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Three series of low molecular weight shape memory poly(ester-urethane) with varying hard-segment content were 
synthesized. The materials were designed to display a three-phase structure consisting of a disperse phase formed by 
crystallites and hard domains embedded in an amorphous matrix. The structure and thermal properties were investigated 
using techniques such as: modulated differential scanning calorimetry (MDSC), dynamic mechanical analysis (DMA) 
and small angle X-ray scattering (SAXS). The results were associated with the morphological changes observed during 
a low temperature shape-memory cycle. The recover was observed to be triggered by the melting of the crystallites and 
by the strong interactions among hard domains. Temporary shape was stored by the metastable structure formed during 
deformation. 
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Introduction 

Shape memory polymers (SMPs) are thermo-responsive materials generally consisted of two 

phases: a fixing matrix phase and a shape memorizing dispersed phase. These polymers are able to 

store and recover large strains by application of a prescribed thermo-mechanical cycle. The 

procedure is to apply a specified initial deformation (pre-deformation), cool the pre-deformed shape 

under constraint to a lower temperature where the shape is fixed (storage), and then heat the 

material to recover the original shape (recovery)[1-4].  

 

In SMPs, the relative motion and rearrangement of molecular chains is the primary inelastic strain 

mechanism responsible for the shape-memory effect. The establishment and the annihilation of a 

metastable structure store and recover the deformation during the SM cycle. For instance, to store a 

deformed shape in a stable manner, new chain positions must be fixed by new bonds. A fixed shape 

can be achieved by cooling the material below a transition temperature following significant chain 

alignment after chain slip. The newly formed bonds provide a storage mechanism for macroscopic 

stresses and increased chain organization (lower entropy). To recover the original shape, the formed 

bonds are released upon subsequent heating. At higher temperatures, the bonds are weakened and 
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the low entropy state drive individual chains toward their initial positions, facilitating shape 

memory[2, 3].  

 

This study aims to identify the role of the chemical and the morphological structures of a series of 

shape-memory segmented polyurethanes with different hard segment content during a low 

temperature shape memory cycle. The modulated differential scanning calorimetry (MDSC) was 

used to study morphology. A dynamic mechanical analyzer (DMA) was used to determine the 

temperature dependence of the modulus in the transition regime. Additionally, SAXS measurements 

were carried out to investigate the structural changes during shape memory cycle.  

 

Materials and Methods 

 

Prepolymer synthesis  

Poly(caprolactone diol) (PCL – Mn = 1250, 2000 g mol-1), isophorone diisocyanate (IPDI), 2,2-

bis(hydroxymethyl), propionic acid (DMPA) and dibutyl tin dilaurate (DBDLT) were obtained from 

Aldrich (St. Louis, MO). Triethylamine (TEA, 98%) and hydrazine (HZ, 25%) were purchased 

from Vetec (RJ, Brazil). All these chemicals were employed throughout this work without any 

previous treatment. PUs were prepared by the prepolymer mixing method, according to a procedure 

described in previous work[5]. The feed ratios are shown in Table 1, where )(HSW  is weight 

fraction of soft segment content, obtained according to Eq. 1. 
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Table 1 – Composition (wt.%) of waterborne PUs 

 PCL 
DMPA IPDI HZ TEA )(HSW  

 1250 2000 
PUA 55.4 – 4.5 34.6 2.1 3.4 38.0 
PUB 23.7 37.9 3.8 29.6 2.1 2.9 32.6 
PUC – 66.1 3.3 25.8 1.9 3.0 28.5 

 

Modulated differential scanning calorimetry (MDSC) 

MDSC measurements were performed using a TA Instruments 2920. The following protocol was 

applied to each sample: (1) heating from room temperature to 110oC at 15oC min-1, (2) holding for 

3.00 min at 110oC, (3) cooling to -110oC at 3.00oC min-1, modulating +/- 1.00°C every 60 s, (4) 
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holding for 3.00 min at -110oC and (5) heating again to 110oC with 3.00oC min-1 modulating +/- 

1.00°C every 60 s. The melting temperature was taken as peak maxima, the glass transition 

temperature (Tg) was obtained by the analyzing software of the calorimeter. 

 

Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical properties were investigated by a TA Instruments DMA 800 equipment, with 

a single cantilever clamp at heating rate of 3oC min-1. The test frequency was 5 Hz. The temperature 

varied from -100oC to 90oC. 

 

Synchrotron small angle X-ray scattering (SAXS) 

SAXS measurements of synchrotron small angle X-ray scattering were performed using the beam 

line of the National Synchrotron Light Laboratory (LNLS, Campinas, Brazil). After passing through 

a thin beryllium window, the beam is monochromatized ( 1.488=λ  Å) and horizontally focused by a 

cylindrically bent and asymmetrically cut silicon single crystal. The X-ray scattering intensity, ( )qI , 

was experimentally determined as a function of the scattering vector, q , whose modulus is given by 

Eq. 2: 

 

θ
λ
π sin4

=q
 

(2) 

where λ  is the X-ray wavelength and θ  is half the scattering angle.  

 

Each SAXS pattern corresponds to a data collection time of 900 s. From the experimental scattering 

intensity produced by all the studied samples, the parasitic scattering intensity produced by the 

collimating slits was subtracted. All SAXS patterns were corrected for the non-constant sensitivity 

of the PSD, for the time varying intensity of the direct synchrotron beam and for differences in 

sample thickness. Because of the normalization procedure, the SAXS intensity was determined for 

all samples in the same arbitrary units so that they can be directly compared. The sample-detector 

distance of 551.6 mm was used during the measurements. 

 

Mechanical Properties 

The tensile strength ( mσ ), elongation at break ( mε ), the initial modulus (E), toughness and 

resilience of the samples (DIN60) were measured using universal testing machine (DL3000, EMIC) 

at 10 mm min-1 crosshead speed. The sample length between the clamps was 20 mm. The tests were 

performed at 28oC (room temperature). The values of toughness and resilience were obtained by 
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integrating the stress-strain curves and they can represent, respectively, the energy absorbed until 

rupture and the energy absorbed during elastic deformation. 

 

Shape memory properties (SM) 

SM experiments were done at room temperature using a universal testing machine (DL3000, 

EMIC). The sample length between the clamps was 20 mm. A shape recovery cycle consisted of the 

following steps: (1) Samples DIN60 were deformed to a defined strain, close to =mL 120 mm, at 10 

mm min-1 crosshead speed. (2) While maintaining the strain at mL , samples were cooled with liquid 

N2. (3) Mechanical constraints on the polymers were removed. (4) The samples were subsequently 

heated to 80oC in an oven, and stayed at this temperature for 20 min to recover its original shape. 

This completes one thermo-mechanical cycle leaving a residual strain, Figure 1. 

 

 
Figure 1 – Shape memory cycle 

 

The SM properties of the materials were described by the strain recovery ratio, RR , and the strain 

fixity ratio, fR . Both can be determined according to Eq. 3 and Eq. 4:  
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where: oL  is the original length, mL  is the deformed length, retL  is retained length and resL  is the 

length after the recover. 

 

Results and discussion 

In DSC analysis, the width of transition zone provides a qualitative measure of phase homogeneity, 

and the variation in the magnitude of Tg can indicate the degree of microphase separation[6]. In the 
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first heating run, Figure 2(a), it is observed for PU-B and PU-C a first order transition around 45oC 

corresponding to a melting endotherm. Neither the melting endothermic peak, associated with the 

crystalline segment, not a crystallization peak were observed during the second heating run or in the 

cooling run respectively. The episode might be consequence of fast heating/cooling rates employed 

during the subsequent runs. In the cooling run, Figure 2(b), it is observed a second order glass 

transition around –60oC. From Tg data, it is found a linear correlation between glass transition 

temperature and )(HSW , Figure 2(c). It means that higher contents of hard segment dissolve in PU-

A soft segment matrix. According to DSC results, the degree of phase mixture of obtained PUs is: 

PU-A>PU-B>PU-C. The effect of hydrogen-bonding on the microphase separation of obtained PUs 

according FTIR results was discussed in previous works[7]. All obtained PUs showed an 

endothermic inflection centered at T1 associated with the hard segment domain. According to 

Seymour and Cooper[8], the endotherm region observed in the DSC for PUs may all be ascribed to a 

morphological effect, and it is a function of hard segment length. Clusters of shorter hard segments 

give rise to lower temperature endotherms[6, 8]. Thermal properties are summarized in Table 2. 

 

 
Figure 2 - DSC curves of the obtained PUs: (a) first heating (b) first cooling and (c) influence of W(HS) (%) on glass transition temperature. 

 
Table 2 – DSC results of obtained poly(ester urethane). 

 Tg (oC) Tonset (oC) Tend (oC) Zone width T1 (oC) Tm (oC) 
PU-A –46.1 –53.8 –33.6 20.2 19.0 – 
PU-B –52.3 –58.2 –42.4 15.8 21.9 44.9 
PU-C –54.5 –59.6 –46.4 13.2 15.4 45.1 

 

DMA is an important technique capable of providing considerable information on the position of 

transitions and the thermomechanical properties of polymers[9]. The storage modulus, E’, and tanδ 

of obtained PUs are shown, respectively, in Figure 3(a) and Figure 3(b).  
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Figure 3 - (a) Storage modulus and (b) tanδ of PUs. 

 

DMA results indicate that SM properties of the obtained PUs can be ascribed to the molecular 

motion of the soft segments. It can be seen two significant drops in E’ for all samples during 

heating, they are ascribed to the soft segment phase glass and melting transitions. Below the glass 

transition, the glass state modulus increase with increasing hard segment content this is due to the 

greater phase mixture and the strong interactions among amorphous hard domain in the glass state. 

Moreover, nearly amorphous structure of PU-A collaborates to its higher glassy-state modulus. 

Regarding shape memory properties, a larger glass modulus is desired in the sense that it gives 

larger shape fixity upon cooling[4]. After the melting transition, the storage modulus of the PU-C 

decreases with increasing temperature. However, PU-A and PU-B storage modulus increase. Above 

the soft-segment melting transition, the storage modulus is strongly dependent of the hydrogen 

bonding among hard segments. The hydrogen bonding generate a reinforcing effect which 

contributes to enhancement of the rubbery modulus plateau[10-12]. Thus, after the melting transition, 

the storage modulus is controlled by the hard segment content. Below the soft segments melting 

point the partially crystalline state of soft domain together with the interaction among amorphous 

hard domain in the rubber state ensures higher storage modulus of PU-C[12]. The tanδ curves in 

Figure 3(b) shows a greater and sharper glass transition for PU-A indicating that the miscibility 

between the soft segments and the hard segments is more pronounced. As the temperature increases 

above the melting of soft segment, the damping abruptly increases especially for PU-B because of 

the higher soft segment content and the higher crystalline fraction.  

 

Figure 4 illustrates SAXS pattern of obtained PU during different stages of shape-memory cycle: 

undeformed specimen, Step-3 and Step-4. SAXS measures the scattering intensity as a function of 

the incident X-ray beam. At Figure 4(b), it is observed two maxima occurring along the stretching 

direction on both sides of the beam. The maxima are due to the scattering from the oriented 

structure formed during deformation process[13] thereby crystallization. During Step-4 of the shape 

memory cycle the PUs patterns recovered the original non-oriented structure.  
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Figure 4 – SAXS pattern of: (a) undeformed specimen, (b) Step-3, (c) Step-4. 
 

To estimate the overall degree of phase separation, it was employ the Lorentz correction, the 

invariant quantity, invQ , which is obtained by integrating 2
)( qI q  over the range of scattering angles, 

Eq. 4[14-16]. 

 

dqqIQ
qinv

2

)(0∫
∞

=   (4) 

 
The obtained PUs are a three-phase structure including: amorphous matrix, hard domains and 

crystals. The contribution of each phase to the Lorentz corrected SAXS patterns were separated by a 

deconvolution procedure. Figure 5 illustrates the deconvoluted SAXS data during different stages of 

shape-memory thermomechanical cycle. invQ  of each phase was obtained as fraction of the total 

area. Table 3 summarizes the results. 

 

 
Figure 5 – Deconvoluted Lorentz SAXS pattern of PU-A and PU-B: (a) undeformed specimen, (b) Step-3, and (c) Step-4 
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Table 3 – Deconvoluted SAXS results 

  Initial Step3 Step4 
  Qinv(%)  L(nm) Qinv(%)  L(nm) Qinv(%)  L(nm) 

PU-A 
matrix 66.80 – 75.35 – 77.44 – 

domains 31.48 36.0 24.03 22.5 19.79 7.7 
crystals 1.72 55.3 0.62 48.1 2.77 55.3 

PU-C 
matrix 68.96 – 25.65 – 58.15 – 

domains 17.50 14.2 43.82 10.2 35.58 10.2 
crystals 13.53 18.6 30.52 13.2 6.27 15.1 

        

  Initial Step3 Step4 
Matrix 

Disperse phase 
PU-A 2.01 3.06 3.43 
PU-C 2.22 0.35 1.38 

 

Deformation induces changes in the phase proportion of PU-C, promoting crystallization and phase 

separation. However, crystallization is not observed at PU-A after Step-3. Neither PU-A nor PU-C 

are efficient to recover the original ratio between matrix and disperse phase after Step-4. However, 

PU-C promotes more recovery after Step-3. The PU-C ratio changes from 0.35 to 1.38 while PU-A 

ratio changes from 3.06 to 3.43. The disperse phase is formed by the hard domains and the 

crystalline phase. Table 4 summarizes the values for the mechanical and SM properties. The 

average of 3 measurements was obtained.  

 
Table 4 – Mechanical and shape memory properties of PU-A, PU-B and PU-C. 

PU mσ  (MPa) mε  (%) E 
(MPa) 

Resilience 
(MJ/m3) 

Toughness 
(MJ/m3) fR  (%) RR  (%) 

A 16.5±0.4 768±61 3.3±0.6 5.6±0.2 1467±176 14±0.8 92.9±0.3 

B 20.7±2 1053±45 2.4±0.4 5.9±0.8 2288±270 20±0.5 94.0±0.1 

C 22.5±2 1211±41 2.1±0.6 7.8 ±2.7 2831±337 31.±2.2 98.2±0.8 

 

It is clear that an increase in )(HSW  produced a decrease in strain and stress at yield and an 

increase in modulus. These results show that the mechanical properties of PUs are highly dependent 

on the hard segment content, which agree well with previous reports[17-19]. Hard segments can bind 

themselves via hydrogen bonds, leading to phase separation that results in an enhancement in the 

stiffness, however, it prevent chain slippage reducing strain.  
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The efficiency of a shape memory polymer is empirically controlled by the polymer’s chemical 

structure, molecular weight, degree of cross-linking, and fraction of amorphous and crystalline 

domains[20]. For the presently studied PUs, entanglement, hydrogen bonding and crystals were used 

as a fixed structure memorizing the original shape. The development of the new physical 

entanglements (temporary bonds) between the polymeric chains and the creation of new crystals 

were used as metastable structure to maintain the deformed shape in a stable manner. As seen in 

Figure 4(b) and Table 3, PU-A is less efficient than PU-C to promote crystallization during chain 

slippage. When the deformation is applied to the PU-A specimen, polymer chains will align to the 

extension direction, however, PU-A high degree of phase mixture hinders the formation of new 

crystals and so the metastable structure development. Therefore, PU-A fR  values are smaller then 

PU-C. Nevertheless, upon removing the strains at Step-3 low values of fR  are observed for all 

obtained PUs. Different factors, derived from the SM cycle configuration, may have contributed to 

the present results. These factors will be discussed in subsequent works. As seen in Table 4, all of 

the samples tested show more than 90% shape recovery at each hard segment contents. The 

reversible phase was designed to actuate during the softening of soft domains or the melting of 

crystallites. However, shape recovery of obtained PUs is also highly dependent on the hydrogen-

bonding. As observed at Figure 3, after the melting transition, strong interactions among hard 

segments provide enough energy to restore the polymer back to the original shape. 

 

It is interesting to notice that the values of toughness in Table 4 may be also correlated to fR  or 

RR . In the present study, crystallization occurs during deformation, preventing the movement of the 

polymeric chains, increasing, thereby, the energy absorbed during deformation. This mechanism is 

important to fix to temporary shape and it is important to recover the original shape since it 

represents the stored energy thus the driving force to guide the system to restore its original 

structure after being deformed. 

 

Conclusions 

Shape memory properties of obtained PUs can be ascribed to the molecular motion of the soft 

segments. Recovery and fixating were driven by the hydrogen bonding and the crystallization. PU-

A poor shape memory results may be related to the high degree of phase mixture which hinder the 

polymeric chain movement and restrict crystallization. SAXS results showed also that the capability 

to recover shape is related to ability of specific macromolecular architectures to have their 

nanostructure rebuilt after the shape memory cycle. 
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