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Epoxy resins were cured by an amine telechelic poly(tetramethylene oxide) (PTMO). The telechelic amine was synthesized from hydroxy
telechelic PTMO and was characterized. The kinetics of curing of epoxy monomer by the polyether amine was studied in detail by differ-
ential scanning calorimetry (DSC) and rheology to optimize the cure conditions. The cured epoxy system exhibited shape memory prop-
erties where PTMO served as the switching segment. Molar ratios of the epoxy monomer and the amine were varied to get polymers with
different compositions. The developed polymers were analyzed by DSC, X-ray diffraction, and Dynamic Mechanical Thermal (DMTA)
analyses. Shape memory property was evaluated by bending tests. As the concentration of epoxy resin increased, the transition temperature
(Tyans) increased. The tensile strength and % elongation also increased with epoxy resin-content. The extent of shape recovery increased
with PTMO-content with a minor penalty in recovery time. The polymer with the maximum PTMO-content exhibited 99% shape recovery

with a recovering time of 12 s.

Keywords: shape memory polymer; epoxy resin; poly(tetramethylene oxide); cure kinetics

1 Introduction

Shape memory materials have received increasing attention
in recent years owing to their interesting properties and
many potential applications. The shape memory effect in
materials is essentially the capacity to recover mechanically
induced and “frozen” strain upon application of heat,
magnetic field, or electric field (1—4). The change in shape
induced by changing temperature is known as a thermally
induced shape memory effect. It can be achieved by
changing the operation temperature to below or above the
switching transition temperature (Ty,,s). Normally, the tran-
sition temperature corresponds to either a glass transition
(Tg) or the melting (Ty,) of the polymer. Shape memory
polymers (SMP) generally consist of two components, cross-
links to determine the permanent shape and the switching
segments with a definite Ty,,s to fix the temporary shape
(4, 5). Above Ty, the permanent shape can be deformed
by application of an external stress. On cooling below Tyans
and unloading the external stress, the temporary shape can
be fixed. The polymer recovers the permanent shape on
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heating above Ty, (6—12). SMP materials have the ability
to recover large strains imposed by mechanical loading.
They are designed to have a large change in elastic
modulus above and below the transition temperature (13).
A large difference in elastic modulus leads to better and
faster shape recovery properties. The driving force for the
shape memory recovery property is the elastic strain gener-
ated during deformation (14).

Excellent shape memory effects have often been observed
with block or segmented copolymers (15—20). Among the
various SMPs, polyurethanes are the most popular (21—-23).
Elastic Memory Composites (EMC), the composites derived
from shape memory resin are a newly developed class of
materials hosting an ideal combination of properties for
deployable space structures. EMC materials retain the struc-
tural properties of traditional fiber-reinforced composites,
while also functioning as shape memory materials. These
properties enable the creation of structurally efficient, control-
lable, deployable space structures and deployment mechan-
isms with no moving parts. Though PU shows good shape
memory properties, they are not very good matrices for
reinforced composites. Use of epoxy resin-based systems in
shape recovery EMC is of great interest due to the ease of pro-
cessibility of epoxy matrix and the strength characteristics of
its composites. Several studies on EMC for deployable
devices have been reported. They made use of epoxy resin-
based (24, 25) or cyanate ester resin-based (26) shape
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memory composites. However, the published articles focused
mainly on device fabrication. The information on the syn-
thesis and characterization of the resins responsible for the
shape memory properties of the composites are often not dis-
closed. A good deployable composite system warrants syn-
thesis of shape memory polymers with good processibility
and excellent shape recovery characteristics. The published
information in this respect is very scarce.

Here, we report the synthesis of epoxy resin-based SMP
from an amine-terminated poly(tetramethylene oxide) and
different epoxy resins. The synthesis, characterization, cure
kinetics, mechanical properties and shape memory properties
are described. The dependencies of these properties on the
resin composition have been examined.

2 Experimental

2.1 Materials and Method

Hydroxy telechelic poly(tetramethylene oxide) (PTMO)
(Aldrich, M,, 2000), Epoxy resin (GY-250, diglycidyl ether
of bisphenol A with an epoxy value of 5.4 eq/kg, Ciba
Geigy, India) EPN-1179 (Novalac epoxy, epoxy value-5.6
eq/kg, Ciba Geigy, India), triphenylolmethane triglycidylether
(TRI, epoxy value-5.6 eq/kg, Aldrich Chemicals) tolylene dii-
socyanate (TDI, Aldrich Chemicals) and 4,4’-methylenediani-
line (MDA, Aldrich Chemicals) were used to synthesize
epoxy-based shape memory polymer. PTMO and epoxy resin
were dried in flash evaporator for 5 h at 80°C before use. AR
grade ethyl methyl ketone (MEK, SRL India) was used as
solvent. TDI and MDA were used as received.

2.2 Polymer Synthesis

2.2.1 Synthesis of Amine Terminated PTMO

A 500 ml round bottomed, three-neck flask equipped with a
mechanical stirrer, nitrogen inlet and condenser with drying
tube was charged with TDI (10.44 g). N, gas was bubbled
through TDI at 60°C. To this, a calculated amount of
PTMO (40 g PTMO in 93.3 g MEK) was added drop wise
and the reaction mixture was stirred under N, at 65°C for
2 h to make the isocyanate terminated prepolymer. To a
solution of MDA (47.5 g) in 190 g MEK, the isocyanate-ter-
minated prepolymer was added drop wise at room tempera-
ture under mechanical stirring to get the amine-terminated
PTMO. The resulting solution was filtered through a G-3
grade sintered crucible. The filtrate was then concentrated
in a flash evaporator and added drop wise to methanol to pre-
cipitate the product. The precipitate was then washed with
methanol to remove the impurities present. It was then
dried in vacuum at 65°C/2 h. The amine-terminated PTMO
was characterized by FTIR and chemical analyses.

2.2.2 Amine: Epoxy Cure Reaction

Amine-terminated PTMO was then mixed with epoxy
monomer in the required ratio by dissolving both in MEK

313

(70% by wt) at room temperature. The mixture was then
evacuated and poured on to Teflon sheets. The cure reaction
was carried out by heating the system slowly to its cure
temperature (cure temperature was determined from DSC
and rheological studies, which will be discussed later) and
maintaining it at this temperature for 3 h.

2.3 Characterization

2.3.1 DSC Analysis

DSC analysis was performed in a Mettler DSC-20 analyzer
for cure characterization of different epoxy resin-amine
systems. A 1:1 stochiometric ratio of epoxy resin and amine
was used for the cure characterization. For dynamic heating
experiments, five different heating rates were employed; 2,
5, 7, 10, and 15°C/min from room temperature to 200°C.
Fractional conversion vs. temperature data was obtained
from this dynamic analysis from the system software.
Thermal properties of the cured polymers were investigated
by a DSC experiment. For this, the samples were heated
from —50°C to 200°C at a heating rate of 5°C/min. The
data of first run was used for the analyses.

2.3.2  Physical, Chemical and Spectroscopic Analyses

FTIR studies were performed using a Perkin-Elmer GX-A
model FTIR spectrophotometer using ATR (attenuated total
reflectance) accessory with diamond crystal. Spectrum was
recorded in the range of 4000 to 550 cm ™' with a resolution
of 4 cm'. Chemical analysis was performed to find out the
amine value from which, the molecular weight of the syn-
thesized precursor polymer was assessed.

2.3.3  Rheological Analysis

Reological characterization was done with a Reologica Stres-
stech Rheometer model Reologica Viscotech QC using a
20 mm parallel plate assembly in oscillation mode at a fre-
quency of 1 Hz and a controlled strain of 0.01. The epoxy
resin-amine mixture was mixed thoroughly and loaded on
the plate at 50°C. The gap between the plates was maintained
at 0.5 mm. The data analysis was done with the instrumental
software. Curing temperature and curing time were studied
from this.

2.3.4 X-ray Diffraction Studies

X-ray scattering studies were performed in a ‘X’ Pertpro
(P Analytical, Netherlands) using the filter Ni, the target as
Cu Ka radiation (A of 1.5405 A”) at 40 KV and 30 mA
current. The diffraction patterns of the samples of thickness
1 mm were recorded for Bragg’s angle, 20 from 0 to 40°.

2.3.5 Mechanical Tests

Mechanical properties were determined with a tensile tester
(UTM 4469). The micro tensile test specimens had the dimen-
sions of 75 mm x 5Smm x 1 mm as per ASTM D 412. The
gauge length and crosshead speed were 33 mm and
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Fig. 1. Schematic representation of bending test for shape mem-
ory tests.

200 mm/min, respectively. At least three specimens were
tested, and the average of the measured property was taken.

2.3.6  Dynamic Mechanical Thermal Analysis

Dynamic mechanical properties were determined in a Rheo-
metrics Scientific Model Mark IV (UK) analyzer in the
tensile mode at a frequency of 1 Hz.The specimens were
heated from —150°C to 150°C at a heating rate of 5°C/
min. The data of storage modulus and tan 6 were recorded.

2.3.7 Shape Memory Evaluation

The method of evaluating shape memory alloy as reported by
Lin and Chen (27) was adopted for the polymers, as shown in
Figure 1. A straight rectangular strip of the polymer of

OH . —R—
OHM/IH NCO—R—NCO

NCO—R—

Merline, Nair, and Ninan

dimension 100 mm x 10 mm x 2 mm was used for the
tests. The polymer was heated to a temperature Ty
+20°C and deformed to an angle (6,) (90°) and then cooled
to a temperature Ti,,s —20°C to fix the deformation. Then,
the deformed polymer was heated to Tyns +20°C, and the
change in angle (6;) was recorded. The ratio of recovery
was found as (6; -6)/6;. Each time, the samples were sub-
jected to five bending tests and the value of the fifth
attempt was taken.

3 Results and Discussion

3.1 Synthesis and Formulations

A two-step process, as per Scheme 1, was chosen for the syn-
thesis of amine-cured epoxy shape memory polymer. In the
first step, OH-terminated PTMO was reacted with tolylene
diisocyanate to get -NCO terminated PTMO. The -NCO ter-
minated PTMO was then used for deriving the amine termi-
nated PTMO by reaction with excess methylene dianiline
(MDA). The amine-terminated PTMO (amine-PTMO) was
characterized by FTIR and chemical analyses. Figure 2
shows the FTIR spectrum of amine-PTMO. The spectrum
shows the absence of -NCO peak at 2200 cm™ ' and the
presence of -NH, peak at 3300 cm ™' indicating the formation
of amine terminated-PTMO. The peak at 1710 cm™ '
and 1620 cm™ ' correspond to the -C=O absorptions of
urethane and urea groups respectively. From chemical
analysis (28) (by amine value determination), the average
molecular weight of synthesized amine-PTMO was found to
be 2200 g/mol. The amine-PTMO was then reacted with
epoxy monomer in varying stochiometry to get amine-
PTMO-cured epoxy polymer.

o
O Il
] 0—C—NH-R—NCO
HNC—O i
N HzOC HZON H2

0 7 T
] O—C—NH-R—NH-C—N HOCHZ NH
NH, CH, NH—R—HNC—O . 2

OH

NS

Sch. 1. Synthetic route for amine-epoxy polymer.

Q QO

OH
S
7 0 9 3 Y
I —C—NH-R—NH-C—NH H

OH
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Fig. 2. FTIR spectrum of amine terminated PTMO.

Table 1 compiles the formulations for the amine-cured
epoxy polymer. The hard segment content constituted by
the epoxy resin, urethane and urea segments was varied
from 54 to 82 weight percentages. For GY epoxy resin
series, with an increase in hard segment-content, the tran-
sition temperature (T.,s) also increased. This implies the
increased rigid nature of the polymer system due to the gen-
eration of a higher number of crosslinks. With the EPN
system, a transition temperature of 77°C and with TRI
system, Tyans 0f 110°C were observed for a 1:1 stochiometry
of amine and epoxy resin. Comparing the three different
epoxy systems (GY-1.0, EPN-1.0, and TRI-1.0) with the
same amine: epoxy (1:1) equivalents, lowest Ty, Was
observed for the EPN system. Here, each -NH, group corre-
sponded to two epoxy groups.

3.2 Rheological Cure Characterization of Polymers

Rheological cure characterization was carried out for the
three different epoxy-based systems (GY-1.0, EPN-1.0,
TRI-1.0) of amine-epoxy resin stochiometry of unity. To
study the cure temperature, storage shear modulus (G") of
the three different epoxy systems was monitored as a
function of temperature (T). Figure 3 shows the variation of
G’ with temperature for GY-1.0, EPN-1.0, and TRI-1.0. The
gelation sets in at lower temperature for the TRI and EPN
systems. The diepoxy system needs a higher temperature.
The absolute modulus at the end of cure (stagnating
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modulus) was inversely proportional to the functionality of
epoxy monomer. Maximum G’ modulus was observed for
GY-1.0 with an epoxy group functionality of 2. Curing temp-
erature (T,,.,) Was taken as the midpoint of the G’ vs. temp-
erature graph and it was found to be 140°C, 135°C, and
130°C for GY-1.0, EPN-1.0, and TRI-1.0, respectively. Iso-
thermal rheological analyses were done at the T, to
optimize the curing time. The corresponding data are shown
in Figure 4. The isothermal profiles show the relative trend
in modulus for the three different epoxy systems.

A few minutes curing at T ., is adequate to bring about the
cure completion. The duration for cure completion was
observed as 18, 15, and 20 min for GY-1.0, EPN-1.0, and
TRI-1.0 epoxy systems at their respective T,... Based on
these studies, the cure temperature and cure time were opti-
mized for each system.

Rheological fractional conversion at any time was calcu-
lated using Equation (1):

LG
TG

)

Where, G'(t) is the storage modulus at time ‘t” and G'(oc) is
the maximum storage modulus (stagnating modulus) at each
temperature. Figure 5 shows the time-conversion plot gener-
ated from rheological analysis at the cure temperature. For the
three different epoxy systems, fractional conversion showed a
rapid increase with time. From the isothermal conversion, it is
observed that the reaction is completed in about 10 min for all
the three different epoxy systems. The completion of reaction
was also confirmed by FTIR and DSC analysis, which is dis-
cussed later.

3.3 DSC Analysis

DSC analysis was performed to determine the cure kinetics,
as well as thermal properties of the cured polymer systems.
To study the cure kinetics, DSC analysis was carried out for
the three different amine-epoxy resin systems (GY-1.0,
EPN-1.0 and TRI-1.0) using the same amine-epoxy equival-
ent ratio, at variable heating rates (2, 5, 7, 10 and 15°C/min).

In Table 2, the cure maximum (T,,,,) obtained from the
DSC curve for the three different epoxy systems at different
heating rates is compiled. With an increase in heating rate,

Table 1. Formulations of epoxy-based SMP
Equivalent ratio Tirans (CC) (taken

Sample Type of epoxy resin of amine:epoxy % Hard segment from DMA)
GY-0.8 GY-250 1:0.8 74 83
GY-0.9 GY-250 1:0.9 77 95
GY-1.0 GY-250 1:1 79 96
GY-1.1 GY-250 1:1.1 82 110
EPN-1.0 EPN-1179 1:1 54 77
TRI-1.0 Triphenylolmethane 1:1 54 110

triglycidylether (TRI)
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Fig. 3. Variation of G’ with temperature for three epoxies at 1:1
amine:epoxy equivalent ratio.

Tmax also increases. Though the absolute values are different,
the trends in T, for the three systems are identical in both
DSC and rheological analysis (ie GY > EPN > TRI).

3.3.1 Cure kinetics

For the determination of reaction order of epoxy: amine
reaction, Coats-Redfern (C-R) method (29) was adopted.
The C-R Eq. (2) is:

gla)] AR 2RT E
1“[?] - 1“[(@)(1 ‘T)} "Rt @

where « is the fractional conversion at temperature T, 3 is the
heating rate, E is the activation energy for cure, A is pre-expo-
nential factor and R is the gas constant.
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Fig. 4. Variation of G’ with time at cure temperature for three
amine-epoxy systems (140°C for GY-1.0, 135°C for EPN-1.0 and
130°C for TRI-1.0).

Time (minutes)

Fig. 5. Time-conversion profiles (from rheology) for the three
amine—epoxy resin systems at cure temperatures, 140°C for GY-
1.0, 135°C for EPN-1.0 and 130°C for TRI-1.0.

and

gl@)=—In(1 —a@) forn=1

The conversion at any temperature ay, was found from the
relation:

_ AHy
~ AHr

aTt

where, AHy is the fractional enthalpy at that temperature and
AHr, the total heat of reaction. AH¢ and AHy were obtained
from the fractional and total areas under the exothermic
curve in DSC. For determining the order, the « data for an
amine-epoxy resin mixture in 1:1 equivalent ratio were
used. The reaction order was found from the best fit of the
linear plot of In[g(a)/ T?] against 1 /T for different assumed
values of n as per Equation (2). A typical C-R plot is
shown in Figure 6 for the cases of n=0.5, 1, 1.5, 2, and
2.5, respectively. The best linear fit was obtained for n = 1.
Thus, the order of the reaction was taken as one. Similar
observation was made for EPN and TRI systems. A
reaction order of one has been reported for several epoxy
resin-amine systems, investigated by the DSC technique.

3.3.2 Ozawa and Kissinger Method

The activation parameters were calculated by the Ozawa
(30—32) and Kissinger (33), methods that is based on a
variable program rate. The Ozawa method uses a plot of the
logarithm of the heating rate vs. the reciprocal of peak temp-
erature, which gives a straight line. Using the slope of the line,
activation energy can be calculated using the following
Equation (3):

d(log B)

E=~2.15R
R

3)
where E is the activation energy, R is gas constant, 3 is the
heating rate in °C/min and T is the peak temperature in the
Kelvin scale.
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Table 2. T, from DSC analysis at variable heating rates
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Tmax from DSC at different heating rate (°C)

SI. no. System 2 (°C/min) 5 (°C/min) 7 (°C/min) 10 (°C/min) 15 (°C/min)
1 GY-1.0 103 125 128 134 137
2 EPN-1.0 88 115 118 120 127
3 TRI-1.0 82 107 109 115 124

The E values calculated for the three different amine-epoxy
resin systems are included in Table 2. Maximum activation
energy of 61.7 kJ/mol was observed for the GY system. A
representative Ozawa plot can be found in Figure 7.

An alternative method for the calculation of activation
energy is according to the Kissinger method. It is based on
a plot of In(8/T?) vs. 1/T which gives a straight line. From
the slope of the line, E can be calculated as per the following
Equation (4):

din(B/T?)
“am R @

The related Kissinger plot is shown in Figure 8. The E
values calculated for the three different epoxy systems are
given in Table 3. The maximum activation energy was
again observed for the GY system. The E values by the two
methods are effectively identical.

The pre-exponential factor A was calculated in both
methods by the following Equation (5):

E \ ERT
A= Bl — |/ 5
8 ©)
The average value of A as calculated from different heating
rates are included in Table 3.
The rate constant k at a given temperature was calculated
using the Equation (6):

k = Ae F/RT (6)
-4
6 n25%, GY-1.0
] Ll
8 ™24 S %
— \A‘A \e\e
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Fig. 6. C-R plot of determining the order of reaction for the
amine-epoxy resin reaction.

Where A is the pre-exponential factor, E is the activation
energy, R is the gas constant and T is temperature in Kelvin
scale. The k values at respective T, values (from rheologi-
cal analysis) are included in Table 3. Though the activation
energies are different for the three different epoxy resins,
there is a proportional change in the pre-exponential factor
(A). The rate constants calculated at T,,x are more or less
the same for all the three systems.

3.3.3 Kinetic Prediction of Isothermal Cure

E and A are useful for the prediction of isothermal conver-
sion. For the first order reaction, the relation for fractional
conversion («) and time (t) is given by Equation (7):

—In(1 — @) =kt (7

where k = A ¢ &/RT

Figure 9 shows the predicted « vs. time plot for three differ-
ent epoxies at their respective Tp,.x. It shows that the cure is
practically completed within 10 min for all the three different
epoxies. It can be seen that both the theoretical (from DSC)
and the experimental (from rheology) isothermal conversion
profiles match each other. The kinetic data were useful for
fixing the cure schedule of the polymers (detailed in the
Experimental part). Though the reaction is complete in
10 min at the respective T,,.y, the polymers were maintained
at this temperature for 180 min, to ensure the complete
conversion.

1.2

1.0+

0.8+

logp

0.6 1

0.4+

02 T T T T
2.4x10° 2.5x10° 2.6x10° 2.7x10° 2.8x10°

1UT(K™)

Fig. 7. Ozawa plot for the determination of E and A.
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Fig. 8. Kissinger plot for the determination of E and A.

3.3.4  Thermal Characterization of Polymers

The amine:epoxy group equivalent ratio was varied from
1:0.8 to 1:1.1 in the case of GY. The DSC profiles of the
cured polymers are shown in Figure 10. For the GY series,
the crystal melting becomes more distinguished with an
increase in PTMO content. GY-0.8 and GY-0.9 with more
PTMO content exhibited melting endotherm at ~25°C corre-
sponding to the crystal melting of PTMO. TRI-1.0 exhibited
both crystallization and crystal melting temperatures at
—30°C and 20°C, respectively. No definite crystallization
or crystal melting could be observed in the DSC for the
EPN system. No clear glass transition was observed in the
DSC thermograms for the cured epoxy resins with the excep-
tion of the TRI system, which showed a glass transition at
53°C.

3.4 FTIR Analysis

FTIR analysis was carried out to find the completion of the
reaction. Figure 11 shows the FTIR spectrum of epoxy
system (GY-1.0) just after mixing and after curing. Cured
sample (GY-1.0) showed the absence of absorption at
914 cm ™' due to epoxy groups and the presence of -OH
absorption at 3400 cm™'. This substantiates the ring-
opening of epoxy groups. Interestingly, both the uncured
and the cured samples exhibited a small sharp peak at
~2140 cm™'. The spectrum of precursor amine-PTMO,
shown in Figure 2 did not show any such absorption. Since
the amine or the epoxy monomer does not show any such

Merline, Nair, and Ninan
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Fig. 9. Predicted conversion vs. time graph for the epoxy resin
cure reaction at T, in rheogram (140°C for GY-1.0, 135°C for
EPN-1.0 and 130°C for TRI-1.0).

absorption, it was of interest to elucidate the origin of this
peak in their mixture. It was doubtful that the urea linkage
in the PTMO terminal could be contributing to the generation
of groups, absorbing at ~2140 cm™'. To confirm this, IR
studies were carried out on the reaction products of
diphenyl urea and a diepoxy monomer (GY-250) at 1:1 equiv-
alent ratio. Figure 12 shows the FTIR spectra of the initial
mixture of diphenyl urea and epoxy monomer at ambient
condition.

FTIR spectrum shows a peak at 2144 cm™'. One likely
reason for the absorption at 2144 cm™ ' is the formation of
carbodiimide group -N=C=N- (34). In this case, a weak,
broad absorption at ~3500 cm ™" indicates the generation of
the OH group. The -NH-CO-NH- linkage in the amine-
PTMO on reaction with epoxy groups could generate carbo-
diimide (-N=C=N-) groups, whose IR absorption occurs
at ~2144cm™'. IR spectra of the individual components
(diphenyl urea and GY-250) are shown in Figure 13. The
spectra of these two components lack the IR absorption at
~2144 cm™ . From this, it was confirmed that the origin of
absorption peak ~2144 cm™' is from the reaction between
the urea group (present in PTMO terminal) and the epoxy
group. It has been reported that N,N’-disubstituted urea can
give rise to carbodiimide in the presence of dehydrating
agents (34). Here, epoxy groups act as the dehydrating

Table 3. Kinetic parameters from DSC cure studies by different methods

Ozawa Kissinger
System E (kJ/mol) A x 10° (min~ ) k at Tpay (min~ 1Y) E (kJ/mol) A x 10° (min~ ") K at Tppax (min~ ")
GY-1.0 61.7 37 0.102 62.2 44 0.101
EPN-1.0 52.4 3.3 0.087 524 3.3 0.087
TRI-1.0 522 4.1 0.085 51.8 3.6 0.085
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Fig. 10. DSC thermograms of polymers; Heating rate: 5°C/min
(first heating).

agent (itself forming glycols). The proposed mechanism for
the formation of carbodiimide group is shown in Scheme 2.
This reaction generates OH groups whose absorption occurs
at ~3500 cm™'. From the low intensity of these peaks, it is
concluded that the carbodiimide group is formed only in
smaller concentration and that it could not affect the
polymer properties significantly. On curing of the resin, the
peak at 2144 cm™' becomes broadened and the peak
maximum shifts to 2102 cm ™' (Figure 11).

3.5 X-ray Diffraction Analysis

Figure 14 shows the X-ray diffraction profiles of the cured
resins. All the systems exhibited an identical XRD pattern.
The diffraction profiles show a diffused diffraction
maximum at 260 = 20°, suggesting the absence of defined
PTMO crystallites at the test temperature. Since the crystalli-
zation and crystal melting were observed in DSC, it is obvious
that the polymer can possess crystallites. The possible reason
for the broad diffraction is that the XRD analyses were done
at a temperature of 25°C, which is close to the crystal melting
temperature of PTMO. In order to confirm this, XRD was

T

60 - = !

] 2102 cm
55 i —— B

] T21440m”
50

45 WW After curing
- ] — - Before Curing

0 1000 2000 3000 4000
cm’™

Fig. 11. FTIR analysis of the sample, GY-1.0 immediately after
mixing and after curing.
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44 2144 cm™

4000 3000 2000 1000
cm’
Fig. 12. FTIR spectrum of diphenyl urea and epoxy mixture at
ambient condition.

carried out at a lower temperature (~10—15°C). This was
done by cooling the polymer samples sealed in a polythene
bag overnight at 0°C and subjecting them to a quick XRD
analysis, before attaining the ambient temperature. The
sample temperature during analysis is expected to be at a
temperature of ~10—15°C. Figure 15 shows XRD of the
cooled samples. The X-ray diffraction profiles exhibited
two sharp peaks at 260 = 20° and 26 = 24° corresponding to
the crystallites of PTMO segments. This shows that the
polymer could possess crystallites below the XRD test temp-
erature, which is in agreement with DSC observation. DSC
showed a sharp crystalline melting peak for the PTMO-rich
system and broad transition for PTMO-starved systems.

3.6 Mechanical Properties

Table 4 compiles the mechanical properties of cured epoxy
resins. For the GY series, with the enhancement in epoxy
monomer-content, the tensile strength and the initial
modulus increase. This increase in mechanical properties is
due to the increased crosslinks in the polymer system. Inter-
estingly, the elongation also increases with an increase in

100-WWGY.250
80——

'c\; 60 4 DPU
404
40_00 3000 _z;o'oo 1000 0

cm

Fig. 13. FTIR spectra of diphenyl urea (DPU) and epoxy resin
(GY-250).
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Sch. 2. Likely mechanisms for the formation of a carbodiimide
group in the amine-epoxy resin system.

concentration of the epoxy monomer. Highest elongation of
7% was observed for GY-1.1 with a maximum epoxy
group-content. Increased elongation of the epoxy monomer-
rich system is possibly due to the decrease in concentration
of crystalline PTMO in the polymer matrix. EPN and TRI
were found to be too brittle to prepare the samples to deter-
mine the mechanical properties.

3.7 Dynamic Mechanical Thermal Analysis (DMTA)

Figures 16, 17, and 18 show the DMTA profiles of the cured
polymers. The graphs show the variation of storage modulus
and tan 6 with temperature. For the GY series, storage
modulus in the glassy state decreases with an increase in con-
centration of epoxy monomer as shown in Figure 16. Higher
glassy state modulus implies better shape fixity property upon
cooling and unloading (18). For GY-0.9, E’ first increases at
—48°C and then decreases. This increase in E’ is possibly
due to the crystallization of PTMO segments in the system.
Figure 17 shows the storage modulus vs. temperature
profiles of the three different epoxy systems in the cured
state (GY-1.0, EPN-1.0, and TRI-1.0) at 1:1 amine:epoxy
equivalent ratio. The storage modulus decreased in the
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Fig. 14. X-ray diffraction profiles of different polymer systems at
ambient temperature (25°C).
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Fig. 15. XRD of cooled samples: GY-0.8, EPN-1.0 and TRI-1.0.

order EPN-1.0 > GY-1.0 > TRI-1.0. Variations of tan o
with temperature for the GY series are shown in Figure 18.
With an increase in epoxy monomer concentration, tan &
maximum shifted to a higher temperature region. The temp-
erature corresponding to tan 6 maximum was considered as
transition temperature (Ty.,s). These transition temperatures
were used for fixing the temperature conditions for evaluation
of shape memory properties. The Ty, values are higher than
the melting point observed in the DSC. Similar temperature
differences have been observed previously for the shape
memory polyurethane system (14). For practical applications,
the Tyans from DMTA are normally used as the transition
temperature.

3.8 Shape Memory Evaluation of Polymers

Shape memory property was evaluated by a bending test at
temperatures corresponding to Tyans +20°C  for each
system. Table 5 compiles the shape memory characteristics
of various polymer systems at the fifth cycle. For the GY
series, the sample with maximum PTMO content exhibited
99% shape recovery even after the fifth cycle. With a
decrease in PTMO content, the shape recovery characteristics
decreased slightly and reached the minimum value of 94% for
GY-1.1. EPN-1.0 showed a shape recovery of 85% and TRI-
1.0 showed 90% shape recovery. Table 4 includes the shape
recovery time at the specified temperatures (Trtpans). For the
GY series, recovery time decreases with an increase in
PTMO content. The sample with 99% shape recovery

Table 4. Mechanical properties of epoxy-based systems (at
ambient temperature, 25°C)

Sample Tensile Percentage Initial modulus
reference strength (MPa) elongation (MPa)
GY-0.8 2.7 2 100
GY-0.9 21.6 3 410
GY-1.0 244 5 560
GY-1.1 39.7 7 605
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Fig. 16. Storage modulus vs. temperature profiles of cured poly-
mers in the GY series, Heating rate: 5°C/min.
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Fig. 17. DMTA of cured resins GY-1.0, EPN-1.0, and TRI-1.0,
Heating rate: 5°C/min.
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Table 5. Shape memory properties of amine-epoxy polymer
systems
% Shape Tirans Recovery

Sample recovery (DMTA) (°C) time (s)
GY-0.8 99 83 12
GY-0.9 98 95 15
GY-1.0 97 96 17
GY-1.1 94 110 30
EPN-1.0 85 77 35
TRI-1.0 90 110 30

required a recovery time of 12s. For the EPN-1.0, the
recovery time is higher than for the GY series. TRI-1.0 recov-
ered in 30 s at par with GY-1.1. Since the shape recovery
characteristics increase with PTMO content, it can be con-
cluded that either the crystallization or dipolar interaction
of the PTMO segments are responsible for the shape
memory characteristics of the polymer system. Normally
crystals, glassy states, entanglements or crosslinking struc-
tures and strong dipolar interactions are used for fixing the
phases for memorizing the original shape (35—37).

4 Conclusions

An epoxy-based shape memory polymer was synthesized by
curing epoxy resins with amine telechelic PTMO. Molar
ratios of the reactants were varied to get polymers of
varying compositions. DSC and rheological analyses were
used to monitor the cure reaction of the polymer system.
First order kinetics was observed for epoxy: amine reaction
from DSC investigation. The isothermal cure prediction
from DSC kinetic data matched with the actual cure
behavior as observed in rheological analysis. FTIR analysis
confirmed the completion of a curing reaction. XRD
analysis showed epoxy polymer systems to possess broader
crystal dispersion at room temperature and the existence of
PTMO crystallites on cooling the resin. Increasing epoxy
monomer concentration resulted in progression in Ty,
tensile strength and initial modulus. For a given epoxy
system, increasing the PTMO concentration is conducive to
enhancing the shape recovery characteristics with a
marginal penalty in the recovery time. All the epoxy-based
systems exhibited more than 85% shape recovery. 99%
Shape recovery was observed for GY-0.8 with a maximum
PTMO concentration. The system recovered the shape in 12
seconds under the test conditions.
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