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Abstract The high strain rate behaviour of tough-
ened epoxy is explored under compressive loadings.
A cycloaliphatic epoxy was toughened using differ-
ent types of preformed fillers: epoxy-coated elastomeric
poly(dimethylsiloxane) (CSR) and thermoplastic polysty-
rene microspheres. The toughening ability of the fillers was
quantified in terms of improvement in izod impact strength.
Our studies revealed that the disadvantages associated with
liquid rubber toughening, especially lowering of the glass
transition temperature (Tg) and storage modulus, could be
overcome by using poly(dimethylsiloxane) (PDMS) micro-
spheres. The izod impact strength increased by 33 % upon
addition of 3 % w/w amino-polystyrene microspheres, and
~125 % upon introduction of CSR (5 % w/w). High strain
rate studies performed using split Hopkinson pressure bar
revealed that the compressive strength of epoxy and the
toughened compositions were significantly enhanced at
high strain rates (~10® s™!) compared with that at quasi-
static loading conditions (~10~! s™1). The effect of filler
type on the strain rate sensitivity of the base polymer was
established by comparing the property enhancement factor
(PEF). Although introduction of elastomeric microspheres
led to a lower compressive strength of epoxy, the PEF asso-
ciated with the rubber-toughened composites was substan-
tially higher than that with the thermoplastic-toughened
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analogous compositions, which was attributed to the
viscous energy absorption in PDMS resulting from the
dynamic rubber to glass transition at high strain rates.
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Introduction

Polymeric composite materials are finding increasing
usage in engineering applications, primarily because
of their low specific weight and production costs. In this
context, epoxy resins constitute the most common matrix
material for preparation of polymeric composites. Unfor-
tunately, conventional polyepoxides are extremely vulner-
able to impact-induced damage because of their inherently
cross-linked structure, thereby limiting their use in highly
demanding applications. Physical toughening techniques
like blending with elastomers [1-3], thermoplastics [4] and
rigid particulates [5, 6] have been attempted to improve the
dynamic properties of the base resin. However, the increase
in toughness is usually associated with a concomitant
decrease in modulus, strength and very often the resultant
blends exhibit low glass transition temperatures [7].

It is to be noted that irrespective of the material
employed for epoxy toughening, it is the thermodynami-
cally and kinetically controlled process of phase separation
which governs the morphology of the resultant blend and in
turn defines its final properties and applications [8]. Curing
of epoxy in the presence of another polymer results in the
formation of phase-separated blends, a process difficult to
control in fast curing compositions. Researchers worldwide
are exploring techniques towards developing ways and
means of controlling the blend morphology [9-11]. In this
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context, an attractive alternative which has garnered much
attention involves inclusion of designed preformed materi-
als [12—14], which lead to greater improvements at com-
paratively lower loadings [2].

It is desirable to understand the mechanical response
of materials under high strain rates, as these materials are
often accidentally subjected to impact and shock loadings.
Surprisingly, there seems to be limited work in the area
of high strain rate characterization of polymer compos-
ites, although ample studies on the quasi-static mechanical
properties are available.

In addition, it is extremely important to be cognizant
of the effect of type of toughening fillers on the strain rate
sensitivity of the base matrix. In our previous papers, we
have demonstrated the ability of functionalized polysty-
rene [4] and silicone microspheres [15] as effective ther-
moplastic and elastomeric fillers towards epoxy toughen-
ing. The fillers, however, necessitated suitable treatment
to improve their interaction with the epoxy matrix. In this
study, we attempt to understand the effect of these fillers on
the mechanical response of the base matrix under dynamic
compressive loading conditions. Increasing the strain rate
led to substantial changes in the characteristic mechani-
cal properties of epoxy, which was followed by quantifi-
cation of “property change factor”, defined as the ratio of
the property at high strain rate loading to that under quasi-
static conditions [16].

Experimental
Materials

Epoxy resin (Ciba Geigy, Araldite CY 230; epoxy equiva-
lent 200 eq g_l, Basel, Switzerland) and hardener (HY 951;
amine content 32 eq kg ! Basel, Switzerland) were used as
received. Styrene (AR, E. Merck, KGaA, Dermstadt, Ger-
many) was washed with 10 % aqueous sodium hydroxide
to remove the inhibitor, followed by washing with water
and drying over anhydrous sodium sulphate. Poly(vinyl
alcohol) (PVA) (M,,: 14,000 g mol ™!, Central Drug House,
Mumbai, India) and benzoyl peroxide (AR, Central Dug
House, Mumbai, India) were used without any further puri-
fication. Silicone resin (Elastosil M4644) and the platinum-
based hardener were obtained from Wacker, Germany.
Double distilled water was used throughout the course of
this study.

Preparation of amine-functionalized polystyrene
microspheres

The preparation of polystyrene microspheres by suspension
polymerization process has been detailed in our previous
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papers [4]. In brief, a solution of styrene (in toluene) and
benzoyl peroxide (0.05 % w/v styrene) was introduced
into a reaction vessel containing aqueous solution of PVA
(1.5 % w/v) and the polymerization reaction was allowed
to proceed at 80 £ 2 °C under inert atmosphere for 8 h
under stirring, after which the reaction mixture was cooled
and filtered. The microspheres were nitrated with 5:2 v/v
mixture of sulphuric acid and nitric acid at 60 °C on a con-
trolled water bath for 1 h. Nitro-polystyrene microspheres
(NPS) were washed with distilled water, dried under vac-
uum and reduced to amino-polystyrene (APS) with a mix-
ture of tin(Il) chloride and concentrated hydrochloric acid
in 50 mL ethanol for 12 h at 90 °C [17]. The product was
filtered, washed first with distilled water and then alkali
(2 M NaOH) to recover the free amino derivative.

Preparation of core/shell elastomeric microspheres

The silicone core was prepared by suspension polymeriza-
tion process as per the procedure detailed in our previous
papers [15, 18, 19]. In brief, the vinyl-terminated siloxane
macromonomer and hardener were introduced into a reac-
tion vessel through a hypodermic syringe into an aqueous
PVA solution (1.5 % w/v). The curing reaction was allowed
to proceed under inert atmosphere at 45 °C under continu-
ous stirring for 8 h, after which the reaction mixture was
cooled and filtered.

The microspheres were coated with epoxy in a separate
step to prepare core/shell rubber (CSR). For this purpose,
a mixture of PDMS microspheres (15 g) and epoxy resin
(7 g) was ultrasonicated for 15 min prior to addition of stoi-
chiometric amounts of hardener. The mixture was diluted
with small amounts of chloroform (5 mL), and the slurry
was slowly introduced into a reactor containing aqueous
PVA solution being stirred under the conditions mentioned
previously.

Preparation of epoxy composites

Microspheres were sieved to obtain uniform particles,
which were then added to the epoxy resin in required
amounts (1-7 % w/w) followed by ultrasonication of the
resulting mixture for 30 min at 33 kHz. Triethylene tetra-
amine hardener was added to the mixture (13 phr) to
achieve an amine:epoxide stoichiometry of 1:1 and ultra-
sonicated for another 15 min to remove the entrapped air
bubbles. The suspension was transferred to cylindrical
greased silicone moulds (12 mm diameter x 5 mm height),
where the curing reaction was allowed to proceed for 24 h
at 30 °C. Prior to testing, the faces of the cylindrical speci-
mens were polished with 240 grit-size silicon carbide abra-
sive paper followed by polishing with 600 grit-size emery
paper. Neat epoxy specimens were also prepared in a
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similar manner and the samples have been designated as EP
followed by their concentration and by the type of micro-
sphere used for their preparation, i.e. ‘APS’ denotes poly-
styrene beads functionalized with amino groups and CSR
denotes epoxy-coated core—shell poly(dimethylsiloxane)
beads. For example, EP3APS refers to a thermoplastic-
toughened epoxy containing amino-polystyrene (3 % w/w),
and EP5CSR refers to rubber-toughened epoxy containing
core—shell poly(dimethylsiloxane) beads (5 %w/w).

Mechanical properties

The quasi-static compressive mechanical properties of
composites were determined by subjecting the cylindri-
cal specimens to a compressive load, at cross head speed
of 50 mm min~! corresponding to a strain rate of 0.17 s,
using a universal testing system (International Equip-
ments, Mumbai, India) at 30 °C. The notched izod impact
strength of the specimens was determined as per ASTM
D 256 using an impact strength testing machine (Interna-
tional Equipments, Mumbai, India). For each composition,
at least five identical specimens were tested and the average
results along with the standard deviation were reported.

The surface morphology of samples was studied using
a scanning electron microscope (Zeiss EVO MALS,
Oberkochen, Germany) under an acceleration voltage of
1 kV. Samples were mounted on aluminium stubs and sput-
ter coated with gold and palladium (10 nm) using a sputter
coater (Quorum- SC7620, Oberkochen, Germany) operat-
ing at 10-12 mA for 120 s.

High strain rate studies

The mechanical response of the samples under high
strain rates was established using a split Hopkinson pres-
sure bar (SHPB). The setup (Fig. 1) at Terminal Ballistic
Research Laboratory (TBRL), Chandigarh, comprises
two high-strength maraging steel with yield strength
1750 MPa, diameter 20 mm and length 2000 mm. A pro-
jectile (300 mm length and 20 mm diameter) was shot by
a pressure gun to hit the cylindrical samples sandwiched
between the two bars to produce different strain rates vary-
ing between 1096 and 2900 s~' [20]. Strain gauges of
120 €2, 90° tee rosette precision stain gauges designated as

Fig.1 Schematic representa-
tion of the compressive SHPB
experiment

EA-06-125TM-120 were used. For wave shaping, a 1.5 mm
OFHC copper wave shaper was used.

As the front disc of the propelling mechanism impacts
onto the disc mounted on the incident bar, an elastic stress
pulse is generated and travels along the incident bar. When
the pulse reaches the specimen, which is sandwiched
between the incident and transmitter bars, part of the
stress pulse is reflected and the remaining part is transmit-
ted through the specimen to the transmitter bar. The strain
gauges mounted at the centre of incident and transmitter
bars provide the time-resolved measure of the signals. The
strain gauge mounted on the incident bar measures incident
and reflected pulses, whereas the strain gauge mounted on
the transmitter bar measures the transmitted pulse. The
strain gauges are installed midway on the incident and
transmitter bars to avoid overlapping of the signals. Dur-
ing loading, the specimen undergoes dynamic elastic—plas-
tic deformation. From the reflected pulse, the strain rate
applied and the strain in the specimen are estimated, whilst
the transmitted pulse provides a measure of the stress. The
reflection of the pulse from the interface of the bar and
specimen is due to the impedance mismatch between the
bar and the specimen [20].

The basic principle of SHPB is based on one-dimen-
sional wave propagation in elastic bars, which can ideally
be considered to be of infinite length and negligible diam-
eter. In all the experiments, cylindrical specimens with
length to diameter (L/D) ratio of 0.41 were used, with the
diameter of the specimen being 12 mm. This ensured the
impact on full cross section of the specimen and also per-
mitted the specimen to expand along the radial direction
within the cross-sectional area of the bars after the com-
pressive load was applied. The deformation history within
the sample was obtained by recording the strain on the inci-
dent and transmitter bars from the strain gauges with the
help of an amplifier and oscilloscope. From these signals
and using one-dimensional wave propagation theory, strain
rate versus time, strain versus time, stress versus time and
stress versus strain plots in the specimen are obtained. Fur-
ther, force history at the interface between the specimen
and the incident bar (F1) and the specimen and the trans-
mitter bar (F2) is also obtained. The analytical relations to
calculate strain rate, strain and stress as a function of time
in the specimen in SHPB testing are as follows:

2m 2m
1m 1m
g 9
=
Launcher Incident bar Transmissionbad| Throw off bar VvV
Lasers—> [ £\ Strain gauge
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Strain rate, &(f) = ( 7 O)SR(t),
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where C, is the elastic wave velocity in the bars, Ig the
specimen gauge length, Ay the cross-sectional area of the
bars, Ag the cross-sectional area of the specimen, E the
Young’s modulus of the bars, ey the reflected strain pulse,
er the transmitted strain pulse and ¢ the time duration.

Results and discussion

A cycloaliphatic epoxy resin was toughened using two dif-
ferent classes of preformed additives, namely elastomeric
and functionalized polystyrene microspheres. The effect of
these fillers on the mechanical response of the base resin
was studied under different strain rate regimes under com-
pressive loadings.

Epoxy toughening

SEM images of silicone and amino-polystyrene micro-
spheres are presented in Fig. 2. It can be seen that in com-
parison to PDMS, the surface of APS microspheres is rela-
tively rougher and the cracked surface emerges as a result
of nitration of the other smooth polystyrene surface. The
effect of introduction of both types of fillers on the tough-
ening ability of epoxy resin has been discussed in our pre-
vious papers [4, 15].

No significant reduction in the 7, values of the base poly-
mer was observed by introduction of the microspheres, and
the damping tan d traces were found to overlap in the DMA
traces (Fig. 3). This is in contrast with the results reported on
epoxy blends with organic liquid rubbers, e.g. CTBN, where
significant reduction in 7, has been reported [21]. Our stud-
ies clearly highlight the benefit of employing preformed
elastomeric microspheres as impact modifiers as the second
phase remains phase separated, in view of which their plas-
ticizing action is practically negligible. Neat epoxy exhibits a
glass transition of 66 °C (tan 6 peak) and storage modulus of
3.3 x 10'" Pa (at 30 °C), which remain practically unaffected
upon addition of either type of filler. The additional hump at
110 °C in EP3APS corresponds to the 7, of amorphous PS
phase, which suggests the existence of completely phase-sep-
arated fillers without any evidence of plasticizing action.
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Fig. 2 SEM images of a amino-polystyrene, and b PDMS micro-
spheres

The effect of either type of filler on the impact strength
of the base epoxy resin is presented in Fig. 4. The izod
impact strength increases from 24 J m~' (unmodified
epoxy) to 32 J m~! on addition of 3 % w/w APS, corre-
sponding to a ~33 % increase. In comparison, the impact
strength was substantially higher (~125 %), when rubbery
microspheres were employed as the preformed filler, none-
theless at slightly higher loadings (5 % w/w). Since the
extent of improvement in the toughness was maximum at
3 % APS loading and 5 % PDMS loading, high strain rate
testing was performed only on these compositions. Simi-
lar increase in the toughness at such low loadings has been
reported earlier [22]; however, CSR-based epoxy systems
exhibit additional advantage of being useable at higher
temperatures in view of the exceptional thermal stability of
silicones.
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Fig. 4 Increase in impact strength due to introduction of a elasto-
meric and b thermoplastic microspheres

The primary criterion which needs to be fulfilled by
the preformed additives to exhibit their full potential as
impact modifiers is their random dispersion in the matrix
as a well-separated phase. The amino groups on the surface

of functionalized polystyrene and the layer of epoxy in the
CSR strongly interact with the epoxy during the curing pro-
cess, which leads to their good dispersion in the matrix, and
the same is evident from the SEM images. However, with
increased loadings, agglomeration of these microspheres
was observed which was responsible for the decrease in the
mechanical properties.

Fractography was performed to understand the toughen-
ing mechanisms underlying the improved toughness of the
filled epoxy composites. The SEM images of the fractured
surface are presented in Fig. 5. Characteristic features,
particularly crack pinning and microcracking, are clearly
visible on the fracture surface of thermoplastic-toughened
epoxy (Fig. 5a, b), which reportedly absorb a substantial
amount of impact energy [23]. Interestingly, these features
are not observed on the surface of rubber-filled composites,
where features associated with rubber cavitation are vis-
ible (Fig. 5c, d) [24]. It can be presumed that mechanical
loading in rubber-toughened compositions results in dila-
tion of the plastic region surrounding the rubbery phase,
leading to its cavitation from within. The cavitation process
relieves the plane strain constraint from the surrounding
matrix and permits a significant amount of plastic defor-
mation. Another mechanism which can be used to explain
the toughened nature of these composites is that of parti-
cle yielding-induced shear banding, a process which starts
with the yielding of the rubber, thereby directing significant
stress concentration away from the matrix [1, 25].

High strain rate behaviour

The effect of increasing strain rate on the stress—strain
behavior of samples was quantified using split Hopkin-
son pressure bar. The details of SHPB working are widely
available in the literature [16, 26]. The SHPB setup con-
sists of two long bars, namely, input bar and output bar
that sandwich a short specimen. High gas pressure acts as
a source of impact, which propels a projectile striking an
end of the input bar. As a result, a compressive stress wave
is generated which travels towards the specimen. Upon hit-
ting the specimen, a fraction of the stress is transmitted as
a compression wave, which eventually reaches the output
bar, while another wave is reflected back towards the input
bar in a tensile mode. Usually, an irreversible plastic defor-
mation results in the specimen due to this process, which
lasts for a very short duration (<1 s). The wave signal
measurements are performed using strain gauges attached
on the input and output bars.

To assess the accuracy of the SHPB apparatus, a pre-
test calibration was performed, during which the input and
output bars were pressed together without the sandwiched
specimen. The strain gauge signals obtained on the oscil-
loscope during calibration are presented in Fig. 6. Channel

gslppl @ Springer



876

Iran Polym J (2015) 24:871-881

Fig. 5 SEM image of fractured surface of composites showing evidence of a crack pinning, b microcracking in APS-toughened epoxy and ¢, d

rubber cavitation in PDMS-toughened epoxy
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Fig. 6 Strain versus time signals during pre-testing calibration

1 and Channel 2 refer to the strain gauge output mounted
on the incident bar and transmitter bar, respectively. Here,
I is the incident pulse with pulse duration equal to a,;a, and
T is the transmitted pulse with pulse duration equal to b,b,.
The absence of reflected pulse and the near similarity of
amplitude and duration of incident and transmitted pulses
ensured perfect alignment and friction-free functioning

%lppl @ Springer

of the SHPB apparatus and hence high strain rate testing
could be conducted subsequently. The measured strain
associated with neat epoxy (EP) and toughened composi-
tions, i.e. EP3APS and EP5CSR, are presented in Fig. 7. It
can be seen that the duration of incident and reflected sig-
nals are nearly the same for epoxy as well as its composites
(192 ps).

The force/time plots obtained from the strain gauge sig-
nals for neat epoxy are also included in Fig. 7. Force his-
tory on the incident bar has been plotted based on strain
gauge signal ‘7 4+ R’, and the force history on the transmit-
ter bar has been plotted based on strain gauge signal ‘7"
which will be referred to as F1 and F2 for further discus-
sion. Force F1 acts on the interface between the incident
bar and the specimen and force F2 acts on the interface
between the transmitter bar and the specimen. The strain
gauge data were used to generate the stress strain curve,
which in turn was used to arrive at the compressive strength
and modulus. True stress—strain curves at different strain
rates are presented in Fig. 8.

Only a single curve for each case is presented to ease the
comparison of the results. It can be seen that the mechani-
cal response of composites under uniaxial compression
exhibits great strain rate dependent characteristics. Under
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Fig. 7 Representative oscilloscope signals and force histories obtained during dynamic compressive experiments: a neat epoxy, b EP3APS and

¢ EP5CSR

quasi-static conditions, the stress—strain curve of epoxy as
well as the composites exhibited similar behavior: a linear
elastic response in the initial loading stage, followed by
minor nonlinear behavior up to the yielding point, followed
by an insignificant strain softening. Similar behavior has
been reported earlier for polycarbonate [27], polypropylene

[28], epoxy composites [16, 29, 30] as well as nanocom-
posites [31].

It is to be noted that under high strain compressive test-
ing, the strain rate is not constant during the initial stages of
loading. Therefore, the Young’s modulus obtained based on
the strain gauge data in this region is inexact. The variations
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d the effect of filler type on the stress strain profile at similar strain rates

of strain rate and stress versus time for the representative
samples are presented in Fig. 9. It can be seen that the
strain rate variation is relatively less beyond the rising time
and hence the stress—strain behaviour obtained beyond the
rising time of the pulse can be considered to be the actual
behaviour of the material. As an approximation, Young’s
modulus was determined by joining the origin to a point in
the stress—strain curve associated with the maxima in the
strain rate versus time profile [16], with the value obtained
being indicative of the lower bound of Young’s modulus.

Increasing the strain rate led to substantial changes in
characteristic mechanical properties, which was followed
by quantifying the increase in the “property enhancement
factor” (PEF), defined as the ratio of the property at high
strain rate loading to that under quasi-static conditions
(Table 1) [29]. The change in the mechanical response upon
increasing the strain rate is attributed to the reduction in the
molecular mobility of polymer chains, which increases its
inherent stiffness [32].

It is particularly interesting to note the effect of the filler
type (thermoplastic and elastomeric) on the strain rate sen-
sitivity of epoxy. In general, both types of fillers affect the
mechanical properties, which are more pronounced for rub-
ber-toughened compositions.
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The compressive modulus of unfilled epoxy was found
to increase from 464 MPa under quasi-static conditions to
1875 MPa at 2874 s~!, corresponding to a PEF of 4.04.
The corresponding increase in the flow stress (at 10 % true
strain) is from 138 MPa under quasi-static conditions to
~175 MPa (PEF = 1.26).

For EP3APS, the flow stress increased from 108 MPa
under quasi-static conditions to ~151 MPa (¢ = 3598 s~ ')
(PEF = 1.40). In comparison, the compressive modulus
increased from 367 to 4500 MPa at 3371 s~! correspond-
ing to a PEF of 16.8 for rubber-toughened epoxy (EP3P-
DMS). Also, the flow stress of the composite increased to
~105 MPa from 49 MPa under quasi-static conditions, cor-
responding to a PEF of 2.14.

It has been reported that PDMS exhibits extremely low
“calorimetric glass transition temperature (7,)” of the order
of —113 °C [33]. At the molecular level, this rubbery- to
glassy-state transition is related with the loss of mobility of
the local chain segments. At T,, the second-order deriva-
tives of Gibbs free energy of PDMS (e.g. specific heat)
undergo an irregular change, while the first-order derivative
(e.g. volume) remains practically unaltered. The low T, of
elastomeric PDMS grants significant segmental mobility to
the polymeric chain at ambient temperatures. Interestingly,
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this loss in mobility also takes place at temperatures higher
than 7, in the event of the strain rates becoming compa-
rable to the vibrational frequencies of the chain segments.
This confines the large-scale rearrangements of the poly-
mer chains during deformation and the material transitions
from rubbery to the glassy state, a phenomenon associated
with an increase in the modulus.

This can be used to explain the higher strain rate sen-
sitivity of rubber-toughened composites. This was fur-
ther confirmed by previous studies on strain rate sensi-
tivity of rubbers [34, 35]. In a previous study, the flow
stress and modulus of polyurethane-based elastomer
were reported to increase by 22.56 and 8.15, respec-
tively (strain rate of 3800 s [34]. In a separate study,
the PEF (X,) of polyurea has been reported to be 3.14 at
2250 s~! [35]. It has been reported that the T, of polyu-
rea increases with increasing strain rate and undergoes
brittle failure at high strain rates [36]. It is in this context
that polyurea is being advocated as a material of choice
for retrofitting applications in blast mitigating coatings
[37, 38].

On the other hand, the glass transition temperature of the
thermoplastic PS microspheres is much higher than room

Table 1 Mechanical response of epoxy composites under high strain
rate

Material ~ Strain rate (s™') X, (MPa) E,(MPa) PEF
X (E)
Epoxy 0.17 138 464 - -
2239 166 1471 1.19 3.17
2874 175 1875 1.26  4.04
EP3APS  0.17 108 474 - -
2288 126 5000 1.17  8.17
3598 151 8000 1.40 1226
EP5CSR  0.17 49 367 - -
2508 59 3000 1.20 10.54
3371 105 4500 214 16.87

PEF property enhancement factor; X, and E_ refer to stress and mod-
ulus, respectively

temperature (Tg = 110 °C), which leads to its existence in
the glassy state at ambient temperatures. Hence, the vis-
cous energy absorption in PDMS due to rubber—glass tran-
sition is not possible in PS. Consequently, the effect of its
inclusion of PS on the strain rate sensitivity of epoxy is rel-
atively less pronounced as compared to rubber-toughened
compositions.

This is in line with previous studies on the high strain
rate behaviour of unfilled thermoplastics, e.g. poly(methyl
methacrylate) (PMMA) [39, 40], polycarbonate [27, 41]
and HDPE [42], where a comparison with the behaviour of
elastomers reveals weaker strain rate sensitivity of the ther-
moplastics. It can be seen from Table 1 that the compres-
sive modulus of APS-filled epoxy increases from 474 MPa
under quasi-static conditions to 8000 MPa at 3598 s,
corresponding to a PEF of 12.26, which is in line with the
existing literature in this field.

Conclusion

Two types of preformed fillers were explored towards
toughening of a representative cycloaliphatic epoxy resin:
thermoplastic (amino-polystyrene) and elastomeric (epoxy-
coated PDMS) microspheres. The compressive properties
of toughened epoxy were presented under high strain rate
loading. The overall observations are:

e Introduction of either type of filler increased the impact
strength of the base resin, the effect being more pro-
nounced for rubber-toughened compositions.

e Compressive strength was found to increase with
increasing strain rate.

e Compressive modulus also increased at high strain rate
loading compared to that under quasi-static conditions.

gslppl @ Springer



880

Iran Polym J (2015) 24:871-881

The effect of strain rate on the compressive properties
was more pronounced in the case of rubber-toughened
epoxy as compared to thermoplastic-toughened ana-
logue.

Quantitative data are presented in the paper.
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