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Abstract
[bookmark: _GoBack]Angle-ply (±45)2S glass/epoxy composite specimens have been subjected to pure creep and tension-tension constant amplitude fatigue loading interrupted at max by creep intervals lasting for 2 or 48 hours in order to examine the effects of creep loading on the fatigue response and vice versa. The specimens’ behavior and damage status were continuously monitored during the experiments; strains were measured by a video extensometer, the self-generated temperature on the specimens’ surface was recorded by an infrared camera, while a digital camera with sufficient backlighting was used in order to capture the damage development in the translucent specimens throughout the experiment. Post-mortem photos were taken by a digital microscope for the analysis of the fracture surfaces. In comparison to continuous fatigue, applying the creep-fatigue loading pattern with a 2-h creep time at low stress levels had no effect on fatigue life. However, as the stress level increased, specimen stiffening occurred during creep loading because of the glass fiber realignment, which also decreased the internal friction, hysteresis loop area, and self-generated temperature, thus prolonging the fatigue life. The restoring of fatigue stiffness was greater at a creep time of 48h due to more creep strain, which led to more fiber realignment. However, the higher creep strain at high stress levels caused more creep damage and thus resulted in a shorter fatigue life. In addition, it was observed that the fatigue damage accelerated creep deformation. 
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1. Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15]Fiber-reinforced polymer (FRP) composites used in engineering structures in several domains, such as wind energy, bridges, automotive, etc., exhibit behavior that is sensitive to the loading pattern due to their cyclic- and time-dependent mechanical properties [1-5]. The cyclic-dependent or time-independent mechanical properties such as fatigue stiffness and hysteresis loop are mainly attributed to high frequency fatigue experiments at zero mean stress level in which the time-dependent deformation of material does not have to be considered. However, the time-dependent mechanical properties are related to the rheology of the material when it is subjected to an external load [6]. Cyclic-dependent and time-dependent phenomena can interact during fatigue loading, and the degree of their interactions and dominance of one over the other depend on the loading spectrum and material type [2-5,7]. Creep and fatigue have long been recognized as critical mechanisms for the reliability of composites [8]. A significant amount of information has meanwhile been acquired regarding the pure creep [9,10], the pure fatigue [9,10,11], as well as (although this was not always the objective) the combined creep-fatigue behavior [3,10,12,13] of polymer matrix composite materials. 
The degradation of the cyclic-dependent mechanical properties of laminated composites occurs via several damage mechanisms, such as matrix cracking, debonding, delamination, transverse-ply cracking, and fiber failure, that are activated, either independently or synergistically, during fatigue loading [5,14,15]. The predominance of one or another of the aforementioned damage mechanisms is dependent on both material variables and loading conditions as described in [14]. Laminated composites are susceptible to creep, even at room temperature, due to the viscoelastic nature of their polymeric matrix. At temperatures below the resin’s glass transition temperature (Tg), creep is governed by viscoelastic deformation, which may cause crazing of the resin because of its lower ductility, fiber straightening in tension and fiber buckling in compression, delamination at the matrix/fiber interface, fiber breakage, and finally complete failure [16]. Apart from the typical creep deformation, it has been well documented that laminated composites cyclically creep under fatigue mean stresses [4,5,15].
The creep-fatigue behavior of composite materials and structures can be investigated by monitoring the evolution of fatigue hysteresis loops in which their shift indicates cyclic creep effect and the degradation of the fatigue stiffness represents the damage effect. Fatigue stiffness is the slope of each stress-strain hysteresis loop as explicitly described in [15]. Another approach assumes both creep and fatigue effects sequentially by subjecting the component to a loading profile – usually a trapezoidal waveform – with a measurable time under load, while “pure creep” or “pure fatigue” loading are considered as special loading profile cases [9,10,13,17]. Pure creep is considered to be a time-dependent phenomenon that can be investigated by loading the material under static fatigue conditions, i.e. under stress ratio, R=σmin/σmax, equal to 1. Pure fatigue is considered as the cyclic loading at the stress ratio of -1 where the mean cyclic stress is zero [18,19]. In some models, tensile fatigue with zero minimum level (R=0) is also assumed as pure fatigue [2,4], although this profile includes a certain amount of constant (mean) cyclic stress during loading. Nevertheless, in many applications, a structural component is subjected to loading profiles that are neither pure creep, nor pure fatigue, but comprise elements of both forms of loading [3,10,16,20].
There is little information in the literature regarding the effect of creep on the fatigue life of composites because of the complexity of such effects and the difficulty involved in clearly separating the two phenomena. Several works exist regarding the frequency effects on the fatigue life of composite materials, see e.g. [21-25], which investigate the effect of creep indirectly however. It is documented that any frequency increase improves the fatigue life of several material systems, since the time under load (cyclic creep) decreases [26-28]. However, this only remains true as long as the increased frequency does not result in loading rates sufficiently high to produce considerable temperature increases that soften the matrix and decrease the fatigue life [24]. Fewer works investigate the creep-fatigue interaction in composite materials however, e.g., [7,9,14,26,29], all agreeing that creep and fatigue are mutually influencing phenomena [7]. For example, Vieille et al. [7] showed that fatigue life could be extended with prior creep depending on loading conditions in a woven-ply thermoplastic laminate at temperatures higher than Tg. Similarly, in angle-ply thermoset graphite/epoxy composites, it was also shown that sustained periods of static loads have significant retardation effects on damage propagation and therefore extended fatigue life [26]. In unidirectional thermoset carbon/epoxy laminates however, it was observed that the repetitive interruption of fatigue loading at max reduced fatigue life [32]. It is thus commonly accepted that to a great extent, creep plays a significant role in high-cycle fatigue regimes, especially at low frequencies, when the time under load is increased [17,26]. In such cases, creep is dominant, and time-dependent failure occurs, while the failure is mainly cycle-dominated at high-cycle fatigue regimes under high frequencies [29,30]. 
Although creep and fatigue coincide in any fatigue loading profile, the physics of damage are different for cyclic creep and fatigue, since both phenomena involve different types of damage mechanisms and processes [16,31]. Very limited experimental evidence exists on this topic, since creep and fatigue effects on damage development are usually not decomposed and their joint effect on fatigue life is investigated [7,26,32]. According to the available literature, in some cases, the effect of creep on fatigue life appears to be beneficial [7,14,26], while in others it is shown that creep can act synergistically with fatigue mechanisms to accelerate damage accumulation [9,29]. Therefore, it is not yet clear under which conditions - for example the applied stress level and hold time - creep has a positive, negative, or neutral effect on fatigue life. In addition, to the best of the authors' knowledge, the creep effect on the evolution of fatigue damage during cyclic loading and the effect of fatigue damage on creep behavior during the interruption have not yet been clearly discussed. Furthermore, for the study of creep-fatigue behavior, neither continuous fatigue nor trapezoidal waveform represents a realistic scenario for the description of the “creep-fatigue loading”. 
The objective of this work is to investigate the creep-fatigue interaction effects on the fatigue and creep behavior of ±45o angle-ply GFRP laminates at different stress levels and hold times by monitoring the evolution of the mechanical, thermal, and optical properties of the material as well as the failure modes. A more realistic loading pattern was selected in which constant amplitude fatigue experiments intermitted by constant loads for 2h and 48h hold times, at the maximum cyclic load, were performed. The material performance was continuously monitored via measurement of the stress-strain and the self-generated temperature developments during the experiments. The evolution of the damage and the developed failure modes were also recorded by monitoring the variation of the material’s transparency during the loading and studying the fracture surfaces. In addition to the fatigue experiments, pure creep experiments were performed on the same material system to facilitate the analysis of the results and provide useful material for the discussion on the creep-fatigue interaction. The experimental results of this work were compared to relevant fatigue data previously obtained from continuous constant amplitude fatigue experiments by the authors [15]. 

2. Experimental procedure
[bookmark: OLE_LINK247][bookmark: OLE_LINK248]2.1 Material and specimen preparation 
[bookmark: OLE_LINK76][bookmark: OLE_LINK77]In order to highlight the creep effects on the tension-tension fatigue behavior of laminated composites, angle-ply glass/epoxy specimens with [±45]2s layout were selected. The average dimensions of the specimens were 250.0×25.0×2.3 mm3 (length × width × thickness) according to ASTM D3039 [33]. Unidirectional E-glass fiber fabrics (EC 9-68) with an area density of 425 gr/m2 and layer thickness of 0.45 mm were used. These fabrics comprised a finish bonding agent, which provided better adhesion to the matrix. The low viscosity resin, Biresin® CR83, mixed with the hardener Sika CH83-2, in a ratio of 3:1 was used for impregnation of the fabrics. Laminates of dimensions 500×500×2.3 mm3 were fabricated by vacuum assisted hand lay-up, using a vacuum pump with a pressure of 0.9 bar. The fabrication was performed on a plastic substrate, which was coated with a release agent to prevent resin from bonding to the surface after fabrication. Each laminate was kept in a vacuum bag for 24 hours under laboratory conditions (22±2oC, 40±10% RH), and subsequently placed in an oven at 70oC for eight hours to complete the curing process. The achieved fiber content was 62% by volume as determined according to burn-off experiments as described in ASTM D 3171-99 [34]. Specimens were then cut from the laminates using a water-jet cutting machine and two aluminum tabs with dimensions of 45×25×4 mm3 were glued to each specimen end with a cyanoacrylate glue for gripping purposes. 

2.2 Experimental set-up and instrumentation 
2.2.1 Pure creep 
The creep experiments were performed using in-house designed and fabricated creep frames, schematically shown in Fig. 1. The creep load was applied by hanging different weights from the lever arm (point A in Fig. 1a), in order to derive creep stresses of between 49-70 MPa, the same range as the maximum cyclic stresses developed during the fatigue experiments (see below). The measurement of the longitudinal creep displacement was performed by two vertical displacement transducers (LVDTs) with a measurement accuracy of 0.02 mm, attached on both sides of the specimens as shown in Fig. 1b. A small difference in the LVDT results due to specimen warping during installation in the fixture and initial loading was observed, however it was less than 2% and remained constant until the end of each experiment. Therefore, the average displacement was used for the analysis. The experimental matrix is shown in Table 1, with the specimen denomination “creep” denoting pure creep experiment, followed by the stress level.

2.2.2 Creep-fatigue

[bookmark: OLE_LINK71][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK28][bookmark: OLE_LINK29]All interrupted fatigue experiments were carried out on an Instron 8800 hydraulic universal testing rig of 100-kN capacity with accuracy of ±0.2 kN. Fig. 2 shows a schematic representation of the applied loading profile, comprising repetitive loading blocks of constant amplitude and hold times up to specimen failure. For each experiment, the load was increased until the mean value was reached in 60 seconds. Subsequently, sinusoidal constant amplitude fatigue loading was applied for a predetermined number of cycles, i.e. 20% of the average continuous fatigue life, obtained for the same stress levels in [15]. The cyclic loading was performed in the range of maximum stress levels of 47 – 70 MPa based on ASTM D7791-12 [35]. In order to examine the effect of short and long hold times on the fatigue behavior, 2h or 48h were selected as schematically shown in Fig. 2. The duration of 20% of the fatigue life in each loading block, as well as the hold time, were selected to obtain a reasonable number of interruptions and total duration of the fatigue experiments. The stress ratio, R=σmin/σmax, was kept constant to 0.1 to apply tensile cyclic loads to the specimens. A loading rate, , of 30.5 kN/s was used for all experiments. This loading rate was derived after preliminary experiments to avoid excessive temperature increases during fatigue loading [15]. Different frequencies were thus obtained to keep the loading rate constant for all stress levels. Four specimens were examined at each of the seven selected stress levels for the case of the 2h hold time, and two specimens per stress level when the hold time was set to 48h. The experimental matrix is shown in Table 2. The specimens are denominated as follows: the first term, “Cref”, denotes creep-fatigue, the second term refers to the stress ratio, the third term indicates the maximum fatigue stress, the fourth term the duration of the hold time (2h or 48h), while the last letter denotes the specimen identification number for each parameter combination. All experiments were performed in an environmental chamber regulated to a constant temperature of 20oC. Two fans were used to circulate the air inside the chamber and cool the specimens.
Different instrumentation was used to monitor the mechanical, thermal, and optical changes in the specimens during and after the fatigue process. During the fatigue experiments, the machine’s displacement, load and number of cycles were recorded at a frequency depending on the stress levels, i.e. from once per 10 cycles at high stress levels to once per 1000 cycles at low stress levels. The variation of the longitudinal strain was measured by a high-resolution video-extensometer (a Point Grey - Grasshopper3 camera with a resolution of 1936×1216 pixels and a Fujinon HF35SA-1 35 mm F/1.4 lens) with a frequency of acquisition of 160 fps. The video-extensometer measured the changes of position of two lines at an average distance of 13 cm apart marked on the specimens’ surfaces. A LED white light with negligible heat emission was projected onto the sample surface to enhance measurement accuracy. Approximately twenty-five load and displacement measurements were recorded per cycle to estimate the strain fluctuations, fatigue stiffness, and hysteresis loops throughout the fatigue life of all the examined specimens. To record the evolution of the specimens’ surface temperature during the fatigue experiments, an infrared (IR) thermal camera with an accuracy of 0.1°C and optical resolution of 160×120 pixels was also employed, starting 1 cm away from each grip as described in [15]. In order to detect the damage development at a macro-scale level, photographs of the translucent specimens were taken at regular intervals (depending on life expectancy) with a digital camera with maximum aperture f/2.8 and focal length range of 24–70 mm. Damage in the material volume was attributed to changes in the reflectance, which indicated new interfaces in the path of the penetrated light [15]. A bright white light source was positioned behind the specimens to assist this procedure. After failure, the failure surfaces were examined using a digital handheld Dino-Lite microscope, AD7013MZT, with magnification of 20x and resolution of 2592×1944 pixels, and photos were taken of all specimens.

3. Experimental results and discussion
3.1 Pure creep experiments 
The evolution of the creep strain, , as a function of time is shown in Fig. 3a. Typical creep curves were obtained for all stress levels: An elastic strain, followed by a primary creep stage characterized by a rapid initial strain increase, although with a deceasing trend, subsequently followed by a steady state stage with minimum strain rate. The strain increased drastically towards failure. The time to failure for each specimen is shown in Table 1. The isochrone stress-strain curves are plotted in Fig. 3b by determining the strain values at different stress levels at a constant time. As can be observed from the isochrone curves, the material exhibited a non-linear viscoelastic behavior in which the degree of nonlinearity increased with stress level. 
The evolution of the creep strain at max = 70 MPa and corresponding specimen translucency are shown in Fig. 4. No damage was visually observed in the specimen during the primary creep; however, at the beginning of steady state region, damage gradually appeared at different locations along the fibers and propagated uniformly throughout the specimen volume. Creep failure occurred at the third stage after concentrated damage development. 

3.2 Creep-fatigue experiments 
3.2.1 Fatigue life
The fatigue behavior of the specimens loaded under both loading patterns is shown in Fig. 5, where the maximum cyclic stress level is plotted against the number of fatigue cycles to failure, Nf. Detailed experimental results are presented in Table 3, where NBlock denotes the number of fatigue cycles in each loading block, tCreep the applied hold time, Nf the cycles to failure, and nb the number of completed fatigue loading blocks. The number of cycles to failure was determined by excluding the interruption phase of the loading pattern. All specimens loaded at the highest stress level (max = 70 MPa), failed during the creep phase of the loading pattern. This changed as the load and hold time were decreased; at max of 68 MPa and 64 MPa with a 2h hold time, failure during the fatigue and creep loading phases was observed. However, the 48h hold time was sufficiently long to cause specimen failure during the creep phase at these stress levels. For stress levels lower than 64 MPa, all failures occurred during the constant amplitude fatigue loading, irrespective of hold time. The regions in the S-N curves in which failure occurred during the creep and fatigue phases are indicated in Fig. 5.
The S-N curves of the same specimens under continuous fatigue (without interruptions, denominated ‘’Conf’’), obtained in [15] are also shown in Fig. 5. The fatigue behavior of all loading patterns (Cref and Conf) was simulated by a simple power-law S-N curve equation as follows:
										(1)
with the model parameters σ0 and 1/k estimated by linear regression analysis and given in Table 3. The resulting curves are also shown in Fig. 5. The curve corresponding to the 48h creep load intervals was less steep than the others, due to the creep failure observed at high stress levels. Nevertheless, for shorter creep intervals, the fatigue life improved compared to the continuous fatigue loading. The effect of hold time was less obvious at low stress levels where all loading profiles exhibited a similar lifetime, always taking the experimental scatter into account. 

3.2.2 Creep strain, hysteresis loops, and stiffness degradation
The evolution of the average cyclic strain with number of cycles is presented in Fig. 6 for selected specimens, showing a similar trend to the evolution of the pure creep strain with time, presented in Fig. 3. The material, during the first loading block of any creep-fatigue experiment, behaved similarly to when loaded under continuous fatigue profiles. However, it was observed that after the first interruption, depending on the applied stress level and hold time, the creep strain significantly increased during the hold time periods (jumps in the curves), when the material was under constant stress at σmax. The increase was more obvious for longer hold times and at higher stress levels. In addition, unlike the continuous fatigue where the average cyclic strain monotonically increased, in the creep-fatigue experiments, after the first creep loading and by resuming the cyclic loading, depending on the applied stress level and hold time, three different behaviors of the average cyclic strain were observed - either partially recovered, constant, or increased. These observations were a result of two opposing phenomena. On the one hand, when the loading mode was changed from creep loading (max) to cyclic loading with the average stress lower than max, the specimens recovered and the average cyclic strain decreased. On the other hand, as the number of cycles increased, the specimens crept during the cycles and the average cyclic strain increased. At high stress levels and at the beginning of each loading block, the recovery was more effective than the cyclic creep, which led to a decreasing trend of the average cyclic strain. At low stress levels and long hold time, due to the balance between recovery and cyclic creep, the observed average cyclic strain was almost constant. However, at low stress levels with short hold time, cyclic creep was dominant and consequently the average cyclic strain increased.
Figure 7 presents the transition from the applied cyclic loading (fatigue part) to the constant stress level (hold time) at σmax = 70 MPa to show the detailed strain evolution at the initial and final stages of each loading phase and highlight the recovery after each creep phase. The observed creep curve comprised a rapid increase of creep strain (primary stage), which reached a steady state and continued to increase up to the next loading block. It was observed that the creep behavior in the other loading blocks was similar to the first one; however, the primary stage was shorter. Nevertheless, for this high stress level, even at the 2h hold time, the specimen failed due to creep loading after a sudden creep strain increase (ternary creep curve). 
The creep behavior of the specimens during the two hold times is compared to the pure creep behavior at the two stress levels of 64 MPa and 53 MPa in Fig. 8. The creep strain rate was faster in creep after fatigue than that recorded during the pure creep experiments, due to the damage accumulated during the fatigue loading blocks, prior to the creep loading. As already mentioned, the isochrone stress-strain curves are shown in Fig. 3b for the first loading blocks. Similarly to pure creep, it can be seen that the creep deformation was caused by the non-linear viscoelasticity; with increasing stress level, the degree of nonlinearity increased.  
Figure 9 shows part of a specimen surface at the different percentages of the fatigue life at a high stress level. In Fig. 9a, the broken line indicates the initial position of a selected fiber bundle before starting the experiment. Fiber realignment was observed after the first loading block, indicated with a solid line in Fig. 9b. This fiber realignment gradually increased as the number of loading blocks increased, and was enhanced by the necking that was observed at high stress levels when specimen failure was approaching (Figs. 9c and d). The magnitude of the fiber rotation at the failure point was approximately 5°. Obviously, the angle is dependent on the stress level; at lower stress levels, less fiber realignment was observed. 
Fig. 10 shows the evolution of the normalized fatigue stiffness (EN/E1) versus the number of cycles at high and low stress levels for all studied loading patterns. Initially, as a result of fatigue matrix damage, the stiffness decreased steeply for all loading patterns [15,36-38]. This reduction was more pronounced for lower stress levels due to the higher capacity of the specimen to accumulate damage at lower stress levels, as explained in [15]. The stiffness of specimens under continuous fatigue loading continued to decrease at a more moderate rate until failure. However, the specimens under creep-fatigue loading patterns were creeping during the hold time (more at high stress levels and for longer hold times). Under this creep strain, fiber realignment occurred as shown in Fig. 9, and the internal stress increased [39]. For this reason, the specimens’ fatigue stiffness was restored after each fatigue load interruption, and decreased again during the next fatigue-loading block. Stiffness restoration, especially after the first fatigue block, was more evident at higher stress levels and longer hold times. However, no effect of the interruption at low stress levels and short hold times was observed. Longer creep time led to higher creep strain, more fiber realignment, and finally more fatigue restoration, for both high and low stress levels, as shown in Fig. 10. Nevertheless, due to this greater stiffening, the degradation rate (the slope) was lower for specimens subjected to the longer hold time. On the other hand, at high stress levels and for the longer hold time, creep damage formation shortened the fatigue life (see Fig. 5). This phenomenon became more critical at very high stress levels (i.e. 70 MPa), and for the longer hold time, since, as shown in Fig. 3b, the materials exhibited a higher degree of nonlinearity.
[bookmark: bb0110]The variation of the hysteresis loop area per cycle versus the number of cycles is shown for selected specimens at high and low stress levels in Fig. 11. At high stress levels, the increase of the hysteresis area was very small for the long hold time, since significant stiffening was observed in this case. On the other hand, specimens subjected to the short hold time exhibited an increased hysteresis area (in agreement with the stiffness decrease shown in Fig. 10). At the low stress level, the effect of hold time on the hysteresis area was negligible for 2h, while a slope change was observed when the hold time was longer due to the specimen stiffening. Internal friction in damaged regions is the main cause of the energy dissipation, and it increases when the areas of unbound regions (e.g. cracks) grow [5,15,40,41]. Additional energy is dissipated due to self-generated temperature as well as the matrix viscoelasticity [41]. The hysteresis loop area of specimens under continuous fatigue loading increased monotonically until specimen failure. However, in creep-fatigue experiments, after each creep loading, the area of the hysteresis loops decreased. This was attributed to the fatigue stiffness restoration, which decreased the cyclic strain amplitude and thus reduced the internal friction. In addition, longer creep time caused higher creep strain and therefore further opening of existing cracks. This was more obvious at high stress levels and the longer hold time. Other reasons for reducing the hysteresis loop area were the lower self-generated temperature (section 3.2.3) and higher internal stress compared to the continuous fatigue; however, the effects of these mechanisms were considered negligible. As for the fatigue stiffness, at low stress levels and the short hold time, the trend of the evolution of the hysteresis loop area with number of cycles was the same as that of the specimens loaded continuously until failure. However, when the hold time was increased to 48h, a small decrease in the hysteresis loop area was detected in the first loading block, which was due to the small fatigue stiffness restoration as shown in Fig. 10. In addition, by comparing all drops of the hysteresis loop areas after the loading interruption in one experiment, it is seen that the maximum drop occurred in the first loading block because this was where the highest fatigue stiffness restoration occurred.

3.2.3 Damage evolution and self-generated temperature
Figs. 12 and 13 show the evolution of the specimens’ translucency and the corresponding self-generated temperature at different percentages of the specimens’ fatigue life for high and low stress levels, respectively. Photos were taken during the cyclic phase of the loading to ensure the monitoring of the corresponding temperature evolution. At the high stress level and for the 2h hold time (Fig. 12a), up to 25% of fatigue life, no distinguishable damage zone was observable in the specimen and a uniform distribution of surface temperature was measured. As cyclic loading continued, damage gradually appeared along the fibers, at around 45o with respect to the specimen’s longitudinal axis. Simultaneously, the distribution of the temperature became slightly uneven, and faint hotspots started appearing in the concentrated damage zone along the fiber direction in which the internal friction was significant. It can be seen that the damage propagated across the specimen volume and several damage zones were formed. The damage zones became more evident during the last creep loading period, and finally creep failure occurred at the location of the most severe damage zone with a sudden increase of temperature. When the creep time was increased to 48h (Fig. 12b), no specific concentrated damage zone was observed up to the end of the first cyclic loading phase because of the limited number of fatigue cycles. However, during the subsequent creep loading, damage gradually formed and propagated across the specimen volume creating concentrated damage zones, and creep failure finally occurred in the most concentrated damage zone. Specimens loaded under pure creep, exhibited uniformly distributed damage throughout their volume, see Fig. 4. Those specimens loaded under continuous fatigue profiles developed more concentrated damage zones as was described in [15]. Specimens loaded under the interrupted creep-fatigue loading showed an intermediate damage state, more similar to pure creep specimens with less damage accumulation [5]. The fiber alignment due to the creep loads at the hold periods reduced local stresses that cause crack initiation as was also described in [26,42,43], lessening the severity of damage zones. At the low stress level (Fig. 13), independent of hold time, the damage formed uniformly and propagated across the specimens while a faint hotspot was formed in each specimen in the middle of fatigue life. The comparison of the specimens’ translucency between the short and long hold times at this stress level showed that the concentrated damage zone was a little more severe as a result of more applied loading blocks in the loading pattern with the 2h creep time.
The evolution of the maximum surface temperature of selected specimens at high and low stress levels under different loading patterns is shown in Figs. 14a and 14b, respectively. The evolution of the maximum self-generated temperature under continuous fatigue loading was a ternary type curve, at high and low stress levels. The temperature of specimens under creep-fatigue loading increased similarly to the temperature of specimens under continuous loading until the first interruption; subsequently it dropped during the interruption and increased again when loading was resumed. At the high stress level, since the number of fatigue cycles in each loading block was limited, the specimens’ temperature did not increase significantly. In addition, at the high stress level and short hold time, the temperature during the second and all other subsequent loading blocks was not different from those measured during the first loading block. As hold time increased, the specimen’s self-generated temperature decreased with the number of loading blocks due to the stiffening.  At the low stress level and short hold time, after the initial increase recorded for all loading blocks, the temperature reached a steady-state region, except for the last loading block where the temperature continuously increased until specimen failure. At the same stress level but for the long hold time, the measured temperature was almost constant during each cyclic block, although it increased gradually as the number of blocks increased. The interruptions decreased the self-generated temperature compared to the continuous loading and thus reduced potential material softening. Furthermore, since the temperatures remained clearly below the onset glass transition temperature Tg,onset (78 °C) in both cases, the softening effect was considered minor [5]. At the lower stress level, after the initial increase recorded for all loadings, the temperature did reach a steady-state region, except for the last loading block where the temperature continuously increased until specimen failure.
3.3 Fracture surfaces and failure mode
The fracture surfaces of specimens loaded under pure creep and creep-fatigue are shown in Fig. 15. A main diagonal damage pattern, following the 45° fiber direction, could be noticed. At high stress levels, both for creep and creep-fatigue loading, failure was characterized by extensive fiber pull-out, a consequence of the significant deterioration of the matrix/fiber interfaces, which hindered the transfer of the stresses from the matrix to the fibers at the concentrated damage zones. At moderate and low stress levels, a mixed-mode failure, characterized by fiber pull-out and fiber breakage, was observed with predominant fiber breakage at the lowest stress level, as shown in Figs. 15(b-d). The presence of fiber breakage at low stress levels was attributed to the more uniform and less severe damage distribution, which allowed the matrix and interface to transfer stresses to the fibers [5,15]. In the case of mixed-mode failure, the fiber breakage was observed in the central region of the cross-section area, and fiber pull-out occurred near the edges of the specimens. This was attributed to the longer fiber interface at the middle of the specimens being able to transfer more stress to the fibers. Close to the edges, the fibers were more susceptible to pull-out. Therefore, in such cases, specimen geometry may be critical and wider specimens would probably present more fiber breakage. 
The lateral view of the failed creep specimens at different stress levels is shown in Fig. 16. Significant out-of-plane deformation (bending and twisting) was observed at high stress levels, as presented in Fig. 16a (bending), and 16b (twisting). At different plies of composite, the formed and propagated damage was not uniformly distributed, which affected the recovery of specimens at the moment of failure. As shown in [5], specimen recovery was greater at higher stress and damage levels. Therefore, as a result of non-symmetrical recovery after failure, out-of-plane deformation occurred, which was greater at higher stress levels. Specimens failed during the creep phase of the creep-fatigue spectrum, see Figs. 17a-b, and exhibited similar failure behavior to those loaded under pure creep. Nevertheless, those specimens that failed during the fatigue phase loading did not exhibit any out-of-plane deformation at failure, independent of stress level, as shown in Fig.17c-d. 

4. Conclusions 
The creep-fatigue behavior of angle-ply, (±45)2s, glass/epoxy composite laminates has been experimentally investigated in this work. Pure creep and creep-fatigue experiments (constant amplitude fatigue loading regularly interrupted by constant load intervals of 2h or 48h until failure) were performed in order to investigate the effect of creep on the fatigue life and vice versa. The following conclusions were drawn:
· [bookmark: OLE_LINK69][bookmark: OLE_LINK70]The fatigue life was improved when constant (creep) loads were applied for a short time, 2h in this work. This effect was clear at high stress levels, but not present at low stress levels. This improvement has been attributed to the fiber realignment caused by the creep strain. Nevertheless, longer hold times at high stress levels caused creep failure and therefore premature fatigue failure of the specimens. 
· The creep phase of the creep-fatigue loading pattern affected the fatigue stiffness as well as the hysteresis loop area development as the cycles increased. Due to the fiber realignment after each creep phase the fatigue stiffness was restored, and therefore the hysteresis loop area was reduced. This phenomenon was more pronounced after the first creep phase, while fatigue stiffness and hysteresis loop fluctuations were subsequently lower. The phenomenon was more obvious at high stress levels. 
· At high stress levels, creep damage started appearing after the primary stage along the fibers, propagated during the steady state, and creep failure occurred at the third stage after concentrated damage development. 
· The damage exhibited by the specimens during the cyclic loading phase of the creep-fatigue spectrum accelerated the creep strain development during the hold time; the specimens achieved higher creep strains after fatigue compared to those achieved under pure creep loading. Therefore, at the highest stress levels, where specimens failed during the creep phase after only one fatigue loading block, the creep time to failure was much shorter than in the pure creep experiments at the same stress level.
· The fiber alignment led to a reduction of internal friction in the specimens during the fatigue phase. Therefore, the self-generated temperature after the creep phase at high stress levels did not increase to the same magnitude as after the first cyclic loading phase.
· Independent of loading pattern, the fracture of specimens was mainly characterized by fiber pull-out at high stress levels, but by a mixed-mode failure with fiber pull-out and fiber breakage at moderate and lower stress levels. In addition, creep failure at high stress levels caused out-of-plain deformations (bending and twisting) due to the non-uniform damage distribution at different plies, and subsequent non-symmetrical recovery after failure.
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Tables:
Table 1. Overview of creep experiments and results
	No
	Code
	0 (MPa)
	tf (h)

	1
	Creep-70
	70.0
	213.5

	2
	Creep-68 
	68.0
	322.6

	3
	Creep-64 
	64.2
	507.4

	4
	Creep-58 
	58.2
	1007.9

	5
	Creep-53
	53.4
	15768.0

	6
	Creep-49
	48.6
	17500.0 (on going)






















Table 2. Overview of interrupted fatigue experiments and main results
	No
	Code
	max (MPa)
	Frequency
(Hz)
	NBlock
	tCreep(h)
	Nf
	nb
	Failure 

	1
	Cref-0.1-70-2-a 
	70.0
	3.95
	230
	2
	1840
	8
	Creep

	2
	Cref-0.1-70-2-b 
	70.0
	3.95
	230
	2
	1150
	5
	Creep

	3
	Cref-0.1-70-2-c 
	70.0
	3.95
	230
	2
	1150
	5
	Creep

	4
	Cref-0.1-70-2-d 
	70.0
	3.95
	230
	2
	1150
	5
	Creep

	5
	Cref-0.1-70-48-a
	70.0
	3.95
	230
	48
	230
	1
	Creep

	6
	Cref-0.1-70-48-b
	70.0
	3.95
	230
	48
	230
	1
	Creep

	7
	Cref-0.1-68-2-a 
	68.0
	4.35
	365
	2
	6126
	16
	Fatigue

	8
	Cref-0.1-68-2-b 
	68.0
	4.35
	365
	2
	2655
	7
	Fatigue

	9
	Cref-0.1-68-2-c  
	68.0
	4.35
	365
	2
	2732
	7
	Fatigue

	10
	Cref-0.1-68-2-d  
	68.0
	4.35
	365
	2
	1460
	4
	Creep

	11
	Cref-0.1-68-48-a  
	68.0
	4.35
	365
	48
	1825
	5
	Creep

	12
	Cref-0.1-68-48-b  
	68.0
	4.35
	365
	48
	730
	2
	Creep

	13
	Cref-0.1-64-2-a 
	64.2
	4.68
	500
	2
	2500
	5
	Creep

	14
	Cref-0.1-64-2-b 
	64.2
	4.68
	500
	2
	4220
	8
	Fatigue

	15
	Cref-0.1-64-2-c 
	64.2
	4.68
	500
	2
	5731
	11
	Fatigue

	16
	Cref-0.1-64-2-d 
	64.2
	4.68
	500
	2
	4000
	8
	Creep

	17
	Cref-0.1-64-48-a 
	64.2
	4.68
	500
	48
	2000
	4
	Creep

	18
	Cref-0.1-64-48-b 
	64.2
	4.68
	500
	48
	1000
	2
	Creep

	19
	Cref-0.1-58-2-a
	58.2
	5.06
	3100
	2
	14527
	4
	Fatigue

	20
	Cref-0.1-58-2-b 
	58.2
	5.06
	3100
	2
	43023
	13
	Fatigue

	21
	Cref-0.1-58-2-c 
	58.2
	5.06
	3100
	2
	25466
	8
	Fatigue

	22
	Cref-0.1-58-2-d 
	58.2
	5.06
	3100
	2
	15959
	5
	Fatigue

	23
	Cref-0.1-58-48-a 
	58.2
	5.06
	3100
	48
	10589
	3
	Fatigue

	24
	Cref-0.1-58-48-b 
	58.2
	5.06
	3100
	48
	24385
	7 
	Fatigue

	25
	Cref-0.1-53-2-a 
	53.4
	5.53
	9000
	2
	42815
	4
	Fatigue

	26
	Cref-0.1-53-2-b 
	53.4
	5.53
	9000
	2
	87654
	9
	Fatigue

	27
	Cref-0.1-53-2-c 
	53.4
	5.53
	9000
	2
	63288
	7
	Fatigue

	28
	Cref-0.1-53-2-d 
	53.4
	5.53
	9000
	2
	43277
	4
	Fatigue

	29
	Cref-0.1-53-48-a 
	53.4
	5.53
	9000
	48
	74391
	8
	Fatigue

	30
	Cref-0.1-53-48-b 
	53.4
	5.53
	9000
	48
	30704
	3
	Fatigue

	31
	Cref-0.1-49-2-a 
	48.6
	6.10
	64000
	2
	160255
	2
	Fatigue

	32
	Cref-0.1-49-2-b 
	48.6
	6.10
	64000
	2
	917136
	14
	Fatigue

	33
	Cref-0.1-49-2-c 
	48.6
	6.10
	64000
	2
	364394
	5
	Fatigue

	34
	Cref-0.1-49-2-d 
	48.6
	6.10
	64000
	2
	145809
	2
	Fatigue

	35
	Cref-0.1-49-48-a 
	48.6
	6.10
	64000
	48
	[bookmark: RANGE!G38]153769
	2
	Fatigue

	36
	Cref-0.1-49-48-b 
	48.6
	6.10
	64000
	48
	423859
	6
	Fatigue

	37
	Cref-0.1-47-2-a 
	47.4
	6.33
	146000
	2
	384689
	2
	Fatigue

	38
	Cref-0.1-47-2-b 
	47.4
	6.33
	146000
	2
	319752
	2
	Fatigue

	39
	Cref-0.1-47-2-c 
	47.4
	6.33
	146000
	2
	1095359
	7
	Fatigue

	40
	Cref-0.1-47-2-d 
	47.4
	6.33
	146000
	2
	350072
	2
	Fatigue

	41
	Cref-0.1-47-48-a 
	47.4
	6.33
	146000
	48
	1356496
	9
	Fatigue

	[bookmark: _Hlk515468442]42
	Cref-0.1-47-48-b
	47.4
	6.33
	146000
	48
	362532
	2
	Fatigue







Table 3. Fatigue parameters for continuous and interrupted loading patterns
	Loading pattern
	Creep time (h)
	0
	1/k

	Continuous loading
Creep-fatigue loading
	
2
	106.09
115.17
	0.0622
0.0687

	Creep-fatigue loading
	48
	95.98
	0.0534
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Fig. 1. Creep experimental set-up.
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Fig. 2. Schematic representation of loading pattern in interrupted fatigue experiments.
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Fig. 3. (a) Creep curves at different stress levels, (b) isochrone stress-strain curves at different loading blocks. 
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Fig. 4. Creep curve at max = 70 MPa with corresponding representation of light transmittance for different percentages of creep life; (Creep-70).
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Fig. 5. Experimental fatigue data and S-N curves.
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Fig. 6. Average cyclic strain versus normalized number of cycles at different loading patterns at two stress levels of (a) max = 68 MPa, and (b) max = 47 MPa.
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Fig. 7. Transition of stress from cyclic loading to constant stress level and corresponding strain response (Cref-0.1-70-2-b) – 1st and 2nd blocks.
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Fig. 8. Creep curves under different loading patterns at two different stress levels (a), first 50 hours (b).
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Fig. 9. Realignment of glass fibers at different percentages of fatigue life (Cref-0.1-70-2-d).
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Fig. 10. Normalized fatigue stiffness versus number of cycles loaded under different loading patterns at two stress levels (a) max = 68 MPa, and (b) max = 47 MPa.
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Fig. 11. Hysteresis area per cycle versus number of cycles at different stress levels. 
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Fig. 12. Pairwise representation of light transmittance and self-generated temperature for different percentages of fatigue life at max =70 MPa (a) tcreep = 2h (Cref-0.1-70-2-c) and (b) tcreep = 48h (Cref-0.1-70-48-b).
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Fig. 13. Pairwise representation of light transmittance and self-generated temperature for different percentages of fatigue life at max =47 MPa (a) tcreep = 2h (Cref-0.1-47-2-d) and (b) tcreep = 48h (Cref-0.1-47-48-b).
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Fig. 14. Maximum self-generated temperature versus number of cycles in creep-fatigue experiments (Cref) and continuous fatigue (Conf) at (a) σmax = 68 MPa, and (a) σmax = 47 MPa. 


[image: ]
 Fig. 15. Fracture surfaces under different loading patterns and stress levels, (a) Creep-70, (b) Creep-64, (c) Creep-58, and (d) Creep-53, (e) Cref-0.1-70-2-d, (f) Cref-0.1-64-2-c, (g) Cref-0.1-58-2-c, (h) Cref-0.1-49-2-a, (i) Cref-0.1-70-48-a, (j) Cref-0.1-64-48-a, (k) Cref-0.1-58-48-a, (l) Cref-0.1-49-48-a. 
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Fig. 16. Lateral view of failed specimens under pure creep at different stress levels; (a) Creep-70, (b) Creep-68, (c) Creep-64, and (d) Creep-58, and (e) Creep-53.
[image: ]
Fig. 17. Lateral view of failed specimens under creep-fatigue at different stress levels, (a) creep failure (Cref-0.1-70-2-a), (b) creep failure (Cref-0.1-68-48-b), (c) fatigue failure (Cref-0.1-68-2-b), and (d) fatigue failure (Cref-0.1-58-2-c).   
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