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Abstract 

This paper presents the water diffusion behaviour, tensile properties and fracture toughness of 

epoxy after it is aged in distilled and salt water in both steady and fluctuating conditions at a 

temperature of 50°C. In steady and fluctuating conditions, the equilibrium water uptake of 

epoxy aged in salt water is lower than that in distilled water, but the diffusion rate is 

unaffected. The effects of the media and ageing condition on the tensile properties and 

fracture toughness are insignificant. The absorbed water (0.6 - 1.8%) improves the epoxy 

fracture toughness up to three times, which is indicated by the complex fracture surfaces of 

aged epoxy.  
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1. Introduction 

Epoxy resin has been widely used as a matrix for polymeric composite materials, adhesives, 

coatings and paint due to its good mechanical properties, low shrinkage, and good adhesion. 

However, in applications, epoxy resin absorbs water from the surrounding environment. It is 

well known that the absorbed water can degrade the physical and mechanical properties and 
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affect the performance of structures composed of epoxy resin, and this is of the utmost 

concern in the use of epoxy in engineering structures. 

 

Water enters into epoxy through a diffusion process. Two important parameters that 

characterize the diffusion behaviour are the equilibrium water uptake and the diffusion rate. 

The diffusion parameters are affected by the relative humidity (RH) and temperature of the 

environment, the epoxy microstructure, and the thickness of the specimen. As reported in 

literature [1-3], the equilibrium water uptake generally increases as the relative humidity 

increases, for example, the equilibrium water uptake of epoxy EPON 828 exposed in 85%RH 

is higher (15-25%) than that in 75%RH [1]. In most cases, the temperature tends to cause an 

increase in the diffusion rate; however, its effect on the equilibrium water uptake depends on 

the type of epoxy [1,4-8]. For example, for epoxy EPON 828 [1] and particle-filled epoxy [6], 

both the diffusion rate and the equilibrium water uptake increase as the temperature increases. 

On the other hand, for other polymers, such as under-cured bismaleimide (BMI) and its 

composites, the diffusion rate increases as the temperature increases, but the equilibrium 

water uptake decreases [7,8]. The effect of microstructures on the diffusion rate and the 

equilibrium water uptake depends on the type of epoxy (i.e., the type of epoxy and hardener, 

the epoxy to hardener ratio, and the type of filler) [1,9-11]. For example, an increase in the 

dispersed polyetherimide (PEI) in the epoxy resin (5-15 parts per hundred resin) results in a 

decrease in the equilibrium water uptake but an increase in the diffusion rate [9]. On rubber-

modified epoxy, increasing the rubber content increases both the equilibrium water uptake 

and the diffusion rate [10]. The specimen thickness seems to not affect the equilibrium water 

uptake and the diffusion rate, but it has more influence on the diffusion behaviour, either the 

Fickian or non-Fickian diffusion. The diffusion behaviour tends to follow the Fickian 

diffusion model as the specimen thickness increases [12,13]. 
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Most studies revealed that water decreases the tensile strength, elastic modulus [14-19] and 

the glass transition temperature (Tg) of epoxy [5,20-22] due to the plasticization effect. An 

anomaly could occur, in particular, for prolonged ageing due to more complex interactions 

between water molecules and epoxy chain structures. Water molecules interact with epoxy 

chains to form multiple hydrogen bonds. This results in an increase in the Tg and the elastic 

modulus; however, their values were still relatively lower than those for un-aged epoxy 

[20,23]. Another important mechanical property of epoxy, which is also affected by water, is 

the fracture toughness. Epoxy is inherently brittle, and it has a low fracture toughness. In the 

neat form, the fracture toughness is in the range of 0.5 – 1.6 MPa.m1/2, depending on the 

epoxy and hardener type [24-28]. There is still controversy on the effect of water on the 

fracture toughness of epoxy. Quino et al. [23] reported that the fracture toughness of a 

mixture of cycloaliphatic epoxy resin and diglycidyl ether of bisphenol-A (DGEBA) cured 

with anhydride hardener decreased from 1.05 MPa.m1/2 under dry conditions to approximately 

0.85 MPa.m1/2 with 0.8wt% of global water uptake. Salazar et al. [29] studied the effect of 

absorbed water on the fracture toughness of DGEBA cured with 4,4´-diaminodiphenylsulfone 

(DDS) and reported that after ageing in distilled water at a temperature of 60°C, the fracture 

toughness decreased from 1.12 MPa.m1/2 under dry conditions to 0.9 MPa.m1/2 at the 

saturation level. On the other hand, Buehler and Seferis [30] found that the mode I fracture 

toughness (GIC) of glass fiber/epoxy and carbon fiber/epoxy composites aged in water at a 

temperature of 71°C for 1200 hours increased by approximately 21% compared to unaged 

specimens. Alamri and Low [31] reported that the fracture toughness of isophorone diamine-

cured general-purpose low viscosity epoxy resin increased by 44% after it was aged in 

distilled water at a room temperature for 6 months relative to its fracture toughness under dry 

conditions. In addition, they observed that by adding 1% (by weight) of nanoclay, nanotubes, 
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and nano-silicon carbide particles into the epoxy and ageing them in the same environment 

mentioned above, the fracture toughness increased by 27%, 31%, and 37%, respectively, 

compared to that under dry conditions. Wang et al. [32] also reported a slight increase in the 

fracture toughness of the aromatic diethyltoluenediamine (DETDA)-cured DGEBA after it 

was aged in distilled water at a temperature of 60°C for a month. As they used a different type 

of epoxy resin, there is not yet a conclusion on the effect of water on the fracture toughness, 

and the absorbed water can either increase or decrease depending on the chemical structure, 

degree of curing, and the epoxy reinforcement. Therefore, the development of epoxy, in both 

the neat and composite form, for future structural application exposed in harsh environments 

has attracted significant research attention. 

 

A harsh environment is often a combination of corrosive media (i.e., salt water), high 

temperature and fluctuating conditions. The water diffusion behaviour and the level of the 

physical and mechanical degradation of the specimens aged in that environment may be 

different from that of specimens aged in both distilled water and stable conditions. Recent 

studies [33-35] have reported that the equilibrium water uptake in salt water was lower than 

that in distilled water, but there are still no clear trends for the diffusion rate. In most 

fluctuating conditions (absorption – desorption cycles), desorption processes were conducted 

at the same temperature as absorption processes [12,36], while studies on lower desorption 

temperature than absorption temperatures are rarely reported. Moreover, it is rarely found that 

water can be completely released from epoxy even if the same temperature is used for 

absorption and desorption. This paper investigates the effects of ageing media (distilled and 

salt water) and the ageing condition (steady and fluctuating) on the diffusion behaviour, the 

tensile properties and the fracture toughness of epoxy. In the following section, we present the 

material and the specimen preparation procedures, water uptake experiments, infrared 
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analysis of the absorbed water and mechanical testing. The third section discusses the water 

uptake results, the analysis of the absorbed water in the epoxy, and the effect of water on the 

tensile properties and the fracture toughness, as well as the fractography results.  

 

2. Materials and Methods 

2.1 Materials 

The epoxy resin is a diglycidyl ether of bisphenol-A (DGEBA) with an epoxy equivalent 

weight of 189±5 g/eq. The hardener is a cycloaliphatic amine (EPH 555), which mainly 

contains 3-aminomethyl-3,5,5-trimethylcyclohexylamine with an amine hydrogen equivalent 

weight of 86 g/eq and a viscosity of 0.5–1 Poise at a room temperature [37]. Both the epoxy 

resin and hardener are purchased from Justus Kimia Raya (Surabaya, Indonesia) and are 

under license from Germany. Distilled water was commercially purchased, while salt water 

was made by dissolving sodium chloride into distilled water. The sodium chloride content 

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

 

2.2 Specimen preparations 

Epoxy resin was mixed with the hardener with a mix ratio of 2:1 (by weight), according to the 

manufacturer’s recommendation. The mixture was stirred well and then degassed in a vacuum 

chamber for approximately 20 minutes. This time was selected to prevent the epoxy from 

hardening before it was poured into a mould because the viscosity of the epoxy increased 

significantly after 30 minutes. Furthermore, most of the air bubbles had been released for the 

time selected. The mould was made of CNC machine-shaped silicon rubber, according to the 

specimen type; dog bone (DB) and single edge notch bending (SENB) specimens were used 

for the tensile and fracture toughness tests, respectively, as observed in Fig. 1. Those 

specimens are formed according to ASTM D638 [38] and ASTM D5045 [39], respectively. 
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After degassing, the epoxy resin was poured into the mould and left at room temperature for 

24 hours for curing. After curing, the specimen surfaces were carefully abraded using a 2000-

grit emery paper to obtain smooth surfaces. 

 

2.3 Water uptake  

Water uptake studies were performed using the tensile and fracture toughness specimens. 

These were conducted to obtain the real water content in those specimens before mechanical 

testing. Furthermore, using a thin specimen that is usually used for water uptake studies may 

result in a different behaviour [12]. Hence, predicting the water content and the spatial water 

distribution for a larger specimen based upon the diffusion properties obtained from a thin 

specimen might be inaccurate. 

 

The specimens were immersed in distilled water and salt water at a temperature of 50°C. 

There were two immersion conditions: a steady and a fluctuating condition. In the steady 

condition, the specimens were immersed continuously, while in the fluctuating condition, the 

specimens were alternating immersed for 24 hours and dried out for 24 hours. Drying was 

performed by taking out the specimens and leaving them in room temperature in an ambient 

environment. The lower drying temperature compared to the immersion temperature was used 

to obtain the accumulated residual water that increases continuously with time. Weighing was 

carried out periodically using a digital microbalance until a saturation level was reached. For 

the fluctuating condition, weighing was conducted at least three times for immersion and for 

drying. The water content was calculated using Eq. (1). 
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where Mt is the water content, and Wt and Wo are, respectively, the specimen weight at time t 

and the initial specimen weight. 

 

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

[40]. 
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where D is the diffusion rate, M∞ is the equilibrium water uptake and l is a half of the 

specimen thickness. The initial part of Eq. (2) up to Mt/M∞ ≈ 0.6 is essentially linear and can 

be approximated as Eq. (3). The diffusion rate, D was calculated using Eq. (3) once the 

equilibrium water uptake was obtained. 
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2.4 Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

SEM-EDS was carried out to determine if salt ions entered into the epoxy. The test used a 

JEOL 6510 LA scanning electron microscope. The scanning was conducted at a voltage of 10 

kV. The intensities of the X-rays emitted from the electron beam-bombarded specimen were 

measured by counting the pulse generated by X-rays photons in a detector at a counting rate 

of 2548 cps. Two locations were selected; the exposed surface and the inner part of fracture 

dog bone specimen were imaged after they were aged for 30 days. 
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2.5 Fourier Transform Infra-Red spectroscopy (FTIR) 

FTIR tests were performed using a Perkin Elmer Frontier FTIR spectrometer. Epoxy 

materials (dry and wet) from the dog bone specimens were ground to obtain powders. The 

weight of each ground specimen was approximately 2 gram. The difficulty arose in testing the 

wet epoxy, as grinding the wet epoxy may accelerate desorption of the absorbed water. It is 

possible that an amount of water was desorbed from the epoxy. Nevertheless, a very short 

time elapsed between the grinding and the testing to prevent desorption of the absorbed water. 

Furthermore, the test was conducted at room temperature, which is much lower than the 

absorption temperature; hence, it is likely that the desorbed water is lower. 

 

2.6 Mechanical testing 

For tensile and fracture toughness tests, four replications of specimens were prepared for 

every immersion time studied. For the SENB specimens, notches were carefully made by 

using a handsaw to obtain a notch length of approximately 9 mm. The notching was carried 

out very slowly to prevent residual thermal stress at the vicinity of the notch. A sharp crack 

was introduced in the middle of the notch using a fresh razor blade. Using this method, the 

length of the sharp crack produced was in the range of 0.2 – 0.3 mm. From this, the ratio of 

the total crack length (a) to the specimen width (W) was in the range of 0.45 – 0.55. Various 

types of sharp cracks have been studied, and there were no significant effects observed on the 

value of the fracture toughness [41]. Before testing, the specimens were immersed in distilled 

water and salt water at a temperature of 50°C for 0, 3, 7, 15 and 30 days; however, for the 

SENB specimens, the immersion time was refined to obtain a good correlation between the 

fracture toughness and water content. Prior to immersion, the specimens were weighed to 

obtain the initial weight. After the specimens were immersed and before they were tested, 

weighing was conducted to obtain the water content. After weighing, the specimens were 
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tested immediately to prevent significant desorption. The tensile and fracture toughness tests 

were carried out using a Tensilon universal testing machine with a load cell capacity of 10 

kN. The displacement rates of the tensile and the fracture tests were 5 mm/min and 10 

mm/min, respectively. Those rates, respectively, are according to the ASTM D638 and ASTM 

D5045 standards.  

 

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

toughness was calculated using Eqs. (4) and (5) [39] . 
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where KQ is the trial KIC value, PQ is the maximum load, x = a/W, a is the crack length, W is 

the specimen width and B is the specimen thickness. To confirm the validity of KQ = KIC, the 

following criteria size must be satisfied: 

 

B, a, (W – a) > 2.5 (KQ/σy)
2        (6) 

 

where σy is the yield stress estimated from the tensile strength of the epoxy. 
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Fig. 1. (a) Dog bone specimen, (b) Single edge notch bend specimen (not to scale). 

 

After testing, the fracture specimens (the tensile and SENB specimens) were cut (through the 

thickness), close to the fracture surface, into small pieces of approximately 1 mm in thickness. 

The fracture surfaces were then observed under an optical microscope. The source of light 

was put under the specimen (backlight). The light can be 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 square root of time for different specimen 

thickness of epoxy under the steady condition for the dog bone and SENB specimens. In 

addition to absorption, desorption curves are also shown in the figure. Desorption was carried 

out at a certain water uptake, as observed in Fig. 2(a). Fickian fits are also indicated to 

determine whether the absorption follows the Fickian diffusion or not. The parameters for the 
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Fickian fits are shown in Table 1. It can be observed that the absorption behaviour is in 

agreement with the Fickian diffusion for all specimen types and ageing media. However, 

although the Fickian fit was not carried out for desorption, the behaviour of the desorption 

curve presumably does not follow Fickian diffusion. The deviation from the Fickian 

behaviour for desorption possibly occurs because the desorption was carried out below the 

absorption temperature. For most polymers, the desorption behaviour follows the Fickian 

diffusion when the desorption temperature is the same as the absorption temperature [12,36]; 

in addition, the desorption rate is faster than the absorption rate. 
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Fig. 2. Water uptake for epoxy resin in (a) a steady and (b) a fluctuating condition. 

 

Comparing the water uptake in the dog bone and SENB specimens for the same ageing time, 

the water uptake in the dog bone specimens seems higher than that in the SENBs, as the dog 

bone specimen is thinner than the SENB. However, it is likely that the saturation levels of the 

dog bone and SENB specimens would be the same for longer ageing times. It is expected that 

the thicker specimen needs more time to saturate. Under a steady condition, the saturation 

levels for the dog bone specimens were reached in approximately 30 days, but those for the 

SENB specimens may be reached in longer than 50 days. Although the equilibrium water 

uptake for the dog bone specimen was reached earlier than in the SENB specimen, the 
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diffusion rate is lower, as observed in Table 1. From a molecular dynamics study, Lin and 

Chen [12] showed that a thicker specimen has more spaces for the conformation (relaxation) 

of polymer molecules when water molecules were introduced into the polymer chain. Hence, 

the diffusion rate, especially for the higher water content, tends to increase as the thickness 

increases and is more likely to follow the Fickian diffusion. 

 

Table 1. Water diffusion properties of epoxy resin in various conditions. 

Condition Dog bone specimen SENB specimen 
D (mm2/day) M∞ (%) D (mm2/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 diffusion rate were taken as the average 
between the upper and the lower water uptake level. 
 
 
 

For the fluctuating condition, because the desorption temperature was lower than the 

absorption temperature, the water uptake still increased, and there was also an equilibrium 

water uptake. As shown in Table 1, the equilibrium water uptake and the diffusion rate were 

taken at approximately the middle of the upper and the lower level of water uptake (average 

values). The parameters obtained were then used to fit the experimental data using the Fickian 

diffusion model. As observed in Fig. 2(b), a good agreement was found between the Fickian 

diffusion model and the experimental data. Again, comparing the dog bone and SENB 

specimens, the trends of the equilibrium water uptake and the diffusion rate are similar to 

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

inner of epoxy resin. 

 

In salt water, compared to distilled water, the equilibrium water uptake is lower both in steady 

and fluctuating conditions, but the diffusion rate seems slightly higher (as shown in Table 1). 

However, based on the statistical analysis using analysis of variances (ANOVAs), at a 5% 

significance level, the effect of ageing media on the equilibrium water uptake is significant, 

whereas its effect on the diffusion rate is insignificant. This is consistent with the findings of 

other researchers [33,35]. Ions, such as Na+ and Cl-, are able to block the water diffusion, and 

hence, the equilibrium water uptake decreases. Reuvers et al. [33] compared the diffusion rate 

of water in a Nylon 66 fibre exposed to water, water vapour and some salt solutions such as 

NaCl, LiCl, KCl and KNO3. These researchers concluded that the salt solution did not 

significantly affect the diffusion rate, as the water uptake in salt solution can be accurately 
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predicted using the diffusion rate obtained from pure water. From an elemental analysis 

carried out using SEM-EDS, as observed in Fig. 3, at the inner epoxy, the detected elements 

were mostly carbon (C) elements, but at the exposed surface, beside C, there were Na and Cl 

elements, which were the main components of salt solution, in addition to other elements, 

which were also detected, such as magnesium (Mg) and aluminium (Al). This indicates that 

the Na+ and Cl- ions seem to not enter into epoxy during ageing. According to Reuvers et al. 

[33], it was likely that the ions affected the water reactivity 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 the absorbed water and the epoxy structure. 

Fig. 4 shows the FTIR spectra of the dry and aged epoxy both in distilled and salt water under 

the steady condition. The absorbed water interacts with the hydrophilic sites in the epoxy 

chains in the form of van der Waals and hydrogen bonds. The interactions change the 

absorption of the infrared radiation and affect the IR absorption spectrum, and hence, the 

transmittance of IR. Water molecules contain –OH, and the existence of –OH can be traced in 

the IR spectrum by analysing the peak intensities of the IR transmittance. Water is mostly 

detected at wavenumbers in the range of 3500 - 3700 cm-1 and 3200 - 3600 cm-1. The former 

and the latter wavenumber ranges correspond to the stretching vibrations of free -OH and of 

bonded -OH, respectively [42]. Under dry conditions, in Fig. 4, a broad spectrum in the 

wavenumber range of 3100 – 3600 cm-1 is associated with the presence of alcohol, amine or 

carboxylic acid in the epoxy cured with cycloaliphatic amine. After 30 days of ageing in both 

distilled and salt water, the IR transmittance at the wavenumber of 3200 – 3600 cm-1 

decreases slightly, while a higher decrease in the transmittance occurs after 60 days of ageing. 

These are due to the absorbed water. The decrease in the peak intensities obtained from 
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ageing in distilled water and salt water is consistent with the trend observed for the amount of 

the absorbed water, which is discussed in the previous section. After 30 days of ageing, there 

are very sharp peaks at the wavenumber from 3500 - 3900 cm-1 with intensities below the dry 

spectrum; however, after 60 days, the spectra at that range have intensities above the dry 

spectrum. It is possibly that after 30 days of ageing, some absorbed water is present as free 

water, which is associated with the free –OH stretching vibrations, and then, at 60 days, the 

number of bound water molecules increases, which is associated with the bonded –OH 

stretching vibrations. This is supported by the greater decrease in the IR transmittance at 3200 

- 3500 cm-1. The peaks also shifted from approximately 3400 cm-1 to slightly above 3400 cm-

1. 
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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 specimens aged in (a) distilled water and (b) 

salt water. 

 

3.3 Effect of water on the tensile properties of aged epoxy 

Fig. 5 shows the typical stress-strain curves of epoxy before and after it is aged in distilled 

and salt water. The stress-strain curves shown in the figures were obtained only from ageing 

performed under the steady condition. The stress-strain curves clearly show softening after 

peak stress. It is also observed that the tensile stress and the elastic modulus tend to decrease 

while the strain at failure tends to increase with the immersion time. As observed in Fig. 6(a), 

in steady and fluctuating conditions, in both distilled and salt water, the tensile strength 

generally tends to decrease with the immersion time, and the absorbed water increases. 

However, after an immersion of 15 days, the decrease of the tensile strength tends to be 

recovered. Nevertheless, the tensile strength is still slightly lower than that in the dry 

condition. The decrease of the tensile strength after 15 days of immersion is approximately 

15% and 9% for distilled and salt-water immersion, respectively, which correspond to a water 

content of approximately 2.18% and 2.15%. Compared to the 15 days immersion, the water 

content after 30 days of immersion is higher; however, the average tensile strength is slightly 

higher (7%) for distilled water and approximately the same for salt water. Generally, as 

reported in literature [14-19], the tensile properties decrease as the water content increases 
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due to plasticization; however, an anomaly might occur, such as the recovery of the tensile 

properties with an increase in both the water content and ageing time [5,20,23]. This anomaly 

could be due to the competition between the plasticization effect and effect of additional 

cross-linking, where the positive effect of the additional cross-linking is more dominant than 

the negative effect of plasticization. This will be discussed further in the discussion on the 

elastic modulus. In the fluctuating condition, although literature showed that the absorption-

desorption cycles seemed to have a more detrimental effect than the absorption cycle alone 

[12], in this study, this behaviour is presumably not followed. The decrease of the tensile 

strength in the fluctuating condition reaches a maximum of approximately 8%, which is 

slightly below the decrease observed in the steady condition.  

 

Statistical analyses using ANOVA (at a 5% significance level) have been carried out to 

determine the significance of the media and ageing condition on the tensile properties. The 

results showed that the two media (distilled and salt water) and the ageing conditions (steady 

and fluctuating conditions) did not significantly affect the tensile strength. Thus, the tensile 

strength can be considered as a function of only the water content. If the overall data of the 

tensile strength are plotted against the water content, as described in Fig. 6(b), it is observed 

that the tensile strength degrades in an essentially linear manner with the water content until 

the saturation level is reached. This information is very useful for a numerical study that 

predicts the residual strength of adhesive joints, in case there is a cohesive failure in the 

adhesive.  
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Fig. 6. Tensile strength of the aged epoxy versus (a) the immersion time and (b) the water 

content, and the elastic modulus of the aged epoxy versus (c) the immersion time and (d) the 

water content. 

 

The trend for the effect of the media and ageing condition on the tensile strength is also 

observed for the elastic modulus, particularly for the specimens immersed in distilled water; 

however, the decrease of the elastic modulus was lower than that of the tensile strength (Fig. 

6(c)). After 15 days of immersion, the elastic modulus decreased by approximately 13% 

compared to that in the dry condition; however, after 30 days, it increased again to a value, 

which is even higher than that in the dry condition. Again, similar to the tensile strength, this 

peculiar behaviour may be caused by the competition between the plasticization effect and the 

effect of additional cross-linking. The additional cross-linking could be caused by the 
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catalytic effect of water on the curing reaction of the epoxide-amine system and also the 

interaction between water molecules and polymer chains, which form multiple hydrogen 

bonds. The plasticization decreases the Tg and the tensile properties of epoxy [14-19]. On the 

other hand, the additional cross-link improves the Tg and the tensile properties. Referring to 

the works of Wu et al. [43] and Choi et al. [44], hydroxyls from water molecules can act as a 

catalyst to accelerate the curing reaction and increase the epoxide conversion or the degree of 

curing (which is indicated by Tg) for an almost fully cured epoxy (room temperature-cured 

epoxy). For example, the addition of 2wt% of water into epoxy EPON 828, which was cured 

at a temperature of 80°C, increased the rate of the curing reaction by approximately two 

times. Meanwhile, the increase of the Tg and the flexural storage modulus of the room 

temperature-cured EPON 828 were approximately 10% and 6%, respectively, relative to those 

of the neat epoxy (without water) [43]. In this study, the Tg and the flexural storage modulus 

(at a temperature of 30 °C) for neat epoxy are 58.6 oC and 2466 MPa. Another research group, 

Choi et al. [44], showed that the addition of water up to 3wt% accelerated the curing reaction 

of epoxy-poly(oxypropylene) diamine. For example, 3wt% of water was added into epoxy, 

and then the epoxy was cured at a temperature of 50°C for 650 min; the final epoxide 

conversion increased by approximately 12% compared to the neat epoxy. Furthermore, Choi 

et al. [45] evaluated the hygrothermal behaviours of the epoxy-amine system by measuring 

the Tg using differential scanning calorimetry (DSC). The samples were cured at room 

temperature for 28 days before they were immersed in deionised water at temperatures of 30, 

40, 50 and 60°C. For the epoxy exposed at a temperature of 50°C for 28 days, the epoxide 

conversion and the Tg increased by approximately 24% and 22%, respectively, compared to 

the unexposed samples. The increase of Tg for the exposed samples was due to the additional 

cross-linking by the post-curing reaction in the presence of water molecules. In addition, for 

longer ageing times, water molecules tend to bond with polymer chains forming multiple 
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hydrogen bonds [5,20,46]. Referring to the literature, there is an indication that the decrease 

of the elastic modulus and the tensile strength after 15 days of ageing in our study due to the 

plasticization effect is more dominant than that due to the other two effects, while the increase 

after 15 days is attributed to the dominant effect of additional cross-linking as a result of both 

post-curing and multiple hydrogen bonds between water molecules and polymer chains.  

 

Again, similar to the tensile strength, from the statistical point of view using ANOVA (at a 

5% significance level), the media and ageing conditions did not have a significant effect on 

the elastic modulus, and hence the degradation of the elastic modulus (if any) was also 

considered as a function of only the water content (Fig. 6(d)). In fact, the effect of water on 

the degradation of the elastic modulus was lower than that of the tensile strength, or it tended 

to be negligible for longer ageing times. 

 

Fig. 7 shows the transmission optical micrograph of the tensile fracture surface of the 

specimens in the dry condition and for various ageing times; however, only the specimens 

aged in the steady condition in distilled water are shown. It is observed that overall, the 

fracture surfaces of both the dry and aged specimens show brittle features, which are indicated 

by initiation (the mirror-like region), transition and final fracture regions [47,48]. The 

initiation region surrounds the origin of the crack and is associated with slow crack 

propagation. The fracture surface is relatively featureless, exhibiting a textured microflow 

[49]. The transition region is characterized by a steady increase in the surface roughness and 

the beginning of river lines. In the final fracture region, the crack grows rapidly, and the 

conical-shaped patterns develop. The parts of the figure symbolized by the numbers 1, 2 and 

3, respectively, indicate the initiation, transition and the final fracture regions.  

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

21 
 

 

 

 

Fig. 7. The transmission optical micrographs of tensile fracture surfaces in (a) the dry 

condition and aged in distilled water for (b) 7 days, (c) 15 days, and (d) 30 days. Numbers 1, 

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

 

For dry fracture surfaces (Fig. 7(a)), the initiation (mirror-like) region is not clearly observed 

around the crack initiation; however, it is more obvious when the immersion time (water 

content) increases, as observed in Fig. 7(b-d). The river lines are clearly observed in the 

transition region. The small mirror-like region in the dry fracture surfaces indicates that the 

material has a high tensile strength and brittleness [50]. The increase in the mirror-like region 

observed in the aged specimen is related to the reduced tensile strength due to the absorbed 

water. After 15 days of immersion, the damage zone seems dominated by the mirror-like 

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

immersion. Furthermore, the fracture surfaces areas of both also seem similar.  

 

3.4 Effect of water on the fracture toughness of aged epoxy 

Fig. 8 shows the typical load-displacement curves of the three-point bending test of SENB 

specimens aged in the steady condition, in both distilled and salt water. The displacement was 

measured at the position where the load was applied. For all specimens, the load-displacement 

curves increased linearly until the ultimate load where the specimen fractured. It is clearly 

observed that the load-displacement responses of the aged specimens significantly increased 

compared to that of the dry specimen for both ageing media, which indicates the improvement 

in the fracture toughness of the aged specimens compared to the dry specimen, as shown in 

Fig. 9(a). For the steady condition, in distilled water, the increase of the fracture toughness 

had been observed since 7 days of immersion, and then the fracture toughness tended to 

decrease after an immersion time of up to 30 days. In salt water, the fracture toughness 

increased after 15 days of immersion and then tended to decrease after 30 days of immersion. 

However, because the data scatter is high, the trend is likely to be the same as that in the 

distilled water.  

 

For the fluctuating condition, in both ageing media, there is a similar trend for the fracture 

toughness with the immersion time; however, after 30 days of immersion, the fracture 

toughness of the specimen immersed in distilled water was lower than that in salt water. After 

7 days, because the immersed specimens were removed and then left them in room 

temperature for a day before they were tested, the absorbed water had been desorbed. In the 

crack tip, where the fracture process (damage) zone occurred, water desorbed more quickly, 

and it was possible that the region had dried out; therefore, the fracture toughness was close to 
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that of the dry specimen. It is likely that the desorption, particularly at the crack tip, is faster 

than that in salt water, as there are no obstacles from salt ions for water molecules to come out 

during desorption. This may result in a much lower fracture toughness of specimens aged in 

distilled water than in salt water, such as the result observed after 30 days of immersion. 

 

Similar to the tensile properties, an ANOVA was carried out to determine the significant 

effect of the media and ageing condition on the fracture toughness. The same results were 

obtained, as the media and ageing condition did not significantly affect the fracture toughness; 

therefore, the fracture toughness can be considered as a function of only the water content, as 

described in Fig. 9(b). From the dry condition to a water content of approximately 0.6%, the 

fracture toughness increased almost linearly from 0.75 MPa.m1/2 to 2.3 MPa.m1/2, or it 

increased by approximately three times. For a water content from 0.6 to 1.8%, the fracture 

toughness was almost constant, but beyond a water content of 1.8%, it tended to decrease. For 

the specimens aged in distilled water (the steady condition), the increase of fracture toughness 

as the water content increases to 1.8% is due to the plasticization effect, while the slight 

decrease after could be due to the additional cross-linking, as discussed in the section on the 

tensile properties. According to Irwin’s model [51], the decrease of yield stress increases the 

size of the plastic zone and therefore, the fracture toughness. For polymers, the yield stress is 

obtained at the ultimate stress of the stress-strain curves (the tensile strength) [52]. Referring 

to Fig. 5(a), the yield stress tended to decrease with the immersion time up to 15 days of 

immersion (i.e., from 49.6 MPa at dry condition to 42.1 MPa after 15 days of immersion), and 

it increased slightly to 45.2 MPa after 30 days of immersion. Kawaguchi and Pearson [53] 

indicated similar trends after exposing the silica-filled epoxy in water. The surface of the 

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

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

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

explain this trend. 
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Fig. 8. (a) Load-displacement responses of the SENB specimens aged in (a) distilled water 

and (b) salt water. 
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Fig. 9. Fracture toughness of aged epoxy resin versus (a) the immersion time and (b) the 

water content. 
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Fig. 10 shows the fracture surfaces of the SENB specimens in the dry condition and after they 

are aged in distilled water (the steady condition) for 1 day, 3 days, 7 days 15 days and 30 

days. In the dry condition (Fig. 10(a)), the fracture surface is very smooth and featureless. 

This fracture surface indicates that the specimen absorbs low energy to propagate a crack, and 

hence, the fracture toughness is low. In the wet condition, the fracture surface is rough, and it 

has a more complex pattern. This complex fracture pattern needs high energy to propagate a 

crack, which results in a higher fracture toughness. There are three distinct regions in the 

SENB fracture surfaces, particularly in the fracture process (damage) zone, in the wet 

condition: the initiation (mirror-like region), transition and the final fracture regions. To 

determine the relationship between the damage zone and the fracture toughness, comparisons 

between the damage areas of the dry and aged specimens have been made (see Fig. 9(b)). The 

damage area was determined by multiplying the average length of the fracture process zone 

with the specimen width. The average length of the damage zone was calculated from 

measurements at six points across the width of the specimen. For the dry specimen, it is 

difficult to determine the damage area because the fracture surface was smooth, and the 

damage area was considered as zero. For a low water content, approximately 0.4% (for a 1 

day immersion), the damage area was large, but it was dominated by large river lines (see Fig. 

10(b)). The mirror-like region was small and relatively difficult to determine. This indicates 

that effect of water has not been able to fully result in the development of the fracture 

toughness, which is shown by an increase of the fracture toughness by 1.71% compared to 

that in the dry condition. As the water content increased, more water plasticised the epoxy, 

and the damage area tended to decrease. The mirror-like region was observed more easily, 

and the transition region tended to be finer and rougher. Although the damage area tended to 

decrease, the fracture surfaces became rougher, and as a result, the fracture toughness 

increased. This is clearly observed for immersion times between 3 days and 15 days (relating 
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to a water content between 0.6% and 1.8%), as observed in Fig. 10(c-e). At that water content 

range, the fracture surfaces and the damage area seem similar, and the fracture toughness is 

also similar (see Fig. 9(b). Beyond the water content of 1.8% (i.e., after 30 days of immersion, 

as observed in Fig. 10(f)), the fracture toughness tended to decrease. This is related to a 

further reduction of the damage area and an extension of the mirror-like region.  
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Fig. 10. The transmission optical micrographs of SENB fracture surfaces in (a) the dry 

condition, and after they were aged in distilled water for (b) 1 day, (c) 3 days, (d) 7 days, (e) 

15 days, and (f) 30 days. Symbols 1, 2 and 3 indicate the initiation, transition and the final 

fracture regions, respectively. 

 

4. Conclusions 

An investigation of the water uptake of a cycloaliphatic amine-cured epoxy after it was aged 

in distilled and salt water in steady and fluctuating conditions has been undertaken. The 

effects of the absorbed water on the tensile properties and fracture toughness have also been 

discussed. The water diffusion behaviour follows a Fickian diffusion model in both the ageing 

media and in the fluctuating condition. In fluctuating conditions, the water uptake continues 

to increase until it reaches the saturation level, but the saturation level is below that observed 

under the steady condition. The equilibrium water uptake in distilled water is slightly higher 

than that in salt water, but the diffusion rate seems similar. The salt ions decrease the water 

reactivity at the surface, but they do not affect the mobility of water in the epoxy. FTIR 

analysis indicates a consistent trend between the water content obtained from the water uptake 

measurement and the FTIR spectrum in the wavenumber range from 3200-3600 cm-1. 

 

The media and ageing condition do not have a significant effect on the tensile properties and 

the fracture toughness; hence, the degradation of the tensile properties and fracture toughness 

is considered as a function of only the water content. The tensile strength tended to decrease 

as the water content increased, but the elastic modulus seemed to be unaffected by the water 

content. The fracture toughness increases approximately three times at a water content of 0.6 -

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

beyond a water content of 1.8%. 
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