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ABSTRACT
Injection moulded glass-fiber reinforced polyamide 66 composites and unreinforced polymer samples have been characterised during conditioning up to 900 hours in water, ethylene glycol and water-glycol mixture at 50°C and 70°C.  All materials showed significant fluid and temperature dependent weight and volume increase. Glass reinforcement significantly reduced the polymer fluid uptake. The absorption of the antifreeze mixture initially follows a simple rule of mixtures of the absorption of the two individual components. However, after absorption of approximately 5% a significantly higher than predicted level of antifreeze absorption was observed. This coincided with a significant increase in the volumetric swelling coefficient. Dynamic mechanical analysis and unnotched impact testing indicated significant changes in composite mechanical performance dependent on conditioning fluid and temperature.
INTRODUCTION
Glass fiber reinforced polyamides, such as polyamide 6 and 66, are excellent composite materials in terms of their high levels of mechanical performance and temperature resistance. However, the mechanical properties of polyamide based composites decrease markedly upon absorption of water and other polar fluids. The mechanical performance of these composites in a hydrothermal environment results from a combination of the fiber and matrix properties and the ability to transfer stresses across the fiber-matrix interface. Variables such as the fiber content, diameter, orientation and the interfacial strength are of prime importance to the final balance of properties exhibited by injection moulded thermoplastic composites [1-5]. Short fiber reinforced thermoplastics have been used in the automotive industry for many years and there has recently been a strong growth in the use of polyamide based materials in under-the-hood applications [6]. These applications place stringent requirements on such materials in terms of dimensional stability and mechanical, temperature and chemical resistance. There has been a rapid increase in the number of moulded composites exposed to engine coolant at high temperatures [6-8] and this has led to a need for an improvement in our understanding of the performance of glass-reinforced-polyamide under such conditions. 
Typical testing for these applications involves measurement of mechanical properties before and after conditioning of the test material in model coolant fluids for a fixed time, up to 1000 hours, at temperatures in the 100-150°C range. It is not always easy to obtain a good understanding of the structure-performance relationships of a material from such snapshots of performance taken at a single condition. However, it has been known for some time within the industry that the chemical nature of the glass fiber sizing can have a strong influence on the retention of some mechanical properties of composites exposed to such hydrothermal conditioning. It is also well known that polyamide materials absorb relatively high levels of moisture when exposed to hydrothermal conditioning in water and that this can cause significant dimensional changes [7-16]. Despite this, and the fact that such hydrothermal testing has become commonplace for under-the-hood applications, there has been little systematic investigation of dimensional change of glass-fiber reinforced polyamide composites during such conditioning in coolant fluid. Thomason [15] has recently reviewed the mechanical performance and dimensional changes observed in glass fiber reinforced polyamide 66 (GFPA66) during conditioning in coolant fluid at 120°C and 150°C. A rapid reduction was observed in both the modulus and strength of these composites and the matrix polymer in the initial stage of conditioning. However, unnotched impact was seen to initially increase significantly. Thomason and Ali investigated the mechanical performance and weight and dimensional changes in similar materials at the lower temperature of 70°C [7]. They reported a pseudo-Fickian absorption process in their GFPA66 samples and a highly anisotropic swelling in their injection moulded composites which could be correlated with the fiber orientation. In another recent paper [8] the same authors confirmed the presence of an increase in unnotched impact performance during the early stages of conditioning and indicated that there is a possibility to superimpose results of mechanical testing GFPA66 samples conditioned in coolant at different times and temperatures by considering the level of swelling and fluid absorption in any individual sample.
One unanswered question in this area is whether the fluid adsorbed from such 50:50 water-glycol mixtures contains an equal proportion of both liquids. In an attempt to gain further insight this report presents the results of a further systematic study of the changes of dimension of injection moulded GF-PA66 composites during hydrothermal conditioning in model coolant fluid and its two main components. The weight and dimensional changes and mechanical properties of injection moulded GF-PA66 composites based on two glass fiber products with different sizing formulations and unreinforced polymer samples have been characterised during conditioning in water, ethylene glycol and a water-glycol mixture at 50°C and 70°C for a range of times up to 900 hours. This report focuses on the absorption processes and mechanical property changes during the material conditioning. Detailed discussion on the swelling of these materials during conditioning has been presented previously [16].
EXPERIMENTAL
The injection moulded polymer and composite bars for this study were supplied by the 3B fiberglass company. The polyamide 66 (PA66) used was DuPont Zytel 101. Composite samples with 29% weight fiber content were produced using this polymer and two chopped AdvantexTM E-glass products. These products were chopped to a length of 4 mm and the individual fibers had a nominal average diameter of 10 m. Both samples were coated with sizings which are designed for polyamide reinforcement. DS1143 is a typical sizing designed to maximise the “dry as moulded” (DaM) performance of glass reinforced polyamides. The main ingredients of such sizings are typically aminosilane coupling agent and a commercial polyurethane dispersion [7,8]. DS1110 sizing contains some extra components which enhance the retention of composite mechanical properties in elevated temperature hydrolytic environments [7,8]. Three series of samples were moulded, series A using DS1143 glass, series B using DS1110 glass, and series R containing only the PA66 resin. The materials were compounded on a twin screw extruder and injection moulded to produce end-gated rectangular bars with nominal dimensions 80x10x4 mm. 
The test bars for this study were received vacuum packed in a DaM state. On removal from the packaging all samples were weighed and their three dimensions recorded at room temperature prior to conditioning. A micrometer with an operating range between 0-50mm ± 0.005mm was used in order to measure the width and the thickness of the test samples.  It is well known that the cross section of injection moulded samples may not be exactly rectangular and it was noted that the recorded dimension varied slightly dependent on where the measurement was taken. To ensure consistency measurements were therefore taken at the exact centre of each sample, as per ISO 179. The sample bars length exceeded the range of the micrometer and so the length of the test samples was measured using a vernier calliper with an accuracy of ±0.01 mm. A digital balance with an operating range between 0-20 g ± 0.0001 g was used to measure sample weights. Each data point presented is the average of measurements on three individual samples. Hydrolysis conditioning took place in two temperature controlled water baths at 50°C or 70°C with samples fully immersed in one of the three test fluids, deionized water (W), ethylene glycol (EG), or a 50:50 mixture of water and glycol (AF). Samples were stacked vertically and individually in polypropylene seal-tight containers such that the fluid had access to all surfaces of each sample. The water baths and containers of conditioning fluid were allowed to equilibrate at the test temperature before the samples were immersed in the fluids. The temperature of the water was calibrated for each bath and maintained for the duration of the experiment. Conditioning times were chosen in the range 0-900 hours. On removal from the conditioning container surface fluid was removed from the samples with tissue and then they were again weighed and their dimensions recorded. After 924 hours conditioning these samples were then equilibrated at room temperature in the appropriate fluid for 24 hours after which they were again weighed and measured and then transferred immediately to the impact tester. Unnotched Charpy impact properties were measured on seven specimens in accordance with the procedures in ISO179-1 using a Tinius Olsen model IT503 Impact Tester set up with a 6.35J pendulum capacity.  Scanning electron microscopy (SEM) was carried out on carbon coated fractured specimens using a Hitachi S-3700 tungsten filament variable pressure scanning electron microscope.

RESULTS AND DISCUSSION
Figure 1 presents the data for the polymer and the two composite systems absorption in water at 70°C as a percentage change in mass versus the square root of absorption time. Both the polymer and composite samples appear to exhibit typical Fickian fluid uptake under these conditions. The water uptake by the composites is significantly less than that of the resin, since it is normally assumed that the glass fibers do not absorb any water. However, the average composite equilibrium water content of 5.2% is slightly less than the expected value of 5.5% based on the polymer equilibrium water uptake and the average composite matrix content. This restriction of the matrix equilibrium fluid uptake in comparison to the un-reinforced polymer has been observed in similar systems under a range of conditions and has been related to the restriction of swelling due to the reinforcing fibers present [7,8]. The results for water uptake at 50°C are presented in Figure 2. Both polymer and composite samples also exhibit Fickian water uptake under these conditions. Comparing these results with those in Figure 1 it can be seen in that the rate of water uptake is related to temperature with higher temperatures resulting in faster water absorption. However the equilibrium water uptake appears to be independent of temperature in this range. Once again it can be seen in Figure 2 that the composite water uptake is less than that expected from the combination of the polymer equilibrium value and the composite matrix content.
Fluid absorption experiments in polymers are frequently analysed using classical one dimensional Fickian diffusion methods. In such cases the fluid concentration in an infinite plate can be approximated to occur in one direction only. The mass of fluid M(t) adsorbed in time t, as a fraction of the final equilibrium absorbed fluid mass Me is given by [17]
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Where Dx is the diffusivity in the x direction and a is the thickness in the x direction.

When Dxt << 0.05a2 equation 1 can be reduced to
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which yields a linear increase in the weight increase of the sample with t1/2 over the initial part of the experiment. Thus the diffusivity can be obtained from the initial linear portion of the absorption curve and the final equilibrium absorption level or from curve fitting equation 1 over the full absorption curve. It has further been shown that [7,8,18] in the case of fluid adsorption into a rectanguloid specimen such as that used in this study that an edge correction factor f should be introduced into equation 1 to give the effective diffusion coefficient
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Using the dimensions a, b, c of the samples in this study results in a value of f=1.212. 

Figure 3 shows the water absorption data for samples R and B at 50ºC and 70ºC, the symbols show the experimental data and the solid lines are the best (least squares) fitting of equation 1 to the data. The resultant values of diffusion coefficient (D) from the line fitting are given in Table 1. It can be seen in Table 1 that the D value is principally determined by the test temperature and that the presence of the glass fiber makes little difference to the value of D obtained. The diffusion coefficient values in Table 1 are compared in Figure 4 with those reported for injection moulded PA66 composites with a similar fiber volume fraction [10,14,22]. It can be seen that there is excellent agreement between the various data sets. It should be noted that detailed examination of Figure 3 reveals that, despite the high values of R2 from the fitting of equation 1, these values of D consistently underestimate the fluid absorption at short times. This may well be related to a previously reported phenomenon where hydrothermal annealing of the initial non-equilibrium structure of the injection moulded PA66 results in changes in crystallinity (and possibly crystal structure), particularly in the surface layer of the material [7].
Figures 5 and 6 present the absorption data for the samples in the 50:50 water - ethylene glycol antifreeze (AF) mixture. In Figure 5 the results of this study (filled symbols) at 70°C are compared with (open symbols) previously published [7] data and it can be seen that there is excellent agreement. Both polymer and composite samples also appear to exhibit Fickian-like fluid uptake at 70°C. However it was previously shown that the data in Figure 5 actually follow a pseudo-Fickian trend and it is not possible to fit equation 1 to the data in Figure 5 using a single value of diffusion coefficient [7]. Furthermore, in the results shown in Figure 6 obtained for conditioning at 50°C there appears to be clear evidence of a two-step fluid uptake process in both polymer and composite samples. The equilibrium fluid uptake of the samples at 70°C is significantly greater than that observed for water alone in Figures 1 and 2 although the initial rate of fluid uptake is lower for the AF mix compared to that of water alone which may be related to the larger size of the ethylene glycol molecules. Hence the presence of ethylene glycol in the conditioning fluid has slowed the rate of fluid uptake but has increased the final equilibrium level of fluid absorption. For both polymer and composites the rate of AF fluid uptake is related to the temperature and in the time range studied here it appears that the equilibrium fluid uptake is also dependent on the test temperature. However it is possible that the equilibrium value at 50°C may also reach that of the 70°C test if given sufficient time. Once again the fluid uptake of the composites is significantly less than that of the expected value. The results for the absorption of ethylene glycol by both polymer and composite samples presented in Figures 7 and 8 clearly do not follow a single Fickian diffusion process. For both polymer and composites the rate of ethylene glycol uptake is related to temperature. In the time range studied here it appears that the equilibrium limit uptake is also dependent on the test temperature. However after 900 hours none of the samples in the study had reached a final equilibrium value at either test temperature. Once again the fluid uptake by the composites is seen to be significantly less than that of the expected value obtained from the polymer value and composite matrix content.

Figure 9 compares the polymer fluid uptake at 70°C for the three test fluids with the calculated average value obtained for the 50-50 mix of fluids. It is clear that in the initial stages of fluid absorption (up to 40 hours) the absorption of the antifreeze mixture follows a simple rule of mixtures for the two individual components. However, at times greater than 40 hours there is a significant deviation of the measured mixture uptake from the average of the two component values. Up to approximately 600 hours exposure the actual (AF) mixture absorption is significantly greater than the simple rule of mixtures by up to 26 percent. Figure 10 presents a similar analysis for the composite B fluid uptake at 70°C. It is clear that the trends observed in this Figure for the composite reflects that which were observed for the polymer matrix alone in Figure 9. The data for composite A showed an identical pattern. Consequently it can be concluded that the mixing of water with ethylene glycol appears to have some synergistic effect on the level of fluid uptake in PA66 polymer and its composites. At 70°C this synergistic effect only becomes active after an initial exposure time of approximately 40 hours. 
Figure 11 summarises a similar analysis of fluid uptake in the water ethylene glycol mixture at 50°C. The data in this figure compares only the actual AF mixture absorption results with the values calculated from an average of the two component fluids. Once again it can be seen that the antifreeze mixture uptake initially follows the expected value from a simple rule of mixtures. This trend continues up to approximately 350 hours exposure after which the experimental data clearly trends higher than the expected values. Thus the same synergistic effect is observed as in the 70°C data but its onset is delayed to significantly later time at the lower test temperature of 50°C. Indeed further examination of the results in Figures 9-11 indicate that the onset of this synergistic absorption effect with AF mix takes place when the polymer or composite matrix fluid absorption reaches a level of approximately 5%. It has recently reported that the trends in dimensional change and unnotched impact performance of GF-PA66 being conditioned in AF mixture also show an abrupt change after approximately 5% weight fluid absorption [8]. The dimensional changes of the samples in this study were also recorded and the full results were published and discussed elsewhere [16]. Figure 12 shows a summary of the AF composite volume change results compared with data previously obtained at higher temperatures [15].   
The elastic behaviour of composite materials is often considered in terms of deformations caused by mechanical stresses due to physically applied loads. However, deformations are also produced by environmental changes such as fluid absorption. The relevant physical parameter which quantifies this phenomenon is the coefficients of swelling () defined as =/C where =D/D the dimensional strain and C=W/W the mass of absorbed moisture per unit mass [7,15]. Similarly to thermal expansion it is possible to define coefficients of linear swelling (TWLin the T,W,L directions of the sample and a volumetric swelling coefficient (V. For a polymer or polymer composite system with a single invariant value of V the data in Figure 12 should be well fitted with a single straight line with slope V. However, it can be seen that the data are better fitted by two lines indicating a change in the swelling coefficient during the course of the fluid conditioning. The intersection of the two lines in Figure 12 occurs at a composite weight increase of approximately 3.9%. This is equivalent to a polymer matrix fluid uptake of 5.4%. It can relatively easily be shown that, if the polymer or the composite matrix swells by the volume of the absorbed liquid then a value of V = X /A is expected for the slope of the lines in Figure 12. X andA are the densities of the unconditioned sample and the absorbed fluid. In this case A =1.07 and X =1.34 results in an expected value of V =1.25. This is the slope of the line above 5% AF absorption in Figure 12 whereas below the inflection point slope of the line is approximately 1.0. Consequently the values of V for all experiments in this study were evaluated from plots similar to Figure 12 obtaining values for polymer or composite matrix absorption up to 5% by weight and for absorption above 5% by weight. The individual values of fluid partial specific volume (=1/A ) were calculated from these values of V and the results are presented in Figure 13. It can clearly be seen that the values of partial specific volume are significantly greater above 5% weight increase than below (EG50 data did not exceed 5% weight increase within the timescales of this study). There is evidence in the literature that the first water absorbed by dry polyamides is in a very different situation from the last water absorbed near saturation. Starkweather showed data on water absorption in PA66 which indicated that the initial partial specific volume of absorbed water was only half that of the specific volume of liquid water [24,25]. The results in Figure 13 clearly indicate that this phenomenon is present in all three fluids used in this study. 
Figures 14-15 shows the variation of the DMA damping (tan ) and storage modulus with temperature for dry-as-moulded and 1000 hours water, ethylene glycol and antifreeze mixture conditioned PA66 and GF-PA66 samples. The tan  curves of the DaM PA66 sample exhibited two distinct peaks, labelled  and  It is well accepted that the  peak is associated with the motion of the longer chain segments in the amorphous sections of the polymer [19-21]. However, the  peak has been associated with both the presence of water and also with structural characteristics which are present in quenched samples but not in slow-cooled or annealed samples [20]. The position of the  and  peaks for the DaM PA66 is well in line with the results of other published results [8,10,19-23] especially when taking into account that thermal analysis data on transition temperatures is always dependent on instrument, deformation mode, sample dimensions and thermal history and heating rate. It can clearly be seen in Figure 14 that the position, height and width of both  and  peaks of PA66 are significantly changed by the conditioning in the various fluids. The peak temperatures and heights of all samples have been collected in Table 2. Conditioning in the three fluids causes both  and  peaks to shift to lower temperature, with the  peak showing a greater temperature shift than the  peak shift. Conditioning in water causes an  peak shift of -72°C and a small increase in  peak height. The tan  curves from the AF and EG conditioned samples appear almost identical within experimental error. Both conditioning fluids cause a greater shift in the  peak (-76°C) and a further increase in a peak height. It is also notable that the width of the  peak appears significantly greater with these two fluids. Although slightly less well resolved it appears that this trend is reversed with the  peak. In this case it is water conditioning that cause a greater peak temperature shift (T = -18°C versus -10°C) and an increase in peak height and peak broadening in comparison with AF and EG conditioning. 
Similar trends can be observed for the tan  curves from the composite samples in Figure 14. The major difference in tan  between composite and polymer appears to an overall reduction in the tan  values by 45±1%. This reduction in the height of the  damping peak is significantly greater than would be expected from a simple rule of mixtures prediction [24]. This larger than expected reduction has been observed in DMA of many types of polymer composite and is generally attributed to an extra restriction of the polymer matrix segmental mobility due to the presence of, and interaction with, the reinforcing fibers. Various interpretations and analyses have been attached to this phenomenon, including the presence of a transcrystalline layer around the fibers [21], an immobilized shell of polymer around the fibers [22], and an increased stiffness interphase in epoxy matrices due to a possible chemical modification of the epoxy matrix structure [23]. The dimensions and properties of this proposed immobilised layer have also been estimated in various ways using the ratio of the  tan  peak for composite and polymer [21-23]. Notwithstanding these hypotheses, it is interesting to note that the results presented in Table 2 for this investigation indicate no difference in this ratio for the DaM and the three fluid saturated materials. It can be suggested that if the extra reduction in the composite  transition peak height was solely due to a restricted polymer layer around the fibers then the extent and properties of such a layer would surely be strongly affected by the absorption of these various fluids and consequently that the a peak height ratio might change (certainly between DaM and the saturated samples). This is clearly a phenomenon that requires a deeper investigation. One other noticeable difference between the tan  results for composites and polymer is at high temperature.
The results for the samples DMA storage modulus in Figure 15 reveal a number of interesting points. Firstly it is clear that the moduli of the composite track the moduli of the polymer matrix although the absolute values of composite moduli are systematically increased by the reinforcement effect of the added glass fibers. The storage modulus curves indicate that all three conditioning fluids cause plasticisation of the polymer at room temperature, however there is significant anti-plasticisation of the polymer at sub-ambient temperatures. In general the moduli of the two materials appear to converge at the high end of the temperature range covered in these measurements irrespective of the conditioning history. Moving lower in temperature the modulus of the DaM samples rises significantly as the temperature passes below the glass transition temperature ( peak in tan ) and the  room temperature level of storage modulus for the DaM PA66 polymer (2.6 GPa) also agrees well with the value of Young’s Modulus obtained on almost identical materials using standard tensile testing [3].  The DaM samples moduli continue to increase slightly as the temperature is lowered further (possibly due to densification of the material) until a further step up in modulus is observed as the temperature is lowered below the  transition. The conditioned samples are all significantly plasticised at room temperature and consequently exhibit lower modulus at higher temperatures. All the conditioned samples exhibit a rise in stiffness as the temperature is lowered below 0ºC. However, the water conditioned samples appear to exhibit a clear step up in stiffness at approximately -20ºC, whereas the AF and EG conditioned samples appear to exhibit a more continuous modulus increase at low temperatures. The modulus curves of the conditioned materials appear to converge again once the temperature is lowered past the  transition temperatures. The conditioned material all show significant levels of antiplasticisation at low temperatures (i.e. higher stiffness than the associated DaM values). In the case of water absorption, it has been suggested that water can form bridges through hydrogen bonding between pairs of CO groups and between CO and NH groups in the polyamide molecules. Such bridges are labile above the  transition but become increasing fixed as the temperature is lowered leading to a cross-linking effect which raises the rigidity of the material [25]. 
The effect of the room temperature plasticisation observed in Figure 15 on composite unnotched impact resistance was further investigated. Figure 16 shows the results for the Charpy unnotched impact energy of the composite samples tested after ending the conditioning (tested at approximately 30.4 hours½ after equilibrating at room temperature for 24 hours). It can be seen that all conditioned composite samples exhibited a higher impact energy compared to the DaM control samples. However, there are significant differences observed in the results in Figure 16. The highest impact energies were obtained with the water and AF mix 50ºC conditioned samples whereas the EG 50ºC conditioned samples show much less increase (still unchanged within the 95% confidence limits). The EG 70ºC conditioned samples exhibit a significantly higher unnotched impact whereas the water and AF samples impact resistance is lower after conditioning at 70ºC compared to 50ºC, although still significantly higher than the DaM performance. This appears to correlate well with a recent systematic study on unnotched impact in AF mix conditioned GF-PA66 which showed that the unnotched impact resistance initially increases during conditioning, passes through a maximum when the matrix AF content reaches approximately 6-8% and then gradually decreases with further conditioning [8]. It seems likely that conditioning in water would produce a similar effect; however the much lower levels of EG absorption in the composites after 900 hours might well explain the apparent delay in impact energy increase shown in Figure 16.
Figure 17 shows a series of scanning electron micrographs of the fracture surfaces of the tested Charpy bars of the DS1110 composites. The Figure contains micrographs obtained at two different magnification levels of the DaM samples and samples after 924 hours conditioning in the three fluids at 70°C. It was noted that no significant differences could be observed between the fracture surface analysis of the DS1110 and the DS1143 based composites. The fracture surface morphology of fiber reinforced thermoplastics has often been used to assess qualitatively the degree of fiber–matrix interfacial adhesion. Mechanical properties such as tensile strength, fracture toughness and failure strain, are then correlated with the morphology. Fracture surfaces showing fibers surrounded by a large amount of matrix material are commonly regarded as an indication of strong interfacial adhesion while bare fibers are characteristic of weak interfacial adhesion. However, Fu et al have recently shown that this type of interpretation is generally incorrect [26]. Their results have shown that the interfacial adhesion cannot be simply linked to the post-mortem morphology of the pullout fibers on fracture surfaces. The observation of the fibers surrounded by a great amount of matrix material at the fracture surfaces does not certainly denote a strong interfacial adhesion. We have long been in agreement with this view that the use of fracture surface morphology to draw conclusions on the state of the composite interface is fraught with potential difficulties. Our recent results on the SEM analysis of the surface of single glass fibers after direct measurement of the interfacial strength in the microbond test clearly showed bare fibers with a higher interfacial strength and fibers with a residual polymer layer having lower interfacial strength [27]. In general the micrographs in Figure 17 show relatively bare fibers in the fracture zone for all samples, even the DaM samples where it might be expected that higher levels of interfacial strength are present. However, Fu et al did suggest that the analysis of the fiber length distribution of the fracture surface of these composites could still yield useful information about the interfacial strength. It is well known that the interfacial strength () can be related to a critical fiber length (Lc) by the equation
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where Df is the fiber diameter and f is the fiber fracture strength. According to this equation the length of the fibers in the fracture surface shown in Figure 17 must all be less than or equal to 0.5Lc. Figure 18 shows the cumulative distribution of the measured lengths of all of the fibers visible in Figure 17. There is little significant difference observed in the length distributions of the DaM, water and EG conditioned samples in Figure 18. However the AF conditioned samples do appear to have a significantly longer pullout fiber length distribution. Fu at al suggested that Lc for each composite could be estimated by doubling the average length of the 10 maximum pull-out lengths measured in each fracture surface. Values for such estimates of Lc are shown in Table 3 along with values of interfacial strength calculated using equation 5 with Lc, a fiber diameter of 10 m and average fiber strength of 1750 MPa [29-31]. The values for interfacial strength obtained in Table 3 are in good agreement with the range of values for DaM and conditioned composites previously reported for the glass fiber – PA66 system [3,15,31]. It is of interest to relate the results of this analysis to the mechanical performance of the composites. Figure 18 shows the relationship between the unnotched Charpy impact results and the values of critical fiber length obtained from the fractography analysis, where the error bars indicate the 95% confidence limits on the averages. These results would seem to indicate a significant linear correlation between these macromechanical and micromechanical parameters. This would suggest that further investigation of this relationship would be worthwhile. 

CONCLUSIONS
This study of injection moulded glass-fiber reinforced polyamide 66 composites has revealed that elevated temperature conditioning in water, ethylene glycol, and water-glycol mixture results in significant changes in the weight and dimensions of these materials. All materials showed a weight increase due to the conditioning at both 50°C and 70°C. Water absorption followed a simple 1-D Fickian diffusion process where EG absorption followed a more complex process. The water-glycol antifreeze mixture appeared to follow a pseudo-Fickian diffusion process. It was noted that the presence of the glass fibers reduced the fluid uptake by an amount significantly greater than would be expected from a simple scaling with the polymer content of the composites. The absorption of the antifreeze mixture initially follows a simple rule of mixtures of the absorption of the two individual components. However, after a polymer absorption of approximately 5% there was a significant divergence of the AF absorption which exhibit 25% higher fluid absorption than predicted from the absorption of the two fluid components. This coincided with a significant increase in the volumetric swelling coefficient for these materials. DMA analysis indicated a large reduction in glass transition temperature of the PA66 polymer and matrix after saturation in all three fluids. Fluid absorption caused a significant reduction in the DMA storage modulus in the 0-40°C range. However, the sub-ambient storage modulus was significantly increased by fluid absorption. The  and  damping peaks of both PA66 polymer and composite matrix were shifted to lower temperature by the fluid absorption. Condition for 900 hours in water and AF mixture at 50°C caused a significant increase in impact strength, conditioning at 70ºC also caused an increase but of smaller magnitude. Conditioning in EG at 50ºC caused only a small but not significant increase in average impact strength, whereas EG treatment at 70ºC led to a large increase in impact resistance of the composites. The unnotched Charpy impact performance exhibited a significant linear dependence on the composite critical fiber length obtained from SEM fractography analysis.
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TABLES
	
	Water Diffusion Coefficient for Sample (x10-12 m2/s)

	Temperature (ºC)
	R
	A
	B

	50
	2.3
	2.3
	2.2

	70
	8.2
	8.3
	9.2


Table 1: Swelling coefficients of moulded PA66 polymer and Composites

	
	Tan  peak
	Tan  peak

	
	Temperature (ºC)
	Height
	Temperature (ºC)
	Height
	Peak height ratio

	
	
	
	
	
	

	R DaM
	-67
	0.077
	63
	0.124
	-

	R W
	-83
	0.083
	-9
	0.139
	-

	R AF
	-78
	0.782
	-14
	0.147
	-

	R EG
	-78
	0.079
	-13
	0.151
	-

	
	
	
	
	
	

	A DaM
	-71
	0.048
	61
	0.069
	0.56

	A W
	-89
	0.048
	-9
	0.075
	0.54

	A AF
	-83
	0.056
	-14
	0.082
	0.56

	A EG
	-80
	0.052
	-13
	0.081
	0.54

	
	
	
	
	
	


Table 2: DMA Tan  peak temperatures and heights

	
	
	Composite B - 924 hours at 70ºC in

	
	DaM
	H2O
	AF
	EG

	Critical fiber length (Lc) from fracture surface (mm)
	0.208
	0.245
	0.255
	0.284

	Interfacial strength from Lc (MPa)
	42.1
	35.6
	34.4
	30.8


Table 3: Analysis fiber pull-out lengths from SEM fractographs
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Figure 1 Weight gain versus conditioning time in water at 70°C
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Figure 2 Weight gain versus conditioning time in water at 50°C
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Figure 3 Weight gain of polymer and composites in water (lines fitted by equation 1)
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Figure 4 Comparison of PA66-water diffusion coefficient temperature dependence
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Figure 5 Weight gain versus conditioning time in antifreeze at 70°C
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Figure 6 Weight gain versus conditioning time in antifreeze at 50°C
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Figure 7 Weight gain versus conditioning time in ethylene glycol at 70°C
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Figure 8 Weight gain versus conditioning time in ethylene glycol at 50°C
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Figure 9 PA66 weight gain in different fluids at 70°C
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Figure 10 GF-PA66 weight gain in different fluids at 70°C 
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 Figure 11 Polymer and composite weight gain in AF mix at 50°C
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 Figure 12 Volume versus weight change at different temperatures for composite swelling coefficient
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 Figure 13 Initial and final fluid partial specific volumes during conditioning 
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Figure 14 DMA Tan  curves DaM and after 1000 hours conditioning at 70ºC
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Figure 15 DMA storage modulus curves DaM and after 1000 hours conditioning at 70ºC
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Figure 16 Unnotched Charpy impact of composites after 900 hours conditioning
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Figure 17 SEM analysis of system B impact samples fracture surfaces 
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Figure 18 Fiber length distributions from fracture surfaces in figure 17
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Figure 19 Relationship between unnotched impact performance and critical fiber length
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