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Abstract

This paper presents the water diffusion behavimmsile properties and fracture toughness of
epoxy after it is aged in distilled and salt wateboth steady and fluctuating conditions at a
temperature of 50°C. In steady and fluctuating domas, the equilibrium water uptake of
epoxy aged in salt water is lower than that inikkst water, but the diffusion rate is
unaffected. The effects of the media and ageingliion on the tensile properties and
fracture toughness are insignificant. The absovbaier (0.6 - 1.8%) improves the epoxy
fracture toughness up to three times, which iscateid by the complex fracture surfaces of

aged epoxy.

Keywords. Epoxy; Ageing; Distilled water; Salt water; Teiesstrength; Fracture toughness

1. Introduction

Epoxy resin has been widely used as a matrix fomperic composite materials, adhesives,
coatings and paint due to its good mechanical ptigge low shrinkage, and good adhesion.
However, in applications, epoxy resin absorbs wiaten the surrounding environment. It is

well known that the absorbed water can degradehlgsical and mechanical properties and



affect the performance of structures composed oxgpesin, and this is of the utmost

concern in the use of epoxy in engineering strestur

Water enters into epoxy through a diffusion proc&sg important parameters that
characterize the diffusion behaviour are the elgpiilm water uptake and the diffusion rate.
The diffusion parameters are affected by the neddtumidity (RH) and temperature of the
environment, the epoxy microstructure, and thektiess of the specimen. As reported in
literature [1-3], the equilibrium water uptake geally increases as the relative humidity
increases, for example, the equilibrium water uptakepoxy EPON 828 exposed in 85%RH
is higher (15-25%) than that in 75%RH [1]. In moases, the temperature tends to cause an
increase in the diffusion rate; however, its ef@cthe equilibrium water uptake depends on
the type of epoxy [1,4-8]. For example, for epox8@N 828 [1] and patrticle-filled epoxy [6],
both the diffusion rate and the equilibrium watptake increase as the temperature increases.
On the other hand, for other polymers, such asmculed bismaleimide (BMI) and its
composites, the diffusion rate increases as thpeesture increases, but the equilibrium
water uptake decreases [7,8]. The effect of mionotiires on the diffusion rate and the
equilibrium water uptake depends on the type okggoe., the type of epoxy and hardener,
the epoxy to hardener ratio, and the type of jilj&r9-11]. For example, an increase in the
dispersed polyetherimide (PEI) in the epoxy reSHi% parts per hundred resin) results in a
decrease in the equilibrium water uptake but aresse in the diffusion rate [9]. On rubber-
modified epoxy, increasing the rubber content iases both the equilibrium water uptake
and the diffusion rate [10]. The specimen thickreessms to not affect the equilibrium water
uptake and the diffusion rate, but it has moreuigrfice on the diffusion behaviour, either the
Fickian or non-Fickian diffusion. The diffusion mhour tends to follow the Fickian

diffusion model as the specimen thickness incredsz43].



Most studies revealed that water decreases thiéetstrength, elastic modulus [14-19] and
the glass transition temperaturg)(®f epoxy [5,20-22] due to the plasticization effeAn
anomaly could occur, in particular, for prolongegtiag due to more complex interactions
between water molecules and epoxy chain structwWeaser molecules interact with epoxy
chains to form multiple hydrogen bonds. This resurtan increase in the, &nd the elastic
modulus; however, their values were still relatMelwer than those for un-aged epoxy
[20,23]. Another important mechanical property pbry, which is also affected by water, is
the fracture toughness. Epoxy is inherently britiled it has a low fracture toughness. In the
neat form, the fracture toughness is in the rarige5o— 1.6 MPa.if?, depending on the
epoxy and hardener type [24-28]. There is stilltomrersy on the effect of water on the
fracture toughness of epoxy. Quino et al. [23] rggabthat the fracture toughness of a
mixture of cycloaliphatic epoxy resin and diglydigyher of bisphenol-A (DGEBA) cured
with anhydride hardener decreased from 1.05 MPaumder dry conditions to approximately
0.85 MPa.r{? with 0.8wt% of global water uptake. Salazar ef28] studied the effect of
absorbed water on the fracture toughness of DGEBAdwith 4,4 -diaminodiphenylsulfone
(DDS) and reported that after ageing in distilleatev at a temperature of 60°C, the fracture
toughness decreased from 1.12 MP&.omder dry conditions to 0.9 MPa“fat the

saturation level. On the other hand, Buehler aridri8d30] found that the mode | fracture
toughness ({g) of glass fiber/epoxy and carbon fiber/epoxy cosi@s aged in water at a
temperature of 71°C for 1200 hours increased bycqmately 21% compared to unaged
specimens. Alamri and Low [31] reported that tleetfure toughness of isophorone diamine-
cured general-purpose low viscosity epoxy resingased by 44% after it was aged in
distilled water at a room temperature for 6 mom#iative to its fracture toughness under dry

conditions. In addition, they observed that by agdi% (by weight) of nanoclay, nanotubes,



and nano-silicon carbide particles into the epaxy ageing them in the same environment
mentioned above, the fracture toughness increas@d@%, 31%, and 37%, respectively,
compared to that under dry conditions. Wang €62l also reported a slight increase in the
fracture toughness of the aromatic diethyltolueaetine (DETDA)-cured DGEBA after it
was aged in distilled water at a temperature oC6l@t a monthAs they used a different type
of epoxy resin, there is not yet a conclusion aneffect of water on the fracture toughness,
and the absorbed water can either increase oratectepending on the chemical structure,
degree of curing, and the epoxy reinforcement. dlloee, the development of epoxy, in both
the neat and composite form, for future structaggdlication exposed in harsh environments

has attracted significant research attention.

A harsh environment is often a combination of ceire media (i.e., salt water), high
temperature and fluctuating conditions. The waiusion behaviour and the level of the
physical and mechanical degradation of the spe@maged in that environment may be
different from that of specimens aged in both testiwater and stable conditiarRecent
studies [33-3phave reported that the equilibrium water uptaksailh water was lower than
that in distilled water, but there are still noariérends for the diffusion rate. In most
fluctuating conditions (absorption — desorptionleg, desorption processes were conducted
at the same temperature as absorption process86]1&hile studies on lower desorption
temperature than absorption temperatures are naptyted. Moreover, it is rarely found that
water can be completely released from epoxy evidreisame temperature is used for
absorption and desorption. This paper investigdte®ffects of ageing media (distilled and
salt water) and the ageing condition (steady amctdhting) on the diffusion behaviour, the
tensile properties and the fracture toughness afydn the following section, we present the

material and the specimen preparation procedura®rwptake experiments, infrared



analysis of the absorbed water and mechanicahtgskhe third section discusses the water
uptake results, the analysis of the absorbed viratbe epoxy, and the effect of water on the

tensile properties and the fracture toughness glisaw the fractography results.

2. Materialsand Methods

2.1 Materials

The epoxy resin is a diglycidyl ether of bispheAdPGEBA) with an epoxy equivalent
weight of 18945 g/eq. The hardener is a cycloaliighemine (EPH 555), which mainly
contains 3-aminomethyl-3,5,5-trimethylcyclohexylamiwith an amine hydrogen equivalent
weight of 86 g/eq and a viscosity of 0.5-1 Poisa siom temperature [37]. Both the epoxy
resin and hardener are purchased from Justus Kiaya (Surabaya, Indonesia) and are
under license from Germany. Distilled water was owrcially purchased, while salt water
was made by dissolving sodium chloride into distilivater. The sodium chloride content

was 3.5% (by weight), which mimics the sodium cidlercontent in normal seawater.

2.2 Specimen preparations

Epoxy resin was mixed with the hardener with a nabio of 2:1 (by weight), according to the
manufacturer's recommendation. The mixture wasestiwell and then degassed in a vacuum
chamber for approximately 20 minutes. This time selected to prevent the epoxy from
hardening before it was poured into a mould bectheseiscosity of the epoxy increased
significantly after 30 minutes. Furthermore, madsthe air bubbles had been released for the
time selected. The mould was made of CNC machiageshsilicon rubber, according to the
specimen type; dog bone (DB) and single edge nmolling (SENB) specimens were used
for the tensile and fracture toughness tests, otispdy, as observed in Fig. 1. Those

specimens are formed according to ASTM D638 [38] ABTM D5045 [39], respectively.



After degassing, the epoxy resin was poured irgarbuld and left at room temperature for
24 hours for curing. After curing, the specimerfaces were carefully abraded using a 2000-

grit emery paper to obtain smooth surfaces.

2.3 Water uptake

Water uptake studies were performed using theleeasd fracture toughness specimens.
These were conducted to obtain the real water nbirtehose specimens before mechanical
testing. Furthermore, using a thin specimen thasiglly used for water uptake studies may
result in a different behaviour [12]. Hence, préidig the water content and the spatial water
distribution for a larger specimen based upon iffasion properties obtained from a thin

specimen might be inaccurate.

The specimens were immersed in distilled watersatidwater at a temperature of 50°C.
There were two immersion conditions: a steady afticiuating condition. In the steady
condition, the specimens were immersed continugusgtyle in the fluctuating condition, the
specimens were alternating immersed for 24 howtdaed out for 24 hours. Drying was
performed by taking out the specimens and leaiegitin room temperature in an ambient
environment. The lower drying temperature compé&oeitie immersion temperature was used
to obtain the accumulated residual water that as®e continuously with time. Weighing was
carried out periodically using a digital microbataruntil a saturation level was reached. For
the fluctuating condition, weighing was conductétkast three times for immersion and for

drying. The water content was calculated using(EQ.

M, :;")xloo% (1)
w



whereM; is the water content, atk andW, are, respectively, the specimen weight at time

and the initial specimen weight.

The Fickian diffusion model was used for fittinggtivater uptake data, as given in Eq. (2)

[40].
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whereD is the diffusion rateyl, is the equilibrium water uptake aht a half of the
specimen thickness. The initial part of Eq. (2xap/M., = 0.6 is essentially linear and can
be approximated as Eq. (3). The diffusion rBteyas calculated using Eq. (3) once the

equilibrium water uptake was obtained.
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2.4 Scanning Electron Microscopy-Energy Disper3way Spectroscopy (SEM-EDS)
SEM-EDS was carried out to determine if salt ioneeed into the epoxy. The test used a
JEOL 6510 LA scanning electron microscope. Theicgwas conducted at a voltage of 10
kV. The intensities of the X-rays emitted from #lectron beam-bombarded specimen were
measured by counting the pulse generated by Xphgns in a detector at a counting rate
of 2548 cps. Two locations were selected; the exgbesirface and the inner part of fracture

dog bone specimen were imaged after they were fag&d days.



2.5 Fourier Transform Infra-Red spectroscopy (FTIR)

FTIR tests were performed using a Perkin Elmer fieo® TIR spectrometer. Epoxy

materials (dry and wet) from the dog bone specimeTe ground to obtain powders. The
weight of each ground specimen was approximatgjsagh. The difficulty arose in testing the
wet epoxy, as grinding the wet epoxy may accelatasorption of the absorbed water. It is
possible that an amount of water was desorbed fnenepoxy. Nevertheless, a very short
time elapsed between the grinding and the testimyeévent desorption of the absorbed water.
Furthermore, the test was conducted at room teriyreravhich is much lower than the

absorption temperature; hence, it is likely thatdesorbed water is lower.

2.6 Mechanical testing

For tensile and fracture toughness tests, fouraaabns of specimens were prepared for
every immersion time studied. For the SENB specsaneatches were carefully made by
using a handsaw to obtain a notch length of apprately 9 mm. The notching was carried
out very slowly to prevent residual thermal stratsthe vicinity of the notch. A sharp crack
was introduced in the middle of the notch usingeat razor blade. Using this method, the
length of the sharp crack produced was in the raf@2 — 0.3 mm. From this, the ratio of
the total crack lengthef to the specimen widthA{) was in the range of 0.45 — 0.55. Various
types of sharp cracks have been studied, and wWene=no significant effects observed on the
value of the fracture toughness [41]. Before tgstihe specimens were immersed in distilled
water and salt water at a temperature of 50°C f@&; @, 15 and 30 days; however, for the
SENB specimens, the immersion time was refinedtain a good correlation between the
fracture toughness and water content. Prior to insioe, the specimens were weighed to
obtain the initial weight. After the specimens waneersed and before they were tested,

weighing was conducted to obtain the water con&itér weighing, the specimens were



tested immediately to prevent significant desorptibhe tensile and fracture toughness tests
were carried out using a Tensilon universal testieghine with a load cell capacity of 10
kKN. The displacement rates of the tensile andrthadre tests were 5 mm/min and 10
mm/min, respectively. Those rates, respectively,amcording to the ASTM D638 and ASTM

D5045 standards.

Since the span length for the SENB test was 4 timespecimen width, the fracture

toughness was calculated using Egs. (4) and (3) [39

Ko =|=o ]t (4)
Q BWl/Z

[199- x(1- x)(215- 393x + 27x%)|
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(5)

whereKg is the trialK,c value,Pgis the maximum load = a/W, ais the crack lengthwis
the specimen width arlis the specimen thicknesBo confirm the validity oKqg = K¢, the
following criteria size must be satisfied:

B, a, (W —a) > 2.5 (Kly)? (6)

wheregyis the yield stress estimated from the tensilengtieof the epoxy.
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Fig. 1. (a) Dog bone specimen, (b) Single edge notch bBpadimen (not to scale).

After testing, the fracture specimens (the tereiid SENB specimens) were cut (through the
thickness), close to the fracture surface, intollspiaces of approximately 1 mm in thickness.
The fracture surfaces were then observed undeptcabmicroscope. The source of light

was put under the specimen (backlight). The ligint lse transmitted through the specimens,

as the specimens are transparent.

3. Results and Discussion

3.1 Water uptake

Fig. 2(a) shows the water uptake versus the sqoatef time for different specimen
thickness of epoxy under the steady conditionHerdog bone and SENB specimens. In
addition to absorption, desorption curves are sltgwn in the figure. Desorption was carried
out at a certain water uptake, as observed inX&. Fickian fits are also indicated to

determine whether the absorption follows the Ficlddfusion or not. The parameters for the
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Fickian fits are shown in Table 1. It can be obedrthat the absorption behaviour is in
agreement with the Fickian diffusion for all speemtypes and ageing media. However,
although the Fickian fit was not carried out fosdmption, the behaviour of the desorption
curve presumably does not follow Fickian diffusidimne deviation from the Fickian
behaviour for desorption possibly occurs becauselé&sorption was carried out below the
absorption temperature. For most polymers, thergéea behaviour follows the Fickian
diffusion when the desorption temperature is theesas the absorption temperature [12,36];

in addition, the desorption rate is faster thanabgorption rate.
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Fig. 2. Water uptake for epoxy resin in (a) a steady &na fluctuating condition.

Comparing the water uptake in the dog bone and SgdMBimens for the same ageing time,
the water uptake in the dog bone specimens seayhertthan that in the SENBSs, as the dog
bone specimen is thinner than the SENB. Howeves likely that the saturation levels of the
dog bone and SENB specimens would be the samerfgef ageing times. It is expected that
the thicker specimen needs more time to saturaidetJa steady condition, the saturation
levels for the dog bone specimens were reachepigrogimately 30 days, but those for the
SENB specimens may be reached in longer than 58 ddthough the equilibrium water

uptake for the dog bone specimen was reached reidudie in the SENB specimen, the
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diffusion rate is lower, as observed in Table brfria molecular dynamics study, Lin and

Chen [12] showed that a thicker specimen has npaees for the conformation (relaxation)
of polymer molecules when water molecules werethiced into the polymer chain. Hence,
the diffusion rate, especially for the higher watentent, tends to increase as the thickness

increases and is more likely to follow the Fickdifiusion.

Table 1. Water diffusion properties of epoxy resin in vasaonditions.

Condition Dog bone specimen SENB specimen

D (mnf/day) M., (%) D (mnf/day) M. (%)
Steady
* Distilled water 0.25 2.33 0.36 2.25
» Salt water 0.26 2.28 0.37 2.05
Fluctuating
* Distilled water* 0.17 2.03 0.219 2.00
» Salt water* 0.19 1.85 0.220 1.80

*The equilibrium water uptake and the diffusioreratere taken as the average
between the upper and the lower water uptake level.

For the fluctuating condition, because the desonpmperature was lower than the
absorption temperature, the water uptake stilldased, and there was also an equilibrium
water uptake. As shown in Table 1, the equilibriwater uptake and the diffusion rate were
taken at approximately the middle of the upper thiedower level of water uptake (average
values). The parameters obtained were then usidhie experimental data using the Fickian
diffusion model. As observed in Fig. 2(b), a gogdement was found between the Fickian
diffusion model and the experimental data. Agaogmparing the dog bone and SENB
specimens, the trends of the equilibrium water kgptnd the diffusion rate are similar to

those observed in the steady condition, but asatep@ethe values are lower.
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Fig. 3. SEM-EDS results of the aged epoxy resin, (a)@aettposed surface and (b) at the

inner of epoxy resin.

In salt water, compared to distilled water, theildoium water uptake is lower both in steady
and fluctuating conditions, but the diffusion raems slightly higher (as shown in Table 1).
However, based on the statistical analysis usirdyars of variances (ANOVAS), at a 5%
significance level, the effect of ageing mediatoa ¢quilibrium water uptake is significant,
whereas its effect on the diffusion rate is indigant This is consistent with the findings of
other researchers [33,35]. lons, such aSaxal Cl, are able to block the water diffusion, and
hence, the equilibrium water uptake decreases. &st al. [33] compared the diffusion rate
of water in a Nylon 66 fibre exposed to water, watgpour and some salt solutions such as
NacCl, LiCl, KCl and KNQ. These researchers concluded that the salt solditbnot

significantly affect the diffusion rate, as the aatiptake in salt solution can be accurately
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predicted using the diffusion rate obtained fromepwater. From an elemental analysis
carried out using SEM-EDS, as observed in Figt j@inner epoxy, the detected elements
were mostly carbon (C) elements, but at the expeaddce, beside C, there were Na and ClI
elements, which were the main components of shltieq, in addition to other elements,
which were also detected, such as magnesium (Mbaminium (Al). This indicates that
the Nd and Clions seem to not enter into epoxy during ageirgroding to Reuvers et al.
[33], it was likely that the ions affected the wateactivity at the epoxy surface but did not

affect the water mobility in the epoxy.

3.2 Fourier Transform Infrared (FTIR)

FTIR studies revealed the interaction between biseded water and the epoxy structure.
Fig. 4 shows the FTIR spectra of the dry and agedeboth in distilled and salt water under
the steady condition. The absorbed water interaitksthe hydrophilic sites in the epoxy
chains in the form of van der Waals and hydrogamlboThe interactions change the
absorption of the infrared radiation and affectifRebsorption spectrum, and hence, the
transmittance of IR. Water molecules contain —Oidl the existence of —OH can be traced in
the IR spectrum by analysing the peak intensitidba IR transmittance. Water is mostly
detected at wavenumbers in the range of 3500 - 8#dand 3200 - 3600 cth The former
and the latter wavenumber ranges correspond tsttétehing vibrations of free -OH and of
bonded -OH, respectively [42]. Under dry conditioinsFig. 4, a broad spectrum in the
wavenumber range of 3100 — 3600 tim associated with the presence of alcohol, amine
carboxylic acid in the epoxy cured with cycloalipbhamine. After 30 days of ageing in both
distilled and salt water, the IR transmittancehatwavenumber of 3200 — 3600 ¢m
decreases slightly, while a higher decrease itréresmittance occurs after 60 days of ageing.

These are due to the absorbed water. The decre#fse peak intensities obtained from

14



ageing in distilled water and salt water is comsistvith the trend observed for the amount of
the absorbed water, which is discussed in the posvgection. After 30 days of ageing, there
are very sharp peaks at the wavenumber from 33900 cni* with intensities below the dry
spectrum; however, after 60 days, the spectraaatrdmge have intensities above the dry
spectrum. It is possibly that after 30 days of agesome absorbed water is present as free
water, which is associated with the free —OH shietg vibrations, and then, at 60 days, the
number of bound water molecules increases, whielsssciated with the bonded —OH
stretching vibrations. This is supported by theatgedecrease in the IR transmittance at 3200

- 3500 cnit. The peaks also shifted from approximately 3400 torslightly above 3400 cm
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Fig. 4. FTIR spectra of dry and aged epoxy resin.
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Fig. 5. Typical stress-strain curves of dog bone specirages in (a) distilled water and (b)

salt water.

3.3 Effect of water on the tensile properties afchgpoxy

Fig. 5 shows the typical stress-strain curves okgppefore and after it is aged in distilled
and salt water. The stress-strain curves showmeiigures were obtained only from ageing
performed under the steady condition. The stressasturves clearly show softening after
peak stress. It is also observed that the ternsdesand the elastic modulus tend to decrease
while the strain at failure tends to increase ik immersion time. As observed in Fig. 6(a),
in steady and fluctuating conditions, in both disti and salt water, the tensile strength
generally tends to decrease with the immersion,tand the absorbed water increases.
However, after an immersion of 15 days, the deereashe tensile strength tends to be
recovered. Nevertheless, the tensile strengtlilisigihtly lower than that in the dry
condition. The decrease of the tensile strengttr &6 days of immersion is approximately
15% and 9% for distilled and salt-water immersi@spectively, which correspond to a water
content of approximately 2.18% and 2.15%. Comp#odte 15 days immersion, the water
content after 30 days of immersion is higher; hosvethe average tensile strength is slightly
higher (7%) for distilled water and approximateig tsame for salt water. Generally, as

reported in literature [14-19], the tensile promsrtdecrease as the water content increases
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due to plasticization; however, an anomaly migltuocsuch as the recovery of the tensile
properties with an increase in both the water adrdaed ageing time [5,20,23]. This anomaly
could be due to the competition between the pliastion effect and effect of additional
cross-linking, where the positive effect of the iiddal cross-linking is more dominant than
the negative effect of plasticization. This will Biscussed further in the discussion on the
elastic modulus. In the fluctuating condition, alfigh literature showed that the absorption-
desorption cycles seemed to have a more detrimefiégit than the absorption cycle alone
[12], in this study, this behaviour is presumabby followed. The decrease of the tensile
strength in the fluctuating condition reaches aimaxn of approximately 8%, which is

slightly below the decrease observed in the steadgition.

Statistical analyses using ANOVA (at a 5% significa level) have been carried out to
determine the significance of the media and ageamglition on the tensile properties. The
results showed that the two media (distilled aritveater) and the ageing conditions (steady
and fluctuating conditions) did not significantlffext the tensile strength. Thus, the tensile
strength can be considered as a function of oythter content. If the overall data of the
tensile strength are plotted against the waterezdnas described in Fig. 6(b), it is observed
that the tensile strength degrades in an essariiradiar manner with the water content until
the saturation level is reached. This informat®meary useful for a numerical study that
predicts the residual strength of adhesive jointsase there is a cohesive failure in the

adhesive.
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Fig. 6. Tensile strength of the aged epoxy versus (a)nimedrsion time and (b) the water
content, and the elastic modulus of the aged epergus (c) the immersion time and (d) the

water content.

The trend for the effect of the media and ageingld@mn on the tensile strength is also
observed for the elastic modulus, particularlytfe specimens immersed in distilled water;
however, the decrease of the elastic modulus weerlthan that of the tensile strength (Fig.
6(c)). After 15 days of immersion, the elastic miodudecreased by approximately 13%
compared to that in the dry condition; however@B0 days, it increased again to a value,
which is even higher than that in the dry conditidgain, similar to the tensile strength, this
peculiar behaviour may be caused by the competit@iween the plasticization effect and the
effect of additional cross-linking. The additiomabss-linking could be caused by the
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catalytic effect of water on the curing reactiortlod epoxide-amine system and also the
interaction between water molecules and polymemshahich form multiple hydrogen
bonds. The plasticization decreases tharid the tensile properties of epoxy [14-19]. Ga th
other hand, the additional cross-link improvesThand the tensile properties. Referring to
the works of Wu et al. [43] and Choi et al. [44}dhoxyls from water molecules can act as a
catalyst to accelerate the curing reaction ancessz the epoxide conversion or the degree of
curing (which is indicated bygJ for an almost fully cured epoxy (room temperatcueed
epoxy). For example, the addition of 2wt% of watéo epoxy EPON 828, which was cured
at a temperature of 80°C, increased the rate afuhiag reaction by approximately two

times. Meanwhile, the increase of thgahd the flexural storage modulus of the room
temperature-cured EPON 828 were approximately 1086&o, respectively, relative to those
of the neat epoxy (without water) [43]. In thisdyuthe Ty and the flexural storage modulus
(at a temperature of 30 °C) for neat epoxy are %8.8nd 2466 MPa. Another research group,
Choi et al. [44], showed that the addition of watprto 3wt% accelerated the curing reaction
of epoxy-poly(oxypropylene) diamine. For examphi% of water was added into epoxy,
and then the epoxy was cured at a temperature°@f &0 650 min; the final epoxide
conversion increased by approximately 12% compiaréide neat epoxy. Furthermore, Choi
et al. [45] evaluated the hygrothermal behaviodith® epoxy-amine system by measuring
the Ty using differential scanning calorimetry (DSC). Tda&nples were cured at room
temperature for 28 days before they were immenseionised water at temperatures of 30,
40, 50 and 60°C. For the epoxy exposed at a teryveraf 50°C for 28 days, the epoxide
conversion and theglincreased by approximately 24% and 22%, respdgfigempared to

the unexposed samples. The increase,dbiTthe exposed samples was due to the additional
cross-linking by the post-curing reaction in thegance of water molecules. In addition, for

longer ageing times, water molecules tend to bortld polymer chains forming multiple
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hydrogen bonds [5,20,46]. Referring to the literatthere is an indication that the decrease
of the elastic modulus and the tensile strengér af days of ageing in our study due to the
plasticization effect is more dominant than thag ttuthe other two effects, while the increase
after 15 days is attributed to the dominant eftécidditional cross-linking as a result of both

post-curing and multiple hydrogen bonds betweeremwablecules and polymer chains.

Again, similar to the tensile strength, from thatistical point of view using ANOVA (at a
5% significance level), the media and ageing camatdid not have a significant effect on
the elastic modulus, and hence the degradatiomeogélastic modulus (if any) was also
considered as a function of only the water confeitt. 6(d)). In fact, the effect of water on
the degradation of the elastic modulus was lowan that of the tensile strength, or it tended

to be negligible for longer ageing times.

Fig. 7 shows the transmission optical micrograptheftensile fracture surface of the
specimens in the dry condition and for various ag¢imes; however, only the specimens
aged in the steady condition in distilled watersltewn. It is observed that overall, the
fracture surfaces of both the dry and aged speamkow brittle features, which are indicated
by initiation (the mirror-like region), transiticend final fracture regions [47,48]. The
initiation region surrounds the origin of the craeid is associated with slow crack
propagation. The fracture surface is relativelydegless, exhibiting a textured microflow
[49]. The transition region is characterized byemady increase in the surface roughness and
the beginning of river lines. In the final fractueggion, the crack grows rapidly, and the
conical-shaped patterns develop. The parts ofitiueef symbolized by the numbers 1, 2 and

3, respectively, indicate the initiation, trangitiand the final fracture regions.
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Fig. 7. The transmission optical micrographs of tensietiure surfaces in (a) the dry
condition and aged in distilled water for (b) 7 gafc) 15 days, and (d) 30 days. Numbers 1,

2, and 3, respectively, indicate the initiatiore transition, and the final fracture regions.

For dry fracture surfaces (Fig. 7(a)), the inibat{mirror-like) region is not clearly observed
around the crack initiation; however, it is moreviolos when the immersion time (water
content) increases, as observed in Fig. 7(b-d).riMee lines are clearly observed in the
transition region. The small mirror-like regionthre dry fracture surfaces indicates that the
material has a high tensile strength and brittleri®8]. The increase in the mirror-like region
observed in the aged specimen is related to theceghtensile strength due to the absorbed
water. After 15 days of immersion, the damage z=@m@ns dominated by the mirror-like

region, which corresponds to the lowest tensilengfth, as observed in Fig. 7(c). After 30
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days of immersion, the tensile strength increagasao the level of that after 7 days of

immersion. Furthermore, the fracture surfaces asébhsth also seem similar.

3.4 Effect of water on the fracture toughness @fdagpoxy

Fig. 8 shows the typical load-displacement cunfeb®three-point bending test of SENB
specimens aged in the steady condition, in botiilddand salt water. The displacement was
measured at the position where the load was appimdall specimens, the load-displacement
curves increased linearly until the ultimate lodueve the specimen fractured. It is clearly
observed that the load-displacement response® @géd specimens significantly increased
compared to that of the dry specimen for both ageiedia, which indicates the improvement
in the fracture toughness of the aged specimengamad to the dry specimen, as shown in
Fig. 9(a). For the steady condition, in distilledter, the increase of the fracture toughness
had been observed since 7 days of immersion, amdtkte fracture toughness tended to
decrease after an immersion time of up to 30 daysalt water, the fracture toughness
increased after 15 days of immersion and then tktmldecrease after 30 days of immersion.
However, because the data scatter is high, thd tsdiikely to be the same as that in the

distilled water.

For the fluctuating condition, in both ageing medeere is a similar trend for the fracture
toughness with the immersion time; however, af®ed&ys of immersion, the fracture
toughness of the specimen immersed in distilleceiats lower than that in salt water. After
7 days, because the immersed specimens were reranddtien left them in room
temperature for a day before they were testedallserbed water had been desorbed. In the
crack tip, where the fracture process (damage) nooerred, water desorbed more quickly,

and it was possible that the region had driedthetefore, the fracture toughness was close to
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that of the dry specimen. It is likely that the aigdion, particularly at the crack tip, is faster
than that in salt water, as there are no obst&dessalt ions for water molecules to come out
during desorption. This may result in a much lofvacture toughness of specimens aged in

distilled water than in salt water, such as theltesbserved after 30 days of immersion.

Similar to the tensile properties, an ANOVA wasrit out to determine the significant

effect of the media and ageing condition on theténe toughness. The same results were
obtained, as the media and ageing condition digigoificantly affect the fracture toughness;
therefore, the fracture toughness can be consigeredunction of only the water content, as
described in Fig. 9(b). From the dry condition twater content of approximately 0.6%, the
fracture toughness increased almost linearly frorns MPa.n?to 2.3 MPa.rtf?, or it

increased by approximately three times. For a waietent from 0.6 to 1.8%, the fracture
toughness was almost constant, but beyond a watéerat of 1.8%, it tended to decrease. For
the specimens aged in distilled water (the steadgition), the increase of fracture toughness
as the water content increases to 1.8% is dueetpl#sticization effect, while the slight
decrease after could be due to the additional dnolsisig, as discussed in the section on the
tensile properties. According to Irwin’'s model [5flje decrease of yield stress increases the
size of the plastic zone and therefore, the fractomghness. For polymers, the yield stress is
obtained at the ultimate stress of the stresshstiaives (the tensile strength) [52]. Referring
to Fig. 5(a), the yield stress tended to decreasetiae immersion time up to 15 days of
immersion (i.e., from 49.6 MPa at dry conditiord& 1 MPa after 15 days of immersion), and
it increased slightly to 45.2 MPa after 30 dayshnuhersion. Kawaguchi and Pearson [53]
indicated similar trends after exposing the siilad epoxy in water. The surface of the

silica particles was treated using n-butyltrimetygbane The specimens were aged in water

at a temperature of 60°C for 1350 hodiisey showed that the fracture toughness of the aged
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specimens increased (10%) relative to the unexpssecimens due to the decrease of the

yield stress. The analysis of the fracture surfatesussed in the next paragraph could further

explain this trend.
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Fig. 10 shows the fracture surfaces of the SENRBispens in the dry condition and after they
are aged in distilled water (the steady conditfon)L day, 3 days, 7 days 15 days and 30
days. In the dry condition (Fig. 10(a)), the fraetgurface is very smooth and featureless.
This fracture surface indicates that the specintsods low energy to propagate a crack, and
hence, the fracture toughness is low. In the wetlitmn, the fracture surface is rough, and it
has a more complex pattern. This complex fractateem needs high energy to propagate a
crack, which results in a higher fracture toughn&bgre are three distinct regions in the
SENB fracture surfaces, particularly in the fraetprocess (damage) zone, in the wet
condition: the initiation (mirror-like region), tnaition and the final fracture regions. To
determine the relationship between the damage aod¢he fracture toughness, comparisons
between the damage areas of the dry and aged spechmave been made (see Fig. 9(b)). The
damage area was determined by multiplying the @eelength of the fracture process zone
with the specimen width. The average length ofdd®mage zone was calculated from
measurements at six points across the width ofpleeimen. For the dry specimen, it is
difficult to determine the damage area becausé&#oture surface was smooth, and the
damage area was considered as zero. For a low eattant, approximately 0.4% (for a 1
day immersion), the damage area was large, buastdeminated by large river lines (see Fig.
10(b)). The mirror-like region was small and relaty difficult to determine. This indicates
that effect of water has not been able to fullyheis the development of the fracture
toughness, which is shown by an increase of tretura toughness by 1.71% compared to
that in the dry condition. As the water content@ased, more water plasticised the epoxy,
and the damage area tended to decrease. The tikeroegion was observed more easily,
and the transition region tended to be finer andjner. Although the damage area tended to
decrease, the fracture surfaces became rougheasamdesult, the fracture toughness

increased. This is clearly observed for immersiomes between 3 days and 15 days (relating
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to a water content between 0.6% and 1.8%), as wdxdan Fig. 10(c-e). At that water content
range, the fracture surfaces and the damage agasmilar, and the fracture toughness is
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Fig. 10. The transmission optical micrographs of SENB freetsurfaces in (a) the dry
condition, and after they were aged in distilledevdor (b) 1 day, (c) 3 days, (d) 7 days, (e)
15 days, and (f) 30 days. Symbols 1, 2 and 3 inelittee initiation, transition and the final

fracture regions, respectively.

4. Conclusions

An investigation of the water uptake of a cyclobéfic amine-cured epoxy after it was aged
in distilled and salt water in steady and fluctngtconditions has been undertaken. The
effects of the absorbed water on the tensile ptagseand fracture toughness have also been
discussed. The water diffusion behaviour followsckian diffusion model in both the ageing
media and in the fluctuating condition. In fluctugtconditions, the water uptake continues
to increase until it reaches the saturation |ldwafl the saturation level is below that observed
under the steady condition. The equilibrium waaialde in distilled water is slightly higher
than that in salt water, but the diffusion ratenseaimilar. The salt ions decrease the water
reactivity at the surface, but they do not afféet tnobility of water in the epoxy. FTIR
analysis indicates a consistent trend between #terwontent obtained from the water uptake

measurement and the FTIR spectrum in the wavenurahge from 3200-3600 ¢

The media and ageing condition do not have a sogmif effect on the tensile properties and
the fracture toughness; hence, the degradatiamediensile properties and fracture toughness
is considered as a function of only the water aonf€he tensile strength tended to decrease
as the water content increased, but the elastizmsdeemed to be unaffected by the water
content. The fracture toughness increases apprtaiyrtaree times at a water content of 0.6 -

1.8% relative to the dry specimen, but then it teteddecrease when the water content
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increases beyond this level. This is related taddmage area that presumably decreases

beyond a water content of 1.8%.
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