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INTRODUCTION

Polyurethanes are widely synthesized industrial material,

which can be prepared by polyaddition reaction of diisocyante,

polyol and chain extender [1,2]. Polyurethane has the ability

to remember their shape called shape memory polyurethanes

(SMPUs). The external stimulus like heat, light etc., can convert

temporary shape to original one and their applications have

been expended steadily [3-5]. The thermoplastic polyurethane

mostly consists of linear and multiblock copolymer that can

be segregated into soft and hard segments. These segments are

dependent on phase morphology [6]. Recently, the SMPUs

have attained a vast concentration as functional material due

to its lot of properties and applications. The types, composition

and molecular weight of soft and hard segments are all account-

able to design biocompatibility, shape recovery and shape

retention of SMPUs. The molecular designed based SMPUs

could be amorphous/crystalline showing the actuation tempe-

rature in wide range i.e., -20 to 150 °C [7,8].

Shape memory polyurethanes are consisted of both

chemical and physical bonding net work. The network of these

polymers consist of different chain segments and net points.

These networks are helpful to attain the structure recovery
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as well as permanent shape. The control of glass transition

temperature (Tg) specially at room temperature is one of the

best property of SMPUs among other SMPs [9-11].

Initially shape memory properties were obtained in alloys.

The major advantage of SMPUs is their light weight and less

cost as compared to shape memory alloys. The shape memory

effect (SMEs) dependable on frozen (hard segment) and rever-

sible (soft segment) phase [10]. The molar ratio of phases,

polymerization methods and soft segment molecular weight,

all can control the SMEs. The structural, thermo-mechanical

and ionization behaviours of SMPUs have been broadly invest-

igated [11,12]. The glass transition temperature of hard domains

found to be high as compared to soft domains due to intermole-

cular interaction. Meanwhile, the soft segments endow typical

feature including low modulus and high elastic recovery. The

hard segments content can be improved either controlling

molecular weight or mole ratio of soft segments. Moreover,

both the polyol’s type and chain exterder’s structure found to

be important factor that influenced the physical and phase

separation properties of SMPUs [13]. A large number of series

of SMPUs have been developed to date by using different

polyol, chain extenders and aliphatic or aromatic diisocyanates

[14-16].



However, there has been less research reported on the

molecular structure and shape memory behaviour of SMPUs

varying a range of molecular weight of polycaprolactone diol.

Keeping in view these aspects an attempt has been made to

show the clear picture of the thermo-mechanical characteristics

of these polyurethanes. These successful outcomes of this project

will make a valuable effort in the field of polymer engineering.

To understand the structural properties correlation based on

different/varying chain length of soft segments of shape memory

polyurethanes, a series of eight samples has been prepared. In

this paper the thermo-mechanical properties of SMPUs and

their structure verification were analyzed by TGA, DSC, DMTA,

cyclic tensile test, FT-IR and NMR techniques, respectively.

EXPERIMENTAL

4,4′-Dicyclohexylmethane diisocyanate (H12MDI) and

1,2-ethanediol (1,2-EDO) were supplied from Sigma-Aldrich

Chemical Co. Polycaprolactone diol CAPA 2047A, CAPA 2077,

CAPA 2100A, CAPA 2125A, CAPA 2161, CAPA 2200A,

CAPA 2302A and CAPA 2403A (molecular weight 400, 750,

1000, 1250, 1600, 2000, 3000 and 4000 g mol-1, respectively)

were denoted by Perstorp Polyols (Solvay Chemicals), Inc.

Toledo. Ohio. The PCL and 1,2-EDO were kept at 70 °C in

vacuum oven for 24 h, to avoid the interference of water vapours

or air bubble during reaction. Molecular weight of all the CAPA

molecules were confirmed by applying the procedure reported

in ASTM D-4274C [17], whereas H12MDI was used as received.

Synthesis: Shape memory polyurethanes have been

synthesized by following two step syntheses:

Synthesis of NCO terminated polyurethane pre-

polymer: The synthesis of SMPU was carried out according

to already proposed method [18]. In first step polycaprolactone

diol (0.8 mol) was mechanically stirred in four-necked round

bottom flask equipped with condenser and nitrogen gas in-let.

Polycaprolactone diol was stirred continuously at 60-70 °C

for few minutes. Then 4,4′-dicyclohexylmethane diisocyanate

(H12MDI) (2 mol) was stirred at 100 °C. During optimization

of the experimental conditions, it took 2 h for preparation of

NCO terminated prepolymer (Fig. 1a). The preparation of

prepolymer was confirmed by FTIR analysis (Fig. 2c).
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Fig. 1. Synthesis of shape memory polyurethane containing polycapro-lactone diol as soft segment (a) Step 1: Preparation of NCO terminated

SMPU prepolymer (b) Step 2: Final proposed SMPU

952  Naheed et al. Asian J. Chem.



Synthesis of shape memory polyurethane: After preparing

the NCO (isocyanate) terminated prepolymer, a chain extender

i.e., 1,2-EDO (1.2 mol) was added into the reaction mixture

and kept on stirring for further 30 min at 90 °C. A transparent,

thick and viscous material was found in the flask, which

indicated the formation of SMPU. The prepared sample was

poured into a Teflon plate and placed the sample in vacuum

oven at 100 °C and cured for 24 h [18]. The sample (cured)

stored at ambient temperature; i.e., 25 °C and relative humidity

(Fig. 1b).

Following the above procedure, series of eight samples

were prepared by varying the molecular weight of polycapro-

lactone diols. The mole ratio of all these samples is given in

Table-1. The cured samples were saved for additional analysis.

Figs. 1a-b representing chemical route for SMPU synthesis.

TABLE-1 
THE SAMPLES CODES, RESPECTIVE MOLECULAR WEIGHTS 
OF PCL AND MOLAR RATIO OF THE REACTANTS IN SERIES 

OF MOLECULAR WEIGHT BASED SMPU SAMPLES 

Samples code PCL (MW) (g/mol) 
Molar ratio of 

(H12MDIb/PCLa/EDOc) 

SMPU1 400 2:0.8:1.2 

SMPU2 750 2:0.8:1.2 

SMPU3 1000 2:0.8:1.2 

SMPU4 1250 2:0.8:1.2 

SMPU5 1600 2:0.8:1.2 

SMPU6 2000 2:0.8:1.2 

SMPU7 3000 2:0.8:1.2 

SMPU8 4000 2:0.8:1.2 
aPolycaprolactone diol (PCL); b4,4'-Dicyclohexylmethane diisocyanate 
(H12MDI); c1,2-Ethanediol 

 
Molecular characterization: Molecular structure of

synthesized polyurethane samples having various molecular

weights of polycaprolactone diol (PCL) was confirmed using

Fourier transform infrared (FT-IR) and nuclear magnetic

resonance (NMR) spectroscopy. FT-IR scans of the prepared

SMPU samples were obtained by Equinox 55 Fourier transform

infrared (FT-IR) Bruker, Germany, equipped with ATR assembly

and 1H NMR and 13C NMR spectra were recorded in deuterated

dimethyl sulfoxide (DMSO)-d6 solution using a Bruker Advance

400 MHz spectrometer.

Thermogravimetric analysis (TGA): In order to quantify

the decomposition temperature of samples, thermo-gravimetric

analysis (TGA) was conducted using a TGA/DSC 1, Mettler

Toledo, Switzerland. The prepared sample sheets were put in

vacuum oven to remove the moisture. The sheets were then cut

into pieces, about 10-20 mg each and heated from 30 to 600

°C and thermo grams were recorded at a constant rate of 10

°C/min (Table-2).

Differential scanning calorimeter (DSC): The DSC (Mettler

Toleto, Switzerland) used to determine transition including

glass transition (Tg), melting (Tm), crystallizatiion (Tc), with

their respective enthalpies under a nitrogen purge (50 mL/min).

The polymers were made by encapsulating confirmed weighed

(11 mg) in a sealed aluminum pan. The samples were heated

to 250 °C at a rate of 10 °C/min), then cooled to -100 °C and

held for 0.5 min at -100 °C and then second heating rate of 10

°C/min from –100 to 300 °C. The values mentioned in Table-3

represent the different transitions taken from cooling and

heating scans. Thermal characteristics of various SMPU(s)

have been discussed by varying the molecular weight of PCL.

TABLE-3 
THERMAL TRANSITIONS AND CORRESPONDING 

ENTHALPIES OF SHAPE MEMORY POLYURETHANE  
BASED ON H12MDI, PCL AND 1,2-EDO 

Thermal transition (°C) with  
corresponding enthalpy (J/g) Sample code 

Tg (°C) Tc.s (°C) Tm.s (°C) 

SMPU1 70.29 (0.20) – – 

SMPU2 7.92 (0.168) – – 

SMPU3 -11.46 (0.131) – – 

SMPU4 -36.16 (0.190) – – 

SMPU5 -38.41 (0.280) – – 

SMPU6 -53.73 (0.131) – – 

SMPU7 -55.69 (0.315) -9.66 (27.89) 42.72 (-42.43) 

SMPU8 -53.74 (0.350) – 45.38 (-38.52) 

Tg = Glass transition temperature; Tc.s = Srystallization temperature of 
soft segments; Tm.s = Melting temperature of soft segments 

 
Dynamic mechanical thermal analysis (DMTA): Dynamic

mechanical thermal analysis measurements of the prepared

polymer samples with dimensions; i.e., 10, 6.69, 0.81 mm,

1 Hz frequency, scanned from -150 to 200 °C at a rate of 10 °C

min-1 were performed in tension mode (Netzsch DMA 242C,

Germany). The curves of storage modulus and tangent delta

were recorded as function of temperature.

Shape memory test: Tensile mechanical analysis were

measured by INSTRON Model: 6025 United Kingdom, applying

ASTM D638 under the condition of 15 mm gauge length, 0.93

TABLE-2 
THERMAL STABILITY DATA OF THE SMPU SAMPLES 

Sample code 
PCLa/H12MDIb/EDOc 

(mole ratio) 
Polyol 
(MW) 

Tonset (°C) T5 (°C) T10 (°C) T20 (°C) T50 (°C) Tmax (°C) 

SMPU 1 0.8:2:1.2 400 231 291 306 322 348 591 

SMPU 2 0.8:2:1.2 750 236 298 313 328 347 580 

SMPU 3 0.8:2:1.2 1000 237 298 316 334 358 592 

SMPU 4 0.8:2:1.2 1250 258 311 328 345 369 593 

SMPU 5 0.8:2:1.2 1600 253 303 320 337 363 592 

SMPU 6 0.8:2:1.2 2000 266 312 329 343 366 590 

SMPU 7 0.8:2:1.2 3000 259 317 332 347 375 592 

SMPU 8 0.8:2:1.2 4000 277 322 339 356 395 593 

Tonset = Initial decomposition temperature; T5 = Temperature of 5 % weight loss (from TGA); T10 = Temperature of 10 % weight loss (from TGA); 
T20 = Temperature of 20 % weight loss (from TGA); T50 = Temperature of 50 % weight loss (from TGA); Tmax = Maximum decomposition 
temperature (from TGA); aPolycaprolactone diol (PCL); b4,4'-Dicyclohexylemethane diisocyanate (H12MDI); c1,2-ethanediol (EDO) 
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mm thickness, 3 mm width, 5 mm/min crosshead speed and

100 N load cells. The temperature controlled instrument was

used for measuring cyclic shape memory test. In temperature

controlled chamber the specimen with a length Lo was drawn

(100 %) to 2 Lo at 60 °C for 3 min and stayed at 60 °C for 5-6

min. After that the sample in the chamber was cooled to -50 °C

with the help of liquid nitrogen for 10 min, the shrunk length

(L1) was measured after 20 min after releasing lower grip.

Shape retention (%) and shape recovery (%) were calculated

by eqns. 1 and 2, respectively. Three reading were calculated

for each sample.

i o

o

L L
Shape retention (%) 100

L

−
= × (1)

o 2

o

2L L
Shape recovery (%) 100

L

−
= × (2)

RESULTS AND DISCUSSION

FT-IR study: The FT-IR spectra of monomers 4,4′-dicyc-

lohexylmethane diisocyanate (H12MDI), polycaprolactone diol

(PCL), isocyanate (–NCO) terminated polyurethane pre-

polymer, 1,2-EDO chain extender and final SMPU were taken

in the range of 4000-750 cm–1 and are presented in Fig. 2. The

spectra of H12MDI (Fig. 2a) showed a strong peak at 2266

cm–1 recognized the isocyanate (–NCO) group attached to 4,4′-

dicyclohexylmethane diisocyanate. The FT-IR spectra of PCL

(Fig. 2b) were assigned as: 3736 cm–1 (–OH) stretching vibra-

tion); 2945 cm–1 (asymmetric –CH2 stretching); 2861 cm–1

(symmetric –CH2 stretching); 1724 cm–1 (C=O stretching);

1295 cm–1 (C–O and C–C stretching in crystalline phase); 1240

cm–1 (asymmetric C–O–C stretching); 1178 cm–1 (symmetric

C–O–C stretching); 1101 cm–1 (C–O and C–C stretching in

the amorphous phase). Fig. 2c presented FT-IR spectrum of

–NCO terminated polyurethane prepolymer. Moreover, the

disappearance of –OH groups signals, reduced intensity of

–NCO groups along with appearance of –NH signal at 3325

cm–1 suggesting the formation of polymer. The other observed

peaks in the FT-IR spectrum of polyurethane prepolymer were

assigned as: 2945 cm–1 (CH asymmetric stretching of –CH2);

2854 cm–1 (CH symmetric stretching of –CH2); 1726 cm–1

(–C=O stretching of PCL). To get the final SMPU 1,2-EDO

was used as chain extender. The FT-IR spectra of 1,2-EDO showed

(Fig. 2d) a broad peak of –OH stretching vibration at 3736

cm–1 indicated the purity of chain extender. The asymmetric

and symmetric peaks of –CH2 were also confirmed due to their

appearance at their appropriate positions. The FT-IR spectrum

of final SMPU is shown in Fig. 2e. The spectrum of final SMPU

showed the appearance of –NH peak a3325 cm–1 and disappe-

arance of –NCO peak at 2266 cm–1 confirmed the formation

of shape memory polyurethane reaction. The FT-IR analysis

supports the predesigned structure of synthesized polymer. The

FT-IR spectra of all SMPUs (Fig. 3) showed –NH stretching

vibration peaks at 3770-3328 cm–1. The CH symmetric and

asymmetric stretching vibrations of –CH2 groups were

observed at 2862-2850 cm–1 and 2935-2920 cm–1, respectively.

The other peaks were assigned as: 1726-1698 cm–1 (–C=O

bond) susceptible to molecular interaction between SMPU

chains [19]; 1524-1521 cm–1 (NH deformations); 1468-1448

(e)
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Fig. 2. FT-IR spectra: (a) 4,4′-dicyclohexylmethane diisocyanate (H12MDI);

(b) Polycaprolactone diol (PCL); (c) NCO terminated polyurethane

prepolymer; (d) 1,2-ethanediol (1,2-EDO) and (e) Final shape

memory polyurethane (SMPU)
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(Mw: 1000), SMPU4 (Mw:1250), SMPU5 (Mw: 1600), SMPU6

(Mw: 2000), SMPU7 (Mw: 3000) and SMPU8 (Mw: 4000)

cm–1 (CH2 bending vibration); 1412 cm–1 (CH bending vibration);

1306 cm–1 (CH2 wagging). It was observed that the intensity

of hydrogen bonded–NH increased with increasing molecular

weight of PCL. Moreover, the –C=O peak of urethane groups

shifted from 1698 to 1726 cm–1, this shift is towards higher

wave number indicated that polyurethane samples have PCL

of high molecular weight has low tendency of H-bonding. This

is also inferred from the sharpening of peaks. Sharpness of

peaks was observed by increasing soft segment length. The

results revealed that SMPU1 band showed maximum intermole-

cular hydrogen bonding at 1698 cm–1. Usually, the stretching

vibration of C=O group intermolecular interactions [18]. From

FT-IR spectrum, it was thought that the increased length of

soft segment had great affect on the morphological behaviour

of SMPU.

Nuclear magnetic resonance spectroscopy (NMR): The

molecular characteristic of the synthesized polymer samples

were evaluated by 1H NMR and 13C NMR. The NMR spectra

of polyurethane extended with 1,2-EDO (SMPU6), shown in

Fig. 4 (a & b). Both 1H NMR (400 MHz, DMSO-d6) and 13C

NMR (400 MHz, DMSO-d6) spectra of final synthesized shape

memory polyurethane (SMPU6) was in accordance with

proposed structures. The 1H NMR spectra shown in Fig. 4(a)

presented the following peaks. The signal for urethane (–NH)

was observed at 8.0 ppm (s, NH) and peaks observed at 1.27-

1.78 ppm were assigned for non aromatic cyclic protons. The

peaks appeared at 1.28-4.09 ppm, assigned for protons of

–CH2OCO– and –CH2– supported the formation of poly-

urethane. The peaks assigned as: 8.0 ppm (s, NH); 3.78-3.30

(s, 2H); 4.41 (m, 2H); 2.47 (DMSO); 2.21 (m, 2H); 1.52-1.47

(m, 4H) and regarding 13C NMR spectra in Fig. 4 (b); while

the peaks assigned as; 173.1, 155.7 ppm (–C=O); 49.2, 34.0

ppm (cyclic CH); 31.5, 28.8 ppm (cyclic CH2); 68.8, 64.2,

64.1, .63.9, 40.6, 40.4, 40.2, 40.0, 39.7, 39.5, 33.8, 28.6, 28.2,

25.7, 25.3, 24.6, 24.5, 21.7 ppm (CH2).

Thermo-gravimetric analysis (TGA): The thermal

stability of synthesized polymer can be evaluated by thermo-

gravimetric analysis. The TG curves of the samples were analyzed

as a function of soft segment and relationships between the

degrees of the physical cross-linking [20]. Fig. 5 showed the

decomposition temperature of prepared SMPUs for different

percentage by weight loss. It is clear from the available data that

prepared samples have a regular trend of thermal stability with

significant difference of onset temperature, while, a little diffe-

rence of Tmax has also been observed. The temperature for diffe-

rent percentage of weight loss (on set, 5, 10, 20, 50 % and max.)

is presented in Table-2. It can be observed from shifting of onset

temperature from 231 to 277 °C that the thermal stability of

SMPUs increases with the increasing PCL molecular weight and

the sample prepared with 4000 g/mol PCL has the maximum

thermal stability. It means the length of soft segments has consi-

derable effect on the thermal stability of the prepared samples.

It is well known that usually the hard segments undergo

early stage degradation while urethane depolymerized to

monomers and carbon dioxide [21]. The TGA studies showed

that the degradation start at about 231 °C and ended at 593 °C

with formation of char. This phenomenon also suggested that

more the soft segments length, the more the intermolecular

polar interaction, increasing urethane groups and showed high

stability.

Differential scanning calorimetric (DSC) analysis: The

shape fixity and recoverability can be controlled by glass transi-

tion (Tg) of the amorphous phase [22]. It was investigated that

both the degree of crystallinity and transition temperature

would be altered in the presence of different molecular weight

of the PCL. The thermal behaviour of each sample of shape

memory polyurethane was studied by DSC. The cooling and

heating traces of DSC thermograms are shown in Figs. 6 and

7, respectively. The results for all SMPUs as glass transition

temperature (Tg) and crystallization temperature (Tc) for both

cooling and heating scans, with their respective enthalpies (∆H),

are summarized in Table-3. The peaks of SMPU1-SMPU6

had Tg ranging from -55.69 to 70.29 °C with corresponding

enthalpies (0.13 to 0.35 J/g). The curve belonging to SMPU7

& SMPU8 showed Tg and Tc both in cooling and heating

scans (Figs. 6 and 7). In heating curve, SMPU7 showed

transition peaks at -55.69 °C (Tg), -9.66 °C (Tc) and 42.72 °C

(Tm), with corresponding enthalpies 0.315 J/g, 22.89 J/g

and -42.43 J/g, respectively. While SMPU8 had 0.35 J/g,

-42.43 J/g (∆Hm) heat release for -53.74 °C (Tg) and 45.38 °C

(Tm).
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It was found that all SMPUs showed only one glass transi-

tion temperature (Tg) at same position in both 2nd heating and

cooling scan. The fact that only one Tg detected indicates

apparent compatibility segments in the amorphous state [23].

The absence of any secondary transition in cooling scan indi-

cates an amorphous region as well [24]. It was revealed that

SMPUs with high molecular weight of PCL also showed the

crystallization transition (Tc) and melting transitions (Tm). It

was noticed that enthalpy change of soft segments (∆Hm.s)

was also increased with increasing PCL chain length, due to

higher degree of crystallinity of soft segments.

Moreover, the glass transition temperature (Tg) presented

in Table-3 showed the decreasing trend of the glass transition

temperature with increasing molecular weight of polycapro-

lactone diol. For example, the Tg values obtained for increasing

molecular weight of PCL blocked H12MDI were 70, 7.92,

-11.46, -36.16, -38.41, -53.73, -55.69 and -53.74 °C. The

decreasing trend may be explained due to the increase in chain

lengthening and flexibility behaviour of –NHCOO– linkage

formed during the reaction, which in turn decreased the

physical crosslinking [25]. The reduction of Tg was associated

with presence of excess free volume in the matrix system.
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Fig. 7. 2nd heating DSC thermogram (10 °C/min) of SMPU samples

Dynamic mechanical thermal analysis (DMTA): The

viscoelastic properties are the most important parameter for

understanding the molecular behaviour of polymers, so DMTA

is helpful in detecting various types of transitions related to

morphology of the samples. The storage modulus and tan δ

values as functions of temperature are shown in Figs. 8 and

9. The stiffness and elasticity of the final samples can be

determined by storage modulus. Moreover, it is helpful to find

out service temperature range also.

It is obvious from the Fig. 8 that increase in soft segments

length resulted a change in the thermal transition of final

SMPU. The polymer with lowest molecular weight of PCL

(SMPU1) had low temperature range and low plateau modulus

as compared to other samples. This showed the high molecular

rigidity of SMPU1 (Mn 400 g mol-1) among other samples,

which might useful to determine the physical properties of

synthesized sample. The plateau modulus continuously incre-

ased with increasing PCL molecular weight in soft segment.

On the other hand, the higher value of plateau modulus

along with wider temperature range (SMPU8) suggested the

increasing strength of polymer with increasing molecular

weight of polyol. While no significant change was observed

below glass transition temperature (Tg). The decrease of modu-

lus was associated with Tg. The SMPU8 modulus decrease

rapidly as compared to SMPU1 having low crystallinity [26].

It is well known that the glass transition temperature of soft

segments is attributed to α transition in tan δ curves in DMTA

and can be used as sign of the degree of phase separation.

It is considered that the heat treatment and polymer stress

have great influence on both degree of crystallinity and mole-

cular orientation. The structural difference i.e., lengths of soft

segments have deep effects on the dynamic mechanical pro-

perties. It was observed from tan δ curves (Fig. 9), the glass

transition temperature appeared at wide temperature range

for all peaks; which might be affected by molecular and
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Fig. 8. Storage modulus/temperature curves of SMPU samples

chemical structure like flexibility and polarity of attached

groups. The intensity and peaks broadness was also found to

be decreased with increasing PCL molecular weight. The Tg

can also be interpreted by studying damping peaks height and

increasing length of soft segments.

The increasing molecular weight of PCL resulted, decrea-

sing damping peaks height and energy dissipation of polymers

[27]. The Tgs of the prepared polymer move toward lower

temperature as the molecular weight increases. The tan δ peak

located at about +70 °C (SMPU1) shifted to about -55 °C

(SMPU8) as the molecular weight of polyol increased. The

decrease in Tgs, smaller tan δ peaks with increasing PCL

molecular weight was attributed to increasing crystallinity of

synthesized polymers. The dereasing intensity of damping

peaks with increasing degree of crystallinity can be explained

by following equation [28]:

tan δ = Wc (tan δ)c + (1-Wc)(tan δ)a

where ‘a’ and ‘c’ refer to the contributions of amorphous and

pure crystalline phases, respectively. The tan δ equation for

the maximum peak can be simplified as

tan δ ≅ Wc (1–Wc)(tan δ)a

The present study showed the decreasing tan δ trend.

Shape memory effect: The vital parameter such as shape

recovery and fixity was evaluated to determine shape memory

performance of the polymers. In this study, these parameters
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Fig. 9. tan δ/temperature curves of SMPU samples

were investigated as function of deformation conditions. Shape

recovery and retention of polymers were carried out around

Tm of soft segment. Shape recovery was increased from 79 %

of SMPU1 to 91 % of SMPU8 (Table-4). The shape recovery

of SMPU1 was found smallest and slightly increased as mole-

cular weight of PCL increased. The samples with low mole-

cular weight of PCL showed same recovery percentage after

that with the increasing length of soft segment, the recovery

rate increased. This improvement is due to increase in crysta-

llinity of polymer. This high value of shape recovery is compe-

titive to previous studies [29,30].

The SMPU8 can be classified as the best, as judge from

the point that shape recovery above 90 % is very hard to reach

as compared to the previous excellent SMPUs [29]. The reason

for the amazingly high shape recovery could be employment of

longer PCL and its increasing flexible linking. Shape retention

of prepared samples varied from 59 to 79 %. As it can be observed

that the shape fixity increased with correspondingly increasing

strain amplitude, which may be due to the orientation of soft

segments in higher molecular weight PCL. It can be observed

that the strain amplitude is correlated to soft segment mobility.
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TABLE-4 
CYCLIC TENSILE BEHAVIOUR OF SMPU SAMPLES 

Sample code Shape recovery (%) Shape retention (%) 

SMPU1 70 59 

SMPU2 75 62 

SMPU3 75 65 

SMPU4 78 69 

SMPU5 80 72 

SMPU6 86 75 

SMPU7 87 76 

SMPU8 91 79 

 
Shape retention values were found to be decreased if the shape

recovery force was strong even at -50 °C. The shape retention

of SMPU8 was less (79 %) as compared to shape recovery

(91 %). This decreased shape retention did not discourage the

investigation of long chain soft segments SMPUs, because a

recovery above room temperature could be attained by high

molecular weight PCL.

Conclusion

In present study the SMPUs series has been synthesized

by varying molecular weight of polycaprolactone diol and their

thermal, mechanical and thermo-mechanical properties were

characterized. The FT-IR spectroscopy showed that the increase

of molecular weight of polyol, can effect on both physical

crosslinking and intermolecular interaction forces. It also

confirm the completion of the reaction of –NCO and –OH

groups. The thermal analysis has showed that the length of soft

segments effect the melting temperature along with respective

enthalpy of soft segments. In addition, it showed that with the

increase in length of soft segment not only the thermal stability

but also the crystallinity of prepared samples increased. The

appearance of signal thermal transition revealed the amorphous

region but also showed significant effect of phase separation

and crystallinity with increasing length of soft segments.

Moreover, the decrease in Tg interpreted in term of increasing

phase separation and chain flexibility with increasing PCL

length, which has been confirmed by DMTA, where damping

peaks were affected by the increasing length of soft segments.

Finally the shape memory test concluded that the increase in

molecular weight of PCL also showed increasing trend in shape

recovery and good retention values as well. On the basis of

these results, it can be said that, the sample SMPU8 having

PCL (Mn 4000 g mol-1) showed 91 % shape recovery with

79 % shape retention.
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