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Abstract
The results of a study on the properties of glass fibres after thermal conditioning at typical engineering thermoplastic processing temperatures are presented. The mechanical performance of rovings and single fibres of well-defined silane sized and water sized E-glass fibre samples was investigated at room temperature after thermal conditioning at temperatures up to 400°C. Thermal conditioning for 15 minutes led to strength degradation of greater than 50% at higher temperatures. The tensile strength of silane coated fibres was relatively stable up to 300°C but exhibited a precipitous drop at higher conditioning temperatures. The water sized fibres exhibited an approximately linear decrease in strength with increasing conditioning temperature. The strength distribution of the water sized fibres could be well represented by a unimodal three parameter Weibull distribution. The strength distributions of the sized fibres were more complicated and required the use of a bimodal Weibull distribution. The results are discussed in terms of the changes in surface coating and bulk glass structure during heat conditioning.
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1. Introduction
Glass reinforced thermoplastics continues to be one of the most exciting growth areas in the composites market. In recent years there has been an increasing growth in the use of glass-fibre-thermoplastic composite systems in semi-structural and engineering applications. These thermoplastic matrix composite systems combine ease of processing with property advantages such as enhanced toughness and an unlimited shelf life. Furthermore, their intrinsic recyclability is rapidly being recognised as a strong driving force for their further application. Their potential for high-volume processing combined with high levels of end use property levels and associated lower manufacturing costs has spurred the current expansion of research and development activities on thermoplastic matrix composites. Parallel to this growth has been the increasing recognition of the need to better understand and measure the micro-mechanical material parameters and processing parameters which control the performance of such composite parts. 

The mechanical performance of these composites results from a combination of the fibre and matrix properties and the ability to transfer stresses across the fibre-matrix interface. Variables such as the fibre content, fibre mechanical properties, fibre diameter, fibre orientation and the interfacial strength are of prime importance to the final balance of properties exhibited by injection moulded thermoplastic composites [1-7].  The base thermoplastic polymer which forms the composite matrix also plays an important role in defining composite performance and plays a critical role in definition of the composite processing parameters, in particular the processing temperature. Applications requiring higher levels of mechanical and thermal performance will consequently employ a range of high performance thermoplastic matrices which may require processing temperatures in the 300-450°C range. Standard glass fibre reinforced polyamide 66 compounds have recommended processing temperatures above 300°C with long glass fibre PA66 processed at up to 320°C. Glass reinforced higher performance polyamides require processing at up to 350°C and glass reinforced PEEK may require processing temperatures above 400°C. Information on the temperature history during the manufacture of glass reinforced thermoplastic compounds and prepregs is less commonly available. However, economic pressures often require the highest possible manufacturing throughputs which may well require short term heat exposure of the polymer and glass fibres to even higher temperatures. Although concern is often expressed about the potential for polymer degradation at these temperatures, a much less researched issue is whether the properties of glass fibres are stable under these conditions. Processing temperatures in the production of glass fibre are significantly higher than polymer composite processing temperatures. Nevertheless, early work indicated that the room temperature tensile strength of glass fibre can be significantly reduced by annealing at temperature as low as 150°C [8-11]. More recent studies have also confirmed that room temperature glass fibre strength can be reduced by exposure to temperatures in this range [12, 13].  Similar behaviour has also been observed in silica and basalt reinforcement fibres [14, 15]. When discussing the apparent strength of glass fibre one cannot ignore the critical role of the sizing. Although often associated primarily with compatibility with, and adhesion to, the composite polymer matrix, sizing is also critical to the retention of glass fibre strength [7]. It has been suggested that application of a sizing provides some degree of flaw “healing” in the presence of large flaws on the fibre surface [16]. It has also been proposed that fibre sizing can provide protection for the fibres against moisture from the environment as well as mechanical damage. This surface moisture may increase the size of surface flaws with consequent reduction in fibre strength [17].   

For some time we have been engaged in a programme to further elucidate the structure-processing-property relationships of glass fibres and their composites. In this report we focus on the influence of typical composite high processing temperatures on the properties of E-glass fibres. We present the results from a study the influence of thermal conditioning at up to 400°C range on the properties of well-defined silane sized and water sized E-glass fibre samples.
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Boron free E-glass fibres supplied by Owens Corning Vetrotex were investigated in this work. The fibre rovings were produced on a pilot scale bushing and were received as 20 kg continuous single end square edge packages. The rovings had a nominal tex of 1200 g/m and an average single fibre diameter of 17.4 ± 1.3 µm. No sizing was applied to the water finished fibres which had only been water sprayed using the normal prepad cooling sprays under the bushing [7], these samples are referred to as water sized. The APS coated fibres were coated with a normal rotating cylinder sizing applicator containing a 1% γ-aminopropylsilane (APS) hydrolysed solution in distilled water. All fibre packages were subsequently dried at 105°C for 24 hours.

2.2 Thermal treatment
The fibres were used as received from the manufacturer. Heat conditioning was carried out in a Carbolite LHT6 high temperature oven at 300, 350 and 400°C. The glass fibre strands were suspended on a specially constructed jig preventing any contact with, and therefore damage to, the fibres. 300 mm lengths of silane sized and water sized fibre strand with no visible damage were removed from the inside of the roving packages. These samples were selected such that the fibre length at the outside edges of the package, with the highest probability of transport and handling damage, were not included in the gauge length. Care was also taken that the sample strands were not touched by anything in the gauge length to prevent additional damage. Heat treatment of both fibre types was conducted simultaneously to obtain samples with identical thermal conditioning history. The furnace temperature was allowed to stabilise for 2 hours prior to inserting the samples. After putting the sample in the furnace 10 minutes was allowed for the oven to return to the set temperature and then a further 15 minutes was then allowed for the heat treatment. During the heat treatments no load was applied to the fibre bundles to avoid creep effects.

2.3 Bundle fibre tensile testing
Samples of the complete glass fibre strand were tensile tested, before and after heat conditioning, according to ASTM 2256-02. These samples were prepared with 25 mm epoxy end tabs according to ASTM 578-01. Araldite Rapid was used for tabbing due to its rapid speed of curing. The 250 mm gauge length epoxy tabbed strand samples were clamped in an Instron 3342 tensile testing machine with a 0.5 kN capacity load cell. Load and extension measurements were recorded during each test with a linear extension rate of 3.75 mm/min (1.5% strain/min).  Only the tests where the sample broke along the gauge length at a distance greater than 3 mm from the clamps were used for further data processing. Ten samples each of fibre type were tested after conditioning at each temperature (23, 300, 350 and 400°C). 

2.4 Single fibre tensile testing
Single fibre tensile properties were determined following ASTM C1557-03. Single fibres were meticulously separated from the as received glass fibre strands avoiding fibre-fibre interactions or excessive fibre bending as much as possible. Individual fibres were glued onto a card tabs with a central window cut out to matched the desired gauge length for the test. Card frames were cut from 250g/m² grade card and single fibres were fixed to the card at both sides of the window using Loctite™ Gel Superglue. The fibre cross section was obtained by assuming the glass fibres along the gauge length have a uniform circular cross-section normal to the axis of the fibres. The cross-sectional area was then calculated from the individual average fibre diameters measured at five points along the gauge length by Nikon Epiphot Inverted optical microscopy. During handling of the fibre in the microscope, care was taken to avoid fibre damage through contact with the microscope objective. The card mounted single fibres were gripped in an Instron 3342 universal testing machine equipped with a 10 N load cell. After the specimen had been mounted in the test machine, a section of the tab was carefully cut away, leaving the specimen free to be loaded during the test. Gauge lengths of 10, 20 and 40 mm were tested for both fibre types and approximately 40 fibres were tested at each condition. The loading rate was adjusted according to the fibre gauge length so that the fibres were subjected to constant strain rate of 1.5%/min for all gauge lengths. All the tests at different gauge lengths were carried out at room temperature and 50% relative humidity.
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[bookmark: _Toc111018091]3.1 Bundle fibre testing results
Typical load-extension results for silane sized and water sized glass fibre bundle testing are shown in Figure 1. The positive protective effect of a simple silane sizing on glass fibre strength is apparent in this Figure. The maximum load of the silane sized bundle is approximately four times that of the water sized sample. The load-extension data in Figure 1 exhibit a fairly smooth and continuous nature, however after heat treatment that was rarely observed. Figure 2 shows typical post-heat treatment load-extension curves for sized fibres treated at different temperatures (for clarity the curves have been shifted along the extension axis). It can be seen that the initial part of each curve appears to be similar. As the extension is increased the heat-treated fibre bundles start to show a jagged curve with sudden decreases in load. As the frequency of these sudden drops increases the attained load fails to recover to the previous level and eventually the sample fails completely. It is also clear that the maximum attained load is decreased as the conditioning temperature is increased. The average values (error bars show 95% confidence limits) for the maximum bundle strength for the two fibre types at the various temperatures are compared in Figure 3. The water sized glass bundle strength reduces in an approximately linear manner with increasing treatment temperature. On the other hand, the sized bundles exhibit a threshold temperature around 350°C above which a sharp drop is obtained in the bundle strength. 

3.2 Single fibre testing results
The results for the average single fibre strength (at 20mm testing gauge length) of silane sized and water sized fibres after heat treatment are shown in Figure 4. The results indicate that thermal conditioning can cause a considerable strength reduction for both fibre samples, with a loss of over half of the original strength in the case of 15 minutes at 400°C. It can be seen that both glass fibre types reduce in strength, with the silane sized glass falling by a greater percentage of its original strength.  In the case of the silane sized fibres the data also indicate relative stability (for 15 minutes conditioning) in the average fibre strength up to 300°C. Above this threshold temperature the average fibre strength is seen to decrease rapidly. The data for the water sized fibres appears to show a more linear strength decrease, similar to the results observed in bundle test with increasing conditioning temperature. Comparison with the results in Figure 3 indicates that the single fibre tensile strength results of sized fibres appear to have a lower threshold temperature than in the bundle tests. This may be caused by the insulating of the fibres within the bundle by the outer fibres leading to a temperature lag and consequently a less severe condition within the fibre bundle. It is also notable that the bundle strength shows a greater drop in the low temperature range compared to single fibre strength. This may well be a reflection of the greater potential for damaging fibre-fibre interactions in the post-conditioned fibre bundle during the sample bundle preparation and mounting. There is significantly less potential for such damage in single fibre testing once the single fibre samples have been isolated from the fibre bundle.

Figure 5 compares similar testing results obtained at 10 mm and 40 mm testing gauge lengths. The spread on the confidence limits of these measurements is significantly larger due to the reduced number of individual measurements. However, it is clear that the results at different gauge lengths follow similar trends as those observed at 20 mm in Figure 4. In addition, the well-known gauge length dependence of average fibre strength [18] is also clearly seen in Figure 5. This gauge length effect is maintained after the heat treatment with all 40 mm gauge length data falling below the 20 mm data, and all 10 mm gauge length averages appearing at higher values. 

In summary, the results of both bundle and single fibre testing indicate that the strength of glass fibres is strongly influence by thermal conditioning at temperatures and times which may commonly be experience in the processing of such fibres in engineering composite materials. These effects appear to be occurring at temperatures significantly lower than the 1150-1250°C temperature range for the manufacture of glass fibre and also well below 759°C the glass transition temperature of boron free E-glass [19]. Water sized, unprotected glass fibres exhibit a fairly linear reduction in room temperature strength with increasing conditioning temperature. The strength of silane sized glass appears relatively stable at low temperatures but exhibits a threshold (in the 300-350°C range) above which a precipitous reduction in fibre strength occurs.

3.3 Unimodal Weibull analysis
Data from single fibre strength measurement is commonly subjected to further detailed analysis using Weibull methods [20]. This analysis relies on the assumption that the failure of fibres as a function of applied load is controlled by the random distribution of a single type of defect (unimodal Weibull) along the length of the fibres. This enables equations to be developed linking the probability of fibre failure (PF) at a stress level () during a tensile test with the test gauge length (or volume V in the case of variable fibre diameter) and two Weibull parameters (0 the scaling parameter also called the characteristic strength and m the shape parameter also called the Weibull modulus) which may characterise the density and variability of flaws in the material. When the fibre gauge length and fibre diameter and therefore the tested volume is kept constant then it can be shown that:


						(1)

The parameter T is included in the more general three parameter model where T is defined as a threshold stress below which the failure probability is zero. It has been common practice to set the value of T to zero for brittle materials [21] which significantly simplifies the analysis of equation 1 and allows rearrangement to give the familiar form used to analyse experimental single fibre tensile test data:


                                              (2)

The probability of failure (PF) for each fibre is determined for the ranked tensile strength of N ﬁbre specimens using:


                                                                                 (3)

It has been demonstrated that the results of such Weibull analysis depends on the values of , , and N [22-24]. In this study, the selections of  and  are 0.5 and 0, respectively. The m value can then be determined from the slope of a line in the plot of ln-ln(1- PF) as function of ln() estimated using the Least Squares (LS) regression method although a number of authors have also indicated application of the Maximum Likelihood (ML) analysis method to such single gauge length datasets produces better estimates of the underlying Weibull parameters than the LS method [22-25]. 

In some cases, experimental single fibre tensile strength data can be well described using a two parameter of unimodal Weibull analysis ( and m). However, curvature in the Weibull plot of experimental single fibre data is frequently observed at low strength [25-27]. A recent study has demonstrated that this deviation can be well explained by the experimental lower strength limit below which the fibre is not strong enough to survive the pretest sample preparation and handling [25]. Consequently, the lowest strength values of the Weibull distribution do not appear in the Weibull analysis of the experimental data. In such cases it is necessary to revert to the form of Weibull distribution shown in equation1.

The data for the single fibre tensile strength of water sized fibres at 20 mm gauge length, before and after heat conditioning, are plotted according to the unimodal Weibull analysis (equation 2) in Figure 6. In general, the points raised in the above discussion can be observed in Figure 6. At higher strength values the data mainly follow a linear relationship typical of a unimodal flaw distribution. At lower strengths the data exhibit a downward deviation in curvature which is a symptom of the experimental inability to access very low strength values. It can also be observed that the distributions shift to lower strength values with increasing fibre conditioning temperature. It has been shown [25] that the downward curvature observed in the data at lower strength values observed in Figure 6 can be well modelled the three parameter unimodal Weibull distribution in equation 1 with a non-zero value of T. However, it is actually more accurate to fit the data with a two parameter model where the values below the lower experimental limit L have been removed.

Consequently, three methods have been used to analyse the data presented in Figure 6. Maximum Likelihood (ML) analysis was performed on the datasets using the Probability Plot function of Minitab 16 statistical software. In all cases, both two parameter and three parameter Weibull distribution were used. The data were also fitted with two parameter Weibull distributions with a forced lower limit (L). In Figure 7 the data from Figure 6 (shifted along the x-axis for clarity) have been fitted with the expected strength distributions obtained from the ML analysis with and without an imposed lower limit on measureable strength. The simple ML analysis gives a straight line which gives a good fit to the data at higher strengths but clearly does not fit the data well at lower strengths. The application of the lower strength limit appears to give a better fit to the experimental data across the full strength range as was recently discussed by Thomason [25]. The results of all three analysis methods are summarised in Table 1. In general the different analysis methods tell a similar story. The Weibull modulus and the lower limit of measurable fibre strength appear to remain fairly constant across the results for the different thermal conditioning temperatures, but the characteristic strength is reduced with increasing condition temperature. In materials terms this can be interpreted as indicating that increasing levels of thermal conditioning did not change the nature of the flaws on the water sized fibres but it did increase their severity and/or their concentration. This conclusion appears to be in general agreement with results on the effect of heat treatment on the strength of silica and silicate fibres published by a number of authors [8-15]. Yang and Thomason recently discussed the nature of the flaws on these water sized and silane sized fibres in terms of flaw types and the level of protection given to glass fibres by applying silane sizing during fibre production [18]. Given the unprotected nature of the surface of the water sized fibres it seems reasonable to propose that the flaws on the water sized fibres in Figure 6 are of the type caused by fibre-fibre surface contact.

The data for the single fibre tensile strength of sized fibres at 20 mm gauge length, before and after heat conditioning are plotted according to equation 2 in Figure 8. It can be seen that these silane sized fibres exhibited a more complex fibre strength distribution. As previously discussed [18] the results for sized fibres tested without heat conditioning exhibit three distinct regions. The data in the high strength region can be fitted with a line with slope of approximately 10. The data in the intermediate strength region can also be fitted with a linear relation with a much lower slope of approximately 1. This could be interpreted as indicating that the failure of silane coated glass fibres at 20 mm gauge length is controlled by two, or more, distinct types of flaw population. The overall failure distribution is then the result of the interaction of these flaw populations, which may be described by the multimodal Weibull distribution and precludes the use of the simple linear fitting to obtain the Weibull parameters. At lower strength the data becomes concave downwards (as seen for the water sized fibre data in Figure 6) which we now interpret as being caused by the effect of the lower limit of the experimentally accessible values of strength [25].

It is interesting to note that these three regions of fibres strength are also easily visible (with approximately similar slope values) in the results for the silane sized fibres which were heat conditioned at 300°C and 350°C. The upper region of the 23, 300 and 350°C distributions do not change significantly in slope but there is a clear shift to lower strengths with increasing conditioning temperature. Conversely, at the lowest strength all three data sets appear to converge. However, after heat conditioning these fibres at 400°C it can be seen that the results appear to have reverted to a simpler fibre strength distribution similar in shape to that observed in Figure 6 for the water sized fibres. The overall impression drawn from the data in Figure 8 is that, as the heat conditioning temperature is increased, the performance of the silane sized glass fibres transitions from that of a coated protected fibre to that of an uncoated fibre. This is most likely related to the thermal degradation of the organic part of the silane coating, the reduction of its protective capacity, and the consequent increase in fibre-fibre contact damage (flaw generation) during the thermal conditioning and subsequent sample handling in the selection and preparation of the single fibre test specimens. However, it is interesting to note in Figure 6 that the performance of the uncoated fibres also continues to change with increasing conditioning temperature which may imply that there are other changes taking place in the glass fibres at these relatively low (versus fibre production) processing temperatures. Observations of the presence of relaxation modes have been reported in glass at temperatures significantly below the glass transition temperature [26, 27].
Maximum Likelihood (ML) analysis was also performed on the datasets in Figure 8 using the Probability Plot function of Minitab 16 statistical software and the resulting values are presented in Table 2. Unsurprisingly p-values >>0.05 indicated a very poor fit of the two parameter unimodal Weibull distribution to the datasets for 23°C, 300°C and 350°C treated fibres. Consequently we can assume that the data in Figure 8 indicate the probable presence of more than one flaw population in the silane sized fibres which may be modelled using a multimodal Weibull distribution function [16,18,28,29].

3.4 Bimodal Weibull analysis
Considering the results of single carbon fibre testing, Edie has reviewed a number of the possible forms for the next simplest possibility which would be a bimodal function. He proposed two flaw populations each of which gives rise to a simple Weibull distribution of strength but where the parameters which characterize the two strength distributions are significantly different. One unique flaw population might consist of internal flaws within the fibre which for glass fibre would define the high strength performance of protected fibres. The other might consist of surface flaws characteristic of typical contact damage to poorly protected glass fibres. The cumulative distribution is then a mixture of the distributions due to each of the two flaw populations. The choice of the appropriate mathematical form of the cumulative distribution function depends on how the different flaw populations coexist within the fibre. The choice and use of the appropriate distribution is clearly crucial in obtaining useful results from such an analysis.

Edie consider three possible forms of such a bimodal cumulative density function where the individual functions are exclusive, partially concurrent or concurrent [30]. The exclusive distribution is based on the premise that a fraction f, of the fibre population only contains flaw population 1 while the remaining fraction 1-f, contains only flaw population 2. In this case PF is given by


                             (4)


where type 1 flaws at higher fibre strength are defined by Weibull modulus m1 and scaling parameter  and the remaining (1-f ) fraction of failures are due to type 2 flaws defined by shape parameter  and scale parameter 02. This form of exclusive bimodal cumulative density distribution has been used by a number of authors to analyse the strength distribution of single carbon and glass fibres [16,18,28,29]. However, Edie correctly pointed out that the assumption that both flaw populations cannot both exist in the same fibre seems questionable at best and that, in general, such a distribution would not be expected in a population of fibres unless samples were taken from fibres processed by different methods, which is not normal in fibre testing.

In the partially concurrent model, there are again two flaw populations which, acting alone, give rise to a simple Weibull distribution of strength. The first flaw population is common to all the fibres, and a fraction f of the fibres contains only this background flaw. The remaining (1-f ) fraction of the fibres contains another distinct flaw population, in addition to the background flaw. In terms of glass fibres this might be considered as a common flaw distribution, typical of high strength fibres, which defines the flaw strength typically obtained in pristine undamaged fibres where the average strength approached the accepted level of 3.5 GPa (still much lower than the theoretical strength of glass). The second intermittent flaw would be typical for a fibre which has been surface damaged due to poor distribution of the protective sizing and/or contact damage (typically due to fibre-fibre, or fibre-process interaction). In this case PF is given by


                            (5)

The partially concurrent model also has five parameters. Edie [30] noted that the assumptions of the partially concurrent model seemed more feasible than those of the exclusive model for application to pitch-based carbon fibres and this would also seem to be the case for most sized glass fibres. 

In the concurrent model each fibre contains both flaw populations and any individual fibre must survive both flaw populations if it is to survive stress level . Because the flaw populations are independent the total probability of the fibre survival is the product of the probabilities associated with each flaw population. Consequently PF is given by the simpler four parameter equation


                          				  (6)

From the viewpoint of glass fibre production and processing, the assumption that all fibres are subject to both flaw populations could probably only occur in situations where there is very poor, or no, sizing protection of the initial glass fibre. This could also occur in situations where the fibre surface protective sizing has been removed, for instance by high temperature treatment [13, 31]. It is also noted that in the situation where f=0 then a partially concurrent distribution (equation 5) reduces to a concurrent distribution (equation 6).

Figure 9 presents the fibre strength data for the heat treated silane sized fibres from Figure 8 (shifted for clarity) fitted with lines calculated using equations 4, 5 and 6 for the exclusive, partially concurrent and concurrent bimodal Weibull cumulative density functions. In all cases the effect of the experimental limit on the lowest strengths accessible has been accounted for by adding a threshold strength value to the (weaker) type 2 flaw distribution as shown in equation 1.  It can be seen that it is possible to fit the experimental data in an acceptable manner using any of the three functions with appropriate input parameters. Examination in detail shows that the exclusive model does deviate significantly from the experimental data at the highest strength in all four data sets. The Weibull parameters obtained from fitting the various equations to the experimental data at the different temperatures are summarised in Table 2. It is perhaps worth noting that the unbiased fitting of equations with five or six adjustable parameters to experimental data can be challenging and it becomes necessary to adapt a strategy to limit the possible permutations. In our case, we have simplified the fitting by assuming that the Weibull moduli m1 and m2 would not change significantly with conditioning temperature, although we did allow the values to vary between the various equations. This seemed a reasonable assumption in terms of the commonly accepted interpretation of Weibull modulus being related to the nature of the flaws. The severity of the flaw distributions, characterised by the  and   parameters was allowed to vary. The value of the lower threshold value was initially set as just less than the lowest strength value in the distribution.  

Examining the data in Table 2 reveals a striking number of similarities between the trends indicated by the three versions of the bimodal Weibull distribution. Flaw type 1 can be modelled across the different conditioning temperatures using a high, constant, value of Weibull modulus but with a characteristic strength which decreases with increasing temperature. The values of m1 and  obtained for individual conditioning temperatures remains relatively comparable across the three types of distribution. Similarly, for type 2 flaws, the values of m2 remain relatively similar across conditioning temperatures and form of the bimodal distribution. However, for type 2 flaws the characteristic strengths are not so comparable across the distributions although they do also generally decrease with increasing temperature and certainly decrease strongly for the samples conditioned at 400°C. The two distributions which use a fractional parameter f  both show f decreasing with increasing conditioning temperature. However, the small reduction in f, when going from no heat treatment to 400°C treatment, shown by the exclusive distribution would appear to be improbably small. This would appear to strengthen the above arguments against the use of the exclusive form of bimodal distribution (equation 4) in the analysis of the failure of single glass fibres. In terms of tentatively interpreting the data in Table 2 in terms of physical phenomena relating to the fracture of the glass fibres in this study we note that heat conditioning of the fibres appears to increase the fraction of type 2 flaws, possibly due to the degradation of the organic part of the silane sizing and the resultant increase in potential for fibre-fibre damage. Interestingly in this context we note the similar values of f (approximately 0.6) for the as received silane sized fibres which would indicate that a silane only sizing does not give the highest degree of protection (f = 1) to the fibres and helps explain the need for more complex chemical mixtures used in glass fibre sizing. The other possible material related conclusion from Table 2 could be that the severity of both flaw populations appears to be increased with increased conditioning temperature. Clearly the temperature conditioning of the fibres in this work has occurred without the presence of a composite polymer matrix and hence the direct translation of these results to the fibre strength in actual high temperature processed composites should be done with care. Further work is underway to investigate if a similar fibre strength loss occurs when a polymer matrix is present.

4. Conclusions
The results of single fibre and bundle testing presented here clearly show that the thermal history likely to be encountered by glass fibres during processing in a high temperature engineering thermoplastic matrix can potentially cause dramatic changes to the room temperature fibre strength. The average room temperature single fibre tensile strength of water sized and silane sized E-glass fibres was decreased significantly by 15 minutes conditioning in the 300-400°C temperature range. Silane sized fibres exhibited much higher initial strength than water sized fibres due to the protective influence of the silane surface coating. Silane sized fibres also exhibited relative stability in average tensile strength up to 300°C. However, conditioning above this temperature resulted in a precipitous drop in room temperature strength. This was attributed to degradation of the organic coating and consequential increase in sensitivity to fibre surface mechanical and environmental damage. The water sized fibres exhibited an approximately linear decrease in average room temperature tensile strength indicating possible further structural changes in the glass structure caused by the heat conditioning. Fibre bundle strength data reflected similar changes.

Further analysis of the single fibre strength distributions using Weibull methods indicated that the strength distribution of the water sized fibres could be well represented by a unimodal, three-parameter, Weibull distribution which included the lower strength limit imposed by the minimum fibre strength required in order to be able to prepare a test sample. The strength distributions of the sized fibres were more complicated and required the use of a bimodal Weibull distribution. Three forms, exclusive, partially concurrent and concurrent, of such a bimodal distribution were investigated and it was found that the partially concurrent bimodal Weibull distribution gave the most realistic model for these results.

The origins of these observations was attributed, in part, to the thermal degradation of the organic part of the silane coating and the consequential increase in sensitivity to fibre surface mechanical and environmental damage. However, the parallel changes in performance of the uncoated fibres with conditioning temperature may imply that there are also other changes taking place in the glass fibres at these relatively low processing temperatures.
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 Table Captions
Table 1 Unimodal Weibull parameters obtained from fitting to the tensile strength distributions of water sized fibres

Table 2 Bimodal Weibull parameters obtained from fitting to the tensile strength distributions of sized fibres



Figure Captions
Figure 1 Typical load-extension curves from fibre bundle testing.

Figure 2 Load-extension curves from heat conditioned sized fibre bundle testing. The curves have been shifted along the extension axis for clarity.

Figure 3 Average fibre bundle maximum load at 250 mm gauge length after heat conditioning (▲silane sized,  water sized).

Figure 4 Average single fibre strength at 20 mm gauge length after heat conditioning (▲silane sized,  water sized).

Figure 5 Average single fibre strength (Silane sized  10mm,  20 mm, 40 mm, Water sized 10mm,  20 mm, ▲40 mm).

Figure 6 Weibull plot of water sized single fibre strength at 20 mm gauge length before and after heat conditioning.

Figure 7 Fit to the experimental water sized fibre strength data by the unimodal Weibull cumulative density function with and without a lower experimental strength limit

Figure 8 Weibull plot of water sized single fibre strength at 20 mm gauge length before and after heat conditioning.

Figure 9 Fit to the experimental sized fibre strength data by the exclusive, partially concurrent, and concurrent bimodal Weibull cumulative density function with a lower experimental strength limit.






Table 1 Unimodal Weibull parameters obtained from fitting to the tensile strength distributions of water sized fibres

	
	23oC
	300oC
	350oC
	400oC

	Unimodal (2 parameters)

	m
	4.0
	5.0
	4.0
	4.0

	 (GPa)
	1.4
	0.8
	0.9
	0.7

	
	
	
	
	

	Unimodal (2 parameters with lower limit L )

	m
	3.6
	4.0
	3.0
	3.5

	 (GPa)
	1.36
	0.85
	0.85
	0.69

	L (GPa)
	0.45
	0.31
	0.43
	0.37

	
	
	
	
	

	Unimodal (3 parameters)

	m
	2.8
	2.3
	2.0
	2.2

	 (GPa)
	1.02
	0.58
	0.46
	0.36

	T (GPa)
	0.30
	0.27
	0.39
	0.33

	
	
	
	
	









Table 2 Bimodal Weibull parameters obtained from fitting to the tensile strength distributions of silane sized fibres

	
	23oC
	300oC
	350oC
	400oC

	Unimodal (2 parameters)

	m
	3.42
	3.51
	4.24
	4.09

	 (GPa)
	2.54
	2.01
	1.65
	1.04

	
	
	
	
	

	Bimodal Exclusive (6 parameters)

	f
	0.64
	0.58
	0.50
	0.40

	m1
	10
	10
	10
	10

	01
	2.85
	2.2
	1.8
	1.1

	
	
	
	
	

	m2
	1.0
	1.0
	1.0
	1.3

	02
	1.0
	0.85
	0.85
	0.50

	T
	0.57
	0.56
	0.56
	0.44

	
	
	
	
	

	Bimodal Partial Concurrent (6 parameters)

	f
	0.60
	0.52
	0.44
	0

	m1
	12
	12
	12
	12

	01
	2.9
	2.25
	1.88
	1.35

	
	
	
	
	

	m2
	1.0
	1.0
	1.0
	1.8

	02
	1.0
	1.0
	1.0
	0.65

	T
	0.58
	0.59
	0.56
	0.41

	
	
	
	
	

	Bimodal Concurrent (5 parameters)

	m1
	12
	12
	12
	12

	01
	2.95
	2.3
	1.9
	1.4

	
	
	
	
	

	m2
	0.9
	1.0
	1.0
	1.8

	02
	4.4
	2.6
	2.1
	0.64

	T
	0.58
	0.57
	0.55
	0.41

	
	
	
	
	








[image: ] Figure 1 Typical load-extension curves from fibre bundle testing.



[image: ] Figure 2 Load-extension curves from heat conditioned silane sized fibre bundle testing. The curves have been shifted along the extension axis for clarity.




[image: ]Figure 3 Average fibre bundle maximum load at 250 mm gauge length after heat conditioning (▲sized,  water sized).



[image: ]Figure 4 Average single fibre strength at 20 mm gauge length after heat conditioning (▲silane sized,  water sized).



[image: ]
Figure 5 Average single fibre strength (Silane sized  10mm,  20 mm, 40 mm, Water sized 10mm,  20 mm, ▲40 mm).
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Figure 6 Weibull plot of water sized single fibre strength at 20 mm gauge length before and after heat conditioning strength (  23°C,  300°C,  350°C,  400°C)


[image: ]
Figure 7 Fit to the experimental water sized fibre strength data by the unimodal Weibull cumulative density function with and without a lower experimental strength limit age single (23°C,  300°C,  350°C,  400°C)


[image: ]
Figure 8 Weibull plot of silane sized single fibre strength at 20 mm gauge length before and after heat conditioning (23°C,  300°C,  350°C,  400°C).
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Figure 9 Fit to the experimental sized fibre strength data by the exclusive, partially concurrent, and concurrent bimodal Weibull cumulative density function with a lower experimental strength limit.
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