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Abstract
The weight and dimensional changes of injection molded glass-fiber reinforced polyamide 66 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.  The results reveal that hydrothermal ageing in these fluids causes significant changes in the weight and dimensions of these materials. All conditioned materials showed a time dependent weight and dimension increase. The change observed in water could be well modelled by a simple Fickian diffusion process, however the absorption process followed a more complex pattern in the other conditioning fluids. It was not apparent that changing the glass fiber sizing affected the dimensional stability of the composites under these relatively mild conditions. There was a strong correlation between the swelling of these samples and the level of fluid absorption. The composites exhibited highly anisotropic levels of swelling. These effects were well in line with the influence of fibers on restriction of the matrix deformation in the fiber direction. The polymer and composite swelling coefficients correlated well with data previously obtained at higher conditioning temperatures.
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 molded 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 molded composites exposed to engine coolant at high temperatures [7-10] 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 (water – ethylene glycol) 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 sometime 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 [11-17]. 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 [17] has recently reviewed the mechanical performance and dimensional changes observed in glass fiber reinforced polyamide 66 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. Due to the rapid rate of fluid absorption and dimensional change at these high temperatures it was not possible to examine these effects in detail. Thomason and Ali investigated the mechanical performance and weight and dimensional changes in similar materials at the lower temperature of 70°C [18]. They reported a pseudo-Fickian absorption process in their GF-PA66 samples and a highly anisotropoic swelling in their injection molded composites which could be correlated with the fiber orientation. In another recent paper [19] 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 GF-PA66 samples conditioned in coolant at different times and temperatures by considering the level of swelling and fluid absorption in any individual sample.

There is as yet little information available clarifying whether the two main components of such water-glycol mixtures have an equally deleterious effect on the dimensional stability and mechanical performance of glass-fiber reinforced polyamides. In an attempt to gain further insight into these effects this report presents the results of a further systematic study of the changes of dimension of injection molded glass reinforced polyamide 66 composites during hydrothermal conditioning in model coolant fluid and its two main components. The weight and dimensional changes and mechanical properties of injection molded glass-fiber reinforced polyamide 66 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 results of the swelling measurements. Detailed discussion on the absorption processes and thermo-mechanical property changes of these materials will be presented elsewhere [20].
Experimental

The injection molded 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. AdvantexTM is a boron free E-glass formulation. 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 molded” (DaM) performance of glass reinforced polyamides. The main ingredients of such sizings are typically aminosilane coupling agent and a commercial polyurethane dispersion [18-22]. DS1110 sizing contains some extra components which enhance the retention of composite mechanical properties in elevated temperature hydrolytic environments [18,19]. Three series of samples were molded, series A using DS1143 glass, series B using DS1110 glass, and series R containing only the PA66 resin. The glass and polymer were compounded on a twin screw extruder and injection molded to produce end-gated rectangular bars of with nominal dimensions 80x10x4 mm. 

These test bars 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 molded 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 was used. 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. Conditioning times were chosen in the range 0-900 hrs. 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. 

Results and Discussion
The absorption of fluids in polymer materials often follows the predictions of Fick’s Law [23,24], where the mass of fluid absorbed initially increases linearly with the square root of time and then absorption rate gradually reduces until an equilibrium, or saturation, plateau is reached. The results of the fluid absorption experiments are summarised in Figures 1 which presents the data as a percentage change in mass versus the square root of absorption time. Figure 1a-b presents the data for the polymer and the two composite systems absorption in water at 50°C and 70°C. Under these conditions, both the polymer and composite samples appear to exhibit the main aspects typical of Fickian diffusion with a rapid initial uptake of liquid (linear with t1/2) followed by a slow approach to an equilibrium absorption level. The water uptake by the composites is significantly less than that of the resin. It seems reasonable to assume that the glass fibers do not account for any of the weight increase seen during the hydrolysis treatment [12-18] and that the weight increase observed with the composites is solely due to weight changes of the polymer matrix. By dividing the composite weight increase by the average matrix content it is possible to examine the composite matrix weight change during the conditioning experiments and these data are also shown in Figure 1. The estimated average composite matrix equilibrium water content is significantly less than the unreinforced polymer value, with a larger difference observed at 70°C. This restriction of the matrix equilibrium fluid uptake in comparison to the unreinforced polymer has been observed in similar systems under a range of conditions and has been related to the restriction of swelling due to the fibers present [17,18]. It can also be seen in Figure 1 that there is no significant difference between the absorption results obtained with two composite systems A and B at either conditioning temperature in any of the three test fluids. Comparing the results in Figure 1a and 1b it can be seen in that the rate of water uptake is related to temperature with higher temperatures resulting in faster water absorption rates. However the equilibrium water uptake appears to be independent of temperature in this range. It has been shown that the diffusion coefficients for water in PA66 obtained from a simple one dimensional Fickian analysis of the data in Figures 1a-b were in good agreement with previously published values [20].

The results for the absorption of ethylene glycol by both polymer and composite samples presented in Figures 1c and 1d clearly do not follow a simple Fickian diffusion process. For both polymer and composites the rate of ethylene glycol uptake is related to temperature. However after 900 hours none of the samples in the EG had appeared to reach 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 resin due to the presence of the non-absorbing fibers and again the estimated value obtained for the matrix absorption was well below the values obtained for the polymer alone. Figures 1e and 1f present the absorption data for the samples in the 50:50 water ethylene glycol antifreeze mixture. Both polymer and composite samples also appear to exhibit Fickian fluid uptake at 70°C. However, on closer examination the data in Figure 1f do not follow a pure Fickian trend but actually follow a pseudo-Fickian trend [18,20]. At 50°C there appears to be evidence of a two-step fluid uptake in both polymer and composite samples. The equilibrium AF fluid uptake of the samples at 70°C is significantly greater than that observed for water alone in Figures 1a and 1b. 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 AF 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 AF fluid uptake of the composite matrix was significantly less than that of the resin value.

The conditioning also resulted in significant changes in the dimensions of the polymer and composite samples. The results of the swelling experiments are summarised in Figures 2 to 4 which present the data as a percentage change in volume (V), thickness (T), width (W), and length (L) versus the square root of conditioning time. Figure 2 shows the data for the three samples R,A,B  swelling in water at 50°C and 70°C. Figures 3 and 4 similarly present the results for three materials in ethylene glycol and antifreeze mixture. The curves in Figure 2 for volumetric swelling in water follow similar trends observed for the weight increase data in water in Figure 1a,b. The volume change curves also appear to follow a typical Fickian trend with an initial steep linear increase followed by a gradual approach to an upper equilibrium value. The slope of the volume increase is greater at 70°C than at 50°C although, once again the equilibrium swelling of polymer and composites in water appears to approximately the same at both temperatures. However, significant differences can be observed when the individual dimensions of these injection molded bars are considered. It can be seen that the linear swelling of the PA66 samples is different when considering the T, W, L direction. These differences are considerably greater for the composite samples A and B. In this case the swelling in the T direction appears to account for approximately 60% of the volumetric swelling whereas the swelling in the L direction is negligible in most composite cases.

The volumetric swelling data in EG shown in Figures 3a-f clearly do not follow a Fickian trend for any samples at either temperature. The largest part of these volumetric swelling curves appear to show a linear increase (with t½) with a strong indication of a further increase in the slope of this increase at times greater than 600 hours at 70°C. Furthermore the level of swelling anisotropy is much greater for the resin samples in EG than in water. Overall, there appears to be considerably less swelling of all three materials in EG than in water, particularly at 50°C. This is also true for swelling at 70°C until at longer times the EG swelling increases strongly to approach the same level as water swelling by 900 hours conditioning time. The volumetric swelling curves for the AF mix in Figure 4 show similarities with the mass increase data in Figure 1e,f. At 50°C the data is clearly not Fickian whereas at 70°C the data is pseudo-Fickian. The rate of AF swelling is greater at 70°C and the level of swelling after 900 hours is also greater at 70°C, although it may be that swelling at 50°C has not reached its final level at that time. The linear swelling data reveal some anisotropy in the swelling of the resin sample and again a much greater level of anisotropy in the composites. Although the level of AF swelling is initially lower than that in water, by 900 hours conditioning time the AF swelling is approaching or in some cases (compare R70 data) exceeding the level of water swell.

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 temperature changes and moisture absorption. The relevant physical parameters which quantify these phenomena are the coefficients of thermal expansion (CTE) and the coefficients of swelling. Although CTE’s are the more familiar of these coefficients, these two phenomena are similar and can be treated in a similar fashion. The swelling coefficient () is defined as =/C where =D/D the dimensional strain and C=W/W the mass of absorbed moisture per unit mass [17,18,25]. 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. 
Figure 5 shows an example of the volumetric and linear swelling plotted against mass increase for composite system A conditioned in AF fluid at 50°C. It can be seen that excellent linear relationships are obtained for the change in dimensions for both composite and polymer samples and least squares fitted lines are also shown in Figure 5. The slopes of these lines give the respective swelling coefficients for that system under those particular conditions. Table 1 presents a summary of the complete analysis of the linear and volumetric swelling coefficients in the three test fluids of the three samples at the two temperatures used in this study. It is clear from the data in Table 1 that there are major differences in the linear and volumetric swelling coefficients between the composites and the unreinforced PA66 polymer. However, as might be expected, there were no significant differences observed in the swelling coefficient for any particular conditioning fluid. Neither was there any significant difference observed in the performance of the two composite systems at these relatively low conditioning temperatures. Consequently, it was deemed reasonable to reduce the volume of data by averaging the data to swelling coefficients for polymer and composite, for the three fluids. These averaged values are presented in Figure 6. It is clear from the data in this Figure that the volumetric swelling of these materials is not equally divided in the three sample dimensions. The directional dependence of CTE’s in fiber reinforced composites is well known and is attributed to the restriction of expansion in the fiber direction due to the much lower CTE of the fiber compared to the polymer matrix [17,26,27]. In a similar fashion it can be assumed that =0 for glass fibers and so the presence of fibers will restrict the matrix swelling in the fiber direction and consequently increase the swell normal to the fiber direction due to Poisson’s effects in the matrix. There is little degree of out of plane fiber orientation (through the thickness) in these injection molded samples [18,28] and consequently a higher swelling coefficient is observed in the thickness as compared to the width where the fibers in the “core” of the molding have a somewhat more random in-plane orientation. Since the highest level of fiber orientation is in the flow direction in the mold, very low levels of swell in the length direction of the composite samples can be expected. It can be seen from the values of  in Figure 6 that these expectations are borne out in the data. It is interesting to note in Figure 6 that some direction dependent differences are also observed in the  values for the molded PA66 polymer resin samples. This may well be indicative of some orientation at the molecular level in the injection molded polyamide polymer. It is also apparent from the data in Figure 6 that the values of  for the AF mixture are lower than those for water and EG. This pattern is observed for both polymer and composites.
It can 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 obtained for the slope of the lines in Figure 5, where X andA are the densities of the unconditioned sample and the absorbed fluid. This is the explanation for the systematically lower values of V obtained for the unreinforced polymer (X =1.117) in comparison to the composites (X =1.337) in Figure 6. Although it is not certain that the PA66 polymer or matrix absorbs fluid containing the same ratio of water/glycol from the AF conditioning, it would be expected that the value of A for the AF absorbed fluid would lie somewhere between that of water and EG. Consequently it might be predicted that the value obtained for V in the AF experiments should also lie between the value obtained for water and EG. This does not appear to be the case in Figure 7. This phenomenon is under further investigation and will be reported on in a future paper [20]. As discussed above, assuming that there is no significant dissolution of the samples over the range of conditioning temperature, it should be possible to overlay swelling data for a polymeric material conditioned in the same fluid at different temperatures. Figure 8 shows the data from this study on composite volumetric swelling compared with results from a previous study on almost identical injection molded glass reinforced PA66 composites conditioned in water:glycol antifreeze mixture at the much higher temperatures of 120°C and 150°C. It can be seen that there is excellent correlation between the results of these two studies and that it should be possible to predict the swelling performance at higher temperatures from data generated at moderate conditioning temperatures. 

Conclusions

This study of injection molded glass-fiber reinforced polyamide 66 composites has revealed that hydrothermal conditioning in water, ethylene glycol, and water-glycol antifreeze mixture results in significant changes in the weight and dimensions of these materials. All materials showed a weight increase due to hydrothermal conditioning at both 50°C and 70°C. Water absorption followed a simple Fickian diffusion process whereas 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. A strong correlation was observed between the swelling of these samples and the level of fluid adsorption. The time dependent volumetric swelling followed very similar patterns as for weight increase. It was not apparent that changing the glass fiber sizing affected the dimensional stability of the composites under the relatively mild conditions of this study. Although the PA66 resin showed reasonably homogeneous swelling, the composites exhibited different levels of swelling depending on direction. These effects were well in line with the known effects of fibers on restriction of the matrix deformation (mechanical, thermal or moisture swelling) in the fiber direction. The volumetric swelling of the composites in this study correlated well with results previously obtained at much higher conditioning temperatures.
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Tables

	
	Swelling Coefficients 

	Sample
	Volume V
	Thickness T
	Width W
	Length L

	R50W
	0.981
	0.411
	0.290
	0.260

	R70W
	0.992
	0.422
	0.313
	0.250

	R50AF
	0.817
	0.385
	0.272
	0.148

	R70AF
	0.942
	0.382
	0.303
	0.232

	R50EG
	0.928
	0.459
	0.303
	0.157

	R70EG
	0.886
	0.410
	0.279
	0.181

	
	
	
	
	

	A50W
	1.150
	0.644
	0.407
	0.082

	A70W
	1.148
	0.699
	0.411
	0.025

	A50AF
	1.045
	0.624
	0.357
	0.049

	A70AF
	1.006
	0.521
	0.415
	0.053

	A50EG
	1.105
	0.648
	0.356
	0.078

	A70EG
	1.074
	0.621
	0.422
	0.023

	
	
	
	
	

	B50W
	1.126
	0.610
	0.424
	0.076

	B70W
	1.178
	0.657
	0.461
	0.043

	B50AF
	1.062
	0.622
	0.376
	0.055

	B70AF
	1.002
	0.544
	0.413
	0.031

	B50EG
	1.157
	0.679
	0.368
	0.076

	B70EG
	1.058
	0.672
	0.399
	0.051


Table 1: Swelling coefficients of molded PA66 polymer and Composites A and B
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Figure 7. Comparison of glass fibre PA66 composite swelling in antifreeze mixture at various temperatures (* reference 17).

[image: image28.wmf](a)

[image: image29.wmf](b)

[image: image1.emf]0

2

4

6

8

10

0 5 10 15 20 25 30

√Time (hrs

½

)

Change in Mass (%)

R50W

A50W

B50W

Matrix

[image: image2.emf]0

2

4

6

8

10

0 5 10 15 20 25 30

√Time (hrs

½

)

Change in Mass (%)

R70W

A70W

B70W

Matrix


[image: image30.wmf](c)

[image: image31.wmf](d)

[image: image3.emf]0

2

4

6

8

10

0 5 10 15 20 25 30

√Time (hrs

½

)

Change in Mass (%)

R50EG

A50EG

B50EG

Matrix

[image: image4.emf]0

2

4

6

8

10

0 5 10 15 20 25 30

√Time (hrs

½

)

Change in Mass (%)

R70EG

A70EG

B70EG

Matrix


[image: image32.wmf](e)

[image: image33.wmf](f)

[image: image5.emf]0

2

4

6

8

10

0 5 10 15 20 25 30

√Time (hrs

½

)

Change in Mass (%)

R50AF

A50AF

B50AF

Matrix

[image: image6.emf]0

2

4

6

8

10

0 5 10 15 20 25 30

√Time (hrs

½

)

Change in Mass (%)

R70AF

A70AF

B70AF

Matrix


Figure 1 Change in sample mass versus time
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Figure 2 Swelling of samples in water (V-volume, T-thickness, W-width, L-Length)
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Figure 3 Swelling of samples in ethylene glycol (V-volume, T-thickness, W-width, L-Length)
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Figure 4 Swelling of samples in antifreeze mixture (V-volume, T-thickness, W-width, L-Length)
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Figure 5 Example of determination of Swelling Coefficients
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Figure 6. Average Swelling Coefficients for PA66 polymer (R) and glass fiber reinforced PA66 composites (C) in water (W) antifreeze mixture (AF) and ethylene glycol EG). 
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Figure 7. Comparison of glass fibre PA66 composite swelling in antifreeze mixture at various temperatures (* reference 17).
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