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Abstract

:

The recovery and reuse of glass fibres from manufacturing waste and end-of-life composites in an environmentally-friendly, cost-effective manner is one of the most important challenges facing the thermosetting polymer composites industry. A number of processes for recycling fibres from such materials are available or under development. However, nearly all options deliver recycled glass fibres that are not cost-performance competitive due to the huge drop in strength of recycled glass fibre compared to its original state. A breakthrough in the regeneration of recycled glass fibre performance has the potential to totally transform the economics of recycling such composites. This paper reviews the available knowledge of the thermally-induced strength loss in glass fibres, discusses some of the phenomena that are potentially related and presents the status of research into processes to regenerate the strength and value of such weak recycled glass fibres.
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1. Introduction


The disposal of composite manufacturing waste and end-of-life composite products in an environmentally-friendly manner is one of the most important challenges currently facing the industrial and academic composites community. The 2015 global production of fibre-reinforced composite materials significantly exceeded 10 million tons. Glass fibre (GF) is the reinforcement of choice in more than 90% of all of these composites, and more than five million tons of reinforcement grade GF was consumed in 2015 [1]. In fact, some available data indicate that E-glass consumption could already be as high as seven million tons when yarns are included [2]. Associated with this global GF consumption is the production of 0.5–1 million tons of GF manufacturing waste [3], most of which is landfilled. Furthermore, approximately 70% of reinforcement GF is used to manufacture thermoset-based Glass Reinforced Polymer composites (GRP), which also produces approximately 15% manufacturing waste [3]. Such GRP materials (both end-of-life and manufacturing waste) are difficult to recycle in an efficient manner and have historically also been disposed of in landfills. Such landfilling is rapidly becoming untenable due to legislative and landfill pricing developments. The perspectives on this issue have been recently highlighted due to the accelerating growth in the use of such composite materials in transportation and wind energy sectors. This increasing awareness of this issue is also reflected in the increasing number of composite recycling review articles appearing in the technical literature [4,5,6,7,8,9,10,11,12,13,14,15,16]. A number of processes are available for recycling composites, and thermal recycling is probably the most technologically advanced [4,7]. However, nearly all options deliver recycled glass fibres (RGF) that suffer from a lack of performance and cost competitiveness with pristine first-pass materials.



A critical technical challenge in the development of GRP recycling technology is the 80%–90% drop in the performance (and value) of RGF in comparison to its original state (see Figure 1). Consequently, RGF have a very poor performance to cost ratio and in most cases are unsuitable for reprocessing and reuse as a valuable reinforcement for composites. A breakthrough in this field could enable such RGF to compete with pristine materials in many large volume discontinuous fibre-reinforced composite applications. The development of an economically-viable process for regenerating the properties of thermally-recycled glass fibres would have major technological, societal, economic and environmental impacts. A recent analysis by Thomason et al. indicated that there is an ongoing situation where up to 50% of the global demand for GF reinforcements could potentially be supplied by RGF from end-of-life and manufacturing waste recycling [17]. The reuse of these materials could result in a huge reduction in the environmental impact of the glass-fibre and composites industry where the replacement of 50% of current GF products by RGF products would equate to a global reduction in CO2 production of two million tons per annum from reduced melting energy requirements alone. Furthermore, such a development would also vastly reduce the landfill requirements of the GF and GRP industry. This would clearly be in line with the growing societal and environmental pressure to reduce landfill disposal, increase the reuse of valuable raw materials and reduce CO2 release to the atmosphere.



In this article, we review the available literature addressing the strength loss of GF after thermal conditioning in the temperature range (below 700 °C) that must be employed in a composite recycling process if the physical form of the GF is to be retained, such that it can be reused as a reinforcement fibre. The review addresses GF strength loss, related physical and chemical changes in the GF microstructure, the role of water and sizing and research on the regeneration of RGF strength.




2. Strength of Glass Fibre


2.1. Flaws


The theoretical maximum strength of glass has been calculated by various researchers, as summarised by Sugarman [18], to within a range between 10 and 30 GPa. Experimentally-measured values do not approach this range even when dealing with strong glass fibres. Despite the long history of GF research and development, a full fundamental understanding of the strength performance of GF still eludes us. When discussing the strength of GF, one must primarily consider the effects of flaws, and it is important to make the distinction between intrinsic and extrinsic flaws (and strengths) [19]. Extrinsic strength is controlled by the presence of flaws and their severity. This general term “flaws” may refer to numerous features, such as surface scratches and cracks, devitrified regions or unintended inclusions in the bulk material. Unlike intrinsic strength, it is therefore dependent on both the diameter and length of a tested fibre sample. Intrinsic flaws are regarded as structural defects that result from thermal fluctuation [20]. It is known that the extrinsic flaws determine glass strength, but the effects of the intrinsic flaws on the glass strength are still unclear. In addition to intrinsic and extrinsic strengths, the difference between GF inert and fatigue strength must also be addressed. Gupta [19] describes inert strength as that measured in the absence of fatigue, for instance by testing at very low temperature (−196 °C), where the rate of the fatigue reaction may be neglected. Conversely, fatigue strength is measured at a higher temperature (room temperature for example) and at some known level of humidity. A constant and moderate strain rate should be used. For composite reinforcement purposes, the term glass fibre strength commonly refers to the extrinsic fatigue strength.



Hence, flaws, and more specifically, cracks, are features of key importance in the discussion of extrinsic failure of GF. A theoretical crack is a two-dimensional flaw across whose boundary the atomic bonds of the material are broken. Around this flaw, stress will be concentrated at the crack tip, which is assumed to be infinitely sharp (although in reality, it must have atomistic dimensions). Cracks are considered the most important type of flaw, as they can only grow under the application of tensile stress [19]. However, when considering a highly brittle material, like glass, where no crack tip blunting occurs, the issue with an infinitely sharp crack tip is that any externally-applied stress immediately translates to an infinitely concentrated stress at the crack tip. In reality, this makes no sense, as it would suggest the material would fail almost immediately under any load. The seminal work of Griffith [21] addressed this mathematical issue by considering the problem using an energy balance approach to obtain an equation relating fibre strength (σf), modulus (E), surface energy (γ) and the maximum dimension (a) of a surface flaw.


    σ f  =     2 E γ   π a       



(1)







Although deceptively simple, this equation is generally accepted to describe the brittle failure behaviour of glass. In materials with greater ductility, a proportion of the released strain energy is dissipated around the crack tip due to plastic flow in the material. A further mathematical modification to this equation comes in the form of the Griffith–Orowan–Irwin equation:


   a =  Y 2    E γ    σ 2      



(2)







This equation may be used to calculate the dimension of some surface or volume flaw with a circular or elliptical shape. However, proper use of the equation requires knowledge of the general dimensions of this flaw, so that the correct value of the geometric constant Y is utilised. Some values of parameter Y may be obtained in ASTM C1322-05b [22].



It is worthy of comment that, despite the extensive discussion in the literature of their role in determining glass fibre strength, these micro- or nano-dimensioned flaws have never been visualised in a glass fibre prior to fracture. This is an area where much work still remains to be done to confirm the physical existence of these strength-defining flaws.




2.2. Strength Loss of Heat-Treated Glass Fibre


2.2.1. Temperature and Time Effects


Investigations into the combined effect of temperature and time on the room temperature strength of GF began a number of decades ago. Sakka [23] was one of the first to report results on a laboratory-produced fibre with high silicon, boron, sodium and potassium oxides content. Fibres were heated for one hour, cooled in air to room temperature and then tensile tested. The results showed that for this glass composition, thermal conditioning at temperatures in the range of 200–650 °C led to a reduction in fibre strength whose magnitude was linearly dependent on the conditioning temperature. Thomas [24] took a systematic approach to both the manufacture and testing of E-glass fibres. In one experiment, he measured the effect of a 4-h thermal conditioning procedure at a selection of temperatures between 100 and 600 °C. A fairly consistent decrease in strength was shown, with a suggestion that the slope becomes steeper beyond a conditioning temperature of 300 °C. Compared to the strength of virgin fibre, a 65% loss in fibre strength was found when heat treating above 400 °C. Additionally, it was observed that strength loss proceeds with the length of the heat conditioning time until a constant minimum value is reached. At higher conditioning temperatures, this minimum value is reached within a very short time. Small sample sizes in these experiments prevented statistically-significant conclusions from being drawn, but these trends were further researched by others [25,26,27,28,29].



Cameron investigated E-glass fibres and presented data showing the strength of heat-treated fibres asymptotically approaching a minimum value with time [25]. Similar to the results shown by Thomas, this minimum value of retained strength also decreased with increasing treatment temperature. The maximum strength loss was 60% after 65 h of conditioning at 273 °C, and the strength loss after 4 h of conditioning was approximately 40%, which was also very similar to that reported by Thomas [24]. In further work [26] Cameron showed that when working with commercially-produced E-glass fibres (rather than laboratory-spun pristine fibre), the effect of thermal conditioning on room temperature strength was equally significant. Using heating times of 40–60 min, he measured a 50% drop in strength after conditioning at 300 °C. Other early research, while not directly comparable to that mentioned above, added to the body of evidence regarding time and temperature effects. Brearley and Holloway [27] studied commercial soda-lime-silica 3 mm-diameter rods. Their results showed a steep initial decrease in strength with heat treatment (for 1 h) levelling out above 200 °C and reaching a maximum loss of 70% at 530 °C. Piggott and Yokom [28] studied laboratory-produced 50 micron-diameter silica fibres and found a linear strength decrease with increasing conditioning temperature (of 1 h) with a maximum loss of 65% at 600 °C. Similarly, the work of Aslanova [29] showed the weakening effect of conditioning time and temperatures of up to 600 °C on several types of GF.



More recently, Dorzhiev et al. [30] conducted heat treatment of high-strength magnesium aluminosilicate fibre for 5 h in the temperature range 100–700 °C. Upon tensile testing, they found very little loss of strength in samples treated at 350 °C and below. However, above this temperature, some “threshold” was crossed, and a rapid deterioration in strength was observed, progressing to a maximum loss of 75% of the initial untreated value. Similar experimental data on E-glass fibre have also been reported by Feih et al. [31], who observed coupled temperature and time trends in E-glass fibre strength loss very similar to those produced by Thomas [24]. The differences in material used between these two investigations are, however, significant. Although both E-glass, in Thomas’ research, the fibres were essentially pristine and uncoated, as laboratory-drawn single fibres, and exhibited an unconditioned strength of approximately 3.7 GPa, typical for pristine single E-glass fibres. In the investigation by Feih et al., the samples were commercial 300 tex fibre rovings containing fibres coated with an industrial silane-based sizing and a much lower average single fibre strength of 2.3 GPa, which is a typical value for single fibres extracted from commercially-produced rovings.



Lund and Yue also reported results on [32] laboratory-drawn single E-glass fibres that had not been sized. The pristine nature of these samples meant that the room temperature strength of untreated fibre was very high at approximately 3 GPa. Interestingly and despite performing long 3-h heat treatments, no significant strength loss was reported until a temperature in excess of 300 °C was used. Rigorous explanations for the physical change(s) in GF that can account for the strength loss measured are often absent. The same might be said about this work, but some interesting observations may be made based on the measurements of enthalpy and anisotropy relaxation that are reported alongside the tensile strength data. Firstly, the critical temperature above which strength loss and relaxation of enthalpy both begin to occur is around 300 °C. Secondly, some links might be also drawn between heat-treated fibre strength and anisotropy relaxation. The same E-glass formulation was used to produce both standard drawn fibres and a spun wool fibre (SWF), the production of which is described in [33]: without fully detailing the SWF production process, it is important to note that it is less ordered than fibre drawing, which could allow greater fibre surface damage to occur. These E-glass spun wool fibres produced with minimal axial stress, hence very low anisotropy, had a measured tensile strength of approximately 1.5 GPa. The anisotropy of continuous E-glass fibres was found to decay to approaching zero after treating at 500 °C for 3 h; this treatment also caused a decrease in strength from around 3 down to 1.5 GPa. Taken individually, either of these correlations could be used to postulate that either: strength loss is related to enthalpy relaxation or strength loss is related to anisotropy. The authors themselves do not claim causation with respect to either of these observations of fibre relaxation. Heat-treated fibres are still brittle materials, and as such, their fracture is tied to the existence of critical surface flaws or cracks. Whether relaxation of either enthalpy or anisotropy could affect this fracture behaviour is not understood.



In a recent paper from researchers at Owens Corning, the effect of thermal condition on the room temperature strength of a range of fibre reinforcements was examined. Korwin-Edison et al. [34] studied the room temperature strength of S-glass fibres, E-glass fibres, silica fibres and basalt fibres, after 1 h of heat treatment in air over a range of temperatures of 100–800 °C. All fibres exhibited a strength decrease with temperature treatments above 200 °C. A direct comparison of the results after 650 °C heat conditioning showed that the S-glass fibres had the highest absolute strength and that the basalt fibres had the poorest level of strength retention. However, when compared to the original values, all fibres showed a strength loss of 70%–80% after treatment at 650 °C, although the basalt fibre was still ranked lowest with a 97% relative strength loss. Militly et al. also reported loss in the strength of basalt fibres after a 1-h thermal conditioning in air [35]. At conditioning temperatures up to 200 °C, the fibre strength remained approximately constant; however, when heated above 200 °C, the room temperature strength of the fibres dropped precipitously with a 90% reduction in strength after treatment at 500 °C. Jenkins et al. compared the thermally-induced fibre strength loss of commercial, epoxy-compatible, basalt and boron-free E-glass fibres [36]. Both fibre types exhibited a threshold value for strength loss of approximately 300 °C. Above this temperature, both fibre types also exhibited an approximately linear strength loss with temperature. After conditioning at 600 °C (for 25 min), the basalt had lost 80% of its original strength compared to the boron-free E-glass, which lost 65%. Sabet et al. studied the effect of thermal conditioning on the bundle strength and single fibre strength of basalt fibres [37]. Heat treatment of the basalt rovings was carried out over a 300–500 °C temperature range for times from 5 to 20 min. Significant strength loss was recorded at all conditioning temperatures, with the magnitude of the loss increasing with increasing conditioning temperature. Furthermore, the basalt single fibre strength loss was relatively constant for 5–15 min treatment times, but increased significantly when the time was increased to 20 min. Interestingly, the strength dependence on treatment temperature exhibited a threshold behaviour for 5-min treatments, but was an approximately linear relationship for 20-min treatments. The basalt fibres exhibited a strength loss of 90% after 20 min at 500 °C.



Figure 1 and Table 1 show an overview of data selected from some of the papers reviewed here and illustrate the level of the loss in room temperature fibre strength as a function of heat conditioning temperature. Figure 1 illustrates the typical steep loss in the strength as a function of conditioning temperature for E-glass and basalt fibres. Table 1 shows the maximum fibre strength loss reported for a wide range of different silica-based fibres. The scale of the challenge for the reuse of recycled reinforcement fibres is clearly illustrated by the data in Figure 1 and Table 1.




2.2.2. The Effect of Heating Atmosphere


The effect of the atmosphere in which the fibre heat conditioning occurs has also been considered as a variable, and this was studied in detail by Cameron during the 1960s. Some of his early thesis work [38] tentatively suggested that no difference in retained strength of E-glass occurred when heating in either air or argon. However, he later reported data comparing heating in an oven with vents closed (to air particle contamination) or open [25]. Some of these results appeared to show that after lengthy heating times (>10 h), more strength was retained in fibres heated in the “vents closed” furnace. A possible explanation of dust particle contamination being a strength-reducing factor, also postulated by Brearley and Holloway [27], was later shown to be unlikely by Cameron himself [25] when he performed shorter duration heat treatments on E-glass under either laboratory air or argon with a very high purity (and exceptional dryness). Up to a temperature of 300 °C, no significant differences in retained strength were measured between the two atmospheres.



More recent investigation of the heating atmosphere effect has generally yielded similar negative conclusions. In work on spun basaltic wool fibres (discontinuous-at-formation vitreous fibre), Lund and Yue [32] found no difference in the retained strength of fibres thermally conditioned for 3 h in either air or nitrogen. Similarly, Feih et al. [31], in work using silane-coated E-glass, reported no difference between treatment in ambient air or nitrogen in most cases. However, when thermally conditioning fibre at 450 °C for only 30 min, they observed greater strength retention when using a nitrogen atmosphere compared to either dry or ambient air. It appears from this body of research that, for uncoated fibres, neither dust contamination nor atmospheric moisture attack during thermal conditioning can provide an explanation to the strength loss measured in GF. What is less certain is what may occur when the normal commercial organic surface coatings have been applied to the fibres. The data of Feih et al. [31] suggest that, over the shorter time-scales of interest when considering recycling applications, an unreactive nitrogen atmosphere may lead to greater fibre strength retention. One of the possible mechanisms suggested is a reduction of the degradation of the organic sizing material, and indeed in the same work, a thermo-gravimetric analysis (TGA) comparison using both nitrogen and air shows a small, but measureable difference, with less mass lost at above 300 °C under the nitrogen atmosphere.




2.2.3. The Effect of Heat Treatment under Stress


Bartenev and Motorina [43] published some early results about the effect of applied stress on fine glass fibres of both alkaline and non-alkaline compositions during thermal conditioning. Of particular interest are the outcomes of the tests on the alkaline fibres as these were benchmarked against values for fibres that were thermally conditioned in a stress-free state. With a fairly low initial strength of little more than 1 GPa, the authors presented a roughly linear decrease in fibre strength with stress-free heating, reaching a maximum 70% loss after conditioning at 500 °C. On the other hand, fibres heated under stress showed improved strength retention. With an application of a load equalling 2% of the average ultimate fibre strength, a moderately higher strength was obtained throughout the temperature range. Application of 70% of ultimate pre-stress produced significantly improved results with only minor strength loss at 400 °C and up to a 15% strength increase above the initial non-heat treated value in the temperature range 100–350 °C.



Cameron also conducted some experiments on the heating of tensioned fibres working with largely flaw-free E-glass [25]. This difference in fibre condition, pristine versus the aged fibres of Bartenev and Motorina, has a significant effect on the strength values obtained. Cameron thermally conditioned his fibres for 2 h, either stress-free or under a pre-load, which he estimated to equal between 2% and 20% of the fibre room temperature strength of around 3.8 GPa. All heat treatment led to a decrease in retained room temperature strength. However, the conditioning temperature above which significant strength loss began was approximately 250 °C for the stressed fibres, but as low as 150 °C for the fibres conditioned stress-free. Furthermore, the magnitude of the maximum fibre strength loss at 450 °C was smaller (37%) for the stressed fibres than for the stress-free condition fibres (54%). Consequently, the tensioned fibres retained significantly more of their strength during the thermal conditioning. In the discussion of the results of both of these papers, the reduced weakening effect was attributed to alterations to the geometry around cracks or flaws on the fibre surface. Bartenev and Motorina discussed elastic and plastic deformation, and Cameron “inelastic flow”, of material in the vicinity of cracks. In both cases, they assume that this stress-forced flow leads to a less critical crack geometry, and hence, reduced stress concentrations develop when tensile testing is conducted.



More recently, Lezzi et al. [44] reported on work using silica glass fibre, of an approximate diameter of 125 µm. Single fibres were loaded in tension at stresses of up to 60% of the breaking stress and treated for 60 s with a hot gas stream at temperatures between 100 and 500 °C while under tension. After heat treatment, the fibres were unloaded and tensile tested at room temperature and humidity. They reported that fibres heat treated while under tension retained more strength than those treated in a stress-free state. The degree of improvement of strength retention was related to the applied stress during the heat treatment. For example, after 60 s at 500 °C in the stress-free state, the fibre strength was approximately 1.3 GPa, but when a 1-, 2- or 3-GPa applied stress was applied, the retained strengths were 1.8, 2.5 and 3.5 GPa, respectively. The explanation given for this phenomenon was that a thin residual compressive stress layer forms on the surface of fibres when they are heated under tension while exposed to water vapour. The investigation was also extended to 100 µm-diameter E-glass fibres [45], which were conditioned under stress and humidity for various times. Stress was induced by placing fibres in a two-point bending configuration inside silica tubes, and testing was correspondingly carried out using a two-point bending method. Holding fibres under bending loads of 1 and 2 GPa led to an increase in the failure strain of fibres beyond that of the as-received value. Again, the explanation given for this observed strength increase was surface residual stress formation by surface stress relaxation.



The full implications that this work may have for RGF obtained from composite recycling are open to discussion. These experiments were all carried out using unsized fibres, whereas in practical applications, it is almost certain that some silane-based sizing will have been applied to the fibre surface. Although an accepted plausible hypothesis, it is not absolutely certain that physical cracks or flaws in the GF surface are always the source of critical stress concentrations leading to the failure of thermally-conditioned GF. For example, agglomerations of sizing or matrix material or foreign particles that have become bonded to the fibre surface could act as sufficient stress raisers to cause fibre failure. Whether or not this further level of complexity regarding the surface coating would affect the ameliorating conditioning-under-tension effect described is unknown at this time.





2.3. Physical Changes Following Heat Treatment


The precise mechanism, or mechanisms, that contribute to the strength loss of heat-treated GF are not yet fully established in the literature. There are, however, a number of changes that occur during thermal conditioning that have been reported. In some cases, these phenomena are well understood, and in others, observations are reported, but the discussion and hypotheses presented may still require further verification.



2.3.1. Thermal Compaction or Enthalpy Relaxation


Physical changes occurring in heat-treated GF tend to be separated into two discussions; either of surface or bulk phenomena. One phenomenon that may be considered a bulk change is thermal compaction. A volume of early work, concerning bulk changes in E-glass fibre, was conducted by Otto [46]. The phenomenon “thermal compaction” was first noted by Otto and Preston [47] in 1950. Later, using very fine fibres (less than 10 µm), Otto applied various heating regimes and measured changes in the properties. The main conclusion was that the previously-observed densification process, which he called thermal compaction, occurred when heating was carried out using suitably high temperatures or long time scales. As might be expected, thermal expansion occurred at lower temperatures (between room temperature and 300 °C); however, beyond this, the phenomenon of thermal compaction dominated over expansion. Subsequently holding the fibre at around 500 °C caused a contraction to below the starting fibre length. Furthermore, isothermal heating temperatures as low as 300 °C led to measureable contraction in fibre length given sufficient time; the process occurring much faster at higher temperatures. Alongside this compaction, Otto also showed other bulk changes, such as an increase in density and, indirectly, in Young’s modulus. These property changes also related directly to heating temperature. Although other experimental results were not presented, the author noted that the phenomenon was not unique to this glass formulation, and similar exploratory results were obtained for other glasses.



Aslanova et al. [48] published experimental data on GF of numerous compositions and at many diameters, which were tested using a low frequency torsion pendulum under vacuum and over a range of temperatures. Changes with temperature in both internal friction and shear modulus were reported, and numerous explanations were suggested for various observed effects. Particularly interesting comments on the behaviour of an aluminoborosilicate glass were made: with increasing temperature, its relative shear modulus initially decreased, but at around 300 °C, a turning point occurred, and it started to increase again. Similarly to Otto [46], they explained this effect as being due to compaction of the glass structure. They further stated that this can occur because of the relaxation of deformations within the fibre structure that are formed during drawing. Results showing contraction of fibres in both the longitudinal and radial directions have also been reported [49].



In some more recent studies [32,50,51,52,53], the relaxation of GF was studied using differential scanning calorimetry (DSC). The release of energy from fibre samples during temperature scans was measured over a wide range of times and temperatures. Different types of fibre were analysed within these various works, including a boron-containing E-glass composition. Results for these, as well as calcium metaphosphate and basaltic fibres demonstrated that heating below the glass transition temperature (Tg) allows the release of what the authors term excess enthalpy from the fibres. The phenomenon is therefore called enthalpy relaxation. It was demonstrated [52] that the enthalpy relaxation is related to the quenching of the glass during its production; a larger amount of energy (excess enthalpy) is stored within the glass structure when quenching is performed at a higher cooling rate. The explanation offered for this phenomenon is a “cooperative rearrangement of the frozen-in isotropic network”. With respect to E-glass, this rearrangement occurs only once the heat treatment temperature exceeds around 300 °C and its rate increases significantly at higher temperatures.



Recent results published by Yang and Thomason [54] provided further evidence of this fibre structural relaxation phenomenon by investigation of the thermo-mechanical properties of single boron-free E-glass fibres. Using a thermo-mechanical analyser, fibre length changes were monitored, and in situ measurement of the fibres Young’s modulus was performed. The results agree with those discussed above [32,46,50]. A small contraction in fibre length was found at an isothermal treatment of 300 °C, but the effect was far more significant at higher temperatures (400–500 °C). Furthermore, the room temperature Young’s modulus of fibres was tested after isothermal heat treatments; an increase of almost 20% compared to the original value was measured when treating to 600 °C. Once again, this effect initiated when a treatment temperature of approximately 300 °C or greater was used.



From the results of Otto [46] and Yang and Thomason [54], it is quite clear that thermal compaction of GF occurs when they are heated above approximately 300 °C, and this effect correlated with a corresponding increase in the room temperature Young’s modulus of the fibre. The temperature range over which this phenomenon acts corresponds closely with that over which enthalpy relaxation of GF by DSC has been shown in numerous works [32,50,51,52,53]. It seems reasonable to conclude that these works demonstrate related phenomena; the conclusions that long-range relaxation or reorganisation of the glass network is responsible appear plausible. Although this is the case, an explanation of exactly what is happening within the fibre structure during the process has yet to be reported. A link between thermal compaction, enthalpy relaxation of fibres and the decrease in fibre tensile strength of heat-treated fibre is also as yet unreported.




2.3.2. Anisotropy (Birefringence) Relaxation


A reasonable volume of evidence, largely collected using mechanical methods, suggests that the structure of E-glass fibres is isotropic. There is, however, a separate discussion regarding the axial anisotropy imparted to GF due to straining during the fibre drawing process [54], which results in optical birefringence. In many of the studies that have reported measurements of the birefringence of GF, experiments were also conducted to analyse the effect of heat treatment [32,49,50,55]. Lu et al. [55] suggested that anisotropy relaxation was temperature dependent; complete relaxation occurred if samples were heated to Tg, but lower temperature annealing led to incomplete relaxation. Ya et al. [50] carried out birefringence measurements on E-glass after heat treating for various times over the range 300–550 °C. It was shown that a relatively low temperature treatment of 300 °C for 3 h was sufficient to reduce the measured anisotropy by approximately 30%. Full anisotropy relaxation was achieved when heating at 550 °C for 3 h or at a lower temperature of 400 °C for around 10 h. Lund and Yue [32] reported further experiments using an identical glass composition. Their results showed some anisotropy relaxation for a 3-h treatment at temperatures as low as 200 °C, and 100% anisotropy relaxation occurred well below 500 °C. The differences between the two works may well be explained by the differences in fibre drawing temperature.




2.3.3. Crystallisation


Crystallisation of GF has been proposed as the source of strength loss following heat treatment. Aslanova [29] reported on an electronographic study conducted using a non-alkaline GF. In its standard form, electronograms gave a weakly diffracted picture, but after heating to 400–600 °C, rings or points appeared in the pictures obtained. These were attributed to the growth of a modified form of cristobalite. The levels of GF crystallisation reported on in this work do not seem to have been replicated since. However, a recent study of stone wool fibres [56] has shown evidence of a surface nano-crystallisation phenomenon involving periclase (MgO) crystals. Whether these findings have relevance to the thermal recycling of E-glass fibres is uncertain. There are reasons to suppose that this may not be the case. Firstly, nano-crystallisation was only observed after treatment close to the Tg. Secondly, and more crucially, the mechanism by which the process occurred relates to the high iron oxide content of stone wool fibres. In these fibres, oxidisation of ferrous to ferric ions and the movement of electron holes caused a movement of divalent MgO towards the fibre surface. As E-glass contains only trace quantities of iron oxide and small amounts of MgO, the occurrence of the same process would seem improbable. Crystallisation of other (non-reinforcement grade) glass systems has also been demonstrated [57,58], but once again, these findings followed heating of the samples for relatively long periods of around a day. Potential crystallisation of the E-glass system as an explanation of heat-treated fibre strength loss remains relatively unexplored.




2.3.4. Ion Exchange


Gy [59] and Varshneya [60] discussed ion exchange as a method by which glasses may be strengthened, in a similar way to tempering. However, unlike tempering, which is applicable to massive glass with large internal stresses and potentially flaws on the millimetre scale, ion exchange can potentially deliver a strengthening effect to fine glass fibres. When considering the movement of ions through the glass network, one must have an idea of the appearance of the network structure and its chemical makeup. In general terms, by its nature, the structure of E-glass is vitreous and disordered, and the main component is silicon dioxide. However, there are also significant concentrations of compounds whose metallic ions have valences of two or three [61]. In the glass network, the Si-O bonds have the highest bond energy; hence, they are the strongest. Kistler [62] suggested that the bonding of trivalent atoms, such as aluminium, will be less strong, but that those ions that are di- or mono-valent are the most likely to be able diffuse through the glass network. The findings of Yue et al. [56] regarding magnesium oxide migration in stone wool fibres would appear to be concurrent with this. Changes in surface concentrations of Mg, Al and Si following sub-Tg treatments of magnesium aluminosilicate fibres have been reported [30]. Some evidence suggests that a change in surface concentration of Ca occurs when E-glass fibre is heated close to its Tg. Nichols et al. investigated the effect of heat treating E-glass fibre samples for 3 h at temperatures up to 720 °C. Using X-ray photoelectron spectroscopy (XPS), they found that the surface concentration of Ca increased throughout, suggesting that diffusion to the surface occurred during thermal treatment [63].



In the context of this work the source of potential allowing diffusion is heat. In that case, the critical temperature is the annealing temperature (Tann), above which tempering of massive glass to remove internal stresses is carried out. Molecular diffusion may occur below this temperature assuming the straining temperature (Tstrain) at least has been surpassed, but the time taken will be greater. For boron-free E-glass, these two temperatures can be given as approximately Tann = 740 °C and Tstrain = 690 °C [61]. Pugh et al. [64] reported that only monovalent alkali metal ions (K and Na) possessed any significant mobility through silica-based optical fibres that were held at high temperatures for relatively long lengths of time. These heat treatments were far longer than both those typically employed in any composite recycling process and the heat treatments used when studying E-glass fibre strength. The case for ion migration in glass is clear; however, it appears to be limited primarily to monovalent ions, and long heating times at temperatures approaching Tg appear to be required. In the context of the strength loss of E-glass fibre, with its very low content of monovalent ions, diffusion would seem a less likely candidate to play a significant role.



The surface of E-glass has been studied by numerous researchers, and in a few studies, it has been shown that there are differences between the surface and bulk of GF in terms of composition at an atomic level. Wong [65] used Auger electron spectroscopy (AES) to compare the elemental compositions of E-glass fibre surfaces with the bulk (obtained by analysis of fracture surfaces). His results suggested that the fibre surface is rich in silicon, a result also reported by Thomason and Dwight [66]. Wong also reported an enrichment of aluminium at the surface, but to a lesser extent compared to silicon. Conversely, the surface of the fibres studied appeared to have a significantly lower concentration of calcium and magnesium compared to the fibre bulk. The conclusion of changes in the atomic composition of the surface of E-glass fibres was also reported by Liu et al. [67]. Using XPS, they measured the surface and bulk composition of E-glass and reported calcium and magnesium depletion and aluminium enrichment in the fibre surface as compared to the bulk value. Similar results, of a silicon- and oxygen-rich and calcium-depleted surface, have also been reported by Wang et al. [68], but using thin glass slides of E-glass composition rather than fibres directly. The results of Wesson et al. [69] conflict somewhat with the aforementioned studies, as they suggest an E-glass fibre surface that has a lower concentration of oxygen than the bulk and is comparatively enriched with calcium and aluminium. Nonetheless, the suggested aluminium surface enrichment is in agreement with the finding by Wong and Liu [65,67].






3. The Role of Water and Hydroxyls


3.1. Hydroxyl Groups


In reviewing the strength on bare (unsized) glass fibre, it is of utmost importance to discuss the fibre surface, as this is considered to be directly linked to fracture behaviour [21]. Some research into the surface of E-glass has been published, but a greater volume on pure silica exists in the literature. This is a useful place to begin the discussion, as the complexities introduced by adding or altering even one component in a silica or glass system can significantly alter its state and complicate analysis of the surface [70,71]. The study of pure silica systems began many decades ago [72] and has continued since [71,73,74].



Unless it has been treated under certain specific conditions, the surface of silica can be assumed to be covered to some extent with hydroxyl (OH) groups; when these hydroxyls are bonded to a silicon atom, they are known as silanols. These silanols exist in one of two states: they are either free (isolated) or they are hydrogen bonded with a neighbouring silanol [72]. The overall coverage of hydroxyl groups on a surface is expressed by the hydroxyl number (αOH). This value was calculated for many types of silica with a range of specific surfaces by Zhuravlev [75]; for a fully-hydroxylated silica, he produced the so-called Kiselev–Zhuravlev constant, αOH = 4.6 nm−2. A similar value of between 4.2 and 5.4 nm−2 was also reported by Bakaev and Pantano [74] using a hydrogen/deuterium exchange method. The Kiselev–Zhuravlev constant appears to be generally accepted; however, differing values for fully-hydroxylated silica have been reported; for example, αOH = 1.3 nm−2 [71] and αOH = 8.2–9.8 nm−2 [73]. Significant differences in the materials and methods for which these values were obtained may explain the disagreement in αOH values.



The silanol coverage on a silica surface has been shown to be changed by the application of heat and/or vacuum treatments. Zhuravlev [75] presented perhaps the most extensive data regarding dehydration of physically-adsorbed water, the dehydroxylation of surface silanols and the rehydroxylation of heat-treated samples. Mass thermograms of a standard silica were presented, showing that the intensity of water evolved against sample temperature using a heating rate of approximately 5 °C/min. Prior to the measurement, however, samples were pre-treated simultaneously under vacuum and at various temperatures. A key temperature of 200 °C was identified with respect to surface water; after vacuum treatment below 200 °C, physically-adsorbed water remained on the silica surface. However, following treatment at 200 °C or above, the surface was fully dehydrated. Further heating led to further evolution of water, due to dehydroxylation of the surface. Two regions of dehydroxylation were found, one between approximately 200 and 450 °C and the second above 450 °C. The lower range was attributed to the removal of hydrogen bonded hydroxyls, the coverage of which halved by 450 °C. Above 450 °C, only free hydroxyls remained; a temperature in excess of 1000 °C was required to fully dehydroxylate the surface.



E-glass, like silica, is considered to be an amorphous material whose surface is populated with hydroxyl groups. However, differences between the surface hydroxyl coverage of silica and more complex glass systems are perhaps not surprising given the changes to the molecular network caused by the additions of various network formers and modifiers in glasses. It has been shown [70] that the addition of one extra glass-forming component, in this case boron, to silica significantly alters the surface state, as demonstrated by a change in the interaction with adsorbate molecules; its effect on surface hydroxyl coverage has also been demonstrated [76]. The surface of E-glass fibre has been shown using angle-resolved XPS [69] to be populated with silanol groups whose concentration is greater than in the bulk of the fibre. Values for the surface hydroxyl coverage of glass samples, obtained using contact angle measurements, have also been published. The hydroxyl number of heat-cleaned laboratory glass slides was reported as αOH = 2.5 nm−2 [77]. For slides of carefully-cleaned and fully-hydrolysed boron-free E-glass, a value of approximately αOH = 2.4 nm−2 was obtained [78]. In both cases, it is clear that hydroxyl coverage is significantly lower than that of the idealised fully-hydroxylated silica system.




3.2. Interaction with Water


Any discussion of the strength of glass must include reference to the role of water, which is generally viewed as deleterious [79,80,81,82,83]. The reduction in strength of glasses exposed to water has been a field of research in and of itself for a long time, primarily because the effect is so clear, but the exact explanation of the mechanism responsible is a challenging research question. Water can be present in significant quantities on glass surfaces and in the glass bulk. Glasses manufactured using standard melt technologies always contain residual water [84,85]. Water can exist in, and diffuse through, glass as both molecular water (H2O) and hydroxyl (OH) [86,87]. The mobile species, molecular water, can diffuse into and react with the silica to produce immobile hydroxyl by the reaction H2O + ≡Si–O–Si≡ ⇔ 2≡Si–OH. It is noteworthy that this reaction breaks structural bonds, which must have consequences on the response of the glass structure to applied stress. At high enough temperatures, the reaction is fast, and reaction equilibrium is established with an equilibrium constant K = [OH]2/[H2O], where [OH] and [H2O] are the concentrations of hydroxyl and molecular water, respectively [88]. The concentration of dissolved molecular water, [H2O], in the glass is proportional to atmospheric water vapour pressure. Mechanical loss increases and the modulus decreases with increasing water content in glass [89,90]. Interestingly, this would imply that exposure of glass to elevated temperatures could presumably lower the water content and increase the measured modulus (as has been experimentally observed by Yang and Thomason [54]). It has been suggested that water enters into glasses, accelerated by tensile stress and causes swelling, which reduces modulus and strength in a manner similar to the plasticization effect in polymers [88,89]. Furthermore, the magnitude of K has been shown to increase in the temperature range 200–550 °C in silica glass [91], implying the likelihood of increasing Si–O–Si structural bond breakage with increasing conditioning temperature in the temperature range, which causes significant strength loss in GF.



Much of the experimental research on the interaction of water with GF has been focussed on the lowering of the performance of the strong, often freshly drawn, relatively undamaged and free of severe flaws, fibres by stress corrosion [79]. However, a number of researchers have commented on the strength of relatively damaged or deliberately abraded glass or GF being increased by interaction with water. As early as 1960, Mould [92] studied the liquid nitrogen strength of abraded glass microscope slides after storage in either water or a 100% RH atmosphere. A one-day storage in water increased strength by 30%–60% depending on the method of abrasion. Ito and Tomozawa reported [93] a strength increase of abraded high-silica 3 mm-diameter glass rods measured after immersion in water and silicic acid solution at 88 °C. There was no significant strength increase observed when the immersion was at room temperature. Li and Tomozawa [94] extended this study on silica rods to high temperatures and pressures. They reported a strength increase of more than 200% in the abraded rods after a four-day water vapour treatment at 250 °C. In both of these studies, it was concluded that the mechanism behind this strength increase was one of crack blunting caused by dissolution and subsequent precipitation of the glass in the region of crack tips. This hypothesis was further discussed by Hirao and Tomozawa [95].



Recently, Weiderhorn et al. revisited Tomozawa’s results on hot water conditioning and proposed another hypothesis for the strengthening effect [96,97]. They proposed that water diffuses from the environment into surface cracks to generate a zone of swelling around the crack tip. Because the swollen material is constrained from expanding by the surrounding glass, they suggest that a zone of compressive stress is generated at the fracture surface around the crack tip. The volume expansion of the material around the crack tip consequently causes a fracture mechanics shielding of cracks present in the glass surface and an increase in the toughness. The swelling is time-dependent and so, the toughening of the glass increases with time. This hypothesis was strengthened by a very recent publication from the same group of researchers. By measuring the curvature of thin disks of vitreous silica that were penetrated by water vapour at either 90 °C or 200 °C from one side only, Weiderhorn et al. [98] also determined the volume expansion of the silica and the effect of this volume expansion on its strength. They showed that the water strengthening process depended on crack size, temperature and the amount of swelling of the silica. They further suggest that their results show that swelling and the consequent bending of the disks was caused by silanol group formation in the silica structure and that molecular water played little of a role in the swelling process.



It is interesting to speculate how the above discussion can relate to strength loss in heat-conditioned fibres. Firstly, it has to be noted that none of the water treatment effects discussed in the above works have been (yet) investigated and verified in E-glass or in fibres of similar dimensions to that of reinforcement-grade fibres (approximate diameter of 9–17 µm). Nevertheless, it is a relatively small step to extend the idea that (hot) water exposure can increase the strength of relatively weak fibres to the inverse hypothesis that heating GF causes dehydroxylation and dehydration, which leads to strength loss through shrinkage and loss of compressive stress around crack tips.



As discussed above, Zhuravlev [75] has extensively reviewed work on the role of OH groups on the surface of silica. It was shown that the bonded OH groups could be removed (as water molecules) from the silica surface by heat treatment in the temperature range from 200 to 500 °C. In addition, Zhuravlev also investigated the rehydroxylation of silica surface. It was found that the complete rehydroxylation of the silica surface can be achieved easily for those samples of silica that were subjected to heat treatment at temperatures below 400 °C. After the treatment at a higher temperature, only partial rehydroxylation was achieved. Since glass surfaces are also silica-rich, they have an analogously hydrated structure. Nishioka and Schramke [99,100] compared the thermal desorption of water from E-glass fibres and silica. They concluded that surface silanol (Si–OH) group condensation occurred at temperatures above 200 °C and that sub-surface water desorbed at 300 °C, and at this temperature, silica skeletal bonds are reported to be hydrolysable, so that the surface composition of the heat-treated fibres may be highly variable. The quantity of water desorbed between 500 °C and 800 °C was suggested to result from the diffusion of bulk water from the inner structure. Trens et al. [101] reported a step increase in the weight loss of E-glass fibres during heating at around 450 °C. This was attributed to the loss of surface OH groups and discussed in association with the diffusion of metal ions from the bulk towards the fibre surface. Despite this available information on the temperature dependence of the amount, and state, of water in GF, it is notable that there has been no associated research of how these phenomena relate to thermally-conditioned GF strength loss. It is clear that there appears to be a number of water-related phenomena that are associated with temperature ranges similar to those associated with the GF strength loss phenomenon and that investigation of this relationship could lead to a new understanding of this critical effect.





4. The Role of Silanes and Sizings


Reinforcement-grade GF are always coated (or sized) with a mixture of chemicals during their manufacture. GF sizings are generally designed and applied with the intention of improving GF processability and ability to transfer stress across the interphase between fibre and matrix in the final composite. However, the capability of the sizing to protect the surface of the GF so that it maintains the highest possible level of strength is also of great importance. At the heart of all GF sizings is the organosilane coupling agent, which plays a critical role in all of the important functions of GF sizing [3,102]. In addition to protecting against the weakening effects of moisture and mechanical damage, it has been proposed that silanes have the ability to “heal” fibre surface flaws, alleviating their negative effect on the fibre strength [102,103,104,105]. Many of the important functions of these silane coupling agents depend on the action of the organic fraction of the molecules, such as the aminopropyl group of the commonly-used aminopropylsilane (APS) coupling agent. In any GRP composite thermal recycling process (or GF thermal conditioning experiment), relatively high temperatures will be involved so that the polymer may be removed. It seems probable that these high temperatures will also degrade any silane molecules on the GF surface.



Tiefenthaler and Urban [106] coated Nextel ceramic fibres with various different silanes. Mats of heat-cleaned cloth were coated and dried then exposed to one hour of furnace heating at different temperatures. Their photoacoustic infrared spectroscopy study showed that, following a 200 °C treatment, almost 50% of the silane propyl chains were removed, and by 300 °C, none at all were detected. Feih et al. [31] presented data for E-glass fibres sized with a thermoset compatible sizing. Using TGA in air at 10 °C/min, they measured a total mass loss of 0.5% by 500 °C with the majority of mass loss occurring between 250 and 450 °C. Their results also showed that TGA under a pure nitrogen atmosphere caused slightly less weight loss than air. When analysing the strength loss of heat-treated or recycled glass fibres upon which a silane coupling agent or full sizing was present, it is necessary to consider the effect of the degradation of this coating, as well as any changes in the GF itself that may contribute to strength loss. A study by Zinck et al. [104] also suggested the possibility that adsorption of silane coupling agents on surfaces of already processed fibres could increase their strength, by a mechanism in which flaws of a critical size were healed.



Thomason et al. [39] studied the bundle strength and single fibre strength of boron-free E-glass fibres that had been sized with only APS or only water (bare fibre) during their production on a commercial GF pilot facility. The bare fibres were significantly weaker that the APS sized fibres, and their strength was further reduced by thermal conditioning up to 400 °C. The silane sized GF 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. The origins of these observations were 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 the 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. In a later paper, the same group extended their study of these fibres to higher conditioning temperatures and confirmed similar trends [40]. It was shown that, although the bare GF samples were initially much weaker than the APS-coated GF, after thermal conditioning above about 450 °C, the results converged, and both fibre types exhibited very low levels of single fibre strength. The authors also presented results showing that both GF samples showed an approximately linear increase in room temperature modulus with conditioning temperature above approximately 200 °C. Furthermore, although both samples started with approximately the same level of tensile modulus, the modulus of the water sized fibres was found to be significantly higher (at 95% confidence level) than that of the silane-coated fibres after elevated temperature conditioning. Hence, it appeared that the silane coating impeded the mechanism that led to an increase in modulus of the fibres during the hot conditioning.



Jenkins et al. [41] also confirmed the effect of thermal conditioning on the single fibre strength of these same APS sized and bare GF. They observed that many researchers studying this strength loss phenomenon carried out the heat conditioning process on the “as-received” fibre roving or mats. They pointed out that the degradation and removal of the protective organic silane/sizing on such fibre bundles could lead to an increased level of fibre-fibre flaw generation and obfuscate the analysis and explanations of the observed strength loss. This hypothesis was validated by the use of a novel experimental design where fibres were isolated from the GF rovings and heat conditioned individually, which removed any possibility of extra fibre damage from surface contact after the sizing degradation. The results for average fibre strength versus conditioning temperature showed a significantly different trend than for (the more commonly used) single fibres, which were removed from fibre rovings after heat conditioning. Using single fibre thermal conditioning, it was possible to achieve significantly greater retained strengths for the bare fibres. Furthermore, the starting temperature for the precipitous drop in the strength of the APS fibres was raised from 300 °C up to 450 °C, above which temperature the bare fibre also showed a drop in strength. They interpreted these results as showing that the critical temperature for GF strength loss due to silane sizing layer degradation was approximately 300 °C. This was further confirmed by a combination of thermal and chemical analyses. However, the single GF thermal conditioning results indicated that there was also some other glass structure-related mechanism that led to significant strength loss when the conditioning temperature was raised above 450 °C.



In their paper on thermally-induced GF strength loss, Thomason et al. [40] also reported investigation of the use of hydrolysed silane coupling agents to regenerate the strength of weakened fibre according to the silane flaw-healing hypothesis. Their results showed that a range of common silane coupling agents (individually and blended) had little significant effect in raising the strength of E-glass fibres, which had been heat treated at 450 °C for 15 min. It was noted that although statistically significant (at the 95% confidence level), increases of up to 25% were observed, complete strength regeneration would require a 300% increase. The authors suggested that one of the possibilities for the failure of direct silanisation in strength regeneration of the heat-treated GF may be the deactivation of glass surface, as it has been shown with both amorphous silica and glass fibre that severe dehydration can occur when subjected to thermal treatment above 400 °C in air [75,99,100,107].



It was notable that the silane flaw healing hypothesis is based on experimental data obtained on new fibres that have been sized directly during production, are relatively strong and have not experienced a thermal conditioning, which seriously weakens the fibres. It can be assumed that for very weak heat-treated/recycled fibres, it will be necessary to reactivate the fibre surface in order for silane coupling agent molecules to react with the fibre surface and enable a flaw healing process to take place. González et al. studied the reactivation of the surface of calcinated E-glass fibres that had been heat cleaned at 450 °C for 1 h [107]. They concluded that calcination created a generally homogeneous surface layer of amorphous silica with a low surface silanol concentration and that regeneration of silanol groups (necessary for reaction with silanes) on this silica is not an easy process. They further concluded that activation with boiling water for 1 h may hydrate the fibre surface, but without any appreciable silanol regeneration. However, refluxing the fibres with 10% aqueous HCl solution for 1–3 h generated “a great number” of silanol groups and enabled a much greater degree of silane coating to be achieved. Unfortunately, the authors did not investigate the effects of these treatments on the strength on the heat-treated fibres. Nevertheless, Thomason et al. did study this effect in their paper [40]. Heat-treated fibres were also subjected to a 1–2 h pre-treatment in 10% HCl solution before treatment with various silane solutions. The use of this HCl pre-treatment combined with a silane coating had little significant effect on raising the strength of the weakened GF. Results were also presented showing that application of silane coating (with and without HCl pre-treatment) had little significant effect on the strength of the bare GF. Although these GF had not been thermally conditioned, they were still significantly weaker that the APS sized GF due to the accumulation of mechanical and environmental damage during handling and storage. The authors concluded that these results raise significant doubts on the validity of the silane flaw healing theory, but more importantly, indicate that further work is needed to improve the understanding of the role of post-silanisation in the strength of glass fibres.




5. Glass Fibre Recycling and Reuse as Reinforcements


A number of researchers have reported the investigation of recycled glass fibres (RGF) from composites and on the reuse of such fibres as reinforcements in composite applications. These reports all show that using such RGF without any attempt to regenerate the GF strength produces composites with significantly reduced performance. This is obviously a significant disadvantage in any attempt to use RGF as a replacement for pristine reinforcement products. Kennerley et al. [108] presented tentative results on the strength of single GF recovered from both heat-conditioned GF bundles and composites processed in their fluidized bed combustion (FBC) rig. Although some of the average values reported were based on far smaller sample sizes than preferable for these brittle fibres, the inverse relationship between retained fibre strength and temperature was observed. Crucially in this work, fibres were exposed to elevated temperatures for short times (20 min or less), yet significant strength loss was still measured. In the case of fibres that were FBC processed at 650 °C, only 5% of the original fibre strength remained. Extreme mechanical damage was reported as the most likely cause for this very low strength retention. In a further report, Kennerley et al. [109] confirmed significant reduction of the strength of RGF produced under different FBC conditions and temperatures. In the most severe, they recorded a 98% loss in fibre strength when recycled at 650 °C. They also went on to produce dough moulding compound (DMC) composites using RGF that had been recycled from sheet moulding compound (SMC) mouldings at 450 °C. It was found that RGF composites had only 50% of the flexural strength and (most significantly) only 35% of Charpy impact strength of similar DMC samples prepared using pristine GF. The same research group later reported further significant fibre strength losses in RGF obtained from a range of composite materials recycled in their FBC rig [110]. They also reported the production of an RGF veil, which had only 40% of the strength of a similar pristine GF veil.



Williams et al. also produced RGF from automotive SMC waste materials by pyrolysis at 450 °C. They reported a loss in fibre tensile strength of 45% [111]. They also used the RGF to prepare DMC composites [112]. In this case, the Charpy impact performance of the RGF-based composite was reduced to less than 25% of the sample containing pristine GF. Perrin et al. produced RGF on a laboratory scale by solvolysis of shredded SMC (also involving selective dissolution of the calcium carbonate filler in an acid bath) in diethylenetriamine at 200 °C [113]. The strength of their RGF was not reported. However, composite samples were produced by extrusion and injection moulding 20% RGF with a PP/PE copolymer matrix. The RGF-based samples exhibited a 30% drop in tensile strength and (surprisingly) a 50% drop in tensile modulus. It should be noted that the RGF composites also had 5% adhesion promoter added to the composite, whereas the control composite system based on pristine GF had none. This would have significantly advantaged the apparent RGF performance. More recently, Åkesson et al. isolated RGF from a scrap wind turbine blade by microwave pyrolysis under nitrogen at 440 °C [114]. The RGF was used to produce non-woven fibre mats, which were further processed into composite laminates using polyester resin, hand lay-up and compression moulding. The RGF-based laminate exhibited a 70% reduction in flexural strength and a 60% reduction in modulus in comparison to those made with pristine GF. Oliveux et al. investigated RGF obtained on the laboratory scale by subcritical hydrolysis of a GF-polyester composite [115]. Conditions were varied with a 250–350 °C temperature range and a range of pressures from 45–180 bar. RGF obtained at 350 °C exhibited a reduction of approximately 60% in fibre strength. Kao et al. [116] reported similar strength losses from RGF, which appear to have been produced from the same composites using the same hydrolysis rig under similar conditions. In a different project, Kao et al. produced composites using silane-coated boron-free E-glass fibres combined with a polyester resin [117]. RGF was obtained from these composites by thermal decomposition in the range of 500–600 °C for 45 min. The RGF exhibited a strength loss of 70%. Beauson et al. obtained RGF from an end-of-life wind turbine blade by pyrolysis at 400 °C or glycolysis at 180 °C [118]. In both processes, the RGF exhibited approximately a 50% strength loss. The strength for the RGF obtained by pyrolysis at 450 °C fits well with the general picture, but the poor performance of the RGF obtained by glycolysis is surprising given the relatively low processing temperature. It may be that there are other factors involved with this chemical-based process.



It should be noted that, to fully appreciate the reduction in the reinforcement value of the RGF in these experiments, a significant fraction of the reported composite performance is contributed by the matrix material. This matrix contribution can be assumed to be approximately the same in both cases. Consequently, the loss in reinforcement performance of the RGF compared to pristine GF is actually proportionally much greater than the measured loss in composite performance. This has been confirmed in recent work by Thomason et al. [17,119] and Yang et al. [120], where heat-conditioned fibres were used to produce RGF-PP composites and RGF-epoxy composites. In both cases, reference values for the polymer matrix were produced, and in both cases, the tensile strength of the RGF composites was a little better than the unreinforced polymer matrix.



A number of authors have also produced composites using blends of RGF and pristine GF. In all cases, this also leads to a degradation of composite performance, although obviously to a lesser (but still highly) significant degree in comparison with 100% RGF reinforced composites [109,110,111,112,113,114,121]. This may sometimes give the appearance that such RGF could potentially be used to replace some fraction of pristine GF in real composite applications. However, this ignores a number of real-world commercial considerations that would weigh significantly against such a route being easily accepted by most composite end-users.



Criado et al. produced RGF from glass-reinforced polyester waste materials by pyrolysis at 550 °C. They reported an 82% reduction in the tensile strength of their RGF with respect to the values of the virgin fibres [122]. The authors proceeded to “reuse” this material as a filler in cement mortar after grinding down the RGF to a particulate. There have been a number of reviews of this “reuse” of RGF in cement and concrete. However, this technology does not “reuse” the reinforcement potential of the RGF and is in reality more a method of disposal than reuse.




6. Glass Fibre Strength Regeneration and Reuse


Donald reviewed known methods available for improving the mechanical properties of oxide glasses [123]. These were divided into surface and bulk techniques and included thermal and chemical strengthening, controlled crystallization and particle, fibre and whisker reinforcement. Many of the reviewed methods were not obviously applicable to fibres. However, methods such as surface etching, chemical strengthening (by ion exchange) and surface coating could most probably be applied to fibres. Until recently, there has been little systematic research effort focused on the challenge of reversing the strength loss observed in thermally-conditioned GF in order to regenerate their usefulness as a composite reinforcement. As discussed above, the use of silanes alone, or in combination with acid surface reactivation, has been investigated, but not proven as a significant success in the regeneration of the strength of heat-conditioned E-glass fibres.



Ion exchange is [110,123] known as a method by which glasses may be strengthened, but there has been very little investigation of the application of this technology to RGF. Karlsson et al. [124] recently reviewed the technology of the chemical strengthening of glass, but there was no mention of application to GF. Cooper and Krohn [125] described the strengthening of soda-alumina-silica fibres by ion exchange in potassium nitrate. The 0.25 mm-diameter fibres were immersed in a KNO3 salt bath at 400 °C for different times up to 16 h. At shorter times, a strong increase in fibre strength was observed, which reached a plateau level of approximately +200% after 1 h. It is assumed that potassium ions that occupy a larger volume replace the sodium ions in the fibre surface, causing an increased compressive stress in the surface layer, which delays flaw/crack opening during a tensile test. However, reinforcement fibre glass formulations such as E-glass contain only a trace amount of sodium, and the ion exchange method of fibre strengthening does not appear to have been systematically researched on E-glass fibres. The method was briefly mentioned by Kennerly in his PhD thesis [126], which reports a single experiment attempting the ion exchange method of chemical strengthening on E-glass fibre that had been heat treated at 450 °C. A 16% increase in average single fibre strength was reported.



Early studies by Sakka [23] and Aslanova [29] focussed on using hydrogen fluoride (HF) etching in order to obtain evidence that the thermally-induced fibre strength loss was related to a fibre surface phenomenon. Both researchers reported significant strength recovery in HF-etched heat-conditioned fibres. The authors explained the strength regeneration obtained with HF as being related to the removal of damaged surface layers and the modification of existing cracks. The HF effect then remained relatively unexplored until a recent conference paper by Pico and Bartl reported on their research related to recycling of end-of-life wind turbine blades [42]. They studied the effect of thermal conditioning and HF etching on the strength of a number of reinforcement fibres, including two forms of E-glass, S-glass and basalt. Heat conditioning at 400 °C for 2 h caused significant strength loss in all fibre types. The heat-treated fibres were then exposed to 1% HF (further details absent) to investigate the effect of surface etching on fibre strength. It was stated that the S-glass and standard (boron containing) E-glass fibres were too brittle to be measured after the HF treatment. However, partial recovery of the strength of the basalt and boron-free E-glass fibres was recorded.



A very recent paper by Yang et al. further explored the potential of HF treatment in glass fibre recovery [120]. They reported on a systematic study of the effects of heat treatment, HF treatment and silane treatment on the strength of boron-free E-glass fibres and RGF-epoxy composites produced by vacuum infusion moulding. Their results showed that treatment with 1% volume HF solution tripled the strength of heat-treated GF. The fibre strength was shown to be dependent on the HF treatment time, as well as the heat conditioning temperature. The authors further discussed the need to reactivate the regenerated fibre surface in order to enable an adequate level fibre-matrix adhesion required to obtain acceptable composite performance. Heat-treated fibres produced composites with very poor strength and impact performance. Heat-treated fibre with HF treatment exhibited high levels of fibre strength recovery, but only small improvements in composite performance. This was explained as being due to the poor level of interfacial strength in this system. In a similar manner, heat-treated fibres that were only silane treated exhibited full recovery of the interfacial strength, but very little recovery of fibre strength and, consequently, also showed poor composite performance recovery. However, heat-treated fibres that had received an HF treatment followed by silanisation resulted in composites with high levels of composite performance recovery. The authors stated that their results provide strong evidence of the feasibility of achieving closed-loop recycling of GRP composites through regenerating the performance of the thermally-degraded GF. However, they also noted that the use of HF in an industrial environment would be problematic due to its highly toxic nature and that it is most unlikely that the HF route could ever lead to a cost-effective process for the regeneration of the properties of RGF [127]. However, they also referred to a recently-filed patent on a technology of glass fibre recovery that does not involve any HF or its derivatives. Further details of three treatments were discussed by the same authors in a recent conference paper [119]. Significant recovery in the strength of heat-treated E-glass fibres was reported using three (non-HF) routes. Significant recovery of the performance of injection-moulded RGF-polypropylene composites was also presented.



Further details of one of these treatments was revealed in a recent journal paper [17], where Thomason et al. presented data on the effect of hot sodium hydroxide (NaOH) treatment on the strength of heat-conditioned E-glass fibres and RGF-polypropylene composites prepared by a wet deposition glass mat thermoplastic (GMT) moulding process. Following a similar protocol to that of the HF work by Yang et al. [120], the authors presented the use of a combination of thermal conditioning, hot NaOH treatment and silanisation on the average strength of single fibres, the interfacial shear strength between the fibres and PP and the performance of random in-plane GMT laminates. Results indicated that the GF lose 80% or more of their strength when exposed to temperatures typically found in GRP thermal recycling processes, which makes them unsuitable for reuse as a composite reinforcement. The single fibre tensile testing results showed that up to 75% of that strength loss can be recovered by a short treatment in hot NaOH solution. This fibre strength recovery was maintained and improved upon by a further application of a silane sizing. This silane layer also acted to recover the compatibility of the recycled fibre surface with a polymer composite matrix and to regenerate a high level of fibre-matrix interfacial stress transfer capability. The regeneration of the RGF performance by these simple chemical methods resulted in GF-PP GMT composites, which exhibited a 74% strength recovery compared to GMT based on thermally-recycled fibres, which had received no further treatment. It was proposed that further optimisation of these chemical treatments could lead to further improvements in the fibre performance, enabling them to be used to replace the pristine first-pass fibre products used in many discontinuous glass fibre-reinforced composite applications. The authors noted that there are many non-technical factors that will play a role in the eventual commercial profitability of any GRP recycling process. Nevertheless, the development of a non-HF-based glass fibre strength regeneration treatment is an exciting development in the progress towards a cost-effective closed-loop GRP recycling technology.
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	GMT
	Glass mat thermoplastic



	APS
	Aminopropylsilane



	DMC
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Figure 1. Typical results from the literature on residual fibre strength after heat conditioning. 
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Table 1. Overview of selected results from the literature on fibre strength loss after heat conditioning.







Table 1. Overview of selected results from the literature on fibre strength loss after heat conditioning.







	
Ref.

	
Fibre Type

	
Fibre Diameter (microns)

	
Coating, Sizing

	
Maximum Conditioning Temperature (°C)

	
Time (min)

	
Maximum Strength Loss (%)






	
[28]

	
Silica

	
50

	
unsized

	
600

	
60

	
65




	
[34]

	
Silica

	
–

	
unsized

	
650

	
60

	
79




	
[34]

	
S-glass

	
–

	
–

	
650

	
60

	
71




	
[24]

	
E-glass

	
12

	
unsized

	
600

	
240

	
67




	
[31]

	
E-glass

	
12

	
111A

	
650

	
15

	
70




	
[32]

	
E-glass

	
8–16

	
unsized

	
600

	
180

	
62




	
[34]

	
E-glass

	
–

	
unsized

	
650

	
60

	
80




	
[38]

	
E-glass

	
6–17

	
unsized

	
273

	
240

	
40




	
[39]

	
E-glass

	
17

	
unsized

	
400

	
25

	
45




	
[39]

	
E-glass

	
17

	
aminosilane

	
400

	
25

	
55




	
[40]

	
E glass

	
17

	
unsized

	
600

	
25

	
45




	
[40]

	
E-glass

	
17

	
aminosilane

	
600

	
25

	
73




	
[41]

	
E-glass

	
17

	
unsized

	
600

	
25

	
65




	
[41]

	
E-glass

	
17

	
aminosilane

	
600

	
25

	
75




	
[42]

	
E-glass

	
17

	
SE1500

	
600

	
25

	
65




	
[32]

	
Basalt

	
9–16

	
unsized

	
600

	
?

	
80




	
[34]

	
Basalt

	
–

	
unsized

	
650

	
60

	
97




	
[35]

	
Basalt

	
9

	
–

	
500

	
60

	
90




	
[37]

	
Basalt

	
10

	
–

	
500

	
5

	
77




	
[37]

	
Basalt

	
10

	
–

	
500

	
20

	
89




	
[42]

	
Basalt

	
15

	
epoxy

	
600

	
?

	
80




	
[23]

	
NA-ABG *

	
12

	
unsized

	
650

	
?

	
75




	
[23]

	
NA-ABG *

	
22

	
unsized

	
650

	
60

	
70




	
[27]

	
Soda-lime

	
3000

	
unsized

	
530

	
60

	
70




	
[29]

	
NA-ABG *

	
–

	
–

	
550

	
?

	
55




	
[43]

	
Alkaline

	
20

	
unsized

	
500

	
60

	
70








* Non-alkaline aluminoborosilicate glass.
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nav.xhtml


  fibers-04-00018


  
    		
      fibers-04-00018
    


  




  





media/file0.png
Residual Fibre Strength (%)

s
(=
(=]

A\
~0-E-glass 2 hours [31] &\o

E-glass 3 hours [32] A
-A-Basalt 3 hours [32]
1 1 1 1

200 300 400 500 600 700
Conditioning Temperature (°C)





media/file1.png
100

SEC U RN

= 80 \

%D -

o 70 [

=

wn 60 [ O

P | 0.

:-§ 50 | \\\

= 40 O

B! A\ o\\m

,.g . -©-E-glass 2 hours [31] A\ ©

.:03 20 T H-E-glass 3 hours [32] a

&~ 10 - &-Basalt 3 hours [32]
0 1 | 1 | 1 | 1 | 1 |
200 300 400 500 600 700

Conditioning Temperature (°C)





