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Abstract
The translaminar fracture toughness and its dependence on the environmental condition are key considerations in designing aerospace-grade composites with a high damage tolerance to severe service conditions in terms of temperature and moisture. The present work characterises and models the hygrothermal effects on the translaminar fracture toughness of an interlaminar toughened aerospace carbon/epoxy composite under six environmental conditions: -55°C, 23°C, and 90°C, for both ‘dry’ (i.e. moisture free) and ‘wet’ (fully moisture-saturated) specimens. Cross-ply compact-tension experiments show that the translaminar fracture toughness increases with the rise of temperature for both dry and wet conditions with the latter exhibiting a much greater increase. A model to predict the effect of moisture and temperature on the translaminar fracture toughness is here proposed and developed. This approach yields good agreement with experimental results, and it allows an improved understanding of the complex synergistic effects of interfacial properties on the overall translaminar toughening mechanisms.
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Introduction
Depending on the geographic range of a particular flight, an aircraft is often expected to experience temperature variations ranging from about -54°C to 71°C (up to 100 °C in special cases such as supersonic transport), and moisture variations from extreme relative humidity (RH) to desert-like conditions [1]. Carbon fibre reinforced polymer (CFRP) materials, such as the one investigated in this study, are widely employed in primary aircraft structures. Hence, an understanding of hygrothermal effects on CFRPs is essential in the context of airframe design  Moisture can depress the glass transition temperature, Tg, of the matrix, and hence significantly reduce the maximum service temperature of CFRPs [2]. The degree to which moisture diffuses into polymer composites varies with the molecular structure of matrix, i.e. thermoplastics absorb less moisture than thermosets. Therefore adding thermoplastic particles as toughening phase in the advanced epoxies also help provide a lower moisture sensitivity in the aerospace laminates [2]. Temperature significantly affects the properties of the matrix and fibre/matrix interface [3]; it also changes thermal residual stresses, which arise from the different thermal strains between the fibres and the matrix when cooling down from the cure temperature. The combination of both moisture and high temperature (known as hot/wet conditions) may cause significant changes in the mechanical performance of composites [4, 5]. 
In fibre reinforced plastics (FRPs), translaminar fracture of a ply consists of fracturing the said ply transversely to the fibre direction. The translaminar toughness is the energy per unit projected area dissipated by translaminar fracture processes. The susceptibility of the translaminar toughness to temperature and moisture needs to be well understood, as it can define the damage resistance of composite structures when exposed to severe impact events under realistic environmental conditions. While most studies [6-10] on translaminar fracture toughness have focussed on room temperature/dry conditions, some experiments have been conducted under other environmental conditions. Marín et al. [11] compared the translaminar toughness under several conditions including as received-room temperature, wet-room temperature, and wet-high temperature; the highest fracture toughness was measured from a moisture-saturated specimen at 120°C, whereupon large fibre pull-out lengths were observed on the fracture surfaces. Other studies [12, 13] reported an increase in translaminar toughness of laminates subjected to 120°C (exceeding Tg), which was related to enhanced matrix ductility. 
The fibre/matrix interface performance has a critical influence on the translaminar fracture toughness of composite materials. An exhaustive review published by Kim and Mai [14] attributed the role of the interface to two major toughening mechanisms: interfacial debonding (corresponding to work of fracture ), and frictional sliding during fibre pull-out (corresponding to work of fracture ),
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where  is the perimeter of debonded fibres or bundles, and  and  are the debonding and pull-out lengths, which depend on interfacial properties [15, 16]; the mode II in-situ interfacial toughness  and the in-situ frictional stress  contribute to define the resistance to debonding and pull-out, respectively.
The strong influence of the fibre/matrix interface on translaminar fracture toughness entails establishing the fundamental relationships between hygrothermal exposure and interfacial properties. The fibre/matrix interface and interlaminar regions exhibit great vulnerability to moisture and temperature [17], which largely dictates interfacial shear strength and mode II fracture toughness [3]. Some investigators [18-22] have consistently concluded that the exposure of composites to moisture and/or elevated temperature leads to a degradation in interfacial shear strength. The interlaminar mode II toughness was found to be adversely affected during an increase in temperature [23]. The coupling effect of temperature and moisture has been reported in [24], where the mode II delamination toughness dropped with moisture content, with a larger reduction at higher temperature. However, other studies [25-27] found a slightly enhanced resistance to mode II delamination after a short exposure to moisture; this was attributed to a toughening effect owing to the plasticisation of the matrix following moisture absorption. 
Several statistical/micromechanical models have been proposed to predict the translaminar toughness [15, 28-30]. A general consensus is that interfacial properties are key inputs in estimating the energy associated with the debonding and pull-out processes. Nevertheless, most of the early models have failed to fully acknowledge the significance of the size effect and multi-scale fibre pull-out features on the fracture surface, both of which can dramatically affect the translaminar fracture toughness. This has been addressed by Pimenta and Pinho’s model [16] which considered a hierarchical failure process and predicted the translaminar fracture toughness and the associated size effect for various material systems. 
So far, however, no research has been focused on modelling hygrothermal effects on the translaminar fracture toughness. Given that the translaminar fracture toughness depends on interfacial properties, and that interfacial properties are themselves affected by hygrothermal conditions, such a model can be developed by (i) predicting how the relevant interfacial properties depend on temperature and moisture, and (ii) subsequently developing a translaminar fracture toughness model that takes this dependency into account.
[bookmark: _Hlk76487357]This work aims to provide insights into the behaviour of advanced composite materials under various environmental conditions, and hence achieve an immediate impact for composite structures on existing in-service fleets. Specifically, the current study was performed to: (1) provide an experimental characterisation of the hygrothermal effects on mechanical properties, in terms of the interfacial properties and translaminar fracture toughness; (2) predict the moisture and temperature dependence on the translaminar fracture toughness, comparing the predictions with experimental results. 
Materials and experimental methods
Specimen preparation
[bookmark: _Hlk76461874]This section describes the manufacturing and conditioning procedures of specimens designed for various mechanical tests including in-plane shear, end-loaded split (mode II interlaminar fracture toughness), and compact tension of cross-ply laminates (translaminar fracture toughness).
Specimen manufacture
All the panels were fabricated from a thermoplastic interleaved aerospace carbon/epoxy composite in the form of unidirectional prepreg. The material glass transition temperature is 185-190 °C. Further information about the material system is not disclosed due to the commercially sensitive nature. Panels were hand laminated and subsequently cured following the manufacturer’s recommended cycle in an autoclave. The quality of the cured panels was assessed using an ultrasonic C-scan to check for potential manufacturing defects. The detailed layup sequence and geometry  for the test specimens can be found in the standards shown in Table 1.
Conditioning of specimens
[bookmark: _Hlk76463533]According to the conditioning procedures prescribed in [31], a drying step was performed by placing the specimens in a vacuum chamber at 70°C for one week. Half of the specimens were then placed in a sealed bag for the subsequent ‘dry’ mechanical tests. The other specimens for ‘wet’ tests were transferred to an environmental chamber which was maintained at 70°C and 85% RH. The state of moisture equilibrium (1.03 wt%) was reached once the mass change was less than 0.02 % between two consecutive measurements over one week. The conditioning time for the in-plane shear, ELS and CT test-specimens was approximately two, four and nine months. . 
Characterisation of hygrothermal effect
[bookmark: _Hlk525509149]A detailed fractographic analysis of the same material system has been presented in [32] which suggests  the bonding of the particles/epoxy and the fibre/epoxy interfaces has weakened by moisture prior to mechanical testing. Here we evaluate the effect of hygrothermal conditions on the material by means of mechanical characterisation under six environmental conditions including: ‘dry’ at -55 °C, 23 °C and 90 °C and ‘wet’ at the same three temperatures. All mechanical testing was performed in an Instron  electromechanical test machine equipped with a 50 kN load cell and a compatible Instron environmental chamber. Liquid nitrogen was used for all tests at -55°C. An Imetrum optical system was used to obtain the surface strain and displacement measurements.
Mechanical characterisation
Mechanical testing was carried out to characterise the following properties: in-plane shear strength (shear stress evaluated at 5% shear strain [33]) , mode II interlaminar fracture toughness  (propagation toughness) and translaminar fracture toughness  of cross-ply laminate. Unless otherwise specified, at least three tests were successfully carried out for each measurement. Due to the commercially sensitive nature of the material, all the experimental data has been normalised to the relevant property measured under the 23 °C/dry condition.
Data reduction for compact tension test results 
The data reduction applied the compliance calibration method [8]. For each test, the crack length, , was measured from optical images recorded during testing and the corresponding compliance, , was determined from the load-displacement curve. The compliance versus crack length data was fitted with the following function:
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After the best-fit parameters ,  and  were determined, the translaminar fracture toughness of the laminate  was calculated as follows:
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Where  is the measured peak load and  is the laminate thickness. Neglecting the interactions between the different layers, the translaminar fracture toughness for a laminate was related to that of the individual plies by the rule of mixtures:
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As the number of 0° and 90° plies in the cross-ply layup was equal, and  (toughness associated with matrix cracks in the 90° ply) was considered negligible compared to , the toughness for the 0° ply could be approximated as:
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Model development
[bookmark: _Hlk74349277]Following [16], it was assumed that the translaminar fracture surface of a composite is hierarchically arranged, leading to quasi-fractal pull-out features of individual fibres and bundles of different sizes. For each hierarchical level, the debonding lengths, , and pull-out lengths, , are stochastic variables which can be predicted based on the tensile strength distributions and interfacial properties of the individual fibres and bundles [34]. Therefore, it is possible to use Eq.1 to calculate the expected value of the fracture toughness as the energy dissipated through debonding and pull-out within each level. The (expected) total translaminar fracture toughness was predicted by summing the expected fracture toughness associated with all hierarchical levels. The reader is referred to [16, 34] for further details. 
The interfacial properties of the pulled-out fibres and bundles (shear strength , mode-II toughness , and frictional stress ) are key inputs to the modelling approach and they are also affected by hygrothermal conditions as mentioned in Section 1. This suggests the interfacial properties as a function of temperature and moisture become variables (rather than constants) in the model to predict the hygrothermal effect of translaminar fracture toughness (as will be shown in Section 4). 
The interfacial properties required as model inputs are in-situ properties. Consequently, it is necessary to identify how these properties can be derived from standard experimental tests and analytical approaches; this will be done in the following subsections. 
In-situ interfacial shear strength
Following [16, 34], it is proposed that the stress redistribution in the hierarchical failure of composite bundles can be analysed based on the classical shear-lag approach. The matrix was assumed to be perfectly-plastic, transferring stresses from failed to intact fibres/bundles by shear yield stresses. In theory, the in-situ shear response of the fibre/matrix interface can be measured experimentally via a micromechanical test that replicates the events in-situ in the composite. In the present model, the shear-lag stress was approximated by the yield strength determined from the in-plane shear test detailed in Section 2; this was because a good agreement had been found between the yield strength from an in-plane shear test and that from the single-fibre fragmentation technique [35].
In-situ interfacial mode II fracture toughness
Interfacial shear stress builds up around single-fibre and fibre-bundle breaks, which triggers debonding at the interface between the broken fibre/bundle and the surrounding material. The in-situ interfacial mode II fracture toughness resists the debonding process, acting as a significant contributor to the overall translaminar fracture toughness (Eq. 1).
For the studied material, the experimentally-determined  can be significantly higher than intralaminar mode II fracture toughness, , because the toughening particles mainly present within the ply interlayer provide resistance to interlaminar fracture. In this work,  was calculated based on a micromechanical model [36]. The mode II energy release rate required for growing a crack along the fibre/matrix interface could be approximated as
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where  is the ply thickness and we compute  by integrating the shear stress-strain curve up to 5% shear strain where shear yielding was expected to start, hence giving a lower-bound for mode II fracture toughness, while  provides an upper bound. The model predictions obtained using either limit as an input is discussed in Section 4.
Pull-out frictional stress
After interfacial debonding takes place, the broken fibres or bundles tend to slip and be pulled out from the surrounding composite. The frictional stress on the debonding surfaces provides resistance to fibre pull-out, giving rise to post-debonding frictional work (Eq. 1). Here, an analytical approach is proposed to estimate the frictional stress as a function of temperature and moisture. 
Assuming that the pull-out frictional stress  arises from Coulomb friction, it can be approximated as
	   ,      
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where  is the (radial) interfacial pressure and  is the frictional coefficient. 
The interfacial pressure, , varies with hygrothermal conditions due to two factors: 
(i) Thermal residual strains develop in the fibres and the matrix as a result of the cooling from the composite cure temperature () to the temperature at which the composite is used or tested (). Thermal residual strains in the fibre and matrix are calculated as  and , where , and  and  are the coefficients of thermal expansion of the fibres and of the matrix, respectively. Since the coefficient of thermal expansion of the matrix is usually larger than that of the fibres, this leads to a positive residual pressure at the fibre/matrix interface, as detailed in Appendix D in [16]; 
(ii) A moisture uptake  leads to swelling of the fibres and matrix, with strains calculated as  and , where  and  are the coefficients of moisture expansion of the fibres and of the matrix. The moisture absorption and the associated swelling will to some extent compensate the thermal-induced strain [11, 18, 37].
Therefore, two additional terms,  and   are added into equation (D.2) in Appendix D in [16] (which was derived considering only thermal residual strains) to allow compatibility of deformation in the fibres and the matrix at their interface. Equating the circumferential strains in fibre and matrix at the interface, , yields:
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where  and  are the radial and circumferential stresses,  and  are the matrix Young’s modulus and Poisson’s ratio, and  and  are the fibre’s transverse elastic modulus and Poisson's ratio, respectively.
Lamé’s equations are then used to solve for the radial stresses () and circumferential stresses (). The expression for the pressure  associated with the hygrothermal expansion/contraction effect becomes:
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Substituting the expression for  into Eq. 7 gives an expression for , which can be directly calculated if all the material properties are known. 
In the case where the pull-out frictional stress  is measured by a single fibre pull-out test at temperature , the expression of  can be simplified as follows: 
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where , and  is given by:
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The calculation of (using Eq. 7-11)  requires some input properties (e.g.  and  or  for dry and wet interfaces) for which a very wide range of values have been reported in the literature [17, 20, 21, 38, 39]; this lack of consistent values makes it difficult to accurately define the model input values. To estimate these obscure inputs, two steps were performed: (1) a parametric study to evaluate how each input can affect the prediction of  and the subsequent prediction of the translaminar fracture toughness (which will be shown in Figure 10 and Figure 11); (2) a model calibration on the experimental data to estimate those inputs within the range identified in the literature. All the properties used in the model, including the calibrated model inputs, are listed in Table 2. 
Results
Hygrothermal effect of interfacial properties
Experimental results for shear strength and interlaminar mode II toughness
The in-plane shear strengths  measured under different environmental conditions were normalised to  (the shear strength measured under 23 °C/dry condition) and are plotted in Figure 1, showing that an increase in temperature and moisture resulted in a reduced . The degradation of  due to the absorption of moisture became more significant as the temperature rose: while the moisture-saturated specimens still retained about 98% of their strength under the dry condition at -55°C, they only retained 89% strength at 23°C, and 81% at 90°C. 
The experimental data of mode II interlaminar fracture toughness  (propagation toughness) for different environmental conditions were normalised to  measured under the 23 °C/dry condition (see Figure 2). Note that only one specimen was successfully tested at -55°C for both wet and dry conditions due to extreme slip-stick behaviour and excessive fogging of the environmental chamber window preventing optical measurements. Therefore, the apparent slight increase in  for the wet specimens from -55°C to 23°C is not statistically significant (p-value = 0.77),whereas an adverse effect due to moisture and temperature can be clearly seen in the data obtained under 23 °C and 90 °C for both dry and wet condition.
Analytical solution of pull-out frictional stress and intralaminar mode II fracture toughness
The mode II intralaminar fracture toughness  predicted by Eq. 6 for different environmental conditions were normalised to . The  in Figure 2 are higher than the  in Figure 3 by a factor of approximately six, which can be explained by the presence of the toughening phase at ply interfaces. As expected, the effect of temperature and moisture on  was consistent with that on the . The pull-out frictional stress  was predicted by Eq. 7-9 and normalised to  (the prediction for 23 °C/dry condition). Figure 4 shows that, for both the dry and wet conditions, the elevated temperature caused a reduction in the , with a more rapidly decreasing trend under the wet condition.
Hygrothermal effect on translaminar fracture toughness
[bookmark: _Hlk74421740]The representative load-displacement curves from the CT tests conducted under various environmental conditions are shown in Figure 5 where both the measurements of load and relative displacement between the loading pins were normalised the . This shows that the extent of the nonlinearity in the load-displacement response increased with a rise in temperature and moisture content. The failed specimens under hot/wet (i.e. 90°C/wet) conditions showed that the two loading arms experienced large shear deformation; the hot/wet test was considered invalid, as the specimen did not break because of translaminar cracking from the notch, but a premature failure occurred due to compression near the unnotched edge. 
The translaminar fracture toughness of the laminate measured under different conditions were normalised to the ply-level translaminar propagation toughness measured under 23 °C/dry condition (equal to the corresponding laminate toughness  multiplied by two). They are plotted against crack length for the CT tests conducted under various environmental conditions in Figure 6. All of the data exhibited a strong R-curve effect, with translaminar toughness continuously rising for a significant portion of crack growth. The normalised propagation translaminar toughness was estimated as the average toughness value once the normalised R-curves plateaued after around 6-8mm of crack growth.  
Following the rule of mixtures in Eq. 4-5, the normalised ply-level translaminar fracture toughness was calculated and is presented in Table 3. Testing at higher temperature resulted in an increase in translaminar toughness for both the dry and wet conditions. The effect of moisture on translaminar toughness was more marked with temperature: the toughness of the wet specimens was about 5% and 22% higher than that of the dry specimens at -55°C and 23°C, respectively. 
Comparison between model predictions and experiment results
Both experimentally determined translaminar fracture toughness and the corresponding model predictions under each condition are normalised to . Their comparisons under various environmental conditions are presented in Figure 7. Using  as the model input led to slightly higher predicted translaminar toughness (hatched bars + black bars) compared to those predicted using   (hatched bars). It can be seen that model predictions using  yields slightly better agreement with the experimental results in five conditions, which gives a further indication that Eq. 6 provides a suitable estimate for in-situ mode II fracture toughness in this case. Moreover, the model is able to predict the translaminar toughness under the hot/wet condition, where the experimental method failed.
Effect of interfacial properties on model prediction
To study the effect of the interface on the prediction of translaminar fracture toughness, it is useful to distinguish the role of each interfacial property. Thus, the dependence of debonding () and pull-out () components of the predicted translaminar fracture toughness with respect to only one interfacial property was calculated, with the other two properties held at nominal values (i.e. room temperature).  and  were then normalised to  and plotted against the normalised interfacial properties in Figure 8 to Figure 10. 
[bookmark: _Hlk74346942][bookmark: _Hlk74346963]Each interfacial property reduces as a result of an increase in temperature from -55°C to 90°C for both dry and wet condition, which changes  and  to different extents:  (1) The effect of  on both components is seen to be negligible; (2) The reduction in  led to a reduction of   which was compensated by an increase of ; (3)  was the most influential input for the predicted translaminar fracture toughness: a reduction of  resulted in a significant increase of both  and .
Effect of obscure inputs on the predicted pull-out frictional stress  
[bookmark: _Hlk74347877][bookmark: _Hlk74329962]As shown in Eq. 7-11, the obscure inputs (CME of matrix,  and coefficient of friction, ) only affect the calculation of the pull-out frictional stress, , which consequently propagates their influence on the prediction of translaminar fracture toughness (as shown in Figure 10). The influence of these two model inputs on the normalised  is illustrated in Figure 11, considering  from 0.2 to 0.5 and  from 0.4 to 0.8, which are the range of values reported in the literature (as summarised in Table 2). This analysis supports the choice of the exact values for  and  selected as nominal model inputs (defined in Table 2), since the nominal values: (i) are within these reported ranges; (ii) lead to estimates of  that are consistent with the values reported in [40]; and (iii) ultimately provide predictions of translaminar fracture toughness for all environmental conditions that are in good agreement with the experimental results.
Translaminar toughness map
A translaminar toughness map is plotted in Figure 12 to describe how the three interfacial properties (shear strength, mode-II toughness, and frictional stress) quantitatively influence the predicted translaminar toughness (which has been normalised to ). The colour map of translaminar toughness was constructed by calculating the values for specific combinations of ,  and  with the following considerations. (i) Since both the interfacial shear strength and the mode-II interfacial toughness relate to the quality of the fibre-matrix bonding, they are varied in coordination: the relationship between  and  has been estimated via the analytical solution in Eq. 6 for the six environmental conditions considered in the experiments. This relationship can be well approximated by a linear fitting between  and , which was used to estimate the normalised  (top horizonal axis) from  the normalised  (bottom horizontal axis) in Figure 12. (ii) The frictional stress relates to the post-debonding response of the interface and was thus considered to vary independently from  and . 
The white dash-dot lines indicate the ratio between the debonding and pull-out components of the translaminar fracture toughness; they show that increasing  (and ) and decreasing  leads to a transition of the dominant toughening mechanism from pull-out to debonding. For the six environmental conditions considered, the fracture energy was predominantly dissipated through fibre pull-out.
Discussion
Nonlinearity in the CT load-displacement curves
[bookmark: _Hlk74237658]Figure 5 shows the pronounced impact of hygrothermal conditioning on the fracture behaviour of the CT specimens. The elevated temperature increased the non-linearity in the load-displacement curves, which was more marked with the presence of moisture. This non-linearity can be attributed to several reasons: (1) the viscoelastic response of the matrix being more evident under high temperature and moisture content, leading to a larger degree of nonlinear deformation; (2) there may also have been permanent damage already existing in the specimen before the crack started to grow, which will be discussed in the following sections. Extensive shear deformation was observed in the loading arms under hot/wet conditions. This deformation effectively delays crack propagation by relaxing the stresses around the crack tip and diffusing the damage in the form of non-linear shear deformation. Eventually a compression failure occurred at the unnotched edge, which was due to a loss of compressive strength caused by exposure to the hot/wet condition.
As mentioned earlier, a conventional CT specimen design was utilised [6]. This design has been successfully used for a material whose global behaviour is predominantly linear elastic. Future investigations may be needed to modify the current specimen geometry or test method to account for or suppress the extent of diffused damage due to hygrothermal conditioning.
Model validation
The model presented has made the first attempt in the literature for predicting the dependence of moisture and temperature on the translaminar fracture toughness by considering the hygrothermal effect on the interfacial properties. 
Figure 7 shows that the model successfully predicted the qualitative trend of increasing translaminar fracture toughness with temperature and moisture levels, showing good correlation with the experimental measurements were obtained under five environmental conditions. Furthermore, the model is potentially suitable for other hygrothermal conditions which are not considered in the present study. This is because the favourable influence of hygrothermal conditioning on the translaminar fracture toughness and the associated damage mechanisms are captured in the model, i.e. moisture in combination with an elevated temperature substantially weakens the fibre/matrix interface, consequently promoting energy dissipation through the development of longer debonding or pull-out lengths and ultimately leading to a higher translaminar fracture toughness. This well correlates with the fractographic observation of another aerospace-grade carbon/epoxy composite [11], which suggests a higher translaminar fracture toughness under hot/wet condition owes to the longer pull-out lengths developed on the fracture surface. 
[bookmark: _Hlk74330206][bookmark: _Hlk74329093][bookmark: _Hlk74417467]A good agreement can be seen between the predicted translaminar fracture toughness and the measured values for the five experimental conditions successfully tested; this suggests that the model is able to predict the translaminar fracture toughness under different hygrothermal conditions. Only three model inputs () were calibrated, and this calibration was done within the range of experimental measurements reported in the literature for those inputs. Figure 7 also shows that the translaminar toughnesses experimentally measured under higher temperatures and wet conditions deviate further from model predictions than under lower temperatures and dry conditions. This deviation might be due to the fact that the present model considers two main toughening mechanisms including debonding and pull-out, whereas there may be other energy-dissipation mechanisms present in the experiments (e.g. shear of the loading arms, viscoelastic deformation and material degradation), which become progressively more significant for hot and wet conditions (as evidenced by the non-linear nature of the experimental load-displacement curves in Figure 5).
Hygrothermal effects
Effect of hygrothermal exposure on interfaces
The deterioration of the interfacial properties resulting from hygrothermal exposure is illustrated in Figures 1-4. In principle, this might be due to one or more degradation phenomena, including (1) Both moisture and temperature can plasticise the matrix, resulting in early matrix yielding [41]; (2) Moisture swelling induces the relaxation of residual stresses, which to some extent reduce the effective interfacial shear strength [22]; (3) At elevated temperatures, internal moisture can vaporise and generate pressures high enough to create interior microvoids or cracks at fibre/matrix interface [42]; (4) heat and moisture reduce the adhesion by disrupting the physical interactions (van der Waals interactions), and chemical interactions (covalent bonds) [20]. Further research into the damage characterisation of the material studied will be needed to understand which phenomena plays the most significant role.
Effect of interfacial properties on the translaminar fracture toughness
The hygrothermal conditioning adversely affects interfacial properties, which in turn determines the contribution of each toughening mechanism to the overall translaminar fracture toughness of the composite material.
Figure 8 depicts a slight increase in both debonding and pull-out components of the translaminar toughness as a result of increasing  (which occurs at low temperature and moisture level). This can be justified because a higher  promotes stress redistribution among the intact fibres adjacent to a broken fibre. Consequently, the expected tensile strength of a fibre bundle increases [34], implying a higher survival probability of bundles to the debonding process that occurs during translaminar fracture. Therefore, the expected debonding and pull-out lengths predicted by the model become larger, which contributes to a higher translaminar toughness.
Figure 9 shows a more complex role of . A larger  (which occurs at low temperature and moisture level) provides high resistance to debonding and hence extra energy is required to propagate a crack [16], which explains why the debonding component of the translaminar toughness increases. In contrast, if  is increased too much, it will inhibit interfacial debonding and reduce pull-out lengths, thereby limiting post-debonding friction; consequently, the pull-out component of the translaminar fracture toughness decreases. 
Figure 10 demonstrates that decreasing  (which occurs at high temperature and moisture levels) is most effective in increasing both the debonding and pull-out components of the translaminar toughness. This is because a lower  means that a mode-II crack debonding a broken fibre or bundle from the surrounding composite would grow to a larger distance (under a given remote stress) and with smaller stress gradients, increasing the expected value of both debonding and pull-out lengths. This would not only increase the debonding component of the translaminar toughness (which is proportional to the debond length, Eq. 1), but also the pull-out component (which is proportional to the  and to the square of the pull-out length, Eq. 1). Therefore, for the case considered, the decrease in  is more than compensated by the increase in pull-out lengths that it generates.
Implications of the translaminar toughness map
The complex influence of the interfacial properties on the translaminar fracture toughness is explicitly delineated in Figure 11, providing several important implications as detailed below.
The effect of moisture on the translaminar toughness becomes more prominent as temperature increases (as indicated by the superimposed markers). It can be expected, for temperatures below 23°C, even a large variation in moisture level would cause a negligible effect on the overall translaminar toughness. However, at 90°C a small change in moisture content could act as a beneficial toughening mechanism, leading to a remarkable increase in toughness. This can be explained by lower residual stress due to less amount of matrix shrinkage at high temperature, which is further reduced by the matrix expansion following moisture uptake. A similar effect was reported in a CFRP composite [43], where the shrinkage of matrix was chemically reduced by special expanding monomers, leading to a significant increase in translaminar toughness.
Figure 11 shows that  the dominant energy-dissipation mechanism is the fibre pull-out for the six environmental conditions considered in the present study. However, it is worth pointing out in some composites the interfacial debonding may provide dominant contribution to the total fracture toughness. As Kim and Mai [14] pointed out there is a lack of agreement about the relative contributions to the overall fracture toughness of any given composite. This might arise from the differences in the studied composites, test methods and specimen geometries used for toughness measurements.
The translaminar fracture toughness can potentially be improved by simultaneously increasing the  (and the ) and decreasing the  (towards the debonding-dominated region). Practically, such interfacial behaviour is unlikely to be achieved in the studied material, simply because opposite hygrothermal conditions are needed for high  (cold/dry) and low  (hot/wet). However, the intermittent bonding concept [14] may be favourably used to reduce the loss of translaminar toughness at low temperature. In this concept, the interface is engineered to have alternating regions of strong and weak interfacial bonds by coating the fibre intermittently. While the debonding crack would preferentially grow along the weak interface, shear stress transfer is maintained in the strong interface, enabling an enhanced energy absorption.
Conclusion
The presented work provides a comprehensive investigation of the hygrothermal effects on the translaminar fracture toughness and interfacial properties of CFRPs. Analytical model predictions of the translaminar toughness under different environmental conditions show a good agreement with experimental data.
Experimental characterisation of the hygrothermal effect on interfacial properties ( and ) and translaminar fracture toughness has been performed under six different environmental conditions, namely -55°C, 23°C and 90°C for both dry and fully moisture-saturated (1.03% wt) specimens (conditioned at 70°C /85% RH). The hygrothermal effect on the  and  has been analytically predicted. The following conclusions can be drawn:
· Elevated temperature and moisture content result in the degradation of interfacial properties. Both  and  exhibit a more rapid change with temperature in the moisture-saturated specimens compared to that of the dry specimens. About 90% of the dry measured interfacial shear strength and interlaminar toughness is retained by wet specimens at -55°C, whereas only 80% or less is retained at 90°C.
· A detrimental effect of temperature and moisture was found in the analytically predicted  and , with a more rapidly decreasing trend for the wet interface compared to the dry interface.
· Elevated temperature results in an increase in translaminar toughness for both the dry and wet conditions. The effect of moisture content on the translaminar toughness is more evident at higher temperatures, with the difference changing from 5% at -55°C to 22% at 23°C.
An analytical approach to predict the influence of hygrothermal conditioning has been developed and validated against experimental data. The key conclusions are the following:
· The model predictions correlate well with experimental results, and most importantly, can estimate the translaminar toughness under extreme environmental conditions, where the experimental characterisation encounters challenges, e.g. the hot/wet test was considered invalid due to premature failure.
· The role of each interfacial property in controlling the translaminar toughness has been clarified. While translaminar fracture toughness is enhanced with higher , it is the opposite for . 
· From the point of view of damage mechanisms, the overall effect of a weaker bonding efficiency across the fibre/matrix interface will promote energy dissipation through more extensive debonding and pull-out, leading to a higher translaminar toughness.
[bookmark: _Hlk76487142]The model presented here is the first attempt to develop validated predictions of the combined influence of both moisture and temperature on the translaminar fracture toughness. This study provides important progress toward a greater understanding of the behaviour of composite materials and the relative importance of the underlying damage and toughening mechanisms in response to hygrothermal conditioning. More importantly, this improved understanding will help initial screening of candidate materials and safer exploitation of composite structures that operate in severe environmental conditions. 
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Appendix A - Estimation of Weibull strength parameters 
Weibull [44] indicated that the strength of a single fibre is a stochastic variable whose distribution can be described by the Weibull distribution. The survival probability  of a single fibre with a gauge length  subjected to stress  is determined by:
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where  is the shape parameter which characterises variability of the fibre strength and  is the Weibull scale parameter for the reference length .

A good knowledge of the Weibull distribution of single fibre strength is the prerequisite for the prediction of bundle strength in the current model. However, an overview of the Weibull parameters of the fibres in the studied material, provided in [45], shows a high inconsistency in those reported in the literature. In order to identify the most accurate estimation of Weibull parameters, each set from [45] was input into the strength model [34] to compare the difference between predicted and experimental tensile strengths, which was quantified by the normalised root mean squared error (NRMSE), i.e.:
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where  denotes the predicted strength,  the experimental strength and  the mean experimental strength for the room temperature test. 
The set of Weibull parameters which has resulted in the minimum NRMSE value is given in Table 2. The selected Weibull parameters were determined through 200 tests, which characterised the largest population of fibres in the literature and hence minimises the experimental errors. The comparison between the experimental results and prediction as a result of these parameters is presented in Table 4
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Captions
[bookmark: _Ref39335708]Figure 1. Effect of temperature and moisture on the . The error bars represent standard deviations.
[bookmark: _Ref39335711]Figure 2. Effect of temperature and moisture on the . The error bars represent standard deviations.
[bookmark: _Ref39355522]Figure 3. Effect of temperature and moisture on the  which is predicted by the analytical solution in Eq. 6.
[bookmark: _Ref39355545]Figure 4. Effect of temperature and moisture on the  which is predicted by the analytical solution in Eq. 7-9. The diamond markers highlight  corresponding to three temperatures for dry and wet conditions.
[bookmark: _Ref39315649]Figure 5. Normalised load-displacement curves that are representative for each environmental condition.
[bookmark: _Ref39322514]Figure 6. Normalised R-curves obtained under various environmental conditions including:(a) -55°C/dry; (b) 23°C/dry; (c) 90°C/dry; (d) -55°C/wet; (e)23°C/wet. The horizontal line indicates the normalised propagation toughness.
[bookmark: _Ref39705832]Figure 7. Comparison between normalised model prediction and experimental result for each hygrothermal condition.
[bookmark: _Ref39658548]Figure 8. Effect of   on the  and  (room temperature  and  are used as model inputs). The diamond markers highlight the three temperatures used in the tests.
[bookmark: _Ref39704645]Figure 9. Effect of  on the  and  (room temperature  and  are used as model inputs).  The diamond markers highlight the three temperatures used in the tests.
[bookmark: _Ref39658555]Figure 10. Effect of  on the  and  (room temperature  and  are used as model inputs). The diamond markers highlight the three temperatures used in the tests.
[bookmark: _Ref57803274]Figure 11. Effect of  and  on the  at nominal temperature (i.e. 23°C) (a) with  as input for the dry case and (b)  for the wet case. The markers highlight the predicted value using the calibrated inputs for dry and wet conditions.
[bookmark: _Ref40386573]Figure 12. Contour map of predicted translaminar fracture toughness as a function of shear strength and frictional stress. The predictions of normalised translaminar toughnesses corresponding to each environmental condition tested are highlighted. The dash-dot lines indicate the ratio between the energies dissipated by the two toughening mechanisms: pull-out (po) and debonding (deb).  


Tables
[bookmark: _Ref74419607][bookmark: _Ref39254569]Table 1 Test settings for the standard mechanical characterisation.

	Mechanical property
	Test method
	Loading speed (mm/min)

	
	ASTM D3518 [33]
	1

	
	ISO 15114 (ELS) [46]
	1

	
	Compact tension of cross-ply laminates  [6]
	0.5





[bookmark: _Ref38989849]Table 2 Hygrothermal, mechanical and geometrical properties (model inputs) used in this study 
	Property
	Model input
	Range of values in the literature

	Hygrothermal 
	
	

	CTE of fibre  (10-6K-1)
	7.2 [47]
	

	CTE of matrix  (10-6K-1)
	52 [47]
	

	CME of fibre
	0 [48]
	

	CME of matrix  (*)
	0.22
	0.2-0.5 [38, 39]

	 (wt%)
	0
	

	 (wt%)
	1.03
	

	Coefficient of friction for dry interface  (*)
	0.55a
	0.4-0.8 [17, 20, 21]

	Coefficient of friction for wet interface  (*)
	0.60a
	0.4-0.8 [17, 20, 21]

	Mechanical
	
	

	Fibre transverse modulus  (GPa)
	17 [49]
	

	Fibre longitudinal modulus  (GPa)
	240 [49]
	

	Matrix Young’s modulus  (GPa)
	3.2 [49]
	

	Fibre Poisson’s ratio 
	0.25 [49]
	

	Matrix Poisson’s ratio 
	0.37 [49]
	

	Geometrical b 
	
	

	Fibre diameter  (m)
	7
	

	Fibre volume fraction   (%)
	60
	

	Cured ply thickness  (mm)
	0.186
	

	Weibull strength parameters c
	
	

	Scale parameter (GPa)
	4.43
	

	Shape parameter 
	3.65
	

	Gauge length  (mm)
	30
	



a It has been reported in [20] that the fibre/matrix interface is roughened by the exposure to moisture, which results in an increased frictional coefficient  at wet interfaces.
b Fibre and prepreg properties provided in materials datasheets.
c Weibull parameters were measured from single-fibre tensile tests in the literature [45], as described in Appendix A.
(*) Calibrated inputs that are estimated within the range of values available in the literature.


[bookmark: _Ref39332482][bookmark: _Hlk74497326]Table 3 Summary of normalised ply-level translaminar toughness,  at different hygrothermal conditions
	
	-55°C
	23°C
	90°C

	dry
	0.73 ± 0.06
	1.00 ± 0.10
	1.49 ± 0.14

	wet
	0.76± 0.06
	1.22 ± 0.12
	



[bookmark: _Ref74419288]Table 4 Comparison between the normalised experimental tensile strength obtained from dry specimens at room temperature and normalised model prediction using the Weibull parameters in Table 2.
	Normalised experimental tensile strength
	Normalised predicted tensile strength

	1.000±0.004
	0.991
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