Polymer 51 (2010) 1744—1751

=]

Contents lists available at ScienceDirect

Polymer

journal homepage: www.elsevier.com/locate/polymer

In situ evaluation of structural changes in poly(ester-urethanes) during
shape-memory cycles

.M. Pereira?, R.L. Oréfice ™~

2 Federal Center of Technological Education of Minas Gerais, Timoteo, Brazil
b Federal University of Minas Gerais, Department of Metallurgical and Materials Engineering, Belo Horizonte, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 4 January 2010
Received in revised form

19 February 2010

Accepted 21 February 2010
Available online 1 March 2010

The relationship between shape-memory behavior and structure was studied using three series of poly
(ester-urethanes) with varying amounts of hard segment. The materials were designed to display
a three-phase structure consisting of a disperse phase of crystallites and hard domains embedded in an
amorphous matrix based on soft segment. Structure and thermal properties of the resultant materials
were investigated using techniques such as modulated differential scanning calorimetry (MDSC),
dynamic mechanical analysis (DMA) and small angle X-ray scattering (SAXS). The results revealed

- morphological changes in the materials during a low temperature shape-memory cycle. To study shape
Keywords: . . .
Shape memory properties recovery, a deformed specimen was evaluated on a heating stage mounted at the SAXS beamline.
SAXS Furthermore, to study the effect of temperature during recovery, the specimens were subjected to
different thermo-cycles. Under each set of conditions, the phase morphology and composition were
investigated. Temporary shape was stored by the metastable structure formed during deformation.
The recovery was triggered by the melting of crystallites and hydrogen bonding between hard domains.
The recovery process was divided into three stages. Bulk incompatibility and entropic recovery deter-
mined the final polyurethane morphology.

Poly(ester-urethane)
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1. Introduction material below the transition temperature after significant chain

alignment and chain slip occur. The newly formed bonds provide

Linear segmented thermoplastic polyurethane (PU) elastomers
are multiblock copolymers consisting of hard and soft segments
that can separate to form hard and soft domains. The properties of
these materials are dependent on phase morphology and the
separation of hard and soft domains [1—3]. Recent methods have
tailored the properties of PU to yield thermo-responsive materials
that can be used to create smart devices capable of memorizing
a permanent shape that is substantially different from the initial
temporary shape [4]. These materials have been referred to as
shape-memory polymers (SMP). In SMPs, the relative motion and
rearrangement of molecular chains is the primary inelastic strain
mechanism responsible for the shape-memory effect. The estab-
lishment and annihilation of a metastable structure allows for the
storage of temporary shape and recovery from deformation during
an SM cycle. For instance, to store a deformed shape in a stable
manner, new chain positions must be fixed by new bonds (physical
or chemical bonds). A fixed shape can be achieved by cooling the
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a storage mechanism for macroscopic stress and increased chain
organization (lower entropy). To recover the original shape, the
material is heated and temporary bonds are subsequently broken.
At higher temperatures, the bonds are weakened and the low
entropy state drives individual chains back to their original posi-
tion, facilitating shape recovery [5,6].

With the use of small-angle X-ray scattering, the objective of
this study was to monitor morphology development during shape-
memory thermomechanical cycles of polyurethanes with different
amounts of hard segments and to describe the relationship
between morphology evolution and observed shape-memory
properties.

2. Materials and methods
2.1. Polymer synthesis

Poly(caprolactone diol) (PFCL — Mn = 1250, 2000 g mol '),
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
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Table 1
Composition (wt.%) of waterborne PUs.
PCL DMPA IPDI HZ TEA W(HS)
1250 2000
PU-1 55.4 = 45 34.6 21 34 38.0
PU-II 23.7 379 3.8 29.6 21 2.9 32.6
PU-III — 66.1 33 25.8 1.9 3.0 28.5

(HZ, 25%) were purchased from Vetec (R], Brazil). All chemicals
employed in this study were used without prior treatment.

PUs were prepared according to the prepolymer mixing method.
PCL and DMPA were stirred in a glass reactor at 65 °C for 30 min.
IPDI was added to the reactor in the presence of DBDLT (NCO/OH
ratio of 2) under a N, atmosphere. The reaction was carried out at
70—75 °C for 3 h. The prepolymer and carboxylic acid groups were
neutralized by the addition of TEA. Water dispersion and PU chain
extension were achieved by adding HZ and deionized water to the
neutralized prepolymer under high-speed stirring. This synthesis is
described in previous work [7]. The feed ratios are indicated in
Table 1, where W(HS) is weight fraction of the hard segment
obtained from Equation (1).

Weightpp; + Weighty; o

W(HS) = Weightpy

100 (1)

2.2. Modulated differential scanning calorimetry (MDSC)

MDSC experiments were performed using a TA Instruments
2920. The following protocol was applied to each sample: (1) the
sample was heated from room temperature to 110 °C at a rate of
15 °C min~, (2) held for 3.00 min at 110 °C, (3) cooled to —110 °C at
3.00 °C/min, modulating +/— 1.00 °C every 60 s, (4) held for
3.00 min at —110 °C and (5) heated again to 110 °C at a rate of
3.00 °C/min, modulating +/— 1.00 °C every 60 s. The melting
temperature was determined as the peak maxima in DSC curve and
the glass transition temperature (Tg) was established as the mid-
point between baseline changes by calorimeter software.

2.3. Dynamic mechanical analysis (DMA)

Dynamic mechanical properties were investigated by a TA
Instruments DMA 800 with a single cantilever clamp at a heating
rate of 3 °C/min under an N, atmosphere. The test frequency was
5 Hz and the temperature varied from —100 °C to 90 °C.

2.4. Mechanical properties

The tensile strength (o), elongation at break (en), Young's
modulus (E), toughness and resilience of the samples (DIN60) were
measured using a universal testing machine (DL3000, EMIC) at
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Scheme 1. Determination of toughness and resilience from stress-strain curves.

a strain rate of 0.5 min~—. The tests were performed at 28 °C (room
temperature). Toughness and resilience, which represent the
energy absorbed until rupture and the energy absorbed during
elastic deformation, respectively, were obtained by integrating the
stress-strain curves. Scheme 1 illustrates the method for deter-
mining values of toughness and resilience.

2.5. Shape-memory properties (SM)

SM experiments were conducted at room temperature using
a universal testing machine (DL3000, EMIC), where the sample
length between clamps was 20 mm. The shape recovery cycle
consisted of the following steps: (1) The samples (DIN60) were
deformed to approximately L, = 120 mm at a crosshead speed of
10 mm/min (2) While maintaining the strain at L, the samples
were removed from the grips and cooled with liquid Ny. (3)The
mechanical constraints on the polymers were removed at room
temperature. (4) The samples were subsequently heated in an oven
and maintained at this temperature to recover their original shape.

To study the effect of step 4 of the SM cycle on shape recovery,
PU-III samples were submitted to different thermo-cycles and
allowed to recover their original shape. In cycle-A, the deformed
sample was heated to 37 °C in an oven and maintained at this
temperature for 17 h. Recovery during thermo-cycle “B” was con-
ducted in two heating stages: the specimen was initially heated
to 37 °C for 17 h and subsequently heated for 10 min at 50 °C.
In thermo-cycle “C”, the sample was heated to 50 °C for 30 min.
Finally, in cycle-E, the sample was maintained at 80 °C for 20 min.
PU-I and PU-II were submitted exclusively to cycle-E to recover

Temperature time
Cycle-A 371°C 17 hs
L 37°C 17 hs
res Cycle-B
50°C 10 min
Cycle-C 50°C 30 min
Cycle-E 80°C 20 min

Fig. 1. Steps in the SM cycle and thermo-cycle parameters.
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Fig. 2. DSC curves of the obtained PUs: (a) initial heating (b) initial cooling.

their original shape. Fig. 1 describes the steps of the SM cycle and
thermo-cycle parameters.

SM properties of the materials were described by the strain
recovery ratio, Rg, and the strain fixity ratio, Rr. These parameters
were determined according to Equations (2) and (3), respectively:

Re(%) = H « 100 2)
Re(%) = % x 100 3)

where L, is the original length, Ly, is the deformed length, L;et is
retained length and Les is the length after recovery.

Table 2
DSC results of PUs.
Tg (OC) Tonset (OC) Tend (OC) Zone width Tl (OC) Tm (OC)
PU-I —46.1 -53.8 -33.6 20.2 19.0 -
PU-II -52.3 —58.2 —424 15.8 21.9 449
PU-III 545 -59.6 —46.4 13.2 154 45.1

Ty = Glass transition temperature.

Tonset = Onset of glass transition.

Tena = End of glass transition.

Zone width = Tena—Tonset.

T, = Endothermic inflection point associated with clusters of short, hard segments.
T = Melting temperature.
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Fig. 3. DMA storage modulus as a function of temperature.

2.6. Synchrotron small angle X-ray scattering (SAXS)

SAXS measurements of synchrotron small angle X-ray scattering
were performed using the beamline of the National Synchrotron
Light Laboratory (LNLS, Campinas, Brazil). After passing through
a thin beryllium window, the beam was monochromatized
(A = 1488 A) and horizontally focused by a cylindrically bent and
asymmetrically cut silicon single crystal. The X-ray scattering
intensity, Iiq), was experimentally determined as a function of the
scattering vector, g, which was obtained according to Equation (4):

q= 4—Tcsin 0 (4)
A
where A is the X-ray wavelength and 0 is half the scattering angle.
Each SAXS pattern corresponded to a data collection period of
900 s. Parasitic scattering intensity produced by the collimating
slits was subtracted from the experimental scattering intensity
produced by the samples. All SAXS patterns were corrected for non-
constant sensitivity of the position-sensitive X-ray detector,
intensity of the direct synchrotron beam and for differences in
sample thickness. Due to the normalization procedure, the SAXS
intensity was determined for all samples in the same arbitrary
units, allowing a direct comparison to be made between samples. A
sample-detector distance of 551.6 mm was used during the
measurements.
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Fig. 4. Stress-strain curves of PUs.
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Table 3
Mechanical and SM properties of PU—I, PU—II and P—III (average of 4 measurements).
PU om (MPa) em (%) E (MPa) Resilience (M]/m?) Toughness (M]/m>) Re (%) Rg (%)
Cycle-A Cycle-B Cycle-C Cycle-E
1 165 + 0.4 768 + 61 33+0.6 5.6+ 0.2 1467 + 176 14 + 0.8 N.A N.A N.A 929 +0.3
11 20.7 £2 1053 + 45 24 +04 59+0.8 2288 + 270 20 £ 0.5 N.A N.A N.A 94.0 + 0.1
11 225+ 2 1211 + 41 2.1+0.6 7.8 £2.7 2831 + 337 31+22 71 82 88 98.2 +£ 0.8

om = Tensile strength.

e¢m = Elongation at break.
E = Young modulus.

Rf = Strain fixity ratio.

Rg = Strain recovery ratio.
N.A. = not available.

2.7. In situ recovery

A deformed PU-IIl specimen was placed on a heating stage
mounted at the beamline. The specimen was heated to 50—60 °C
and shape recovery was measured over 20 min. SAXS patterns were
recorded at 7.2 min, 8.3 min, 9.3 min, 11.0 min, 12.1 min, 13.1 min,
14.2 min, 15.2 min, 16.3 min, 17.3 min, 18.4 min and 19.4 min.

3. Results

In DSC analysis, the width of the transition zone provides
a qualitative measure of phase homogeneity and the variation in Ty
indicates the degree of miscibility. Thus, the amount of hard
segments dissolved in soft domains can be studied by monitoring T
of soft domains [8]. In the first run, shown in Fig. 2(a) a first order
transition around 45 °C was observed for PU-II and PU-III, cor-
responding to the melting of PCL-rich crystals. Neither the endo-
thermic melting peak associated with the crystalline fraction, nor
a crystallization peak was observed for samples during the second
heating run or in the cooling run, respectively. This result may be
due to the fast heating/cooling rates employed during subsequent
DSC runs. As shown in Fig. 2(b), a glass transition around —60 ° C
was observed in the cooling run. A shift of T to higher temperatures
indicated a higher concentration of dissolved hard segments.
According to DSC results, the degree of phase miscibility of PUs
displayed the following trend: PU—I > PU—II > PU—IIL Thus, PUs
with higher concentrations of hard segments displayed soft
domains rich in hard segments.

All PUs displayed a small endothermic inflection centered at Ty,
associated with hard segment domains. According to Seymour and
Cooper [9], the endotherm observed in DSC may be attributed to
a morphological effect that is a function of hard segment length.
Clusters of short hard segments yield lower temperature endo-
therms [8,9]. Thermal properties are summarized in Table 2.

The storage modulus, E’, of the PUs is shown in Fig. 3. Two
significant declines in E' were observed for all samples during
heating, ascribed to glass and melting transitions of the soft
segment phase. Below the glass transition temperature, the glass
state modulus increased with increasing hard segment content.
This is due to a larger phase and a resultant increase in the number
of strong interactions among amorphous hard domains in the glass
state. A higher glass modulus is desired in an SM material because
a larger shape fixity occurs upon cooling [10]. Above the melting
transition, the storage modulus of PU-III decreased with increasing
temperature. However, storage moduli of PU—I and PU-II
increased. Above the soft-segment melting point, the storage
modulus was strongly dependent on hydrogen bonding between
hard segments. Highly hydrogen bonded hard segments of PU—I
and PU—II generated a reinforcing effect which contributed to the
enhancement of the rubbery modulus plateau [11—13], causing the
v-shape observed in Fig. 3. Thus, at a temperature above the

melting point, the storage modulus is controlled by the number of
hard segments present in the polymer. At a temperature between Ty
and the melting point of soft segments, a partially crystalline state
of soft domains and interactions between amorphous hard
domains in a rubbery state yields a high storage modulus, as
observed in PU-III [13].

Fig. 4 shows the stress-strain curves of PUs used in the inves-
tigation. Table 3 summarizes the mechanical and SM properties of
each PU, where data points are an average of four measurements.
The results indicated that an increase in W(HS) produced
a decrease in strain and stress at rupture, and an increase in
modulus. These results show that the mechanical properties of PUs
are highly dependent on the hard segment content, which concurs
with previous reports [14—16]. Hard segments can associate via
hydrogen bonds which leads to an enhancement in stiffness.
However, hydrogen bonding also prevents chain slippage. As
shown in Table 3, upon removing the mechanical constraints in
step 3, low strain fixity ratios were observed for all PUs. Moreover,
thermo-cycle “E” promoted more than 90% shape recovery for hard
segments. Thus, the results indicated that the thermo-cycle
configuration has a stronger effect on Rg than W(HS).

Scheme 2 is a schematic of the thermomechanical cycle
employed in this study. Fig. 5 illustrates SAXS patterns of PUs during
different stages of the SM thermomechanical cycle, and during in situ
recovery. The SAXS measures scattering intensity as a function of the

TENSoh

Undeformed
Specimen

During
’ heating
at60°C
After thermo-cycle

Cycle-A Cycle-B Cycle-C Cycle-E

Scheme 2. Schematic representation of the thermomechanical cycle employed during
the investigation.
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Fig. 5. SAXS 2D patterns for PUs during different stages of the SM thermomechanical cycle and in situ recovery.

incident X-ray beam and yields information on morphology at the
nanometer level because it is sensitive to differences in electron
density within a material. The patterns and intensity distribution of
SAXS are also dependent on the shape, size and distribution of
scattering objects [17]. In Fig. 4, two maxima oriented along the
direction of stretching were observed in step 3 on both sides of the
beam stopper. These maxima are due to scattering from an oriented
structure that formed during deformation. SAXS patterns also indi-
cated that a high degree of orientation was obtained during defor-
mation [18]. The thermo-cycles applied during recovery led to
different amounts of reorientation in the deformed structure. SAXS

P e e
POl CydeE

patterns are a function of energy infused into the system during the
thermo-cycle: higher temperature treatments introduced more
energy into the system, and yielded SAXS patterns that were similar
to those of the original materials prior to deformation, which indi-
cated that the initial morphology was restored.

Fig. 6(a) illustrates SAXS data derived from the integration of
2-D patterns exhibited in Fig. 4 during different stages of the SM
thermomechanical cycle. The observed scattering peak is due to
local heterogeneities in electron density of materials and is usually
interpreted as a consequence of distinct microphases with different
electron densities. In Fig. 6(b), the Lorentz correction (a plot of g

Yo

PO Coe.
PU-IIl Cycle-E

T
06

q(nm™)

T
0.6

q(nm™)

Fig. 6. (a) Original SAXS data and (b) Lorentz corrected SAXS patterns for PUs during different stages of the SM thermomechanical cycle and in situ recovery.
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Fig. 7. Deconvoluted Lorentz SAXS pattern of PU-I and PU-III during different steps of the SM cycle.
2 . . . .
versus Iiq)q”) was applied to SAXS data to emphasize small scat- PUs were composed of three-phases including an amorphous

tering peaks. Moreover, to provide information on the overall matrix (soft segment), hard domains and crystalline segments. The
difference in electron density of the samples, the invariant Q was contribution of each phase to the Lorentz corrected SAXS patterns
calculated by integrating the curve generated by the Lorentz were separated according to a deconvolution procedure. Fig. 7
correction (Equation (5)) [17,19,20]. High values of Qj,y are typically illustrates deconvoluted SAXS data during different stages of the
associated with nanostructures formed by phase separation SM thermomechanical cycle. Qiyy of each phase was obtained as

[17,19,20]. a fraction of the total area. The deconvoluted crystalline phase was
associated with higher integrated values and higher electronic
o . . . . .
Quy = / I q?dq (5) density [21]. As shown in Table 4, the ratio of matrix to dispersed
Table 4
Deconvoluted SAXS results.
Permanent Shape Step-3 Cycle-A Cycle-B Cycle-C Cycle-E
Qiny (%) Qiny (%) Qiny (%) Qinv (%) Qinv (%) Qinv (%)
PU-I matrix 66.80 75.35 N.A N.A N.A 77.44
domains 3148 24.03 N.A N.A N.A 19.79
crystals 1.72 0.62 N.A N.A N.A 2.77
PU-III matrix 68.96 25.65 38.08 48.44 60.50 58.15
domains 17.50 43.82 28.37 43.66 31.65 35.58
crystals 13.53 30.52 33,55 7.90 7.85 627
Ratio Initial Step-3 Cycle-A Cycle-B Cycle-C Cycle-E
Matrix PU-I 2.01 3.06 N.A N.A N.A 343
Disperse Phase PU-III 222 0.35 0.61 0.94 1.53 1.38

N.A. = not available.
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Fig. 8. PU phase evolution during the in situ SAXS test.

phase (i.e. crystals and hard domains) indicated an evolution of
morphology during the SM cycle.

As observed in Fig. 8, shape recovery during in situ SAXS
experiments occurred within three stages. In stage 1 of the
recovery, the number of hard domains decreased and then rapidly
increased in the second stage. Finally, in the third stage, the number
of hard domains remained stable.

4. Discussion

When a material is deformed, polymer chains orient along the
direction of extension and induce crystallization. According to Table
4, deformation induced changes in the proportion of phases in PU-
IIl, promoting crystallization and phase separation. However,
crystallization was not observed in PU—I after step 3 of the SM
cycle. Moreover, neither PU—I nor PU-IIl were efficient in recov-
ering the original ratio of matrix to disperse phase (the disperse
phase is formed by hard domains and crystals) after step 4.
Nevertheless, PU-III promoted more recovery than PU—I after step
3.The matrix to disperse phase ratio of PU-IIl increased from 0.35 to
1.38, while PU—I increased from 3.06 to 3.43.

The efficiency of an SM polymer is controlled by the chemical
architecture of the polymer, molar mass, degree of cross-linking,

and the fraction of amorphous and crystalline domains [22]. In the
present study, entanglement, hydrogen bonding and crystallinity
were used as tools to force memorization of the PUs original shape.
The development of new physical entanglements (temporary
bonds) between polymeric chains and the creation of new crystals
were used to produce a metastable structure and maintain the
deformed shape in a stable manner. As observed in Fig. 5 and Table
4, PU-I is less efficient than PU-III in promoting crystallization
during chain slippage. When deformation was applied to PU—I,
polymer chains aligned with the direction of extension. However,
the high degree of phase mixing in PU-I hindered the formation of
new crystals and metastable structure development. Therefore, R¢
values of PU—I are less than PU-III. Nevertheless, upon removal of
strain at step 3, a significant recovery occurred and low values of R¢
were observed. The SM cycle configuration may have contributed to
these results. To maintain a deformed shape in a stable manner,
new chain positions must be fixed by new bonds. The development
of new physical entanglements (temporary bonds) between poly-
meric chains is a result of temperature reduction and/or forced
chain alignment [5]. After step 1, samples were clamped to an
apparatus and immersed in liquid nitrogen. As a result, the meta-
stable structure developed during strain was partially released and
contributed to low values of Rr. Additionally, recovery temperature
may also contribute to Rf values. According to Ping et al. [23], when
the deformation temperature is too low (30 °C below the melting
temperature of soft segments), shape recovery begins at a lower
temperature and occurs over a wide range. Experiments conducted
at ambient temperature were typically higher than 25 °C; however,
the lowest recovery temperature may have been lower than room
temperature and shape recovery may have begun immediately
after step 3.

Reversibility was designed to occur during the softening of soft
domains or the melting of crystallites. However, shape recovery is
also highly dependent on hydrogen bonding. As observed in Fig. 3,
strong interactions between hard segments provided sufficient
energy to restore the polymer back to its original shape after
melting. The values of toughness in Table 3 may be correlated to R¢
or Rg. In the present study, crystallization occurred during defor-
mation and prevented the movement of polymeric chains, thereby
increasing the energy absorbed during deformation. This mecha-
nism is significant because energy stored in the material allows the
system to restore its original structure after being deformed.
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Fig. 9. PU phase evolution during different steps of the SM cycle.
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During in situ tests, the size of the crystalline fraction decreased
because soft segment crystals melted and enriched the matrix
phase with soft segments (first stage). As a result, the balance
between hard and soft segments in the bulk matrix changed, along
with resultant repulsive interactions, which modified the thermo-
dynamic equilibrium. This perturbation increases system immis-
cibility and leads to the formation of hard domains (second stage).
However, hard domain segregation is limited by the nature of hard
segments. The low mobility of hard segments stops further segre-
gation and the formation of hard domains become stabilized [20]
(third stage).

Fig. 9 illustrates PU-IIl morphology after different thermo-cycles
and in situ experiments may be used to explain these results.
According to SM tests, thermo-cycle “A” promoted shape recovery;
however, the amount of energy introduced into the system was
only enough to ensure the first stage of shape recovery. As observed
in Fig. 9, the hard domain fraction decreased during cycle-A, but the
temperature treatment was not enough to melt crystals, change
matrix composition, increase incompatibility and promote new
domain formation. Alternatively, cycle-B allowed for the three
stages of shape recovery. However, higher values of Rg were not
achieved due to the first step of the thermo-cycle, which acted as
a stress release treatment and decreased the amount of energy
stored in the material during deformation. Therefore, polymeric
chains were not able to recover a strongly coiled conformation,
leading to lower values of Rg. Thermo-cycle “C” and “E” completed
the 3 stages of shape recovery. Thermo-cycle “E” possessed a higher
temperature treatment and ensured greater values of Rg due to
increased melting of large crystalline fractions.

5. Conclusions

The development of phases during SM cycles applied to poly
(ester-urethanes)was successfully monitored using in situ SAXS
experiments. Recovery and fixation were driven by hydrogen
bonding and crystallization. Poor SM results in PU-I may be related
to the high degree of phase miscibility, which hinders polymeric
chain movement and restricts crystallization during deformation.
The SAXS results also showed that the ability to recover shape is
related to the rapid re-establishment of specific macromolecular
architectures to have their nanostructure rebuilt after the SM cycle.

During the recovery stage, soft segment crystallites progressively
melted and phase separation increased until a new thermodynamic
equilibrium was achieved. The new thermodynamic equilibrium
defined the final PU nanostructure.
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