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ARTICLE

Hygrothermal effects on tensile and fracture properties of
epoxy filled with inorganic fillers having different
reactivity to water

Sugiman Sugiman and Salman Salman

Department of Mechanical Engineering, Faculty of Engineering, University of Mataram,
Mataram, Indonesia

ABSTRACT
The study investigated the effects of ageing on the tensile prop-
erties and fracture behaviour of an epoxy filled with inorganic fill-
ers having different reactivity to water, such as fly ash, calcium
carbonate (CaCO3), and Portland cement. CaCO3 is insoluble in
water, whereas fly ash and cement are reactive to water; however,
fly ash is less reactive than cement. The water absorption, tensile
properties, and mode-I fracture toughness of the epoxy contain-
ing 7wt% of filler were compared after ageing the composites in
distilled water at 50 �C. Gravimetric analyses showed that com-
pared to neat epoxy, CaCO3 slightly decreased the equilibrium
water uptake of the filled epoxy, whereas fly ash and cement
increased the equilibrium water uptake. Compared to the other
fillers, the tensile strength of CaCO3-filled epoxy was inferior in
both dry and wet conditions. However, in dry condition, the elas-
tic modulus of CaCO3-filled epoxy was slightly higher. Overall, the
fly ash-filled epoxy showed better tensile and fracture properties
in both dry and wet conditions although it absorbed more water
than the other fillers did. Scanning electron microscopy revealed
that crack deflection played a dominant role in the toughening of
filled epoxies in both dry and wet conditions.
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1. Introduction

Epoxy has been widely used for coating, adhesives, and fibre-matrix composites
owing to its excellent properties such as low shrinkage, high adhesion, chemical
resistance, and high mechanical properties [1,2]. The drawback of most thermosetting
polymers such as epoxy is their ability to absorb water from the surrounding environ-
ment. Water decreases the glass transition temperature (Tg) [3,4], induces swelling
[5–7], and leaches the low-molecular weight components [8,9]. In addition, water
degrades the mechanical properties (i.e. the tensile strength and elastic modulus)
mainly by plasticization, which is reversible; however, in long-term exposure, water
can permanently degrade the mechanical properties due to microcracking [8,10].
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Therefore, the effect of water is detrimental to the engineering applications of
thermosetting polymers.

To enhance the physical and mechanical properties, epoxy is often filled with rigid
micro- and nano-fillers. Rigid micro-fillers can increase the stiffness and toughness of
polymers [11,12], but tend to decrease the tensile strength [13]. On the other hand,
nano-fillers have positive effects on the tensile strength and stiffness as well as the
toughness at a low filler content [14]. The merits of filled epoxy, however, are not
always gained when the filled epoxy is exposed to a moist environment. The filler in
epoxy produces a complex microstructure affecting the water diffusion behaviour as
well as the physical and mechanical properties. This is because water not only diffuses
into the polymer chain network, which induces plasticization, but also attacks the
interface of the filler-epoxy matrix, leading to more degradation of the filled epoxy.

The effects of filler on the water absorption behaviour of epoxy depend on the age-
ing media, temperature, relative humidity, and the size and type of filler. Kahraman
et al. [15,16] investigated the effect of aluminium content on the water diffusion of
aluminium-filled epoxy in various ageing media, including distilled water and various
concentrations of salt solutions. Generally, in all ageing media, the water uptake
decreases with increasing content of aluminium particles, as increasing the content of
aluminium particles reduces the free volume available for water diffusion. Chiang and
Fernandez-Garcia [17] investigated the swelling and Tg of a filled epoxy adhesive at
various ageing temperatures. They showed that regardless of the ageing temperature,
the water diffusion behaviour was non-Fickian, whereas the desorption was Fickian.
Water present in the apparent free volume was responsible for swelling, while Tg

depression was independent of both the saturation level and swelling. Furthermore,
the water cluster formed at the matrix-filler interface did not contribute to the swel-
ling and Tg depression. Ahmad et al. [18] investigated the moisture absorption of
nano (fumed silica and nano rubber) and micro (mixed of bentonite, quartz and
mica) particle-filled epoxy adhesive at 20, 30, and 50 �C. They found that for nano-
filled epoxies aged at 20 and 30 �C, the moisture diffusion was Fickian, whereas age-
ing at 50 �C resulted in non-Fickian moisture diffusion. For the microparticle-filled
epoxy, the moisture diffusion at all the studied temperatures was Fickian.
Furthermore, the microparticles decreased the moisture uptake of epoxy more than
the nanoparticles did.

With increasing filler content, the moisture uptake usually decreases, as filler cre-
ates a more tortuous path for water diffusion. This was shown by Alhuthali et al.
[19], who studied the effect of nanoclay content (1–5wt%) on recycled cellulose
fibre-reinforced vinyl-ester eco-nanocomposites. They found that increasing the nano-
clay particle content decreased the equilibrium water uptake, with up to 56.5%
decrease at a nanoclay content of 5 wt%. Furthermore, introducing nanoclay increased
the flexural and impact strengths, but increasing the nanoclay content tended to
decrease the fracture and impact toughness. Mohan and Kanty [20] also investigated
the water barrier properties of 1–5wt% nanoclay-filled sisal fibre/epoxy composites
and found that the highest decrease of about 79.9% in equilibrium water uptake
occurred at a nanoclay content of 5 wt%. They also found that the diffusivity did not
have a clear relationship with the nanoclay content. Further, they compared the water
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uptake of 5wt% micro- and nano-sized clay particles and showed that the equilibrium
water uptake of nanoclay was lower by about 11% than that of the micro-clay.
Nanoclay also improved the tensile properties of the unaged and aged composites.
Alamri and Low [21] investigated the water absorption of nano-silicon carbide (SiC)-
filled recycled cellulose fibre/epoxy composites with the filler content ranging from 0
to 5wt%. The results showed that the equilibrium water uptake decreased with an
increase in nano-SiC content, and the decrease at a filler content of 5 wt% was about
47% as compared with the unfilled composites. Alamri and Low [22] further studied
the water absorption of three types of nanofiller-reinforced epoxy composites, namely
organoclay platelets, halloysite nanotubes, and nano-SiC with particle sizes of
2–13lm, 0.2–0.6 lm, and <100 nm, respectively. The content of each nanoparticle
type was 1, 3, and 5wt%. In general, water uptake decreased with an increase in
nanofiller content. The nano-SiC-filled composites exhibited better performance in
terms of highest decrease in equilibrium water uptake for all filler contents compared
with the other nanofillers. The maximum decrease in water uptake (about 33.3%) was
observed for 5wt% nano-SiC-filled composites. As nano-SiC has the smallest particle
size compared with the other two fillers, its lowest water absorption was possibly
because of the tortuosity effect of the nanofiller. Nayak et al. [23] investigated the
effect of titanium oxide (TiO2) nanoparticles on the water absorption and residual
strength of glass fibre-reinforced polymer (GFRP) composites and showed that the
addition 0.1% TiO2 reduced the diffusion constant, by about 9% and improved the
flexural and interlaminar shear strengths, by about 19% and 18%, respectively. The
improved mechanical properties were due to microcrack bridging by TiO2, matrix
toughening, and good interfacial bonding between the matrix and the fibres.
Recently, Khoramishad and Olizadeh [24] studied the effect of addition of nano-SiC
and multi-walled carbon nanotube (MWCNT) fillers on the water absorption and
tensile properties of epoxy nanocomposites aged in distilled water at 60 �C. They
found that by adding 0.1% MWCNT and 1% SiC, the saturation level of water uptake
decreased by 26% and 18%, respectively, while the tensile strength and modulus
increased by 31.8% and 16%, respectively, at the saturation level.

The aforementioned literature shows that water absorption and its effect on the
mechanical properties of filled epoxy are influenced by the type, content, and size of
fillers. However, to the best of the authors’ knowledge, studies on the interaction of
water with fillers that have different reactivity to water are limited. In fact, under-
standing the interaction of water with filler is very important to improve the mechan-
ical properties of filled epoxy in wet condition, as it affects the filler-matrix interface.
A previous work by the authors [25] concerned with the effect of water on the tensile
and fracture behaviours of a neat epoxy resin in two ageing media, which indicated a
slight decrease in tensile strength and a significant increase in fracture toughness at
the saturation level. The present study investigates the water absorption, tensile prop-
erties, and fracture toughness of fly ash, CaCO3, and cement-filled epoxies using the
same epoxy resin as that used in ref. [25]. Fly ash, CaCO3, and cement particles are
representative of fillers with different reactivity to water, i.e., fly ash and cement are
reactive to water, while CaCO3 is insoluble in water. Scanning electron microscopy
(SEM) and Fourier transform infrared (FTIR) spectroscopy were used to characterize
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the shape and surface chemistry of fillers, respectively. In addition, the water absorp-
tion behaviour, tensile properties, and fracture toughness of the filled epoxy in dry
and wet conditions were investigated. The fracture surfaces of the filled epoxy systems
after tensile and fracture toughness tests were analysed by SEM.

2. Experimental methods

2.1. Materials

The epoxy resin and hardener were respectively a diglycidyl ether of bisphenol-A and
a cycloaliphatic amine, EPH 555, supplied by Justus Kimia Raya, Surabaya, Indonesia.
Three types of filler were used: fly ash, CaCO3, and Portland cement. Fly ash was
obtained from Paiton’s thermal power plant, East Java Indonesia, while CaCO3 and
Portland cement were commercially purchased from Indocement Tunggal Prakarsa
Tbk, Cibinong Indonesia. The size of these fillers was less than 0.074mm.

2.2. Surface treatment of filler

Fly ash particles were surface-treated using an alkali solution, while CaCO3 and
Portland cement were not surface-treated (used as received). The alkali solution was a
10% (by weight) sodium hydroxide solution. Fly ash particles were immersed in the
alkali solution for 30min, and then rinsed using distilled water several times. This
was followed by drying in an oven at 105 �C for 5 h. The dried fly ash was stored in
a sealed container before use. As reported by Sugiman and Paryanto [26], the surface
treatment provided optimum tensile properties to a fly ash/unsaturated polyes-
ter composite.

2.3. Scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS)

SEM-EDS was carried out to determine the elemental compositions of fly ash,
CaCO3, and Portland cement using a JEOL 6510 LA scanning electron microscope at
an operating voltage of 10 kV. This examination is useful for determining the particle
shape and size and the element content to understand the filler-water interaction.
The intensities of the X-rays were measured by counting the pulses generated by X-
ray photons in a detector at a counting rate of 4346, 2895, and 2548 cps for the fly
ash, CaCO3 and Portland cement, respectively. The probe current was 7.575 nA.

2.4. Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was aimed at investigating the surface chemistry of the untreated fillers
as well as the treated filler (i.e., fly ash). At this stage, only the filler was analysed by
FTIR spectroscopy, not the filled epoxy. FTIR analyses were performed using a
Perkin Elmer Frontier FTIR spectrometer in the transmission mode. The weight of
fly ash, CaCO3, and cement samples used for the test was approximately 0.2 g in the
KBr pellets. The spectra were recorded in the wavenumber range of 4000–500 cm�1.

694 S. SUGIMAN AND S. SALMAN



2.5. Manufacturing the specimens

The mechanical characterization of the filled epoxy composites involved tensile and mode-
I fracture toughness tests. Dog bone and single-edge notched bend (SENB) specimens for
the tensile and mode-I fracture toughness tests, respectively, were manufactured. Hereafter
in this paper, the term ‘fracture toughness’ is used for mode-I fracture toughness except
where stated otherwise. The fillers were prepared along with the epoxy resin, and then
mixed with the epoxy resin and stirred using a mixer for 2h. The content of filler particles
in the epoxy resin was 7wt%. The mixture was then degassed in a vacuum chamber for
20min to release the air bubbles trapped during mixing. The hardener was added into the
mixture and stirred well to homogenize the mixture. The ratio of epoxy resin to hardener
was 2:1 (by weight) according to the manufacturer’s recommendation. After a homogen-
ized mixture was achieved, the mixture was degassed again in a vacuum chamber for
15min. The mixture was then poured into a silicon rubber mould for tensile and fracture
toughness tests according to ASTM D638 [27] and ASTM D5045 [28], respectively. The
specimens’ details are shown in Figure 1. The mode-I loading configuration for the frac-
ture toughness test of the SENB specimens is indicated in Figure 1(b). For SENB speci-
mens, a sharp crack was introduced at the middle of the notch using a fresh razor blade.

2.6. Gravimetric study

Gravimetric study was carried out using rectangular specimens with dimension of
30� 30� 2mm3. Prior to immersion in distilled water, the specimens were dried in
an oven at 50 �C for 24 h to desorb the absorbed water during manufacturing. The
specimens were immersed in distilled water at 50 �C. The specimens were weighed
periodically using a Kenko microbalance (0.1mg accuracy) until the saturation level
was achieved. The specimens were weighed three times (every 3 h) during the day for
the first week and once a day for the following weeks. The specimens were not
weighed during the night. Three replications were made for each specimen type. The
water uptake, Mt, was calculated using Eq. (1) as follows:

Mt ¼ Wt�Wo

Wo

� �
� 100%; (1)

where Wo and Wt are the initial weight and weight at time t, respectively.

Figure 1. Dimensional details of (a) dog bone specimen according to ASTM D638 [27] and (b)
SENB specimen according to ASTM D5045 [28] (not to scale). The thicknesses of the dog bone and
SENB specimens are 4mm and 6mm, respectively.
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The water uptake was plotted with respect to ageing time to obtain the diffusion
behaviour. The diffusion constant (D), according to Fick’s second law, was calculated
from the linear curve of Mt vs. square root of time, t1/2, once the equilibrium water
uptake (M1) was achieved using Eq. (2) [25].

D ¼ p
16

� 2l �m
M1

� �2

; (2)

where 2 l is the specimen thickness, m is the slope of the linear part of Mt vs. t
1/2

curve, and M1 is the equilibrium water uptake.

2.7. Conditioning and mechanical testing

The specimens were grouped into two groups: dry and wet conditions. For the dry
condition, after moulding and curing, the specimens were stored in a sealed plastic
bag before they were mechanically tested. For the wet condition, the specimens were
immersed in distilled water at 50 �C. After ageing for 30 days, the specimens were
taken out from the immersion bath and were mechanically tested. The authors’ previ-
ous work [25] reported that neat epoxy specimens (dog bone and SENB) with
respective thicknesses of 4mm and 6mm reached the saturation level after 30 days of
ageing. The tensile and fracture toughness tests were conducted using a Tensilon test-
ing machine with a 10 kN load cell.

The mechanical tests were performed in an ambient environment (29 �C, 78%RH).
The displacement rate for the tensile and fracture toughness tests was 5mm/min and
10mm/min, respectively. For the fracture toughness test, a three-point bending
method was used with a span length-to-depth ratio (S/W) of 4. Using this method,
the fracture toughness, KIC, was calculated using Eqs. (4) and (5) [28].

KQ ¼ PQ
BW1=2

� �
f ðxÞ (4)

f ðxÞ ¼ 6x1=2
½1:99� xð1� xÞð2:15� 3:93x þ 2:7x2Þ�

ð1þ 2xÞð1�xÞ3=2
(5)

Here, KQ is the trial KIC value, PQ is the maximum load, x= a/W, where a is the
crack length and W is the specimen width, and B is the specimen thickness. To check
the validity of KQ = KIC, the following criterion size must be satisfied:

B; a; ðW – aÞ > 2:5 ðKQ=ryÞ2; (6)

where ry is the yield stress estimated from the tensile strength of the epoxy. The exact
crack length (notch and pre-sharp crack) of the SENB specimen was measured for
the fracture specimen at least at three positions: the centre of the crack front and the
end of the crack front on each surface of the specimen [28]. For the measurement, a
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light microscope having a measurement grid (with an accuracy of 0.1mm) in the
ocular lens was used.

After the tests, the fracture surfaces of the broken specimens (the tensile and
SENB specimens) were examined using a SEM. A 6510 LA scanning electron micro-
scope was used at an operating voltage of 20 kV. A thin gold coating was applied on
the exposed surfaces of the specimens to avoid charging of the samples.

3. Results and discussion

3.1. SEM-EDS analysis

Figure 2 shows the SEM micrographs of the fillers. It can be seen that the particle
shapes of fly ash, CaCO3, and cement are different. The fly ash particles are spherical
with diameters ranging from 5 to 50 lm, whereas the CaCO3 and cement particles
are irregularly shaped with an aspect ratio close to unity. Most particle sizes were less
than 0.074mm, as the filler particles were screened using a sieve of 200 mesh.

From the elemental analysis shown in Figure 3(a), it can be seen that the fly ash
mainly contains silicone (Si), aluminium (Al), and iron (Fe). Magnesium (Mg), cal-
cium (Ca), and potassium (K) elements were also detected, but their contents were
less than that of the main elements. Si and Al elements together with the oxygen (O)
element formed an alumina-silicate compound, while Fe, Mg, Ca, and K formed
oxides with the O element. From the elemental analysis of CaCO3 (Figure 3b), no
impurities (element) were found in the particles other than Ca, carbon (C), and O
elements. In the cement, as seen in Figure 3(c), the Ca element is dominant, with
lesser contents of Si and Al elements. The three elements together with the O element
formed calcium aluminosilicate, which is reactive to water. The Ca content in the
cement was much higher than that in the fly ash. The content of CaO (lime) in the
fly ash together with silica provided the precursor for reaction with water [29]; how-
ever, the fly ash was not as reactive as cement owing to its lower lime content.

3.2. FTIR analysis of fillers

More details about the surface chemistry of the fillers can be revealed by FTIR ana-
lysis. The FTIR spectra of alkali-treated fly ash, CaCO3, and cement are shown in
Figure 4. The spectra of all the fillers exhibited a broad peak at 3400 cm�1, which was
associated with O-H stretching vibrations. This might be due to the water absorbed
from the air. The FTIR spectra of untreated and treated fly ash were less complex

Figure 2. SEM images of (a) fly ash, (b) CaCO3, and (c) cement particles.
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than that of the others. For the untreated fly ash, the peaks at 2923 and 1630 cm�1

were associated with organic carbon, including C–H stretching and C=O stretching
vibrations, respectively [30]. The peak at 1430 cm�1 was related to C–O stretching in
carbonate, while the peak at 1000 cm�1 was associated with Si–O stretching. There
were two types of Si–O bands corresponding to Si–O (Si) bridge and Si–O- (cation)

Figure 3. EDS results of (a) fly ash, (b) CaCO3, and (c) cement particles.

Figure 4. FTIR spectra of (a) fly ash, (b) CaCO3, and (c) cement particles.
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terminal bonds, respectively [31,32]. After alkali treatment, the spectrum of fly ash
changed; for example, the peak at 2923 cm�1 became very weak, indicating that alkali
treatment reduced the organic content. Weakening of infrared absorption also
occurred at wavenumbers 1630, 1430, and 1000 cm�1. These peaks became wider
than those of the untreated fly ash. For example, the peak at 1000 cm�1 shifted to
both sides so that a broad peak from 1100 to 900 cm�1 was observed. This was
related to a change in the Si/Al ratio after the alkali treatment [33]. The peaks
between 800 and 500 cm�1 in the spectrum of treated fly ash were associated with
external ring vibrations for the alkaline-activated fly ash [31].

As seen in Figure 4, the CaCO3 spectrum is more complex although the number
of elements is less than that in the others. The sharp peaks at 2510, 876, and
712 cm�1 were associated with calcite vibrations [34], while the peaks at 2984 and
1784 cm�1 were associated with organic carbon [30]. A broad peak between 1500 and
1400 cm�1 was associated with C-O vibrations [34]. For the cement, the spectrum
appeared similar to the fly ash spectrum. This was possibly because of the similar
composition of fly ash and cement. However, as the Ca content was relatively high in
cement, some peaks in the cement spectrum were similar to the peaks in the CaCO3

spectrum, such as the peaks at 1430, 876, and 712 cm�1, which were associated with
calcite vibrations.

3.3. Water uptake

Figure 5 shows the water uptakes of epoxy filled with fly ash, CaCO3, and cement
particles, respectively. The water uptake of neat resin is shown as a control. The equi-
librium water uptake and diffusion coefficient (diffusion rate) are shown in Table 1.
A blank period can be seen in the initial stage of the curves, which corresponds to

Figure 5. Water uptakes of filled epoxy systems.
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the period during the night in the first week when the samples were not weighed.
Nevertheless, as the blank period occurred in the initial stage of the water uptake,
which was mostly linear, the effect was insignificant on the calculated diffusion rates
and the entire water uptake behaviours. For the water uptake specimens (with about
2mm thickness), the water uptake reached the saturation level after 10 days of ageing,
and for the tensile and SENB specimens with respective thicknesses of 4 and 6mm,
the saturation level was reached after 30 days of ageing. This is consistent with the
results of the authors’ previous work [25]. For the three fillers, the equilibrium water
uptake decreased in the order fly ash, cement, and CaCO3-filled epoxies, while the
equilibrium water uptake of neat epoxy was between those of CaCO3 and cement. It
was surprising that adding fly ash and cement into the epoxy increased the water
uptake compared to neat epoxy, while CaCO3 reduced the water uptake. This could
be because the fly ash and cement were hydrophilic and reactive to water, and were
thus able to increase the water absorption [35]. Furthermore, as the fly ash was less
reactive than the cement [36], the equilibrium water uptake was slightly different. In
his study, Chow [37] showed that the maximum water uptake increased after adding
organo-montmorillonite (OMMT) into epoxy/glass fibre composites. He suggested
that the increase could be due to the reaction of octadecyl ammonium ions on the
surface of OMMT with water. Meanwhile, the CaCO3 particles were insoluble in
water [38], and thus functioned as efficient barriers to water molecule diffusion via
two mechanisms: reducing the volume fraction for water diffusion and increasing the
diffusion path of water [39].

As seen in Table 1, the diffusion rates decreased in the order neat epoxy, fly ash,
CaCO3, and cement. As reported in literature, in a neat epoxy, the diffusion rate is
mainly dependent on the free volume fraction, not on the polarity of the epoxy sys-
tem [40], where the diffusion rate decreased with decreasing free volume fraction.
However, other researchers such as Soles et al. [41] and Wang et al. [42] suggested
that hydroxyl groups in the epoxy also affect the diffusion rate, with the diffusion
rate decreasing with an increase in polarity. Moreover, Li et al. [43] reported that the
diffusion rate increased when a less polar filler was introduced into the epoxy. Here,
introducing fillers into the epoxy affected the free volume fraction as well as the
number of polar sites. More hydrophilic fillers, such as fly ash and cement, seemed to
increase the polarity of the epoxy system and decrease the free volume fraction; there-
fore, they trapped water and reduced the water transport into the filled epoxy system
compared with the unfilled epoxy. The diffusion rate of the cement-filled epoxy was
lower than that of the fly ash-filled epoxy. This is possibly because the cement par-
ticles reacted with water (cement hydration), slowing down the water diffusion into
the epoxy. In contrast, an insoluble filler, such as CaCO3, tended to act as a barrier

Table 1. The diffusion constants and equilibrium water uptakes of filled epoxies system.
Materials D± SD (mm2/day) M1± SD (%)

Neat epoxy 0.28 ± 0.08 2.38 ± 0.21
Fly ash-filled epoxy 0.20 ± 0.02 2.79 ± 0.05
CaCO3-filled epoxy 0.17 ± 0.01 2.25 ± 0.02
Cement-filled epoxy 0.14 ± 0.01 2.52 ± 0.06

SD: standard deviation.

700 S. SUGIMAN AND S. SALMAN



to water absorption, thereby decreasing both the equilibrium water uptake and diffu-
sion rate compared with those of neat epoxy [39,44].

The water uptakes of the filled epoxy systems as well as of the neat epoxy tended
to decrease after prolonged ageing; however, the levels of decrease were different. For
the neat epoxy, the decrease was possibly due to the leaching of low-molecular weight
and/or un-reacted epoxy or hardener [8,10]. For the filled epoxies, besides the same
mechanism as in the neat epoxy, leaching of the solute filler substances also contrib-
uted to the weight decrease [7]. Meanwhile, the water uptake of cement-filled epoxy
was more stable than that of the other filled epoxies. This is probably because water
reacted with the cement particles, forming a stable substance, such as calcium silicate
hydrates [36].

3.4. Tensile properties

Figure 6 shows the tensile properties of the filled and neat epoxies both in dry
and wet conditions. From the water uptake results, it was found that in wet condi-
tion, the tensile specimens reached the saturation level after 30 days of immersion.
The typical stress-strain curves, shown in Figure 6(a), indicated that the epoxy sys-
tems were not very brittle, as the curves showed softening after the peak loads. As
seen in Figure 6(b), in dry condition, the tensile strength of the filled epoxies was
lower than that of the neat epoxy; however, the tensile strength of the fly ash-filled

Figure 6. Tensile properties of filled epoxy systems.
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epoxy for the studied fly ash contents did not decrease, and even slightly
improved (see Figure 6(b)). Among the three filled epoxies, the tensile strength of
the CaCO3-filled epoxy was the lowest or decreased by about 10%, while that of
the cement-filled epoxy decreased by about 5.6% compared with that of the
neat epoxy.

Compared with dry condition, in the wet condition, the tensile strengths of the
filled epoxy systems decreased by approximately 18.6, 14.5, and 11% for fly ash,
CaCO3, and cement-filled epoxies, respectively, while for the neat epoxy, it
decreased by about 8.9%. Therefore, the order of decrease in tensile strength from
the lowest to the highest was neat epoxy followed by cement-, CaCO3-, and fly
ash-filled epoxies. Although the fly ash slightly improved the tensile strength of
the epoxy in dry condition, it failed to do so in the wet condition. The absorbed
water-induced plasticization of a polymer and the degree of plasticization
depends on the number of water molecules (water content) in the polymer chain
network [3]. If a polymer absorbs more water, a greater degree of plasticization
occurs in the polymer, which is indicated by a depression in Tg [4]. In the case of
a filled polymer, water not only caused plasticization of the matrix, but also
affected the filler-matrix interface, further deteriorating the mechanical properties
[44,45]. As seen in Figure 6(b), the tensile strengths of the filled epoxy systems
tended to decrease more than that of the neat epoxy. This could be because, in
addition to plasticization of the matrix, water also deteriorated the filler particle-
matrix interface. Hence, the effect of water in a filled epoxy is more dramatic
than that in a neat epoxy. As seen in Figure 4 and Table 1, the fly ash-filled
epoxy absorbed more water than the others did; the water increased the plasti-
cization of matrix and possibly caused debonding of the fly ash-matrix interface.
This debonding could further decrease the tensile strength. Nevertheless, in wet
condition, the tensile strength of the fly ash-filled epoxy system was still higher
than that of the CaCO3-filled epoxy. On the other hand, the cement-filled epoxy
absorbed more water than the CaCO3-filled epoxy did; however, the decrease in
tensile strength was lower than the decrease in tensile strength of the CaCO3-
filled epoxy. It is likely that water reacted with the cement particles, causing a
hydration reaction and forming calcium silicate hydrates. This reaction might use
more water, thereby reducing the water inside the polymer chain network, which
was responsible for matrix plasticization. Therefore, the plasticization might have
been suppressed.

As seen in Figure 6(c), in dry condition, generally, the elastic modulus of the
filled epoxy system increased compared to that of the neat epoxy. The order of
increase in elastic modulus from the lowest to the highest was fly ash-, cement-,
and CaCO3-filled epoxies, which was by about 5.9, 16, and 23.8%, respectively. The
significant increase in the elastic modulus of the CaCO3-filled epoxy might be
related to the particle size of the filler, where the particle size of CaCO3 was the
smallest followed by the cement and fly ash particles. A similar trend of increasing
elastic modulus with decreasing particle size was observed in a fly ash-filled poly-
urea [46] and silica-filled epoxy [47]. As compared with dry condition, in the wet
condition, the elastic modulus of neat epoxy decreased by 7.9%. Similarly, the
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elastic moduli of filled epoxies decreased in the wet condition than in the dry con-
dition. The fly ash-filled epoxy showed the smallest decrease (�1.6%), whereas
both CaCO3 and cement-filled epoxies showed significant decreases of approxi-
mately 16%.

On the other hand, in dry condition, the strain at break of the filled epoxies was
slightly lower than that of the neat epoxy (see Figure 6(d)), which was consistent
with the increase in elastic modulus. As compared with dry condition, in the wet
condition, the strain at break of neat epoxy increased significantly; however, the
strain at break of filled epoxies increased only slightly. Therefore, the effect of filler in
increasing the strain at break was apparent in the dry condition but not in the wet
condition. The reason for this could be as follows. The absorbed water plasticized the
matrix; however, the plasticization effect was more dominant for the neat epoxy than
for the filled epoxies. The particles functioned as constraints that hindered the
deformation of chain networks in the filled epoxy. For example, the neat epoxy
absorbed less water than the fly ash-epoxy did; thus, the plasticization effect in the fly
ash-filled epoxy was expected to be higher than that in the neat epoxy. In fact, com-
pared to the neat epoxy, the increase in elastic modulus of the fly ash-filled epoxy in
the dry condition was about 5.9%, which was lower than the decrease in elastic
modulus of the neat epoxy in wet condition (about 7.9%). Considering the plasticiza-
tion effect, the decrease in elastic modulus of the fly ash-filled epoxy was expected to
be at least 2%, as the fly ash-filled epoxy absorbed more water than the neat epoxy
did. However, in the wet condition, the decrease in elastic modulus of the fly ash-
filled epoxy was about 1.6%. Hence, in terms of elastic modulus, the fly ash particles
not only had a positive effect in the dry condition, but also worked well in the
wet condition.

For the CaCO3 and cement-filled epoxies, in dry condition, the irregular shape of
the particles may contribute to the lower deformability of the matrix, as shown by a
significantly higher elastic modulus and low strain at break of both the filled epoxies
compared with the neat and fly ash-filled epoxies. This was also observed by
Kushvaha and Tippur [48] when they studied the effect of filler shape on the dynamic
fracture of a glass-filled epoxy. In wet condition, for the neat epoxy, the plasticization
decreased the elastic modulus (�7.9%). The decrease was lower than the increase in
elastic modulus of the filled epoxies in the dry condition (�23.8% for CaCO3 and
16% for cement). Therefore, in the wet condition, the elastic modulus was expected
not to decrease. However, as the decrease in elastic modulus was significant (about
16% for both), it seemed that the positive effect of filler diminished. Of course, plasti-
cization contributed to the decrease in elastic modulus; however, it was possible that
other mechanisms also played important roles. It is well known that cement reacts
with water forming calcium silicate hydrates. The products’ reaction might change
the particle dimensions and affect the interfacial strength between the particle and
the matrix. Debonding between the product of cement hydration and the matrix pos-
sibly contributed to the decrease in elastic modulus. Meanwhile, for CaCO3, the
decrease in elastic modulus in the wet condition could be due to debonding between
the particles and matrix and fracturing of the particles. The micro-mechanism of the
tensile failure of the epoxy system is discussed in Subsection 3.5.
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3.5. Tensile fracture morphologies

Figure 7 shows the features of tensile fracture surfaces of the neat and filled epoxies
both in dry and wet conditions, as obtained by SEM. The fracture surfaces, especially

Figure 7. SEM micrographs of fracture surfaces of (a,b) neat epoxy, (c,d) fly ash, (e,f) CaCO3, and
(g,h) cement. (a), (c), (e), and (g) are for dry condition, while (b), (d), (f), and (h) are for
wet condition.
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in the case of brittle fracture, showed three distinct regions: initiation, transition, and
final fracture regions [49] indicated by A, B, and C, respectively (Figure 7). The initi-
ation region (mirror-like region) consists of a smooth region surrounding the source
of failure, where the crack grows slowly. In the transition region (region B), the sur-
face roughness continues to increase until the final fracture (region C), where the
crack grows rapidly and conical-shaped patterns develop [50]. Both dry and wet frac-
ture surfaces indicated the above three regions; however, in all the cases (neat and
filled epoxies), the mirror-like regions (dashed white circle in Figures 7(a–f)) were
wider in the wet condition than in the dry condition. This was related to the decrease
in tensile strength [25,51]. In the case of neat epoxy (in dry and wet conditions), fail-
ure initiated at the edge of the specimen, where surface voids or flaws existed, as
voids are rarely found in the inner parts. In the case of filled epoxies, failure initiated
at the inner parts of the specimens, where inclusions in the inner part might contrib-
ute to crack initiation. The mirror-like regions of the filled epoxies in all the condi-
tions were rougher than those in the neat epoxy, indicating crack deflection due to
the particles [52,53].

Figure 8 shows the morphologies of fracture surfaces at the transition region in
the filled epoxies both in dry and wet conditions. It is seen that the fracture surfaces
of the filled epoxies in the dry condition were rougher than those in the wet condi-
tion, which was expected since the tensile strength of a dry specimen was higher than
that of a wet specimen. As seen in Figure 8(a), in dry condition, the fly ash particles
in the fly ash-filled epoxy are well bonded, as shown by a layer of epoxy covering the
fly ash particles. However, in wet condition, the fly ash particles, either individually
or as clusters, are detached from the matrix (Figure 8(b). For the well-bonded fly ash,
the crack propagated in the matrix above the poles of the particles as the maximum
stress occurred above or below the particles [52,54]. For the debonded fly ash, the
crack propagated along the equator of the particles as the maximum stress was at the
equator of the particles [52,54]. The well-bonded fly ash particles positively contrib-
uted to the tensile strength and elastic modulus, whereas the debonded particles
decreased both the tensile strength and elastic modulus (see Figures 7(b,c)). As seen
in Figure 8(c), in dry condition, voids are present in the CaCO3-filled epoxy around
the filler particles, pulled-out particles, and the plastic deformation around the
detached particles. It seemed that the particles debonded first, and then pulled out
from the matrix. In wet condition, besides the aforementioned three mechanisms,
particle breakage was observed (Figure 8(d)). The cement-filled epoxy (Figure 8(f))
exhibited a fracture mechanism similar to that of the CaCO3-filled epoxy both in dry
and wet conditions. However, the cement particles seemed to form clusters (see
Figure 8(e)), and the clusters became the points of stress concentration that reduced
the tensile strength [55]. In wet condition, the cement particles reacted with water
forming a hard calcium silicate hydrate. The volume of the reacted cement particles
decreased and the particles tended to pull out from the matrix, as indicated by the
holes in Figure 8(f). Debonding, particle pull out, and particle breakage decreased the
tensile strength and elastic modulus of the filled epoxies; nevertheless, the elastic
moduli of both the CaCO3 and cement-filled epoxies were still higher than that of
the neat epoxy.
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3.6. Mode-I fracture toughness

Figures 9(a,b) respectively show the load-displacement curves of the SENB test
and the mode-I fracture toughness of neat and filled epoxies both in dry and wet
conditions. Again, from the water uptake results, it was found that in wet condi-
tion, the SENB specimens reached the saturation level after 30 days of immersion.
All the load-displacement curves show a linear elastic behaviour up to the peak
load; therefore, the fracture toughness values were calculated using the maximum
load according to ASTM D5045. As seen in Figure 9(b), in dry condition, the frac-
ture toughness of the filled epoxies was higher than that of the neat epoxy. A dra-
matic increase of about 280% occurred for the fly ash-filled epoxy, while for the
CaCO3 and cement-filled epoxies, the increases in fracture toughness were about

Figure 8. SEM micrographs of tensile fracture specimens taken at the transition region of (a,b) fly
ash, (c,d) CaCO3, and (e,f) cement. (a), (c), and (e) are for dry condition, while (b), (d), and (f) are
for wet condition.
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117% and 93%, respectively. Other researchers have reported the increase in the
fracture toughness of rigid particle-filled epoxy compared with neat epoxy. Hussain
et al. [56] reported a double increase in epoxy fracture toughness upon the add-
ition of micron-sized TiO2 particles up to 10% (by volume). Other researchers also
found a significant increase in fracture toughness by adding rigid particles such as
micron-sized silica particles [57] and glass beads [58]. Farsani et al. [59] also
reported a significant increase in impact toughness of up to 30% for a micro-glass
powder-filled basalt fibre-reinforced epoxy at a filler volume fraction of 8.5%. The
significant increase in the fracture toughness of filled epoxies was attributed to an
increase in crack branching, crack blunting or bowing, and plastic deformation
around the particles [56–58].

3.7. Fracture surface morphologies of SENB

From Figure 9(b), it seemed that spherical particles (fly ash particles) are more
effective than irregularly shaped particles (CaCO3 and cement particles) in tough-
ening the epoxy as long as the aspect ratio is not very much different. This could
be explained by examining the fracture surfaces of broken specimens, as shown in
Figure 10. As seen in Figure 10(a), the dry fracture surface of neat epoxy was
smooth with a slight river pattern. This is a typical feature of brittle fracture. In
dry condition, as seen in Figures 10(c,e,g), the fracture surfaces of the filled epoxies
were rougher than that of the neat epoxy. Increasing the surface roughness indi-
cated a more complex crack propagation, including crack branching, crack deflec-
tion, and plastic deformation around the particles [56–58]. Overall, the fracture
surface of the fly ash-filled epoxy was rougher than that of the CaCO3 and cement-
filled epoxies. Meanwhile, the fracture surface of CaCO3-filled epoxy was rougher
than that of the cement-filled epoxy. This is expected, as the fracture toughness of
fly ash-filled epoxy was the highest, followed by CaCO3-filled epoxy and cement-
filled epoxy. In dry condition, river patterns were observed at the fracture surfaces
of fly ash-filled epoxy (Figure 10(c)), and crack deflection and plastic deformation
around the fly ash particles were observed. Furthermore, debonding between the

Figure 9. Fracture toughness of filled epoxy systems.
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fly ash particles and matrix was not observed. Hence, crack deflection and plastic
deformation around the particles were the main toughening mechanism for the fly
ash-filled epoxy.

Figure 10. (a,b) Transmission optical micrographs of neat epoxy in dry and wet conditions [25].
SEM images of facture surfaces of fly ash in dry (c) and wet (d) conditions, CaCO3 in dry (e) and
wet (f) conditions, and cement in dry (g) and wet (h) conditions. Crack propagation is upward and
shown by black arrows between the figures.
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In dry condition, the fracture surface of the CaCO3-filled epoxy was less complex
than that of the fly ash-filled epoxy (Figure 10(e)); however, it was still rough and
showed river patterns. Debonding between the CaCO3 particles and matrix was
observed, but void growth was not clearly observed. Tail-like cracks and crack
branching were observed behind the particles, indicating the crack pinning mechan-
ism. The debonding of CaCO3 particles from the matrix and less crack deflection
might be the cause of the lowering of fracture toughness compared to the fly ash-
filled epoxy. In dry condition, the fracture surface of the cement-filled epoxy was
smoother than that of the CaCO3-filled epoxy (Figure 10(g)). The river pattern was
rarely seen, and the cement particles seemed fractured. In addition, tail-like patterns
appeared behind the cement particles, which suggested that crack pinning and par-
ticle breakage were the possible mechanisms for the toughening of the CaCO3-
filled epoxy.

The fracture toughness of neat epoxy in wet condition was about 3 times the frac-
ture toughness in dry condition [25]. The increase in fracture toughness in wet condi-
tion could be observed from the fracture surfaces. In dry condition, the fracture
surface was very smooth and featureless, whereas in wet condition, the fracture sur-
face showed three distinct regions: an initiation region (A), a transition region (B),
and a final propagation region (C) (see Figure 10(b)). In the case of neat epoxy, plas-
ticization due to the absorbed water played the main role in increasing the fracture
toughness. As compared with dry condition, in the wet condition, the fracture tough-
ness of fly ash-filled epoxy decreased by about 34%; however, the fracture toughness
of CaCO3 and cement-filled epoxies slightly increased by about 12% and 14%,
respectively. Nevertheless, in wet condition, the fracture toughness of filled epoxies
was still lower than that of the neat epoxy. In wet condition, neat epoxy had the
highest fracture toughness, followed by fly ash, CaCO3 and cement-filled epoxies; that
is, compared to the neat epoxy, the fracture toughness of the fly ash, CaCO3 and
cement-filled epoxies decreased by 12, 14, and 21%, respectively.

Similar to the fracture surfaces of neat epoxy in wet condition, most of the fracture
surfaces of the filled epoxies in wet condition were rougher than the fracture surfaces
in dry condition. This was possibly because of the plasticization of matrix after water
absorption. However, introducing a rigid filler into the matrix might reduce the plas-
tic deformation, leading to a decrease in the fracture toughness. Indeed, in wet condi-
tion, the fracture toughness of the fly ash-filled epoxy decreased; however, for other
fillers, the fracture toughness slightly increased. Nevertheless, the fracture toughnesses
of CaCO3 and cement-filled epoxies were still slightly lower than that of the fly ash-
filled epoxy. It was possibly because in wet condition, the fly ash-filled epoxy had a
different toughening mechanism than that of the CaCO3 and cement-filled epoxies.
The fracture surface of fly ash-filled epoxy showed crack bowing, even though partial
debonding occurred between the fly ash particles and matrix (Figure 10(d)). It was
evident that the absorbed water affected the fly ash particle-matrix interface.
Debonding between the filler particles and matrix, as reported by Kawaguchi et al.
[45], decreased the fracture toughness. Hence, the effect of plasticization that tended
to increase the fracture toughness competed with debonding of the fly ash particles
from the matrix that reduced the fracture toughness.
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The fracture surface of the CaCO3-filled epoxy was rougher in the wet condition
than in the dry condition, indicating that the fracture toughness in wet condition was
higher than that in dry condition. Crack deflections, crack pinning, and particles
breakage were observed (Figure 10(f)). In addition, matrix deformation was observed,
which promoted matrix shear yielding. Although the fracture toughness of the
CaCO3-filled epoxy slightly increased in the wet condition than in the dry condition,
it was still slightly lower than that of the fly ash-filled epoxy. It is worth noting that
compared to the fly ash-filled epoxy, the CaCO3-filled epoxy absorbed less water;
therefore, the plasticization effect might be lower.

The fracture surface of the cement-filled epoxy was much rougher in the wet con-
dition than in the dry condition (Figure 10(h)). Therefore, it was expected that the
fracture toughness of cement-filled epoxy would be higher in the wet condition than
in the dry condition. The fracture surface of cement-filled epoxy appeared to be the
roughest among the three filled epoxies; however, its fracture toughness was the low-
est. After the cement-filled epoxy was immersed in water, the absorbed water reacted
with the cement particles, forming calcium silicate hydrates. It was observed that the
fracture surface of cement-filled epoxy before and after absorbing water was different.
Having reacted with water, the volume of cement particles decreased, and then the
particles tended to debond from the matrix. This promoted shear yielding on the
matrix, resulting in massive crack deflections. Despite the positive effect of shear
yielding, the massive crack deflections may have to compete with other mechanisms
that reduce the fracture toughness. The cement-filled epoxy absorbed more water
than the neat epoxy did; however, the absorbed water might be used for cement
hydration rather than for plasticization of the matrix. Therefore, the effect of plasti-
cization in increasing the fracture toughness was possibly suppressed. Moreover, mas-
sive debonding of the cement particles further reduced the fracture toughness
compared to that of the neat epoxy.

4. Conclusions

The water absorption, tensile properties, and mode-I fracture toughness of neat and
filled epoxies were investigated. Fly ash, CaCO3, and Portland cement fillers have dif-
ferent particle shape and elemental composition; hence, the effects of fillers were dif-
ferent because their shape and composition were different. Furthermore, the three
fillers have different reactivity to water. Fly ash and cement are reactive to water,
whereas CaCO3 is insoluble to water. Cement is more reactive to water than fly ash
particles. At the studied filler content (7% by weight), the fly ash- and cement-filled
epoxies absorbed more water than the neat epoxy did. On the other hand, the
CaCO3-filled epoxy absorbed less water compared with neat epoxy. This indicated
that the unreactive filler was more effective in decreasing the water absorption of
filled epoxy, whereas the reactive filler tended to increase water absorption.

In dry condition, the fly ash filler slightly improved the tensile strength and elastic
modulus of epoxy. On the other hand, the CaCO3 and cement fillers decreased the
tensile strength of epoxy by approximately 10% and 5.6%, respectively; however, they
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significantly increased the elastic modulus of epoxy by approximately 16% and 23.8%,
respectively.

In wet condition, the tensile strength of all the studied epoxy systems decreased
after ageing due to the plasticization effect; however, the tensile strength of the filled
epoxy systems decreased more than that of the neat epoxy. This was due to the effect
of particle debonding in the fly ash-filled epoxy, and both debonding and particle
breakage in CaCO3 and cement-filled epoxies. The elastic moduli of filled epoxies in
the wet condition decreased; however, the extent of decrease for the fly ash-filled
epoxy was insignificant. Nevertheless, the elastic moduli of the filled epoxy systems in
wet condition were approximately the same.

In dry condition, the fracture toughness of filled epoxies increased significantly
compared with the neat epoxy. In average, the increases in the fracture toughness of
fly ash, CaCO3, and cement-filled epoxies were 280, 117, and 93%, respectively. In
wet condition, the absorbed water increased the fracture toughness of neat epoxy sig-
nificantly; however, for the filled epoxies, the effect of absorbed water on the fracture
toughness depended on the filler type. The fracture toughness of fly ash-filled epoxy
in wet condition decreased by approximately 34% compared with that in dry condi-
tion; however, the fracture toughness of CaCO3 and cement-filled epoxies increased
slightly. Nevertheless, the fracture toughness of fly ash-filled epoxy was approximately
the same as that of the other filled epoxies but lower than that of the neat epoxy.

In dry condition, crack deflection and plastic deformation around the particles
were the main toughening mechanism for the fly ash-filled epoxy, while crack pin-
ning and particle breakage occurred preferably in the CaCO3 and cement-filled
epoxies. In wet condition, plasticization due to the absorbed water was the main
toughening mechanism for the neat epoxy; however, for the filled epoxies, more com-
plex mechanisms were involved. For the fly ash-filled epoxy, plasticization and
debonding of particles competed in determining the fracture toughness, while for the
CaCO3 and cement-filled epoxies, the toughening involved plasticization of the
matrix, debonding and particle pull out, and particle breakage.
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