zelligi bilesenlerin oranlarinin
ayarlanmasi ile elde edilebilir.

Anahtar Kelimeler: Uyumlastirma, Polimer Harmanlama, Poli(e-kaprolakton),
Sekil Hafizali Polimerler, Termoplastik Politretan.
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INTRODUCTION

Shape memory polymers (SMPs) have been received a great deal of attention for
decades. Due to the ability of shape changing under different conditions, it has been
studied and developed with an expectation of wide potential applications [1-3].
SMPs are stimuli-responsive materials, which “actively move” in response to an
external stimulus like heat or light [4]. SMPs are able to “memorize” a permanent
shape (original shape). After it is manipulated and “fixed” in the intended temporary
shape with applied external mechanical force by cooling under the transition
temperature, T .., Which process is called “programming” [2, 5-7]. When the
temperature heats up above T, it gets back to the original shape by restoring the
random coil from the oriented and crystalline chains. T, is usually the glass
transition, T, or the melting temperature T,,. Melting point as Tia,s Shows
relatively a sharper transition compare to the glass transition as Ty, [7]. SMPs can
be applied widely in various fields. Above all, attention is concentrated in biomedical
applications. In comparison with shape memory alloys (SMASs), SMPs possess large
recovery strains and low recovery stress [2, 7]. In addition to this, it is
biocompatibility and shows cost-efficient. Since It is also tunable a compliant range
of actuation temperature as well as glassy elastic modulus, It is applied for a human
body, where the use of high temperature needs to be avoided [8-10].

Some SMPs are known for suitable to be decomposed in a body, such as
polyurethane, polyesters (like poly(e-caprolactone) (PCL), PLA, PGA), polyether
urethane, polylactic acid and their blends or block copolymers. Especially, PCL,
semi-crystalline aliphatic polyester, is noticeable biodegradable soft materials for
biomaterial applications as SMP [11-13]. PCL based SMP shows fast response and a
small range of transition temperature since it is operated under “T,,-based system”
[14]. Lendlein and Langer [15] also refer a PCL-based biodegradable polymer and
demonstrate the potentiality of using medical area. Salvekar, A., V., et al. [16] studied
the shape and temperature memory phenomena with uncross-linked poly(e-

caprolactone) and proposed promising development possibility of PCL as SMP.
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Even though PCL was uncross-linked, it showed proper shape memory properties.
PCL-based SMPs have limitations that durability is weak after the shape is restored.
Polyesters generally have low strength and stiffness, which put a limit on making

enough recovery force, and consequently to restricted being applied properly.

Polymer blending is the readily accessible way to control properties and overcome
limitations such as mechanical characters and degradation rate, which is a mixing
process of more than two polymers with different ratios. Thermoplastic polyurethane
(TPU) is able to complement weakness of PCL by blending. Polyurethane has used
for shape memory blending and applied to the biomedical field because of their
mechanical properties-flexibility and potentially biocompatibility. Furthermore, the
soft domain of polyurethane is possible to be tailored for shape memory. TPUs are
copolymers consisting of three parts. These are hard domain derived from
diisocyanate, which memorizes a permanent shape, soft domain derived from the
polyol, which stores external force for a reversible process, and chain extender [17,
18]. PCL is one of the polyesters which has been usually used in soft blocks applied
in TPU synthesis [5, 19] and combining properties of PCL and TPUs might be
advantageous to create new biodegradable SMPs. TPU acts as the net point, which is
recovering the permanent shape, and PCL acts as the switch phase [20, 21].

Jing et al. [21] recently studied the blending of TPU and PCL as SMP for applying
self-knotting sutures. As adjusting the weight ratios of two materials, they found the
best ratio having shape memory effect. Ajili, Ebrahimi and Soleimani [22] also
investigated shape memory properties of PU and PCL blend for cardiovascular
implants. They arranged the research in the range near body temperature. As outcome,
the sample showed superior biocompatibility and applicability of the target field.
Their previous research is conducted to see the miscibility of blending with
polyurethane and PCL through rheological study. They suggested the possibility of
partial dissolution of PCL, the state of semi-miscible, because of the differential
molecular weight between PCL and soft block in PU, even though they have a

microstructural similarity [23].

Partially miscible might be the reason of a slow recovery in shape memory effect [7].

Because of that, enhancing miscibility between PCL and TPU is considered. Dogan
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et al. [24] made an attempt to overcome this problem as adding diisocyanate to
PLA/TPU blends and study reactive compatibility. Harada et al. [25] also studied the
increasing the compatibility of poly(lactic acid)/Poly(butylene succinate) blend by
using isocyanate in the reactive processing. Diisocyanates as compatibilizer
potentially interacts with —OH of TPU and -OH/-COOH of PCL during compounding.

To the best of our knowledge, the function of diisocyanates in PCL/TPU blends is
not studied yet. PDI might function as compatibilizer as like the case of PLA and
TPU blends [24], or it might contribute to other functions because PCL already have
high and homogeneous miscibility to TPU. Therefore, the aim of the current study is
to investigate the effects of PDI on the mechanical, thermal, morphological and
shape memory properties of PCL/TPU blends. PDI was added from %0 to %3 to
each different composition of PCL/TPU. The shape memory properties were
investigated by means of ‘fold-deploy shape memory test’ [26, 27]. The mechanical
and thermal properties are measured by tensile test, TGA and Differential Scanning
Calorimetry (DSC), respectively. The compatibility of the blends in the presence of
PDI was examined through rheometry and scanning electron calorimeter (SEM)

analysis.

The following chapter covers general information about the physical and chemical
properties of the materials, which are PCL, TPU and diisocyanate. Fundamental
characters of shape memory polymer is also explained with the test technique and
equipment information. The literature review in the chapter 2, makes access to the
research easily by cover the current state of knowledge related to the topic. The
chapter 3 and 4 are directly related to the experimental part of this research. How the
experiment is arranged is explained (chapter 3), and the data from the test with
discussion are featured, respectively. Lastly, this research concludes with a

conclusion in chapter 5.



1. GENERAL INFORMATION
1.1. Poly(e-caprolactone) (PCL)

PCL is semi-crystalline aliphatic polyester and its structure is shown in Fig.1.1. PCL
has a low glass transition temperature (T,) of -60°C and a melting point (T,,) around
from 59 to 64°C depending on the degree of crystallinity and the molecular weight
(M,,). PCL is synthesized by the method of ring-opening polymerization which is
able to affect the degree of crystallinity and M,,. PCL is biocompatible and
degradable by hydrolytic mechanism and microorganisms, however, unlike other
polyesters, its velocity of biodegradable is relatively low. Notwithstanding, it shows
a rubbery state at room temperature due to its low T, and T, in other words, it is
ductile compared to other polyesters. Furthermore, it has good solubility and high
miscibility with other polymers. Like these properties make people focus to study
PCL as the topic for applying to the biomedical field [28-30].

n

Fig. 1.1. The structure of PCL

PCL is also well studied as the raw material of synthesizing polyurethane. It is
frequently applied to the soft segment of polyurethane. PCL crystals serve as
switching segments and retain the temporary shape. When the crystals are melted, the
permanent shape is restored by the role of hard segments. For this reason, the melting
point of PCL can affect the temperature of shape transition in polyurethane. PCL is
possible used to the component of shape memory materials. And another way, in the
case of cross-linked PCL, it is considered as shape memory polymer by oneself. The
cross-linked network of PCL is able to store the energy to offer the driving strength

for shape recovery [16].



The mechanical properties of PCL are not superior. Its tensile strength and tensile
modulus are relatively low. This point may be the main limitation for the application
of PCL, especially the area needed load bearing. This limitation can be tuned by

blending with other polymers in diverse strategies [8, 30- 32].

1.2. Thermoplastic Polyurethane (TPU)

TPUs are one of the popular materials being used in biomedical applications. TPUs
have a distinct structure which is block copolymers containing “multi-disperse
blocks” of hard segment (HS) and soft segment (SS). Three different sorts of raw
materials are used to synthesize. Those are diisocyanate, macroglycol (polyol) and

chain extender [33]. The components are described as general form:
M—(D(CD)H—M)H

( M : macroglycol, D: diisocyanate, C: chain extender )

Diisocyanate reacts with chain extender and have a role in shaping HS. Polyester and
polyether are generally used as macroglycol and become SS of polyurethane [17, 18].
And, chain extender affects molecular weight and increasing chain length of
polyurethane. These incompatible blocks are separated in micro-phase structure
because the HS has higher polarity than the SS, and it influence on the mechanical

and structural properties.

Polyurethane shows high flexibility, outstanding mechanical characteristics and bio-
compatibility, moreover it is suitable for applying to shape memory materials. HS
serves as net point and memorizes a permanent shape. On the other hand, SS store
external force for reversible [17]. Compare to other SMPs, the polyurethane have
outstanding shape recoverability more than 400% of recoverable strain and a broad
temperature range of shape recovery from 30 to 70°C [34]. The properties of
polyurethane are tailored depending on the raw materials used in synthesize and the
portion of HS and SS. And, these factors are able to affect shape memory properties
[2]. The M,, of polyurethane, especially, have effect upon characteristics like

processing and rheological properties [35].

5



1.3. Diisocynate

Diisocynate is the essential precursor for synthesizing polyurethane. There are two
types of it. One is aromatic and another is aliphatic. Toluene 2,4-diisocyanate (TDI),
4,4’-methylene diphenyl diisocyanate (MDI), polymeric methylene diphenyl
diisocyanate (PMDI), p-phenylene diisocyanate (PDI) and naphthalene-1,5-
diisocyanate (NDI) are generally regarded as the important aromatic isocyanates in
industrial fields [35]. The diisocyanate structure has a major influence on the
properties of shape memory-polyurethane. The aromatic diisocyanate is normally
used to synthesize polyurethane. However, the type of diisocynate is selected
depending on the requirements. Aromatic ones have high reactivity and make
polyurethane having good thermal and mechanical characteristics but show low
oxidation and ultraviolet stabilization. Thence, Aliphatic ones are normally used for
the application which is needed a clear color or transparency because it is resistant to

turn yellow under exposure of UV [33, 36].

Yang et al. [37] compared the properties between PDI-based polyurethane and MDI-
based polyurethane. Shape memory effect and mechanical properties are analyzed.
The polyurethane based on PDI has better properties than the one based on MDI
because PDI has the planar shape inducing good interaction in hard segments. Even
diisocyanates are categorized in the same class, the effects to properties of outcomes
are varied. Diisocyanate have a highly reactive part, [-N=C=0] toward proton
bearing nucleophilies in structure. The reaction generally proceeds with addition of
hydrogen to the C=N. In this reaction, hydrogen is attached to the nitrogen of
diisocyanate (Fig. 1.2).

H O
R—N=C=0 + H-R —— » RN-GC—R'

Isocyanate functionality "Active hydrogen"

Fig. 1.2. The reaction of active hydrogen and diisocyanates [35]

Other reactions usually break the [C=N] without involving active hydrogens.

Reactions generally occurs with [-OH], [-NH], amides, urea and urethane linkages.



The reactions with [-OH] and urethane linkages are considered importantly in the
study. Reaction schematics are shown in Fig. 1.3 and Fig. 1.4.

O
|
R—NCO + R'—0OH —mm» R—-N-C"-—O—-R'
furethane]
Fig. 1.3. The schematic of reaction with diisocyanate and [-OH][35]

Hoo i
R—-NCO + R'—N—-C—O—R' —» BT
ﬁ—},‘—R [allophanate]
O H

Fig. 1.4. The schematic of reaction with diisocyanate and polyurethane [35]

1.4. Shape Memory Polymer (SMP)

SMPs have gotten a lot of attention for decades as smart polymers. It is a stimuli-
responsive material which has ability remembering the original shape after fixing the
temporary shape when it gets external stimulus such as light, heat, electric field and

SO on.

SMP is consisted of switching phase and net point. Switching phase, which is called
reversible phase as well, fix the temporary shape with crystallization. On the other
hand, net point, which is also called as fixing phase, is in charge of restore the
permanent shape [2, 5]. Switching phase is made of a thermoplastic material having
phase transition of solid and liquid states, and fixing phase is made of a chemical or

physical cross-link network polymer [38]. Fig. 1.5 describes the mechanism of SMP.



1. heating 2. stress induced deformation

N Y

S

3. cooling under stress

4. stress removal

next cycle E; ﬁ

/

5. recover upon heating

Fig. 1.5. The mechanism of SMP. Black dots indicate net points, blue lines
indicate molecular chains below T, and red lines indicate molecular chains
having high mobility above T, [39]

In the case of SMP induced by heat, shape memory effect can be occurred above the
specific T, depending on the thermal properties of SMP. According to the state of
switching segments (SS), SMP can be sub-classified into amorphous SS (Tyxas=T)

and crystalline SS (T ,0s=Ty,) [2]-

These facts suggest that thermal properties and mechanical properties thoroughly
affect the ability of shape memory. The properties of SMP can be tunable using
different composites, synthesis and blending, moreover, the structure of SMP can be
structural- designed by modulate the ratio of switching phase and net points. This can
be controlled by choosing different polymer and other materials [13].

SMPs have been applied to broad field like aerospace, medicine, smart textiles,
electronic devices and so on [40]. Bio-medical applications related with SMP have

been studied particularly for a long time.



1.5. Testing Methods and Instruments
1.5.1. Processing
1.5.1.1. Twin-screw compounding

Plastics compounding is generally used for adding functionality and value to polymer
systems. Through melt-blended or mixed two or more polymers are with additives,
materials get together. Many applications of plastics require enhanced and tailored
properties for specific necessity. It helps to meet specific requirements by using
compounder. Compounding involves four steps; firstly, ingredients preparation with
drying, sizing and heating. Secondly, premixing with dry blending. Thirdly, melt-

mixing and lastly, forming.

Extrusion is very important for forming methods in polymer compounding, which
has the three basic functions; 1. Melting and forming, 2. Devolatilizing and mixing, 3.
Conducting chemical reactions. One of the classification methods of extruder is
according to the type of the screw. There are three different type screw extruders —
single screw, twin screw and multi screw extruders. Fig. 1.6 displays Twin-screw
extruder in diagram form, which is generally used for compounding to prepare
polymer blends. The twin screw can operate with the mode of non-intermeshing or
intermeshing, counter-rotating or co-rotating. Moreover, the configuration of screws
is variously arranged for achieving specific mixing characteristics such as forwarding
or reversing to convey materials, kneading blocks and others. Those make possible to
design processing specifically for compounding. For example, co-rotating operates at
higher speeds under higher shear rate and has more mixing capability then counter-
rotating. The aim of the extrusion is producing materials in solids, pellet or powder
in the condition of high screw speeds, and used intensive mixing for manufacturing

the planned final product [41].



; %
% %
Solids conveying Melting Melt pumping

Fig. 1.6. The diagram form of twin-screw extruder [41]

1.5.1.2. Injection molding

Injection molding is most generally used for fabricating accurately equal-sized
samples with high production rates. Injection molding process includes three steps —
First, melted polymer flows through a piston-injection pistol system. Second, it is
injected into a cold mold and packed under high pressure and arranged time. Lastly,
it is cooled down to solidification. The polymer can undergo mechanical and thermal
influences during this process, and the factors can influence on the final sample. The
residual stress and strain, which are occurred in flow and cooling process, makes the
sample being shrinkage. The mold temperature and the injection rate can be properly
arranged, and cooling of quenching is carefully conducted to prevent this

phenomenon [42].

1.5.2. Characterization
1.5.2.1. Tensile test

Tensile test is widely used to observe mechanical properties by measuring behavior

of the materials under tension. Through this test, tensile strength, yield point, yield

strength, elongation, proportional limit, modulus of elasticity and other mechanical

properties are determined. These results are utilized to evaluate developed materials,

to ensure quality and to predict physical reaction of material. Especially, stress-strain

curve is very important graphical representation of mechanical properties of a
10



material.

Fig. 1.7 shows the stress-strain curve of a semi-crystalline polymer, which is the
most similar model with the materials of this research. At the beginning of giving
stress, elastic deformation is occurred. If the loading is removed, the material gets
back to its original shape, in other words, it appears complete resilience or recovery.
As the amount of stress is increase, the slop of the stress-strain curve (the strain
hardening rate) is decreased until the point of ultimate tensile strength, at which
necking appears. This point can be considered yield point in plastic. Beyond this
point, the amount of stress for increasing additional strain is relatively decreases, and
plastic deformation begins. After the neck starches to the specific ratio, the behavior
of the material turns to drawing until the fracture. Drawing process occurs when the
breaking load of the microstructure is bigger than the load inducing necking after the

necking process makes reinforce the microstructure [43].
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Fig 1.7. The example of the stress-strain curve of a semi-crystalline
polymer [43]

The testing machines are commonly universal testers which are proceed under the
condition of different tension, compression and bending, and as the outcome, stress-

strain curves are acquired. Stress-strain curves are mainly analyzed to see the overall
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tensile properties. There are two different type of machine; electromechanical and
hydraulic machines. Electromechanical machine is operated by variable speed
electric motor. Motion of crosshead give tension or compression to specimen and the
speeds are changed with controlling the motor speed. This machine works in a wide
range of speeds. Hydraulic machine is operated by acting piston which makes the
crosshead move. This machine is cost-effective and it generates higher forces than

electromechanical machines [44].

1.5.2.2. Thermal gravimetric analysis (TGA)

TGA is utilized to measure the rate of combustion and the change in the weight of a
material in a controlled condition of temperature and time. The outcomes indicate the
composition of materials, decomposition kinetics and make to predict thermal and
oxidative stability of specimen. Weight loss can be evidence for decomposition
occurred from breaking apart chemical bonds, evaporation, reduction or desorption.
In the case of weight gain, it can be evidence of oxidation or absorption of materials
[45]. The information provided from measurements is used improve a quality and
predict a performance of a product, which make possible to better choose the

material for an application [46].

The result of TGA can be affected by experimental parameter such as material type,
shape and size of pan, mass, form and morphology of sample and ramp rate because
TGA analysis is carried as measuring the amount of weight change as function of
increasing temperature. The result can be depending on how well transfer the heat to
a material. Figure 1.8 shows TGA curves and decomposition curves resulting from
different condition of heating rate. The slower the heating speed, the faster the
weight decreased and the sooner it was terminated. The peak point in the

decomposition graph is most distinct in case of the low speed of heating.
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Fig. 1.8. TGA curves and decomposition curves according to the effect of heating
rate [45].

1.5.2.3. Differential scanning calorimeter (DSC)

DSC is mainly used for thermal analysis. It measures the gap of heat energy between
the sample and the reference by introducing heat energy simultaneously..
Maintaining identical change rate of temperature, different amount of input energy is
required because the sample and the reference have different material transitions [47].
DSC records a heat quantity in the state of endothermic and exothermic process. T,,,

T, and crystallization and heat capacity are measured from the output of DSC.

Typical DSC curve of polymer is shown in Fig. 1.9. The representative three
transitions are displayed during heating. The first transition point is under T,.
Mechanical properties of material change from elastic to brittle due to changes of
chain mobility. The heat capacity is different based on the point of T,, the slop is
observed. Above the T,, the chain with high mobility has enough energy to undergo
crystallization with ordered arrangements, which process is the exothermic process.
As the polymer releases heat to surroundings, crystallization is observed. After that,
when the heat energy added more, the crystalline regions are melted which is

endothermic process required of absorbing heat. The heat flow is increased for
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keeping the rate constant of heating, so the curve is observed, and the area of the
curve is used for calculating the latent heat. However, all polymers do not undergo
three transition points during DSC analysis. The peaks of crystallization and melting
are just observed for the polymer having crystal form, which means, in case of purely
amorphous, a glass transition is just observed. The crystalline polymer which has
also amorphous portion exhibits the three transition states.
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Fig. 1.9. Typical DSC curve of polymer with T,, T, and T, [48]

Except for that, various analyses are possible with the behavior of change on the
glass transition such as crosslinking, polymerization, plasticizers, mixtures,
copolymers, etc. And, solid state transitions can be also analyzed such as eutectic

points, degradation, chemical reactions and so on.

DSC is classified into heat-flux DSC and power-compensated DSC based on the
operation mechanism. In the system of heat-flux, the sample is enclosed in a pan and
empty pan as reference are put on the thermoelectric disk in a furnace, which transfer
to the heat to two pans through thermoelectric disk. Power-compensated DSC,
otherwise, two pans are placed separately in furnaces and get heat individually [49].

DSC provides understanding of materials’ heat capacity and enthalpy used to
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evaluate how the research goes well in view of process operating. In this respect, this
technique is the most commonly used for thermal analysis in quality assurance,

process control and R&D labs.

1.5.2.4. Rheometer

Rheometer is able to measure rheological properties which are a response of a
complex material from an applied stress or strain [50]. Rheology is the study of flow
and deformation of material depending on interrelation between deformation, force
and time. The deformation relies on the materials condition, [51]. As the outcome,

viscoelasticity of fluids and viscosity over a wide range of shear rates is obtained.

Techniques of rheometry are mainly divided into two. One is rotational rheometry
and another is capillary rheometry. Rotational rheometer provides the viscosity-shear
rate responded from a soft solid. Specimen is put between two plates (it can be other
geometries like as cone and plate) and a torque applied to the top plate gives a
rotational shear stress to the specimen. The outcome of strain or strain/shear rate is
recorded. Rotational rheometer is used for a wide range of samples such as pastes,
gels and structured liquids. Shear can be accurately controlled and applied to the very
low- shear stress region. It is appropriate to study for stability and yield stress.
However, it has mechanical limitations in the case of the high shear region. Capillary
rheometry makes specimens extrude by means of a barrel or die under high pressure.
The pressure is recorded and the viscosity is calculated. As a result, pressure-flow
rate graph is obtained. Since shear rate and temperature can be well controlled, the
process proceeds under a required condition. Capillary rheometers are able to apply
highly force and it makes possible to study behavior of a material under the condition
of much higher shear rates than rotational rheometry. A performance of high shear

rate is generally conducted in lots of industrial processes.

1.5.2.5. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is used to get information about specimen
including morphology, chemical composition, crystalline structure and crystal

orientations. SEM magnifies the surface of specimen using a high-energy focused
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beam of electrons. When SEM generates the beam and it heats the specimen, back
scattered secondary electrons signal can also be detected. This process is conducted
with a chamber a higher vacuum to ensure the beam focused properly and prevent
interaction with particles in the air. Collected data based on the diffracted electrons
signal provides an image of the surface of specimen in a selected area. The range of
selected area is adjusted from roughly 1cm to Sum in width. Magnification range is
from 20X to roughly 50,000X for polymers.

SEM has some limitations:

1. Specimen must be solid and fit right into a microscope chamber.

2. Outgassing specimen at low pressure (such as wet samples) is not suitable for
examination.

3. Electrically insulating specimen must to be coated with electrically conductive
material.

SEM is generally used for applications such as evaluating of reaction interfaces,
characterizing structure of specimen, measure the thickness of layered structures,

characterizing surface defects, stains and residues on specimen.

1.5.2.6. Shape memory test

Shape memory test is carried into practice to measure the characterization and
properties of SMP. There are few parameters to describe the properties such as shape
fixity ratio (R¢), shape recovery ratio (R;), maximum recovery stress (Gpax).

maximum recoverable strain (g,,,¢) and recovery rate [39].

R states the percentage how properly fixed after programing the temporary shape.

This is also called as shape retention ratio (Equation (1)).

R; = x4 4 100% (1)

Omax

R, states the ability recovering from temporary shape to permanent shape. As SMP
has a higher ratio of recovery, It indicates that SMP has the high capacity for

recovering (Equation (2)).
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These parameters are generally measured the thermal and mechanical response by
dynamic mechanical analysis (DMA) [52]. The cyclic test is performed by
controlling accurate stress and strain. However, in this paper, Fold-deploy shape
memory test is proceed with three steps. Firstly, Samples are heated to specific
temperature above T, and they are folded to U shape by external physical forces.
The angle of folded sample is called as 6,,,. Secondly, they are cooled down to
specific temperature below T, With the external forces continually. After waiting
the samples being cooled down, the external forces are removed, and the angle is
recorded as 0g,.4. FOr the last, the samples were heated again, and the angle is
recorded as 0g,, following the temperature under controlled condition for the
research [26, 27].
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2. LITERATURE REIVEW

In this chapter, the summary and explanation about biodegradable shape memory
polymer, the blended SMP based on PCL and/or TPU, are covered relevant to the
topic of this research. Current and complete state of knowledge is gathered from

available literatures.

Biodegradable SMP is widely studied for decades, and increasingly attracting
researcher as a promising topic, which is potentially applied to biomedical field.
Biodegradable SMP is generally produced with polyesters [2, 14]. Karger-Kocsis and
Keki [53] researched general information with regard to biodegradable polyester
SMP. Among polyesters, it has been reported that the SMPs based on PCL are highly
likely to be applied to biomedical applications because of the advantage of PCL [5,
6]. When PCL is used as soft phase in SMP, the temperature of recovery is possible
to be adjusted around 38 °C, near the temperature of human body by selecting the
molecular weight of PCL, or controlling ratio of hard and soft phase. PCL is applied
to synthesize polyurethane as the soft phase [54-56]. Ping and coworkers studied SM
properties of polyurethane based on PCL. They arranged the samples with different
molecular weight of PCL and different composition ratio of hard-soft part. The
transition temperature varies from 40 to 60°C. As the M,, increased, so did the
recovery temperature. However, the ratio of hard-soft part does not show a distinct

effect.

There are various ways to create biodegradable SMP using PCL, and the easiest
accessible way is polymer blending. Zhang, et al. [57] prepared novel SMP blend
based on SBS and PCL. The samples are arranged with different ratio of PCL from 0
to 100wt%. Two components are immiscible and still remained as immiscible state in
the blended sample, which induced shape memory properties. The elastomer part has
role of stretching and recovering performance, and the switch part has role of fixing

performance. Chen, et al. studied the blends based peroxide and cross linked PCL
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with dicumyl peroxide. As peroxide content decreases, it was observed that the
degree of fixation decreases. However, the ratio of recovery is almost perfect.

The case of blends of TPU and PCL has been studied. Jing et al. recently studied the
blending of TPU and PCL as SMP for applying self-knotting sutures [21]. As
adjusting the weight ratios of two materials (TPU; 100, 75, 50, 25 and Owt%), they
found the best ratio having shape memory effect, which is 25% of TPU. It shows
high crystallinity in the soft phase (PCL), high ratio of shape fixing (98%) and shape
recovery (90%). Ajili, Ebrahimi and Soleimani also investigated shape memory
properties of PU and PCL blend [22]. PU copolymer prepared with PCL diol, is melt-
blended (in the ratio of 20, 30, 40 and 50wt%) with PCL. The composition is
influence on the melting behavior and shape memory properties. The 70(PU)/30(PCL)
blends shows shape recovery around body temperature.

Additional additives to blends are also being studied to improve the mechanical
properties of the sample. Herein, TPU/PCL blends with other additives are covered.
Mosleh and coworkers prepare TPU/PCL blends with the ratio of 70/30, and various
content of nano-magnetite powder is added from 0 to 5wt% [58]. Nano-magnetite
enhances the crystallinity of soft phase and shape memory behavior. However, the

extra amount of nano-magnetite slightly reduces the shape recovery ratio.

Dogan and coworkers add diisocyanate (compatibilizer) to PLA/TPU blends to
enhance miscibility [24]. And, Harada et al. [25] also studied the increasing the
compatibility of poly(lactic acid)/Poly(butylene succinate) blend by using isocyanate
in the reactive processing. Diisocyanates as compatibilizer potentially interacts with
—OH of TPU and -OH/-COOH of PCL during compounding.

In the above case, compatibilizer had a positive effect on Bland, and therefore how

PDI affect bland is going to be studied as following chapters.
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3. EXPERIMENTAL

3.1 Materials

The materials that are used for this research are specified in Table 3.1 down below.

Table 3.1. Used materials, supplier and characters

Materials Supplier Characters
Shore hardness: 90A
Thermoplastic Lubrizol, Density : 1.25 g/cm3
polyurethane (TPU) Germany Tensile strength : 55 MPa
Elongation: 590%
M,,~14,000
M, ~10,000
Ty :-60°C
Poly(e-caprolactone) ALDRICH Melting Temperature: 60°C
(PCL) Tensile Stress: 20.7 — 34.5 MPa
Young’s Modulus: 0.21 — 0.34 MPa
Elongation: 300 — 500 %
Degradation (months) > 24
1,4-Phenylene Sigma-Aldrich,
Melting temperature: 96°C
diisocynate (PDI) Germany
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3.2. Blends Preparation

Samples are prepared with different ratios of TPU/PCL/PDI blend. TPU content was
arranged as 50, 70, 80, 90, 100wt%, respectively. The PDI content was 0, 1, 2, 3wt%
(see Table 3.2). These blends were compounded by using a twin-screw compounder
(Xplore Microcompounder MC15, The Netherlands) at 200°C. The speed of the
screw was 100 rpm and mixing time was 3 min under Argon gas to prevent thermo-
oxidative degradation. The molten compound was then transferred to injection
molding device (Xplore injection IM 12, The Netherlands). The mold temperature

was 25°C and pressure of injection was 8 bars.

Table. 3.2. Blending ratio of the samples

Name of the sample

TPU(%)

PCL(%)

PDI(%)

TPU100

100

0

o

PCL10 PDIO

PCL10 PDI1

PCL10 PDI2

PCL10 PDI3

90

10

PCL20 PDIO

PCL20 PDI1

PCL20 PDI2

PCL20 PDI3

80

20

PCL30 PDIO

PCL30 PDI1

PCL30 PDI2

PCL30 PDI3

70

30

PCL50 PDIO

PCL50 PDI1

PCL50 PDI2

PCL50 PDI3

50

50
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3.3. Characterization

1. Tensile test

Tensile test was conducted on an Instron (Model 3345) universal testing machine at a
room temperature according to 1SO 527. At least five samples were analyzed with

5kN load cell and 50mm/min cross-head speed.
2. Thermal gravimetric analysis (TGA)

TGA was conducted on TA Q50 model instrument under nitrogen atmosphere with a
20°C/min flow rate. The range of scanning was 25 to 600°C at heating rate of
20°C/min.

3. Differential scanning calorimeter (DSC)

DSC analysis was done with Mettler Toledo DSC-1 Star system under nitrogen
atmosphere. Experiment was conducted from 25°C to 200°C at a scan rate of
10°C/min.

4. Rheological test

Rheological measurements were carried out with a modular compact rheometer
(MCR 102, Anton Paar). Samples are tested using parallel measuring plate (D: 25
mm) in the linear viscoelastic region at 200°C. The gap between samples and the
plate was 1 mm. Frequency range was from 0.1 to 628 rad/s and 19 points of shear

rheology measurement was recorded under the condition of strain 1%.
5. Scanning electron microscopy (SEM)

Morphological properties of the samples were observed by SEM using Quanta 400F
field emission model. Observations were made on impact fracture surfaces of the

samples. The samples were gold coated before observations to prevent arcing.
6. Shape memory test - Fold-deploy shape memory test

Shape memory properties were evaluated by means of ‘fold-deploy shape memory
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test” with three steps [26, 27]. Samples were prepared at the size of 2 mm x 10 mm x
80 mm. The general process of the test is shown as the schematic diagram (Fig. 3.1).
First, samples were heated to 65°C above its transition temperature, T, for 2
minutes, and those were folded from the both end-points by external force. The
bending angles were down as 6max. Then it was cooled down to 0°C for 2 minutes by
applying a constant external force, and then, those are moved to room temperature
and waited for 3 minutes without forcing. The shape was slightly recovered and the
bending angles of the time were down as 0g,.q (Fig. 3.2). Lastly, those are reheated
in three different temperatures of water, such as 40°C, 50°C and 65°C for 2 minutes.
When the samples completed the recovery of the shape, the bending angles are
recorded as Og,, (Fig. 3.3). Shape fixity ratio and shape recovery ratio was
calculated with results of the test based on the equation below (Equation(1), (2)).
Shape fixity ratio is the criterion of the ability of fixation to the temporary shape and
shape recovery ratio is also the criterion of the ability of the recovery to the

permanent shape.

\Ofinal
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! \ ~ ’ \ ~ \final
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65°C

Fig. 3.1. Schematic diagram of the fold- deploy shape memory test
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Fig. 3.2. The measuring the angle of fixation (05,.q) after waiting the samples
being cooled down at the room temperature

Fig. 3.3. The measuring the angle of fixation (05,,) after waiting the sample being
full recovered at the test temperature.
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4. RESULTS AND DISCUSSION
4.1. Mechanical Properties

Mechanical properties were investigated by tensile test. Fig.4.4 shows the stress-
strain curves of TPU/PCL blends with respect to composition. Pure TPU showed
elastomeric behavior with a very low yield point but excessive strain hardening. Both
10 and 20 PCL blends tend to have elastomeric behavior similar to pure TPU. As the
content of the PCL increased, young’s modulus increases. The decreasing order of
modulus is such that PCL50>PCL30>PCL20>PCL10>TPU100. Contrarily, as the
content of the PCL increased tensile strength decreases. Unexpected outcome is that
PCL/TPU blends record higher elongation than pure TPU, except for the PCL 50
sample. This can be attributed to the compatibility of the PCL with TPU that may
result in a plasticization. In addition, the crystallinity of PCL may influence the
tensile strength [59, 60]. The modulus and tensile strength may be affected by the

structure of crystalline phase with a strong chance.
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Fig. 4.1. Stress-strain curves of TPU/PCL blends without PDI
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The effect of PDI on the mechanical properties of the blends can be observed through
Fig. 4.2 and 4.3. In the case of PCL30, As PDI is added to the blends, tensile strength
and elongation value is increased, but modulus decreased (Fig. 4.2). The samples
including 50% of PCL have shown similar tendency with PCL30. However, the
modulus does not show a big distinction between them (Fig. 4.3). PDI has a role to
increase tensile strength of the blends and elongation ratio over all. When added
more than 2% of PDI, the increase in elongation rather decreased. When PDI is
added to the PLA/TPU [24], the elongation ratio at break also increased. This can be
explained by the interactions between the PCL and TPU with PDI. As a result of
these reactions, PCL-co-TPU linear or branched structures can be formed. The
copolymers improve the interfacial adhesion and result in increasing of mechanical

properties.
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Fig. 4.2. Stress-strain curves of TPU70/PCL30 blends depending on the percent
of PDI
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Fig. 4.3. Stress-strain curves of TPU50/PCL50 blends depending on the percent
of PDI

The overall results of elongation at break and tensile strength is expressed in Fig 4.4
and 4.5, respectively. The existence of PCL below 20% can make blends having
lower elongation at break, but PCL content over than 30% makes it higher. PDI
much more affects the tensile strain than PCL. The 30PCL and 50PCL blends tend to
get higher in elongation at break with respect to the PDI content. This tendency is
strongly expressed in PCL50 type blends. This is possibly due to the formation of
softer and branched TPU-co-PCL copolymers, which can possibly enhance the
flexibility of the blend. In addition, an increase in hard segment content leads to an
increase in yield stress, while an increase in hard segment content also leads to a
decrease in strain at the vyield point. The accompanying stress depends on

crystallinity and lamellar thickness [59].

The influence of PDI on tensile strength is depicted previous paragraph already, PDI
can dramatically impact on the blends with high PCL contended samples such as 30
and 50 PCL.

The shape memory properties are highly related with the mechanical properties. A
high modulus of glassy states provides materials having a high fixing ratio after
programming of the blends. A high modulus of elastic states provides materials
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having high recovery ratio. On the other hands, a low stiffness makes materials hard
to recover, and results in recovering with a low recovery ratio [2]. According to this,
the results of shape memory properties of this study show the tendency in accordance
with it.
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Fig. 4.4. Elongation at break values with respect to PDI content for TPU/PCL
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Fig. 4.5. Tensile strength at break with respect to PDI content for TPU/PCL
blends
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4.2. Thermal Properties

Thermal properties are observed by means of DSC and TGA. The results of DSC are
shown in Fig. 4.6-8. Fig. 4.6 provides the description of the thermal responses from
pure TPU, PCL and their blends having different compositions. DSC is conducted
under the condition of 10°C/min increasing rate from 25 to 200°C. As specified in the
thermograms, the melting point gets lower with increasing of PCL contents. Pure
PCL indicates T,, of 70.3°C. Samples of PCL50, 30 and 20 indicate 57.5°C, 55.0°C,
52.9°C as T,,, respectively. Pure TPU and 10 percent of PCL contented samples are
quiet smooth without peak point throughout the test, which means that their
crystallinity is very low and they are mostly amorphous. This tendency is also shown
in the study of Ajili and Ebrahimi [61]. In comparison between pure PCL and
TPU/PCL blends, T,, decreases around up to 20 degrees Celsius and the region of
melting is broader. From the outcome, it was certified that the miscibility between
PCL and TPU are evident by showing a decrease in T, and T,,. In this study, the
PCL was affected by the presence of TPU. When two materials have high miscibility,
the interaction is occurred and it can slow down the rate of melting. The decreased
chain mobility can be another factor to affect the rate of melting as well. In other
words, decreasing melting point of blends means that the blend has a degree of

miscibility.

T, of PCL is very important factor, which determines the temperature of shape
transition of the blends. The T, is fixed depending on the ratio of micro-phase
separation between hard segment (HS) and soft segment (SS). Except for the degree
of separation, M,, of PCL, type of HS and molar ratio of HS and SS can influence
onthe T, of PCL [62].

In order to see the effects of PDI on the melting behavior of the blends, 30 PCL and
50 PCL blends were investigated (Figure 4.7 and 4.8). It is seen from 30 PCL blends
that the melting point shifted to lower temperature as the PDI content increases. This
is possibly due to the formation of TPU-co-PCL structures having limited ability to
form perfect crystals. Similar to that a gradual decrease also observed in 50 PCL
system. Phenomenon of decreased T, can be correlated with structural change such

as the increased poly-dispersity, or the formation of branching.
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TGA analysis is conducted to study thermal stability of blends. The change in mass
is evaluated up to 600°C upon heating. The TGA curves of blends with different ratio
of TPU/PCL are showed in (Fig. 4.9).

The existence of PCL makes the samples thermally stable. PCL50 sample yields the
highest stability. The stability of materials can be also evaluated with the highest
decomposition temperature. Temperatures at the highest degradation peak of the
samples are represented in Table 4.1. It is also seen that PCL50 samples have highest
temperatures compare to other samples. TPU starts to be degraded at lower
temperatures relative to PCL. Carbon dioxide was found to be the most abundant
product during the first step of degradation in nitrogen for both polymers, indicating
the scission of the urethane bond. For the second degradation stage in nitrogen a
much more complex mixture of products was identified, most probably originating
from the polyol-segment [63]. On the other hand, PCL degrades relatively at higher
stages. The first degradation process implies a statistical rupture of the polyester
chains via ester pyrolysis reaction. The produced gases are H,O, CO,, and 5-
hexenoic acid. The second step leads to the formation of caprolactone (cyclic

monomer) as result of an unzipping depolymerization process [64].
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Table 4.1. The temperature at the highest degradation peak of the samples

PDIO PDI1 PDI2 PDI3
TPU100 338.3 - - -
PCL10 352.1 356.9 338.7 353.8
PCL20 353.8 357.6 361.4 331.6
PCL30 365.5 363.1 361.8 361.4
PCL50 396.2 394.9 397.0 396.2
Table 4.2. The chart of onset and endset temperature
PCL (%) PDI1(%) Onset(°C) Endset(°C)
0 0 308.8 394.2
0 318.8 410.1
1 327.3 439.8
10
2 308.4 404.3
3 312.8 382.5
0 314.3 395.1
1 3221 432.5
20
2 327.8 439.1
3 308.9 405.3
0 328.1 425.3
1 325.0 425.3
30
2 323.3 430.7
3 322.7 429.1
0 340.7 434.4
1 336.9 433.2
50
2 352.2 428.5
3 344.0 429.0
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While shape recovery is occurred, the temperature should not over the onset
temperature of decomposition. TGA analysis determines the critical point during the
process of decomposition [34]. The onset and end-set temperatures are represented in
Table 4.2, and the tendency of onset temperature depending on the composition of
blends, can be seen in Fig. 4.10. The range of onset temperature is over 300°C in this
study. Generally, it shows the tendency of increasing on the onset temperatures as
increasing of PCL ratio. The effect of PDI ratio on the decomposition temperatures is

not significant.

4.3. Rheological Properties

Fig. 4.11 represents the variation of complex viscosity with respect to angular
frequency for PCL/TPU blends with/without PDI. It is seen from Figure 4.11 — (a)
that the neat TPU depicts the lowest complex viscosity with a linear behavior in the
frequency range. All the blends exhibited linear behavior at low frequency plateau,
however due to shear-thinning, all incompatibilized blends depict a slight decrease in
the melt viscosity at high frequency region. The increasing content of PCL in TPU
resulted in an increase in the complex viscosity of the blends through-out the whole
frequency range. This Is due to formation of H-bonding between TPU chains and
PCL chains. The formation of this new interaction restricted the flow of the TPU
chains. Incorporation of 2 wt % PDI to the incompatibilized PCL/TPU blends caused
pronounced effect on both the magnitude and the frequency dependence of the
complex viscosity. It is observed that the addition of PDI remarkably increases the
complex viscosity of the polymer blends. A maximum increment of one order of
magnitude is reached at the lowest frequencies. Additionally, shear thinning becomes
more prominent in the compatibilized blends suggesting dramatic changes in the
polymer blend relaxation time. This may be caused by both increment of molecular
weight and possible formation of branched structure [25].
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Fig. 4.12. Storage (G’) and loss modulus(G’’) to frequency of the PCL 50
samples (with 2% of PDI and without PDI)

Figure 4.12 shows storage and loss modulus to frequency for PCL 50 samples with
and without PDI. The sample with PDI shows higher storage and loss modulus in
comparison with the sample without PDI at lower and intermediate frequency. It
causes that the copolymer forms make stable the interface as reducing the interfacial
tension, and as follows, interfacial viscosity and adhesion are enhanced [24]. The
noticeable point in this result is that both two samples exhibit the G’/G”* cross-over
point. The relaxation of the sample without PDI stopped earlier than the one with
PDI, which reasons seem to the increase in molecular weight as forming extension

reactions and branched structure.

The research of Dogan et al [24] suggested similar effect of PDI in the blends of TPU
and PLA in contrast with this research. PDI acts as a compatilizer in the blend. The
value of complex viscosity is remarkably increased, and the behavior of the blends
clearly becomes to shear thinning by the role of PDI. They analyzed that the increase
of complex viscosity with adding PDI results from both chain extension (branched
structure) and increase in molecular weight. PDI functions as extender and makes
connect TPU to PLA and results in forming linear and branch structures. The storage
and loss modulus are also increased, and crossing point is appeared with adding PDI.

They have supposed that the reasons of these outcomes are from both an increase in
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molecular weight and a formation of branch chain resulting from the react with PDI.
The crossover point of G’ and G” is occurred by the reason of relaxation in the

branched structure and increase of poly-dispersity index.
4.4. Morphological Properties

It is well known that the mechanical properties of blends are strongly dependent on
their morphology and the control of the morphology is of vital importance for the
final properties of the product [65]. SEM images on cryo-fractured surfaces of the
samples are shown in Fig. 4.13-15. As a general saying, all results displayed smooth
surfaces. This indicates that TPU and PCL show good miscibility and tend to form
homogeneous mixtures [21]. Despite the behavior of TPU/PCL system is ductile at
room temperature, the surfaces represent brittle structure with large deep cracks

because of the cryo-fracturing.

The representative blends of PCL20 and PCL50 did not exhibit any phase separation
at micrometer level. In larger magnifications (Fig. 4.14 and 4.15), a fibrillar structure
formation was observed in the fracture surface. The density of this fibrillar formation
got higher as the PCL and PDI content increased. The phenomena can be associated
with the increasing molecular weight and branching with increasing PCL and PDI
content, which results in the formation of more viscous dispersed phase that may

form fibrils.
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Fig. 4.13. SEM results on the cryo-fractured surfaces of samples (x1000)
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Fig. 4.14. SEM results on the cryo-fractured surfaces of samples (x5000)
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Fig. 4.15. Magnified SEM images on the cryo-fractured surfaces of PCL50PDI2
(x10000)

4.5. Shape Memory Properties

Shape memory properties are evaluated with ‘fold-deploy shape memory test’ (Fig
4.16). Based on the data from the test, shape fixity ratio (R;) and shape recovery ratio
(R,) are calculated, and those are drawn the bar graph of R, (Figure 4.17) and R,

(Figure 4.18) under the different condition of temperature, respectively.

In the PCL/TPU blends, the elastic TPU functions as the permanent phase
contributing the performance of shape recovery, and the semi-crystalline PCL
functions as reversible phase (switch segments) contributing the performance of

shape fixing because it is influenced by the external heat
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(A) 40°C

(B) 50°C

(C) 65°C

Fig. 4.16. The pictures on the shape memory test of
the PCL50 PDI2 sample with different condition of
the temperature ((A)is under 40°C (B)is under 50°C,
and (C) is under 65°C)
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4.5.1. Shape fixity ratio

As the ratio of PCL in the blend is increased, the ratio of shape fixity is increased
(Fig. 4.17). These results indicate that PCL affected the fixing performance and
determined the ratio of shape fixity with the crystalline structure. PCL crystals have a

role of thermal switches to fix a temporary shape [16, 62].

The blends with PDI showed relatively low Ry ratio compared with the blends
without PDI. The blends with 30 percent of PCL especially showed the considerable
distinction between the samples with and without existence of PDI. PDI
(polyisocyanates) is very reactive. Its functional groups are able to react with many
other functional groups. In this study, It is expected that disocyanates from PDI
reacted with hydroxyl groups of PCL and TPU, and as the outcome of reaction, it
connected with urethane bonds [36]. The reaction is shown schematically in Fig. 1.3
as well. Urethane bonds make impact on the ratio of HS [66, 67], and guess hinder
the highly micro-separation between HS and SS. However, the blends included 50

percent of PCL are totally fixed at room temperature, regardless of the PDI-existence.
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Fig. 4.17. Shape fixity ratio of the samples
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4.5.2. Shape recovery ratio

Shape memory test was performed in three different condition of temperature to
observe recovery properties and compare the reactivity between below and above the
Tyans- The comparisons are shown in Fig. 4.18. As expected, the R, of the response
to 40°C was relatively low. Shape recovery significantly occurs only in the range of
transition temperature and the recovery ratio is generally proportionate to the
increased temperature in the range [16]. Especially PCL 50 samples almost did not
react except the sample with 2 and 3% of PDI. In the condition of 65°C near T,,,
samples are comparatively restored with high recovery ratio within the range from 70
to 80. This tendency indicates that high temperature help deformation much easily
because rubbery states of samples make the orientation more feasible [2]. However,
the PCL 50 samples stood out conspicuously as being restored with low recovery
ratio. If chain flexibility is increased due to high PCL content, the ability to store
force for recovering original shape would be decreased [68].

When the interactions among HS are broken due to the excess stress, shape memory
properties become poor and permanent shape cannot be repaired. As the samples
have high ratio of PCL, it showed the tendency to have a fracture during the test. Add
to this, the balance between HS and SS is very important for high performance of
shape memory effects. Most of all, the HS have a role of the net points which control
the original shape and R, [62]. The reason of the low R, about PCL 50 samples is
presumed that the HS is quiet low to go into action property for recovery of shape.
Viewed in this light, PDI guess affects the HS ratio. Among the PCL 50 samples
showed relatively low R., PCL 50 PDI 3 showed high R,.

PCL 30 PDI 3 sample had the highest shape recovery ratio, even under the condition
of 40°C. On the basis of shape fixity and shape recovery ratios so far, the most ideal
ratio is PCL 50 with PDI 3.
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Fig. 4.18. (Continuation) Shape recovery ratio of the samples (under the
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Overall, samples in this study did not have over 80 percent of shape recovery ratios.
Comparison with the similar concept of studies, the figure is comparatively low. The
cause might be the thickness of samples which was approximately 2mm. The size or
thickness can affect to shape recovery properties. Small size samples are expected to
have an advantage of high ratio of shape recovery because it can be the main
parameter to reduce the temperature gradient during the process of shape recovery
[16].

4.5.3. Effect of programming temperature to shape memory properties

The performance of shape memory might be possibly tailored by regulating the
parameters such as temperature and strength during programming [16]. To evaluate
the effect of programming temperature, the test is observed by setting the different
condition of temperature, which is 55 and 65°C. Fig. 4.19 shows the shape retention
ratio under each condition of pre-deformation. There are not shown the stark
differences between the two, but 65°C-condition is superior to fix the temporary

shape in general. This is particularly obvious for PCL 50 samples.
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Fig. 4.19. Shape retention ratio depending on different pre-deformation
temperature.

The samples which are pre-deformed each under 55 and 65°C is observed to see the
ability of shape recovery at 55°C (Fig. 4.20.). 65°C-preformed samples clearly
indicate low shape recovery ratio by comparison with the 55°C-preformed samples.
This tendency is also specified by other studies [69-71]. As the programming
temperature increases, the highest recovery stress occurs under higher temperature
around the programming temperature [16] In other words, 65°C-preformed samples
have lower recovery stress than 55°C-preformed samples at 55°C. Sun, L. and the
coworkers [70] studied optimization of the SME depending on different programing
temperature of SMP. They chose four different temperatures within the scope of the
overall glass transition temperature for programming the SMP, and found that the
majority of the shape restoration occurred near the temperature of programming SMP
except for the lowest temperature in the four conditions. The SMP programmed in
the lowest temperature is gradually restored the original shape and full recovery is

over at the end point of the glass transition temperature.
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5. CONCLUSIONS AND SUGGESTION

In this study, the shape memory properties of the blends are mainly evaluated with
different ratio of TPU and PCL (Pure TPU, PCL 10, 20, 30 and 50 wt%). On top of
that, diisocyanate is added to observe the role in TPU/PCL blends. To examine the
shape memory properties thoroughly, thermal properties, mechanical properties and

morphology properties are additionally investigated.

Semi-crystalline PCL affect the mechanical properties. The modulus and tensile
strength at yield point is increased by increase in the content of PCL. The tensile
strain at break is diminished. PDI provides blends with high ratio of elongation and
tensile strength at break. Increasing mechanical properties are explained by
improvement of interfacial adhesion with the role of PDI.

DSC and TGA are conducted to analyze thermal properties of the blends. The
transition temperature for shape memory transition is observed by DSC. As the
contents of PCL and PDI are increased, transition temperature is getting higher
showing specific meting point at the result thermogram of DSC. It is interpreted that
the content of PCL affects the ratio of the crystallinity. The stability is observed by
TGA. The peak temperature of the highest degradation is moved to higher as
increasing of PCL and PDI which indicates the high crystallinity makes the blends
stable.

Rheometer is used to observe the flow and deformation of the samples depending on
the interrelation between deformation and force, which depends on the condition of
samples. As increasing of PCL content in the blends, the complex viscosity is
increased due to the formation of H-bonding between PCL and TPU chains. The
formed interactions become the cause of restriction on the flow of the sample. The
addition of PDI remarkably increases the complex viscosity and stands out the
behavior of shear thinning, which results from both increase in molecular and weight,

and formation of branched structure.
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SEM is used to examine the surface of the blends. When the blends have high ratio
of PCL, the micro phase is shown rougher than the samples with relatively low
contented of PCL. And, the reaction between PDI and TPU/PCL blends provides the

fibers on the surface.

The shape memory test is done with ‘fold-deploy shape memory test’ under different
condition of temperature, 40, 50 and 65°C. Programming of shape memory in
different temperature, also proceed to see the effect of the programming temperature
to shape memory properties. PCL provides high shape fixity ratio. However, 50
percent of PCL did not recover which has the lowest shape recovery ratio without
PDI. PDI slightly disturb the shape fixing, but in the case with PCL50, it could not
affected to shape fixing of the blends. PDI forms the urethane linkage with PCL/TPU,

and impacts on HS, resulting in high recovery ratio.

It is concluded that the content of PCL highly affects the mechanical, thermal,
morphological and shape memory properties. PDI is expected to role as the
compatilizer to improve miscibility, but the effect is not obvious like the case of the
PLA/TPU blends
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