High
Performance
Article Polymers ¢

High Performance Polymers
24(8) 702-709

Enhanced toughness and shape © The Author) 2012

memory behaviors of toughed DO 10,1 177109540083 12449646
. hip.sagepub.com

epoxy resin ©SAGE

Chun-Hua Zhang', Hui-Ge Wei', Yu-Yan Liu"z,
Hui-Feng Tan??, and Zhanhu Guo*

Abstract

This paper reports on an approach to enhance the toughness of shape memory epoxy by using polypropylene glycol
diglycidyl ether (G) as the toughening agent. The mechanical properties and shape memory behavior of the toughened
resin systems with different loading level of G were studied, respectively. Results of the torsional braid analysis (TBA) test
indicated that G had good compatibility with the epoxy resin matrix and induced a decrease in the glass transition
temperature, T, of the toughened systems when compared to that of the neat resin system; and the decrease in T scaled
with the content of G added in the system. Impact strength tests showed that the impact strength was improved
significantly by adding G into the resin system and it increased by a factor of 13.7 for the system with 13 wt.% content of G.
In addition, the toughened systems were found to yield during the impact strength test whereas brittle fracture occurred
for the neat epoxy resin system; this behavior could be further confirmed by the results of scanning electron microscopy
(SEM). In the shape memory behavior tests, strain fixity ratio reached as high as 98.9% for toughened systems with 7,9, | |,
13, and I5 wt.% of G. Toughened systems also displayed changed shape recovery behavior that was comparable with that
of the neat epoxy resin system during shape memory process.
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Introduction structures,'>'* which can be folded into specific shapes

when heated above T,, launched into the preordained
orbital (determined orbital in advance), and then heated
to temperatures above 7, again to restore to their original
shapes by virtue of shape memory effects, ultimately reduc-
ing the launch spatial volume and cost significantly.'>"”

Shape memory polymers (SMPs) are polymeric smart
materials which possess the ability to store and recover
large strains by the application of a prescribed thermome-
chanical cycle in response to an external stimulus, such
as temperature, electric or magnetic field, light, or pH
value.'™® SMPs can be either thermoplastics or thermoset-
tings with physically or chemically cross-linked network
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Scheme |. Chemical structures of (a) the epoxy resin E-51, (b) the curing agent m-xylylenediamine and (c) the toughening agent

polypropylene glycol diglycidyl ether (G), respectively.

Among the SMPs, epoxy resins are perceived as an ideal
hosting thermosetting matrix of the SMP composites due to
their excellent properties such as high fracture stress, spe-
cific elastic modulus, and good geometrical, thermal and
environmental stabilities.'®>° Shape memory alloy/epoxy
hybrid SMP composites with large bending strength and
fracture strain’! and controllable suppressed stress intensity
in the vicinity of a crack-tip> have been fabricated and
reported. However, one main disadvantage of the epoxy-
based SMPs is related to their inherent brittleness and low
impact strength arising from the highly cross-linked net-
work structure.*>**

To improve the toughness of epoxy, silica nanoparticles,?
double-walled carbon nanotubes®® or single-walled car-
bon nanotubes,?’ or graphene oxide?® have been intro-
duced to the epoxy matrix. Meanwhile, carbon
nanofibers, carbon nanotubes and Fe@FeO core-shell
nanoparticles have been used to improve the tensile
strength of the epoxy matrix and other functionalities
such as electrical conductivity and magnetic proper-
ties.”” 2 However, the poor compatibility of the epoxy
matrix and the nanoparticles or nanotubes, which results
in severe aggregation of the nanofillers, remains the
problem.**** To obtain homogenous epoxy SMPs with
enhanced toughness is not trivial. In the present study,
a readily commercially available polypropylene glycol
diglycidyl ether (G) was evaluated as the toughening
agent, and the results showed a good compatibility
between G and the epoxy matrix. The effects of the
toughening agent on the mechanical properties of
the shape memory epoxy systems were evaluated. The
shape memory effects in terms of strain fixity ratio and
strain recovery ratio at different temperatures were also
considered. The overall optimum content of G was
studied for this epoxy resin as the polymeric matrix of
SMP composites deployable in the space structures.

Materials and experimental

Materials

In the experiment, E-51, a diglycidyl ether type epoxy resin
from bisphenol A with an epoxy value of 0.48-0.54, was
purchased from LanXing Chemical Co., Ltd, China. The
amine curing agent, m-xylylenediamine, was provided by
Aladdin, China, and the toughening agent polypropylene
glycol diglycidyl ether (G) was supplied by XiYaShiji
Co., Ltd, China. The chemical structures of E-51, m-xyly-
lenediamine and polypropylene glycol diglycidyl ether are
shown in Scheme 1.

Preparation of epoxy SMP systems

Neat epoxy systems with a degree of curing (DC, the
ratio of the number of reacted sites to the total number
of reactive sites) of 60, 70, 80, 90, and 100% were pre-
pared following the procedures in our previous study.*
Briefly, the curing agent and toughening agent were
successively added into E-51 at room temperature. The
mixture was stirred for 5 min to obtain a homogenous
solution. Finally, the solution was put into a rotary-
vane vacuum oven for 10 min to remove the bubbles
formed in the solution. The curing was carried out
according to the curing procedures recommended by the
company: 80°C for 2 h and 160°C for another 6 h. The
pure epoxy system with a curing degree of 80%, denoted
as EP-80, was found to be the most suitable system for
studying because it possessed the most desirable com-
prehensive properties in terms of strength, toughness,
and shape memory effects.>® Therefore, investigation
on the toughening of the shape memory epoxy was
conducted based on EP-80. The shape memory epoxy
systems with different formulas based on EP-80 are
listed in Table 1 (in terms of weight percentage).
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Table |I. Formulas of SMP epoxy systems.

Epoxy systems EP-80 EPG-7 EPG-9 EPG-11 EPG-13 EPG-15
E-51 (g) 100 93 9l 89 87 85
Toughening agent (g) 0 7 9 Il 13 15
Curing agent (g) 13.89 13.57 13.47 13.36 13.26 13.12

Characterizations

Fourier transform infrared spectrometry tests. Fourier trans-
form infrared spectrometry (FT-IR) tests were performed
on a Nicolet-Nexus-670 Fourier transform infrared spectro-
metry instrument using KBr pellets in the range of 500 to
4000 cm ™" at a resolution of 4 cm ™' to investigate the inter-
action between the toughening agent and the epoxy resin.

Torsional braid analysis. Aromatic fibers were knitted into even
braids and then were cut into short ones with a length of 7 cm.
Both ends of each of the short braids were fixed on a self-
made aluminum plate with the middle part well wetted by the
resin mixtures prepared beforehand. Then the braids were
cured according to the curing procedures recommended by
the company: 80°C for 2 h and 160°C for another 6 h. Finally,
the cured braid specimens were put inside a GDP-4 instru-
ment for dynamic mechanical properties analysis (DMA).
DMA is the most useful technique used to study the viscoelas-
tic behavior of polymers where a sinusoidal stress is applied
and the strain is measured to obtain the complex modulus. The
dynamic mechanical properties and internal friction data
were obtained, allowing for the determination of 7}, of differ-
ent resin systems. The tests were carried out at a heating rate
of 2°C min~" with a frequency of 10 Hz.

Impact strength tests. Resin systems with different content of
G were cured in channeled molds and the moldings were
fabricated into cylindrical specimens with a dimension of
65 mm x 0.6 mm x 0.6 mm, according to GB/T1843-1996
standard in China, which specifies the requirements of prepar-
ing unnothched plastic samples to be tested on the cantilever
impact testing machine. An Instron 9250HV frame for the
drop hammer impact test was adapted in this experiment,
using a damping velocity of 3.5 m/s. The cantilever impact
strength (the ratio of the energy absorbed by the pristine speci-
men to areas of its original cross section) was defined as « (kJ/
m?) and can be calculated according to Equation (17

o= W/(hxb) (1)

where W is the energy absorbed by the pristine specimen
(J); h is the thickness of the specimen(mm); and b is the
width of the specimen (mm).

Scanning electron microscopy characterizations. The morphol-
ogy and microstructure of the fracture cross-sections of the
neat epoxy and toughened epoxy systems were studied
using an FEI Quanta 200F system instrument.

Shape memory behavior tests. At temperature above Ty, the
polymeric materials transform from a glassy state to a rub-
bery state and are then capable of being deformed by the
application of an external stress. The stress can be stored
to some extent when the polymeric materials are cooled
down below T;,. R{T) is employed to indicate the ability for
the polymeric materials to hold the deformed shape, or tem-
porary shape at a certain temperature of 7, and can be cal-
culated according to Equation (2):*%°

_ Ofixea

Re(T) x 100% 2)

max
where R¢ (7)) is the strain fixity ratio at T, 0, is the original
bent angle, that is, 180°, and 0gyq is the bent angle main-
tained at T.

For shape memory materials, the original shape can be
restored after an appropriate thermomechanical treatment.
R, is an indicator of this recovery ability. R, can be calcu-
lated using Equation (3):%~°

)= Ofixed — Ofinal

R(T) = x 100% (3)
Gﬁxed

where R, (7) is the strain recovery at T} Ogyq is the bent
angle maintained at T} and 0Op,, is the residual bent angle
after shape recovery.

The specimen (150 mm x (20 + 0.2) mm x (2 + 0.2)
mm) was bent into an U shape of 12 mm inside diameter
and the bent angle 0., was normalized to 180°. The
deformed specimen was cooled down and then heated
again for shape memory performance evaluation.

Results and discussion

FT-IR analysis of SMP epoxy systems

Figure 1(a) and (b) shows FT-IR spectra of the cured neat
epoxy resin EP-80 and toughened epoxy resin EPG-15,
respectively. In Figure 1(a), the hydroxyl groups produced
by the ring-opening reaction of E-51 with the amine curing
agent, combined with the pendent hydroxyl group of E-51
(Scheme 1(a)) gave rise to a prominent —OH stretch peak at
3300-3400 cm ™~ '.*° The theoretical curing degree was only
80%, therefore some epoxy groups remained unreacted in
the shape memory epoxy resin system, which is verified
by the stretch peak at 916 cm™'.*' In Figure 1(b), the con-
tent of E-51 was decreased when polypropylene glycol
diglycidyl ether (G) was introduced to the shape memory
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Figure |. FT-IR spectra of (a) EP-80 and (b) EPG-I5.

epoxy resin system. As aromatic epoxy groups are more
active than those aliphatic epoxy groups, E-51 would react
more readily with the curing agent than glycol diglycidyl
ether, and part of the hydroxyl groups produced would
further react with the epoxy groups, resulting in partial con-
sumption of the hydroxyl groups. Furthermore, there are no
hydroxyl groups in the polypropylene glycol diglycidyl.
Therefore, the —OH stretch peak at 3300-3400 cm” L,
Figure 1(b), is not as obvious as the —OH stretch peak in
Figure 1(a). The stretch peak at 916 cm™ is attributed to
those unreacted epoxy groups in the polypropylene glycol
diglycidyl ether.

Torsional braid analysis of the SMP epoxy systems

Results of the torsional braid analysis (TBA) test are
illustrated in Figures 2 and 3, where the logarithmic decrement
A (A = ln(Al/A2) = ln(Az/Ag) = ln(A,,/A,,H), where An
represents the amplitude of the nth oscillation of the sample).
Figure 2(a) and Figure 3(a) indicate that the mechanic loss
(work exhausted because of the creep phenomenon arising
from the lag of strain change induced by the stress change in
each cycle for the polymer materials) while 1/P* in Figure
2(b) and 3(b) represents the shear modulus (the ratio of shear
stress to the shear strain). Figure 2(a) and Figure 3(a) also
provide information about the T, values of the different resin
systems, which are listed in Table 2.

The TBA results of EPG-15 and EP-80 (Figure 2) show
the thermomechanical differences between the toughened
(EPG-15) and neat resin systems (EP-80). From
Figure 2(a), T, of EPG-15 is calculated to be 51.2°C which
is lower than that (94.7°C) of EP-80. This phenomenon
might be attributed to the aliphatic structure and smaller
molecular weight of G. However, the peak width of T,
was found to have almost the same value for EP-80 and
EPG-15. The full width at half maximum of T, peak was

calculated to be 25.6°C for EPG-15 and 25.2°C for
EP-80. Therefore, it can be concluded that G has little
effect on the polymer chain relaxation process. From
Figure 2(b), similar 1/P* curves for EPG-15 and EP-80
were observed. The value of 1/P? first decreased dramati-
cally at the vicinity of 7,, and then a plateaus above T, was
observed. This is characteristic of a highly cross-linked and
monophase structure, indicating that G had a good compat-
ibility with the epoxy matrix.

Figure 3 shows the mechanic loss and stiffness change
of the toughened epoxy systems with different amounts
of G. The T, value was observed to decrease with increas-
ing G content. Values of T,, inferred from the peak in
Figure 3(a), were found to be 89.2, 72.4, 64.3, and
58.8°C for EPG-7 EPG-9, EPG-11, and EPG-13, respec-
tively, and full width at half maximum of 7, peak was sim-
ilar for these systems. Therefore, it could be inferred that
the molecular interaction was weakened while the cross
linking structure was not diminished by introducing G into
the SMP systems.?’ It also indicates that G has a great
potential in tailoring 7, of the shape memory epoxies.'®

Impact strength tests and morphology

Table 3 and Figure 4 show the impact strength of the differ-
ent toughened resin systems and the load-time curves,
respectively. From Table 3, the impact strength (8.623,
10.230, 11.560, 13.688, and 13.456 kJ/m*> for EPG-7,
EPG-9, EPG-11, EPG-13, and EPG-15, respectively) was
improved significantly with increasing G content and
reached a maximum of 13.688 kJ/m? at 13 wt.% of G,
which was about 13.7 times of that of the neat epoxy sys-
tem (0.996 kJ/m?). However, the impact strength began
to decline in the SMPs with G loading above that critical
content. There was only one peak in the curve of loan ver-
sus time for neat resin EP-80 (Figure 4(a)) indicating that
the neat resin fractured directly. Interestingly, more than
one peak was observed (Figure 4(b) and (c)) when G was
added in the epoxy resin system, and the number of peaks
and the maximum sustainable load increased with increas-
ing the content of G, indicating the ductility of the epoxy
resin after the addition of G, which was further confirmed
by the following scanning electron microscopy (SEM)
observations of the fracture cross-sections of the neat epoxy
and the toughened epoxy system.

Figure 5 shows the SEM images of the fracture cross
sections of (a) EP-80 and (b) EPG-15. The fracture section
was very smooth for the cured pure EP-80, while the frac-
ture surface became much rougher and uneven for EPG-15,
This indicates that G was very effective in enhancing the
toughness of the epoxy resin*** and this was also observed
in the nanoparticles reinforced vinyl ester resin nano-
composites*® and carbon nanofibers-reinforced epoxy
nanocomposites®® with an enhanced tensile strength.
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Figure 2. (a) Mechanical loss versus temperature and (b) stiffness loss versus temperature from TBA tests for neat epoxy resin EP-80

and toughened EPG-15 epoxy resin systems.
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Figure 3. (2) Mechanical loss versus temperature and (b) stiffness loss versus temperature from TBA tests for the toughened systems

containing G 7, 9, I 1, 13%.

Table 2. T, of different epoxy systems.

Epoxy
systems EP-80 EPG-7 EPG-9 EPG-Il EPG-13 EPG-15
T,(°C) 947 892 74.2 64.3 57.2 51.2

Shape memory performance test

Shape performances of EP-80, EPG-7, EPG-9, EPG-11,
EPG-13, EPG-15 and EPG-17 were studied. Each of the
epoxy systems was heated to temperatures above 7, such
as T> T, + 20 ~ 30°C for 10 min, folded into a U shape,
and cooled down to room temperature while maintaining
the external force. After 5 min the bent angle, Ogycq, Was
measured and the strain fixity ratio Ry could be calculated
using Equation (3). Ry was found to be greater than 98.9%.

For each system, it was observed that the recovery hap-
pened quite slowly when 0,4 was above 150° (R, below
16.7%, Equation (3)) or below 30° (R, above 86.3%), and

Table 3. Impact strength of different epoxy systems.

Epoxy systems EP-80 EPG-7 EPG-9 EPG-11 EPG-13 EPG-I5

Impact 0.996 8.623 10230 11.560 13.688 13.456

strength (kJ/m?)

the shape recovery happened rapidly when 0g,.q ranged
from 150 to 30° (R, below 86.3% and above 16.7%).
Figure 6 shows the recovery process of the various systems
containing different amounts of G. For instance, the recovery
of EP-80 began at 70°C but could not completely reach the
initial condition until the temperature reached 95°C, suggest-
ing that the recovery process started at the beginning of glass
transition, at which temperature the molecular chains tended
to move after having gained some external energy and
gave rise to a decreased modulus. However, the recovery
could not happen readily due to the significant friction
between polymer molecules and comparatively weak chain
motion. At higher temperature when more free volume was
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Figure 5. SEM images of (a) EP-80 and (b) EPG-15, respectively.

available, the frozen chains were set free and R, began to
increase subsequently. When the temperature reached 95°C
the extrapolated terminal temperature of the glass transition,
and the internal friction were reduced dramatically and the
specimen was able to recover to its original shape completely,
driven by released frozen strain which was stored in the
polymer matrix during the shape deformation.

It was also observed that the recovery temperature
shifted from 70 to 50°C with increasing G in the systems,

which implied that G participated in reducing the cross-
linking density. Hence, molecular chains can move with
comparatively less energy requirement and render the
deformed shape recovery at a lower temperature.

Conclusions

The toughening of SMP epoxy resin using polypropylene
glycol diglycidyl ether (G) was studied. Various
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Figure 6. Strain recovery ratio of (a) EP-80, EPG-7, EPG-9 and EPG-1| | and (b) EPG-13, EPG-15 and EPG-17, respectively.

characterizations methods including TBA test, impact
strength test, DMA and shape memory effects test were
employed to investigate the effects of the toughening agent
on the epoxy resin SMPs. The results showed that G had a
good compatibility with the epoxy matrix. The toughness of
the epoxy resin SMP could be improved significantly with a
prime content of 13 wt.% of G, although a slight decrease in
the T, value of the toughened epoxy systems could be brought
due to the aliphatic structure and lower molecular weight of
G. The shape memory tests demonstrated that toughened sys-
tems such as EPG-7, EPG-9, EPG-13 and EPG-15 possess the
ability of shape memory with the strain fixity ratio being as
high as 98.9%. The toughening epoxy systems with G can
recover to their original shapes more easily at lower
temperatures.
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