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ABSTRACT
It has previously been found that thermal-oxidative degradation of the matrix can strongly affect the apparent interfacial shear strength (IFSS) in glass fibre-polypropylene (GF-PP) measured using the microbond method. In this work, different approaches were employed to further investigate this phenomenon. Hot-stage microscopy was used to establish a profile for dimensional loss of molten PP microdroplets during heat treatment. Under a given thermal load this reduction was found to be related to the initial droplet dimensions. A nanoindentation test was employed to directly probe the mechanical properties of the PP microdroplets, which also exhibited strong dimensional dependence in terms of property deterioration caused by the degradation. Characterisation of thermal mechanical properties and crystallinity was carried out on macroscopic PP samples to assist in elucidating how the polymer degradation affected the measured IFSS. Comparison of the degraded and non-degraded PP microbond samples for IFSS clearly showed the effect of thermal-oxidative degradation on adhesion.
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1. Introduction
Fibre reinforced-thermoplastic (FRTP) composites have recently attracted increasing attention mainly due to their combination of high performance, good processability, and potential recyclability 
 ADDIN EN.CITE 
[1-6]
 . These advantages together have made these composites an attractive contender in a wide range of applications. Accordingly, there arise the attempts at tailoring the material properties of FRTP composites to serve the specific needs of these applications.  One of ways to achieve this is to alter the fibre-matrix interface, which has been well established as crucial in controlling composite performance due to its role in the stress transfer efficiency between the fibre and the matrix. The ability to transfer stress across the interface in thermoplastic composites is often reduced to a discussion of ‘adhesion’ which is a simple term to describe a combination of complex phenomena on which there is still significant debate as to what it means and how to measure it. Certainly, one of the generally accepted manifestations of ‘adhesion’ is in the mechanically measured value of interfacial shear strength (IFSS). Direct measurement of the IFSS of a composite system has been achieved through a variety of micromechanical test techniques, such as the single fibre pull-out test, the microbond test, the fragmentation test, and the push-out test. Among them, the microbond method has received much attention on both testing and modelling 
 ADDIN EN.CITE 
[7, 8]
 . This can be mainly attributed to the fact that this technique can be used for almost any fibre/matrix combination [9, 10] and it is relatively easy to carry out. Moreover, adhesion improvement from the development of sizing technology continuously reduces the limit of the interfacial area that can be inspected by destructive experiments and limits the applicability of many other test methods. More recently, Yang et. al. evaluated IFSS for GF-PP using the standard microbond method, which involves forming a symmetrical resin droplet on a single glass fibre [11]. It was found that thermo-oxidative degradation of PP during the sample preparation could significantly affect the measured value obtained for the IFSS of the system.
Polypropylene is known to be highly susceptible to the oxidative degradation, which can occur in both solid and molten states. Many studies have been carried out with PP in both forms to evaluate the effects of various factors on its oxidation and degradation. In the solid form, isotactic PP is a semicrystalline polymer with a crystalline content that is normally between 40% and 60%. The crystalline regions are essentially impervious to oxygen, so oxidation only occurs in the amorphous region [12]. For molten PP, morphology is no longer a concern and the stereo-regularity of PP has been found to be a rather influential factor. The relative stability of PP was found to decrease in the following order: syndiotactic PP > atactic PP >> isotactic PP [13]. Other factors, such as molecular weight, chemical composition, catalyst residue have also been studied. Regardless of different physical forms, the temperature and the availability of oxygen play a critical role in the thermo-oxidative degradation of PP. High temperature can accelerate the oxidation and affect the effectiveness of antioxidant in the material [14]. At PP processing temperatures of 200°C to 240°C, oxidative reaction rates can be extremely rapid when sufficient oxygen is accessible [12]. Thermo-oxidative degradation tends to reduce the various mechanical properties of PP to different extents, mainly through lowering molecular weight [14]. This process can also incorporate oxygen into polymer chains, which has proved to be beneficial for the adhesion in some applications by surface modification. It is well understood that oxidised PP shows an increase in surface energy relative to its unoxidised counterpart. Surface oxidation of PP by various means (e.g. thermal and flame) has been adopted to functionalise the polymer surface and improve the adhesion of PP to other materials with polar surface [15, 16]. However, it should be pointed out that this adhesion enhancement is mainly evident in the applications such as paint coating and printability, where the wetting characteristics of PP is the dominating factor for adhesion. Moreover, it seems that this surface oxidation needs to be mild enough not to cause severe degradation, which then appears to have an adverse effect on the adhesion [15, 16]. In fact, the full effects of thermo-oxidative degradation on the adhesion in fibre reinforced thermoplastics still remain unclear. A direct attempt at evaluating the effect of thermal degradation of several thermoplastic polymers on the interface strength to a steel wire can be found in [17], where the fabrication temperature for LLPE, HDPE, and PP was varied from 150°C to 220°C combined with the variation in fabrication time from 5 h to 24 h. It was concluded that both prolonged heating at low temperature and short periods of time at high temperature can reduce the interface strength to a certain extent. With the current trend towards increasing society pressure for material recycling, more work is being devoted to enhance the properties of the recycled thermoplastics by using various forms of fillers, including inorganic fibres. In most cases these recycled materials undergo some level of degradation during reprocessing. It is therefore necessary to clarify how degradation affects the adhesion of degraded matrices with their reinforcements and in turn affects the overall mechanical properties of recycled composites.   
This work complements an earlier study on the measurement of IFSS for GF-PP by providing evidence of the occurrence of degradation of the matrix during microbond test sample preparation and further raises awareness of the effect of degradation on the measured IFSS. In addition, we propose a mechanism by which matrix degradation would affect the apparent IFSS of a FRPT composite.
2. Experimental

In order to minimise the complexity of the interface to be investigated the choice of the materials was limited to uncoated glass fibre and homopolymer polypropylene. Boron free uncoated E-glass fibres (average diameter = 17.5µm) were supplied by Owens Corning - Vetrotex and commercial isotactic homopolymer polypropylene PP 579S with melt flow index = 47 g/10 min at 230°C and 2.16 Kg was supplied by Saudi Basic Industries Corporation (SABIC). IFSS was measured using a laboratory-developed microbond test technique. The specific procedure to form a PP microdroplet on a glass fibre and details for the microbond test have been reported previously [11]. In the present work, the formation of PP microdroplets for the microbond test was carried out in air or under nitrogen. 
A transmitted light optical microscope equipped with a Mettler FP 82 hot stage was employed to visualise the formation of PP microdroplet on the glass fibre and the dimensional change of the droplet during heat treatment. A single glass fibre was suspended slightly above a glass slide and secured with the aid of plaster. A PP fibre was then deposited on the surface of the glass fibre. The sample was inserted into the hot stage, where it was heated rapidly from ambient temperature up to 220°C. Time started to be registered when the temperature reached 218°C. For those droplets whose formation had completed within the first minute, a series of micrographs of the droplets were then taken by the digital camera connected with the microscope at time interval of 30 sec for 90 min as the maximum. The fibre embedded length and diameter of the PP droplet in each picture were then measured using the image analysis software, Image-Pro Plus. 
The mechanical properties of these droplets were measured by an Agilent Nano Indenter G200 equipped with the continuous stiffness measurement (CSM) technique [18]. Prior to the test, samples were carefully chosen to offer a smooth surface. The microbond samples were first secured on a stiff substrate. The specimen was then placed into the indenter and the top area of each droplet was located as the testing field. The indentation test was conducted with maximum indentation depth and spacing division set to 1µm and 20 µm respectively for all the samples. The force oscillation with frequency 45 Hz and the relevant displacement response of the indenter allow Young’s modulus and viscoelastic properties of the resin droplet to be continuously probed as a function of indentation depth. Complexity could arise from the curved surface of the PP microdroplets and nonhomogeneity in their mechanical properties from the surface to the core. Therefore, the values in the defined depth range from 600 µm to 1000 µm were chosen to calculate the mean values. At least six measurements were carried out on each PP microdroplet to obtain the average values for its mechanical properties. Similar measurements were also made on injection moulded PP samples with a flat smooth surface in order to establish reference values.
Thermo-mechanical properties of degraded PP were evaluated by standard thermal analysis techniques. Since it was not possible to do this with PP microdroplets a series of PP rectangular bars were treated under a thermo-oxidative environment. These samples were heated in a mould at 220°C in air for different times from 0 min to 60 min. A glass slide was put on the exposed surface to achieve a flat surface, which was under tension in a later three-point bending test. Samples then cooled down at ambient temperature and gave dimensions with width= 4.00±0.32 mm and thickness= 1.01±0.03 mm. Each sample was weighed using a Mettler Toledo analytical balance before and after the treatment to yield the weight loss due to the polymer degradation. The length of each sample was kept sufficient to produce subsamples for the following measurements. Characterisation of thermo-mechanical properties of PP with dimensions 30mm×4mm×1mm was carried out by short span (25mm) three-point bending test in DMA Q800 with heating rate 3°C/min from -60°C to 130°C and frequency 1 Hz. Coefficient of linear thermal expansion (CLTE) of PP with dimensions 4mm×3mm×1mm was measured using TMA Q400 with heating rate 3°C/min from -60°C to 130°C. The degree of crystallinity of PP with sample mass 8–10mg was determined by Mettler Toledo TGA/DSC 1 with heating rate 10°C/min from 20°C to 180°C under nitrogen. 
3. Results and discussion
 Figure 1 shows a series of micrographs following the dimensions of a GF-PP microbond sample held at 220°C in air for 30 minutes. It can be clearly seen that there is a considerable reduction in the volume of the PP droplet over this time. Even in the first 10 minutes the volume loss is significant. This strongly indicates that the PP droplet undergoes severe degradation during the sample preparation process, since this volume reduction can only be attributed to large scale evaporation of volatile products yielded from the degrading PP. Furthermore, the sample shows a marked colour change with time, which is also a typical sign of significant polymer degradation. It can be expected that such high levels of polymer degradation will also result in significant changes (reduction) in the mechanical properties of the droplet. It is notable in Figure 1 that the decrease in the transverse dimension of the droplet appears to proceed symmetrically with respect to the fibre, while the decrease along the droplet length (i.e. fibre embedded length) proceeds, to much greater extent, on the upper part of the droplet than the lower one. A small resin bump emerges from the upper end of the droplet and remains on the fibre as the droplet length decreases. The observation of other samples indicates that this asymmetrical length reduction exists in each sample but the preference to which part decreases faster does not seem to be consistent and the appearance of the resin bump is not consistent from sample to sample. The sensitivity of the droplet degradation to the initial droplet dimensions is examined in Figure 2 where the droplet dimensions were measured regularly during isothermal treatment at 220ºC in air. It can be seen in Figure 2(a) that the droplet diameter decreases immediately when time registration commences. Oxidation induction time cannot be observed in these data despite the fact that this commercial polymer contains a full anti-oxidant package.  Diameter decreases linearly as a function of time and then gradually levels out probably because oxidative cross-linking of PP begins to overtake the effect of oxidative chain scission. The cross-linked PP network would make it more difficult for the oxygen to attack PP molecules and also for the fragments to escape from the droplet. This eventually would stop volume loss of the droplet as observed. The reduction rate can be obtained from the slope of the linear segment in each curve and it varies with the initial dimension from 9.3 µm/min for the smallest droplet down to 5.3 µm/min for the largest one. This normalised initial rate as function of initial droplet diameter is presented in Figure 3. It is clearly seen that diameter loss in the PP microdroplet accelerates as the initial droplet diameter decreases and the relationship can be fit well by the power law in the dimension range of PP droplets studied in this work. If we consider the diameter loss as a reliable indication of degradation severity, the results in Figure 3 then suggest that relatively small PP droplets degrade faster than large ones. One explanation for this is the variation in surface-to-volume ratio (S/V) for different droplets. Small droplets possess a higher S/V and offer a greater percentage of polymer molecules exposed to the hot air. Consequently they are more susceptible to oxidative attack at elevated temperature and undergo more severe thermal oxidation and degradation within a given time. It is because of the fast degradation rate that it takes less time for the diameter reduction in small PP droplets to reach the plateau, where the degradation level may be close to its maximum. Apparently such effective degradation time is related to the initial droplet diameter as well and can be obtained at the intersection of the tangent at the inflection point with the plateau line. The linear correlation between the initial droplet diameter and the effective degradation time is presented by the fitting line that passes the origin in Figure 4. This suggests that for a PP microdroplet with the diameter of 100 µm the completion time for its degradation at 220 ºC in air is only 6.6 min. It can be expected that as the temperature or oxygen concentration increase the effective degradation time for a given PP microdroplet will decrease further.
The change in the embedded length is apparently complicated by the presence of the glass fibre as seen in Figure 2(b). Unlike a uniform rate of diameter loss, the reduction in the embedded length is inhibited in the beginning, showing a much slower decrease compared to the diameter loss. In addition, most curves exhibit a kink, after which the reduction of embedded length increases to a rate comparable with that for diameter loss. The kink in each curve is found to coincide with the emergence of the resin bump in the corresponding sample. This phenomenon may be explained by a combination of contact angle hysteresis and the effect of degradation. Contact angle hysteresis arises from the existence of energy barriers at the liquid front, manifesting the difference between advancing and receding angles. For example, removal of liquid from a drop on a horizontal planar surface will initially make the drop become flatter without moving its periphery, and the contact angle will become smaller. When enough liquid is removed, the drop front will suddenly retract. The angle at the onset of this sudden retraction is the minimum receding contact angle.  In the case of the degradation of a PP droplet on a cylindrical fibre, the fast dimensional decrease in the transverse direction means a decrease of the droplet-fibre contact angle. It seems reasonable to assume that the surface tension of the glass fibre and interfacial tension between the fibre and the molten PP remain constant at least in the early stage of the heating process. It is also known that the oxidation increases the surface tension of PP [19]. Therefore, the contact between three phases (i.e. air, PP melt, and solid glass) is in a nonequilibrium state. To attain mechanical and thermodynamic equilibrium, the meniscus of the PP melt tends to move inwards along the fibre surface. Such movement will be impeded by the energy barriers at the melt front. Taking the melt elasticity into account, a shear stress could also arise from this tendency of fluid/fibre motion and the melt in the meniscus is in tension. While the contact angle continues decreasing, the PP in the meniscus degrades so rapidly that it gradually loses its mobility due to either good adhesion caused by polarising PP or charring. The meniscus part that undertakes the most severe degradation is expected to possess the lowest tensile strength. When the stress reaches this criterion, the movable PP melt then breaks with the meniscus followed by the fast retraction along the fibre axis. If this degradation-induced shear stress does exist, it is likely to be incorporated into the residual thermal stress formed during the cooling process. Consequently, it may slightly affect the absolute level of measured IFSS and it will certainly contribute to the scatter in the data. 

In contrast with dimensional change in microbond samples made in hot air, Figure 5 presents the behaviour of the samples made under nitrogen at the same temperature. It can be clearly seen that the PP microdroplets formed under nitrogen do not show any decrease in their dimensions even after a very prolonged heat treatment, indicating no degradation occurs to these samples under the applied processing conditions.

The nanoindentation results for storage moduli of PP microdroplets prepared for 4 min and 6 min at 220°C in air and under nitrogen are presented in Figure 6. It can be seen from Figure 6(a) that the PP storage modulus for a given thermal load is also strongly related to the initial dimensions of the droplet and this correlates well with the above analysis on the levels of degradation in the droplets. Samples made in air become less elastic as the initial droplet size decreases. In contrast, microdroplets prepared under nitrogen show no such loss in the modulus. Young’s moduli of PP microdroplets present the same relationship with sample dimensions. Furthermore, damping index, tanδ, shown in Figure 6(b) clearly indicates that elasticity loss in the material is significantly dependent on the droplet dimension of PP microdroplets made in air. Non-degraded samples, on the contrary, maintain a rather constant low damping performance. The dotted lines in these plots indicate the average values for the corresponding properties of injection moulded PP samples. The error bars can be found at the ends of each line. These average values are obtained from many measurements on a flat smooth surface and may, thus, serve as the reference to the results made on the droplets. It is noticed that the storage moduli (elastic moduli as well) of non-degraded PP droplets are considerably higher than the reference value. This may be due to the cold metal quench during the injection moulding and the molecular orientation along the direction of injection. The former may lead to relatively low crystalline content in the surface of the moulded samples. 
Figure 7 shows the relationship between the normalised weight percent of PP samples and the time for heat treatment. Figure 8 presents dynamic mechanical properties of some of the degraded macroscopic samples as a function of temperature. In this case, normalised weight loss is used to indicate the severity of degradation in PP. It can be seen from Figure 8(a) that in the temperature range of -60°C to 130°C storage modulus of PP decreases as the degradation increases. Particularly during the first 15% weight loss, which occurs within the first 30 minutes heat treatment under the thermal conditions applied in this study. Less significant decrease in the modulus with further weight loss may be due to the fact that three-point bending test mainly characterises the mechanical properties of exposed surface layer, which may tend to vary to a less extent as the degradation increases after 15% weight loss.  The correlation between the degradation and the modulus obtained from macroscopic PP samples by three-point bending test is qualitatively in agreement with the above nanoindentation analysis on the PP microdroplets at room temperature. Furthermore, it should be pointed out that although the macroscopic samples were treated at the same thermal conditions as those for PP microdroplets, results from the same processing time in both preparations are not comparable due to significantly different S/V between PP microdroplets and injection moulded samples. The former is believed to suffer much more severe degradation than the latter for a given processing time. The effect of thermo-oxidative degradation of PP microdroplets on their damping property is further confirmed by the results shown in Figure 8(b) with the fact that tanδ increases as the degradation increases. It is also noticed that the peak in the curve gradually shifts towards lower temperatures as the degradation increases until it reaches 55.5% weight loss. This implies that degradation can depress the glass transition temperature (Tg) of PP. This can be attributed to the increasing number of flexible chain ends caused by a decrease in molecular weight during the degradation. The rise of Tg at 55.5% weight loss certainly needs to be confirmed by more measurements. Despite this, the similar trend for the relationship between the weight loss and Tg was also observed in other work on a different polymer [20]. The results for Tg of PP with different levels of degradation are presented in Figure 9.   
The results for CLTE of degraded PP are rather complex due to lack of reproducibility. The imprecision is thought to be mainly attributed to inadequate thickness of the samples. It is recommended in ISO 11359–1 that the plastic samples for the measurement of CLTE in TMA should have a thickness of a few millimetres [21]. The thickness of most samples made in this work is approximately 1 mm. Only the curves that have been repeated from two individual specimens are presented in Figure 10. The results for non-degraded samples agree well with the typical values found in the literature [22]. Within the first 5% weight loss, degraded PP exhibits a smaller CLTE at the same temperature. Other work has reported a 6–22% reduction in PP CLTE in the case of the first three times of reprocessing [23]. This was attributed to the decreased amount of free volume caused by the growth of spherulites. Nevertheless, the growth of spherulites does not necessarily mean a rise in crystallinity.  In addition, it has been stated that the CLTE of a thermoplastic polymer can be reduced by the presence of intermolecular hydrogen bonds, which may be formed by oxygen atoms added to the PP chains via thermal oxidation [24]. Another factor that needs to be considered is the molecular weight, whose reduction means the decrease in the length of polymer chains and in the number of molecular entanglements. These changes could lead to the increase of PP CLTE. The CLTE of degraded PP may therefore be controlled by the result of the competition between these factors.

Since the microdroplets contain much too little material for a standard DSC analysis, DSC analysis was carried out on injection moulded samples. Figure 11 shows melting peaks in the second heating cycle with different levels of degradation weight loss. It clearly indicates that the melting peak is broadened and progressively shifted to lower temperatures as the weight loss increases. Reduction in the onset melting temperature is expected since oxidised polymer chains tend to make the crystals less perfect. As for the decrease of melting temperature, it is known that the melting temperature of PP decreases with reduction in molecular mass [25] and with increase in stereo-irregularities [26]. Moreover, the entrapped low-molecular products could act as impurities in the crystal and in turn depress the melting temperature. Similar melting behaviour associated with degradation of PP can be found in other work [27]. This melting behaviour of PP together with onset of crystallisation associated with thermo-oxidative degradation is illustrated in Figure 12(a). The onset crystallisation temperature was found to be lowered by approximately 5°C up to 55.5% weight loss. The crystallinity of PP is known to be proportional to the integration of the area between the melting peak and the baseline as shown by an example in Figure 11.  Figure 12(b) presents the results for normalised crystallinity and corresponding storage moduli at 20°C of degraded PP samples. It can be seen that the degradation gives rise to a significant decrease in PP crystallinity with 44% reduction for the most degraded sample. The storage modulus follows the similar trend with the degradation weight loss until it reaches 30%, after which the decrease of storage modulus becomes much less significant. This may be due to the stiffness compensation resulting from the cross-linked polymer chains at the late stage of degradation. Regardless of this complication, the results in Figure 12(b) suggest that the decrease of PP crystallinity is the most likely cause of the drop in modulus observed in both degraded PP microdroplets and macroscopic samples.
The results and discussion above not only support the findings from the earlier work on the measurement of IFSS for GF-PP, but also provide evidence that could account for a mechanism by which the degradation affects measured IFSS. A number of authors have commented on the role of shrinkage stresses contributing to the stress transfer capability at the fibre-matrix interface 


[28-31] ADDIN EN.CITE . Most thermoplastic composite materials are shaped at elevated temperature and then cooled. Since in most cases the thermal expansion coefficients of polymers are much greater than that of the reinforcement fibres this cooling process results in compressive radial residual stress (CRS) σr at the interface. Assuming that the coefficient of friction (β) at the interface is non-zero these compressive stresses will contribute a frictional component τf =β·σr to the apparent shear strength of the interface. In the case of PP where there may often be little or no chemical bonding across the interface, these frictional stresses can make up a large fraction of the apparent IFSS. Therefore, the thermo-oxidative degradation of the matrix is likely to affect the apparent IFSS by altering CRS. The following aspects relevant to this hypothesis can be drawn from above results and discussion:

· Thermo-oxidative degradation of PP reduces PP crystallinity. This leads to the decrease of PP modulus and in turn decreases CRS at the interface. In addition, lowering crystallinity can give rise to the reduction in thermal shrinkage related to the densification, which normally is considered to account for large residual stress built up in a semi-crystalline matrix [32]. Decrease of crystallinity may also mean potential stress relaxation.
· Thermo-oxidative degradation of PP reduces the onset temperature for PP crystallisation. This temperature is commonly adopted as stress free temperature, at which the residual stress is thought to begin accumulating around the interface. In most theoretical models, residual stress is found to be proportional to the difference between stress free temperature and test temperature 
 ADDIN EN.CITE 
[32, 33]
. 

· The CLTE of PP microdroplets is reduced by thermo-oxidative degradation. This reduction in CLTE will depress thermal shrinkage upon cooling of a thermoplastic polymer and consequently reduce CRS at the interface. 

To better elucidate the points made above, CRS at the interface was calculated using the concentric cylinder model 
 ADDIN EN.CITE 
[32, 33]
 and experimental results obtained in this work. The model assumes that the solid cylindrical fibre is concentrically assembled with the hollow cylindrical interphase (if there is one) and the matrix. It is also assumed that all components are linearly elastic and possess perfect bonding between them. In the case of neat GF-PP, we assume there is no interphase between the glass fibre and PP matrix and both components are isotropic. The physical and mechanical properties of the glass fibre are considered invariable under the thermal conditions for the sample preparation. The elastic modulus of the glass fibre was measured by the standard single fibre tension test. The CLTE of the glass fibre was also successfully measured and will be reported elsewhere. The fibre volume fraction, Vf is determined using average diameters of the fibres and the PP microdroplets. It may not be ideal to use the average diameter of PP microdroplets in the calculation of CRS since the droplet diameter varies considerably from sample to sample. However, the model shows that the Vf dependence of CRS becomes insignificant when Vf is quite small (<5%). Vf of most PP microdroplets formed in this work is found to be in a range of 0.4% to 2.3%. In this sense, it seems appropriate to use the average droplet diameter. The temperature dependence of elastic modulus of PP was obtained from the thermo-mechanical characterisation of PP and some of the results have been shown in Figure 8(a). The input for the stress free temperature was based on the results in Figure 12(a). Since the results for the CLTE of PP were not available for most degraded samples, the temperature dependence of the CLTE of degraded PP was kept the same as that for non-degraded PP at this stage. Figure 13 shows the results for CRS at 20°C with different level of degradation weight loss. It can be seen that degradation of the PP matrix does lead to lower CRS at the interface. This is mainly through reducing the modulus of the matrix as shown in Figure 12(b).

Results for IFSS of samples prepared in air and under nitrogen are presented in Figure 14. The simple calculation of IFSS is via the ratio of peak load to embedded area with the assumption of uniform distribution of interfacial shear stress. It can be clearly seen in Figure 14 that measured IFSS for GF-PP is significantly affected by the thermal load (temperature and time) and the atmosphere (air or nitrogen) in terms of thermal-oxidative degradation in PP matrix. Without degradation of the PP microdroplet the measured average IFSS is over twice the magnitude obtained from degraded PP samples, giving a value of approximately 8 MPa. The fact that the linear fitting lines of the data from non-degraded samples goes through the origin and lines for the degraded samples do not indicates that the degradation of PP may be one of the reasons why the regression lines in some microbond studies of IFSS do not pass through the origin. Note that the data points with hollow symbols in the 4 and 6 minutes sets correspond to the microbond samples that were previously observed to undergo the matrix cohesive failure due to severe degradation and therefore should not be involved in the comparison of IFSS with non-degraded samples. However, degraded samples that did experience the interfacial failure and leave clean debonded area after testing give IFSS values still much lower than those obtained from non-degraded samples. The results for degraded samples in Figure 14 is closely related to the results in Figure 2 through the fact that the large PP microdroplets do not degrade as much as the small ones under the same thermal conditions and their mechanical properties are more likely sufficient to prevent cohesive failure before the fibre-matrix interface fails.
Finally it is worth pointing out that some papers in the literature have showed that the use of degraded/recycled PP in fibre (mainly natural fibres) reinforced composites can give rise to the good retention or even improvement in some mechanical properties [34,35].  In most cases this was attributed to the enhanced compatibility and resultant higher IFSS between the fibre and the matrix. The results presented in this study do not necessarily challenge these ideas since the method and scale of sample preparation are different. In composite manufactured by extrusion and moulding, functional groups resulting from a relatively mild thermo-oxidative degradation of PP are likely to find the fibre surface directly. However, in the formation of a PP droplet on a single fibre, the degradation takes place in-situ and gradually proceeds through the droplet thickness. By the time of PP immediate the fibre functionalised, the whole droplet would have considerably degraded and become too weak to transfer enough load to cause the interfacial failure in the microbond test. Consequently, the severely degraded droplet experiences a matrix failure and leaves behind residual resin on the fibre surface as shown in the previous work [11]. 
Conclusions
The effect of thermo-oxidative degradation of homopolymer isotactic PP on the measured IFSS with uncoated E-glass fibre is reported. It was found that PP micrdroplets employed in the standard microbond test suffered considerable thermo-oxidative degradation when they were formed in air. Degradation of the PP droplets proved very detrimental to the apparent level of adhesion of GF-PP. It is therefore strongly recommended that PP microbond samples should be formed in an inert atmosphere, such as nitrogen. Studies on both PP microbond and macroscopic samples showed that the change in their thermo-mechanical properties, particularly the modulus, was mainly responsible for the decrease of measured IFSS in terms of a decrease in the compressive radial residual stress at the interface. A qualitative correlation between PP degradation and measured IFSS has been generated in this study. 
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Fig. 1. Photographs of the GF-PP microbond sample heated at 220°C in air
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Fig. 2. Maximum diameter of PP microdroplet (a) and fibre embedded length (b) as function of processing time when PP microdroples are heated at 220°C in air
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Fig. 3. Rate of reduction in the diameter of PP microdroplet as a function of its initial diameter
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Fig. 4. Effective degradation time at 220°C as a function of initial diameter of PP microdroplet 
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Fig. 5. Maximum diameter of PP microdroplet as a function of processing time when PP microdroples are heated at 220°C under nitrogen
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Fig. 6. (a) Storage modulus and (b) tanδ of degraded and non-degraded PP microdroplets with different initial dimensions
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Fig. 7. Normalised weight percent of macroscopic PP samples at 220°C in air as a function of processing time 
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Fig. 8. (a) Storage modulus and (b) tanδ of macroscopic PP samples with different weight losses caused by the degradation
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Fig. 9. Glass transition temperature (Tg) of PP with different level of degradation
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Fig. 10. Temperature dependence of coefficient of linear thermal expansion for non-degraded and degraded samples
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Fig. 11. Melting peaks in the second heating cycle in DSC analysis
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Fig. 12. (a) Melting and crystallisation behaviour of degraded PP and (b) normalised crystallinity of PP samples and their corresponding storage moduli as a function of degradation weight loss
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Fig. 13. Calculated compressive radial stress at the interface of GF-PP at 20°C as a function of different level of degradation weight loss
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Fig. 14. Effect of thermo-oxidative degradation of PP on the microbond measured apparent IFSS of GF-PP
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		11		11		11		11		11

		11.5		11.5		11.5		11.5		11.5

		12		12		12		12		12

		12.5		15		12.5		12.5		12.5

		13		18		13		13		13

		13.5		21		13.5		13.5		13.5

		14		24		14		14		14

		14.5		27		14.5		14.5		14.5

		15		30		15		15		15

		15.5		33		15.5		15.5		15.5

		16		35.5		16		16		16

		16.5				16.5		16.5		16.5

		17				17		17		17

		17.5				17.5		17.5		17.5

		18				18		18		18

		18.5				18.5		18.5		18.5

		19				21.5		19		19

		19.5				24.5		19.5		19.5

		20				27.5		20		20

		20.5				30.5		20.5		20.5

		21				33.5		21		21

		21.5				36.5		21.5		21.5

		22				39.5		22		22

		22.5						22.5		22.5

		23						23		23

		23.5						23.5		23.5

		24						24		24

		24.5						24.5		24.5

		25						25		25

		25.5						25.5		25.5

		26						26		26

		26.5						26.5		26.5

		27						29.5		27

		27.5						31.5		27.5

		28						33.5		28

		28.5						37.5		28.5

		29						42.5		29

		29.5						44.5		29.5

		30						47.5		30

		30.5						50		30.5

		33								31

		36								31.5

		39								32

		42								32.5

		45								33

		48								33.5

		51								34

		54								34.5

		57								35

		60								35.5
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399 µm

147 µm

244 µm

301 µm

493 µm

4 min

Time (min)

Embedded length (µm)

398.9626190476

147.0476190476

243.8452380952

301.53

492.739

550

397.5332142857

145.2857142857

242.9047619048

300.4438

492.758

50

396.1038095238

143.6547619048

242.9047619048

300.4438

495.22

396.6785714286

143.1666666667

242.9047619048

297.1286

491.519

395.5476190476

141.4761904762

240.7380952381

294.928

490.32

391.1904761905

137.5357142857

240.5833333333

293.8276

490.32

390.0595238095

128.1904761905

237.3214285714

297.1184

486.662

388.9642857143

121.9523809524

235.1428571429

288.3259

485.442

387.8571428571

118.130952381

232.9642857143

289.4409

485.423

384.6071428571

114.369047619

228.619047619

283.9246

483.004

383.4404761905

112.119047619

224.119047619

279.5233

479.346

381.2738095238

110.4285714286

222.5357142857

271.8098

478.127

380.1428571429

109.3928571429

220.8571428571

269.6203

476.887

380.119047619

108.2976190476

213.0952380952

268.52

475.65

377.9523809524

106.7261904762

208.7380952381

265.219

475.668

376.880952381

106.0476190476

205.4880952381

260.8177

474.469

376.880952381

106.7976190476

204.4047619048

259.7057

473.249

375.7857142857

103.3333333333

201.9047619048

257.505

472.009

373.5952380952

101.1428571429

199.8928571429

254.2158

472.03

372.5

101.2142857143

195.2261904762

250.8955

469.591

371.3571428571

98.9642857143

192.130952381

247.6139

468.351

369.130952381

97.8095238095

189.7976190476

245.4133

468.372

368.0357142857

98.3571428571

187.1666666667

239.8916

464.714

368.0357142857

96.1785714286

185.2857142857

235.5106

463.519

362.5476190476

91.75

183.119047619

229.9959

462.255

358.130952381

92.3571428571

181.869047619

225.5945

461.035

355.9285714286

89.5

179.8571428571

225.6079

459.837

350.4761904762

89.630952381

178.6071428571

222.307

458.596

341.7261904762

88.4166666667

177.369047619

221.1931

457.398

336.2380952381

89.0238095238

177.5238095238

221.1931

453.719

335.1428571429

88.4166666667

175.3452380952

216.7916

452.5

334.0357142857

174.1071428571

219.0062

448.842

331.8452380952

175.3452380952

215.6913

445.205

325.2261904762

173.1785714286

215.6913

439.087

323.0238095238

171.7738095238

213.5048

424.477

320.0119047619

171.9285714286

206.8885

413.461

316.4761904762

171.9285714286

211.2813

413.445

312.0952380952

169.75

204.6789

409.786

309.8571428571

169.75

204.6878

408.583

307.6666666667

168.6666666667

202.4782

398.849

306.5595238095

167.5833333333

201.3778

397.63

304.369047619

164.3214285714

198.101

395.17

302.1785714286

165.25

201.3778

391.512

301.119047619

200.2774

389.056

298.8452380952

196.9854

387.837

296.6904761905

195.9222

386.656

295.5833333333

193.7219

381.74

295.5833333333

190.3834

378.133

293.3214285714

191.4995

376.88

291.2023809524

190.3993

374.441

292.2261904762

189.299

373.222

291.1666666667

188.1827

369.546

290.0595238095

184.8817

367.107

287.869047619

185.9821

365.887

288.9404761905

183.7814

364.654

287.869047619

184.8817

362.229

287.8333333333

184.8817

362.205

284.5476190476

182.6976

361.01

285.6666666667

184.8817

357.327

284.5714285714

182.6711

356.151

281.2261904762

352.474

280.1547619048

348.801

279.0833333333

347.616

276.8571428571

343.912

274.7023809524

342.704

275.7976190476

342.693

271.369047619

339.034

270.2738095238

339.045

273.630952381

336.622

272.4404761905

335.387

335.387

332.937

331.729

329.29

328.086

325.631

325.647

323.209

321.973

319.55

317.112

318.331

317.112

317.112

317.095

314.673

312.206

310.986

312.234

307.357

310.998

308.559

307.34

304.889

304.889

304.889

303.682

302.462

304.889

304.901

302.479

304.117

304.112

301.433

305.896

303.205

301.405

305.02

302.308

300.524

300.536

298.72

296.963

296.936

296.029

295.126

293.332

293.348

294.235

291.554

292.442

290.67

290.641

290.67

287.957
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Temperature (°C)

Endothermic

0

0

0

0

0

0

0



		





		






