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Abstract
In this study, four types of carbon fibre-reinforced epoxy samples were exposed to accelerated aging in the form of hot water immersion for a 48 hour period. Properties of aged and unaged samples were then evaluated using Dynamic Mechanical Analysis and the short beam shear test. Analysis of results found a significant loss in the glass transition temperature of the aged samples attributed to plasticization of the matrix caused by water molecules forming single hydrogen bonds within the epoxy network. The short beam shear test revealed a significant decrease in interlaminar shear strength for all of the aged samples.
1 Introduction
The environmental stability of composites poses a major obstacle in their application in aero-design. Individually, a polymer matrix and reinforcing fibres tend to have good environmental stability; however the environmental effects when they are combined in composites are much more profound. When used in aerospace application materials are subject to harsh conditions due to the combination of elevated temperatures, intense ultraviolet radiation and high humidity.

Prolonged exposure to ultraviolet radiation can result in minor reductions in the weight of unidirectional carbon fibre-reinforced epoxy composites and degradation in transverse tensile strength by as much as 10% [1].However, high temperatures and moisture have a much more profound effect on properties. In their comprehensive review, Shen et al. [2] found for a wide range of unidirectional fibre-reinforced composites the longitudinal ultimate tensile strength reduced slightly (<20%) in temperature ranges of 107°C to 177°C. On the other hand, transverse ultimate tensile strength reduced by a significant amount, in some cases much as 90%, suggesting that matrix dominated properties are the most susceptible to degradation when exposed to elevated temperatures. 

When exposed to high humidity, fibre reinforced polymer composites absorb moisture, initially at the surface and subsequently with diffusion through the matrix generally following a typical Fickian process [3].The rate of diffusion, the diffusivity, of water into the matrix is a function of ambient temperature and the impregnation quality of the sample. Elevated temperatures accelerate diffusion rates, which plateau when the material is fully saturated. 

Shen at al also reviewed the effect of humidity in unidirectional fibre-reinforced composites. They concluded that longitudinal properties show little reaction to increasing moisture content whilst transverse properties reduce significantly. Therefore also indicating that matrix dominated properties are more susceptible to degradation from environmental exposure. A number of recent studies also support this [4-6][6]. Reduction in the interfacial shear strength [7] and lowering of the composites glass transition temperature [5]are also result from water ingress. 
The aim of this study is to analyse the degradation caused by long term environmental exposure, simulated by accelerated aging of four types of carbon fibre reinforced epoxy composites. From previous studies it is clear that matrix dominated properties suffer the greatest degree of degradation therefore this study will focus on the changes in properties of the epoxy matrix and the fibre/epoxy interphase.
2 Materials and testing methods
2.1 Materials and Sample preparation
Four types of carbon fibre reinforcement were used in this study, two IM-type fibres from different manufacturers. The fibres from manufacturer A are donated as IMA1 and IMA2 and the fibres from manufacturer B, IMB1 and IMB2. The samples were made using unidirectional pre-preg with a thermoplastic-toughened highly cross-linked epoxy resin. Unidirectional laminates were made in a [90]14 sequence, which was debulked for 2 hours half way through the stacking. An H/400 AC Autoclave Furnace was using to cure the samples. The cure cycle was as follows; auto clave temperature ramped at 2°C/min to 180°C while the pressure is ramped at 0.35Bar/min to 6.5 Bar. It was then held at these conditions for 6 hours before being cooled at 10°C/min. The sample dimensions were length 57mm, width 12mm and thickness 2mm. The samples were cut from the laminate using water jet cutting. It was found that samples which had been cut using a diamond saw had cracks in the laminate, where as water jet cut samples displayed no damage. The water jet cut surface was however rougher than that of the diamond cut samples.
2.2 Accelerated Aging

The method of accelerated aging used was immersion in boiling water under reflux for 48 hours, therfore combining exposure of elevated temperature and moisture. The experimental setup is shown in Figure 1. The equipment used was a ThermoFisher Scientific Electromantle, conical flask, condenser, clamp stand and rubber tubing to connect the water supply to the condenser. 
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Figure 1. Reflux apparatus setup for accelerated aging
After a sample was conditioned, it was immediately placed in glass sealed jar containing water to prevent desorption from occurring. In total 8 samples were conditioned; two of each type of sample. The weights of the conditioned samples were then measured using a Mettler Toledo balance which has an accuracy of ±0.001mg.
2.3 Dynamic Mechanical Analysis (DMA)
DMA (Q800 TA Instruments) was used to measure the sample’s Storage Modulus and Loss Modulus. The temperature was ramped at 3°C/min to 300°C and then cooled. The initial conditions for the run were a frequency of 1Hz and amplitude of 20 µm. The preload was 0.1N. The sample can be seen in situ in Figure 2.
[image: image2.jpg]



Figure 2. Sample secured in the three-point bending clamp. The longitudinal direction of the fibres is parallel to the length of the sample.
3.Results and Discussion 
3.1 Dynamic Mechanical Analysis

Storage Modulus and Loss Modulus values measured by the DMA are shown in Figures 3 and 4. Figure 3 indicates that accelerated aging (conditioning) has no effect on the Storage Modulus of the samples. As the storage modulus is related to the epoxy network density [8]this suggests there is no significant loss in the network structure due to environmental exposure. The effect of accelerated aging on the Loss Modulus is more apparent and is illustrated in Figure 4. When comparing conditioned and unconditioned samples, there is a clear shift in the peak of the loss modulus curve towards a lower temperature range. 
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Figure 3. Storage modulus against temperature for unconditioned (UC) and conditioned (C) samples 
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Figure 4. Loss modulus against temperature for unconditioned (UC) and conditioned (C) samples

From the data obtained, the glass transition temperature (Tg) of a material can be found from either the peak of the loss modulus curve or the peak of the tan delta curve. The Tg is often different for each method with the disparity of values depending on the material being tested [9]. In the results shown these two features both shift towards lower temperatures after aging. The value of the average Tg for each type of sample was evaluated using the Loss Modulus peaks and the Tan δ peak are presented in Table 1. From these values the reduction in Tg ranges from approximately 6 to 17%. This reduction in Tg is caused by plasticization of the epoxy matrix due to water absorption[10].
Water absorbed by polymer matrixes fall into two categories: ‘Bound’ water, which creates strong polar interactions with hydrophilic groups within the epoxy network, and ‘Free’ water which presents itself in the free volume of the matrix (i.e. micro-voids and capillaries)[11].
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Figure 5. Tan Delta plotted against temperature for unconditioned (UC) and conditioned (C) samples
Both these types of bonding occur more readily in reinforced epoxy composites due to preferential water absorption at the reinforcement/matrix interphase [12].There are two types of bound water that have been identified[13], [14].Type 1 is the initial bonding of water molecules to the polymer network by single hydrogen bonds. These bonds can disturb the inter-chain Van der Waal forces in the polymer network and result in increased chain mobility [10].This mobility is likely to be the foundation of the plasticization of the matrix, and therefore the reduction in Tg, displayed by the results. Type 2 bonding is where water molecules form double hydrogen bonds with the polymer network due to prolonged exposure times. These bonds have higher activation energy than Type 1 bonds and act as cross-links in between polymer chains. Presence of this type of bonding is seen in Figures 5 and 6 by the ‘shoulders’ at either side of the Tan Delta peak. As the DMA analysis exposed the samples to elevated temperatures after the conditioning process desorption is likely to have occurred. Due to its lower activation energy, Type 1 bounded water would dissipate from the matrix first, leaving only the Type 2 bounded water which requires greater temperatures for desorption due to its higher activation energy. This may be the reason for the less apparent shoulder at lower temperatures in Figure 5 and 6; as Type 1 bound water would still be present, causing plasticization. In addition the bases of the peaks are wider which suggests the formation of a less homogeneous structure. This could be attributed to the uneven distribution of type 2 bonding throughout the matrix, making some regions more rigid than others.  
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Figure 6. Tan Delta plotted against temperature for unconditioned (UC) and conditioned (C) samples
	
	Tg Loss Modulus
	Tg Tan Delta

	
	Unconditioned
	Conditioned
	Unconditioned
	Conditioned

	IMA1
	203
	171
	218
	204

	IMA2
	196
	170
	210
	180

	IMB1
	198
	170
	211
	178

	IMB2
	197
	171
	208
	179


Table 1: The average Tg for each sample determined by the Loss Modulus and Tan Delta peaks.

3.2 Moisture Content

Table 2 shows the moisture content of each sample after aging. The IMA1 samples absorbed slightly more moisture than the other fibre-reinforced epoxy samples.

	Sample
	MC (%)

	IMA1
	1.25

	IMA2
	1.08

	IMB1
	1.07

	IMB2
	1.11


Table 2: The average moisture content of each sample type after aging.
From Table 2 IMA1 samples also show the largest reduction in Tg evaluated from the Loss Modulus peaks and the smallest reduction in Tg evaluated from the Tan Delta peaks. Therefore in this case the higher moisture content has resulted in the generation of more single and double hydrogen bonds throughout the epoxy network resulting in a greater degree of plasticization at lower temperatures, where the loss modulus peak was recorded, and a higher cross-linking density at higher temperatures, where the Tan Delta peak was recorded. A correlation therefore is present between moisture content and the extent of Type 2 bonding incurred. 
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Figure 7. Interlaminar shear strength results
3.3 Interlaminar Shear Strength
Short beam shear tests were carried out on samples conditioned and unconditioned samples after they had been ran in the DMA. The results can be seen in Figure 7. A base line test was also performed on samples which did not undergo any type of conditioning or heat treatment. All of the samples suffered a loss of ILSS after conditioning. The IMA1 sample has the smallest difference between conditioned and unconditioned ILSS values; however it does have the overall lowest strength for both conditioned and unconditioned values. This supports the moisture content results and suggests that the greater the amount of moisture absorbed, the more damage is done at the interface.
4. Conclusions
This study used the method of accelerated aging, by immersion in boiling water, to evaluate the degradation experienced by carbon fibre-reinforced epoxy samples for use in aerospace applications. DMA was employed to determine the changes in the samples elastic and damping properties through measuring the storage modulus and loss modulus respectively. Results showed a reduction in the glass transition temperature for all samples tested attributed to plasticization of the epoxy matrix caused by water molecules forming single hydrogen bonds with the epoxy network. Results also presented ‘shoulders’ on the tan delta curves suggesting that water ingress has also produced double hydrogen bonds, reinforcing the epoxy matrix by the formation cross-linking sites; the disparity of these cross-linking sites resulting in a less homogeneous structure. These results were supported by the results of ILSS testing.
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