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Abstract 
Effect of temperature on the damage scenario in an acrylic-matrix and glass-fiber reinforced composite 
has been studied under monotonic quasi-static and fatigue loadings. Results highlights a significant 
effect of temperature on the damage scenario for both loading types, this one being different at 15°C 
and 40°C. Observed damage scenarios have also been compared regarding the loading type, showing 
that the damage scenario at 40°C is different whether the loading is quasi-static or cyclic.  
 
 
1.  Introduction 
 
Wind energy industry, as well as automotive or maritime industries, mostly uses thermoset-matrix 
composites for their parts manufacturing, but these composites are hardly recyclable. In order to 
reduce the environmental footprint, new polymer matrices have been developed in the last years to 
replace commonly used thermoset resins, including partly or fully bio-sourced thermoset resins, 
biodegradable polymer matrices but also acrylic thermoplastic matrices. These latter are gifted with 
better recycling and repair opportunities but also with reduced manufacturing costs as their 
polymerization is performed at room temperature, unlike other commonly used polymer matrices [1]. 
 
During its twenty years in service, a turbine blade suffers from 108 to 109 fatigue cycles [2] and is 
exposed to temperatures from -20°C to 60°C, in dry and wet environments. These cyclic loadings can 
lead to a significant deterioration of the composite mechanical properties [3–5], due to damages 
occurrence: fiber-matrix debonding, cracking and delamination. These damages occur at different 
scales, can interact with each other and lead to premature fiber breakings. Thus, the composite final 
fracture is due to a combination of these damage mechanisms [5]. However, there is no or few data on 
the behavior, the damage scenario and the sensitivity to temperature of acrylic-matrix composites 
under monotonic quasi-static or fatigue loadings.  
 
 
2. Effect of temperature on polymer composites 
 
In general, studies dealing with the effect of temperature on the mechanical properties of polymers  
highlight a stiffness and strength reduction with an increase in ultimate strain when temperature 
increases towards the glass transition temperature (Tg) [6–9]. These changes  may be observed in a 
range of temperature well below the glass transition temperature as for PMMA (Tg=105°C) where they 
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can be observed between 4 and 60°C [7, 8].  However, in the case of polymer composites, it is more 
complicated. First of all, polymer composites under monotonic tensile loadings in a fiber-dominant 
direction (i.e. fiber and loading directions are the same) do not show any significant temperature-
dependent behavior [10–12]. On the contrary, off-axis behavior of polymer composite is generally 
strongly temperature-dependent, since the load is applied in a matrix-dominated direction [11], [12]. In 
general, a mechanical behavior similar to the neat polymers one is observed [12, 13]. However, the 
level of temperature sensitivity also depends on the reinforcement nature, the fiber sizing quality and 
the thermal stress induced by the manufacturing process [14, 15]. Thus, it is difficult to estimate the 
level of temperature sensitivity of a composite system which has never been tested before.    
 
Furthermore, testing temperature may also affect damage scenario in polymer composites [16, 17]. 
Indeed, changes in matrix and fiber-matrix interface mechanical properties may lead to new stress 
distributions into the laminate at the micro-scale, which may lead to the observation of a different 
damage scenario. Thus, the damage initiation threshold and failure occurrence can be delayed [16], 
and some damage mechanisms can become more predominant, such as cracking or matrix plasticity 
[10, 17]. However, the lack of studies with in-situ damage observations makes difficult to clearly 
understand the effect of temperature on the damage scenario in polymer laminate composites, whereas 
understanding the mechanical properties deterioration during structure service lifetime is essential to 
be able to model it and thus, reduce costs and duration of fatigue experimental campaigns. It may also 
help to find a way to improve the fatigue strength of polymer laminate composites.   
 
 
3. Material 
 
The studied material is an acrylic-matrix and glass-fiber-reinforced laminate composite. Two kinds of 
reinforcements, whose fiber sizing is optimised to be combined with an acrylic resin, were used: 
unidirectional plies G-PLYTM UD960 CT3,8 (UD) and biaxial non crimped fabrics G-PLYTM 
BXS1000 C3,4 (BXS). The laminate composite was fabricated by infusion and fiber fraction volume 
was evaluated at 55% for BXS panels and at 61.5% for UD panels. Plus, observations of panel 
coupons using an optic microscope showed a void rate lower than 3%. The glass transition 
temperature of the Elium® acrylic resin was provided by the manufacturer and is about 109°C, with a 
maximum temperature service fixed at 85°C. 
 
Damage mechanisms have been observed under monotonic quasi-static and fatigue loadings on several 
cross-ply laminates, which allow focusing on the observation of cracking, since the predominant 
damage mechanism in these laminates is transverse cracking.    
 
 
4. Effect of temperature on damage mechanisms under monotonic tensile loadings 
 
4.1. Testing method 
 
Tests were performed on a MTS Systems Alliance RF/100 electromechanical testing machine and the 
temperature was controlled thanks to an environmental chamber set around the specimen and the 
clamping jaws. The temperature was measured using four thermocouple sensors (one on each machine 
clamping jaw and two on specimen gage length). Plus, a moisture content sensor has also been placed 
in the environmental chamber to measure the relative humidity variation all the tensile tests long. 
 
The environmental chamber was conceived with a sliding door allowing setting an optical microscope 
to observe damages on the polished edge of tested specimens, and moving it in the three space 
directions to cover the whole observed area. Thus, damage observations were performed in-situ: 
specimens were loaded step by step at different total strain levels to create damages, and then slightly 
unloaded to prevent potential evolutions due to viscous phenomena during the scan of the observed 
area. The latter was achieved via a camera mounted on the microscope, which takes pictures with an 
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overlapping and merges them in order to rebuild the whole observed area on dimensions reaching 
several centimeters long over  all the specimen thickness [5, 18, 19]. This method allows considerably 
reducing the test duration and preventing potential placement mistakes since it is not necessary to 
unmount the specimen after each strain level. Furthermore, it also eases damage detection since 
damages are more open when specimens are tensile loaded. 
 
All tests were performed at 0.5mm/min and a 50mm-gage-length extensometer was used for strain 
measurements. A 30mm-long observation area was considered, which was long enough to be 
representative of the whole specimen while keeping decent test duration. Three specimens were tested 
per temperature for BXS [(0/90)4] specimens, two per temperature for BXS [(0/90)2]s specimens and 
one at 40°C and two at 15°C for UD [0/903/0] specimens. 
 
 
4.2. Results 
 
First, it has to be noted that moisture conditions were the same for all specimens, which allowed 
comparing the temperature effect without undergoing a coupling with a potential moisture content 
effect. No significant impact of temperature on the mechanical behavior of these laminations was 
found regarding the strain-stress curves. This can be explained by the fact that the fiber mechanical 
behavior is dominant in laminates with 0° plies, i.e. fibers in the load direction. This is supported by 
the determination of each specimen’s stiffness (Table 1) where no significant effect of the temperature 
is observed regardless the lamination. 
 
However, results showed a different damage scenario at 15°C than at 40°C regardless the considered 
lamination. Indeed, at 15°C, several transverse cracks are observed on the specimen polished edge, in 
90° plies (Figure 1(a)), whereas at 40°C, there is none (Figure 1(b)). Moreover, at 10°C, only cracking 
is observed at fiber strand ends (Figure 2(a)), whereas at 40°C, small cracks surrounded by a dark area 
are observed, which seems to imply a greater capability of plastic deformation of the matrix (Figure 
2(b)).  
 
 

Table 1. Longitudinal modulus of BXS [(0/90)]4, BXS [(0/90)2]S and UD [0/903/0] specimens at 

15°C and 40°C 

 
 Lamination 15°C 40°C Difference (%) 

Longitudinal modulus 

(GPa) (Number of 

tested specimens) 

BXS [(0/90)]4 23,6 ± 1,7 (3) 23,2 ± 0,7 (3) -1,7 

BXS [(0/90)2]S 22,9 ± 0,6 (2) 20,9 ± 2,5 (2) -8,7 

UD [0/903/0] 21,9 ± 1,7 (2) 23,7 ± 1,9 (1) +8,2 

 
 
X-ray micro-tomography was used on a volume of the observation area of two BXS [(0/90)2]s 

specimens, the first tested at 15°C and the second at 40°C, with the aim of supporting that damages 
observed on specimen edges were the same in the specimen cores. Specimens were loaded under a 
static force in order to open damages and make them detectable at the maximum resolution allowed by 
the specimen loading system. Thus, at the micro-tomograph room temperature, considered specimens 
were loaded at 0.6% of total longitudinal strain  (i.e. around 11000N), while the allowed maximum 
resolution was 5.5x5.5x5.5 µm3. The maximum size of the observed volume per scan was around 
0.5cm3. In the case of the specimen tested at 15°C, tranverse cracks and matrix damages were 
observed  in the specimen core, while in the case of the specimen tested at 40°C, only matrix damages 
were found, supporting results from damage observation on the polished edge of specimens. 
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(a) 

 
(b) 

 
Figure 1. Observation area at 2.4% of total longitudinal strain of a BXS [(0/90)2]s specimen edge 

tested under quasi-static tensile load at (a) 40°C with no transverse cracks and (b) 15°C with numerous 
transverse cracks 

 
 

  

(a) 15°C (b) 40°C 

 
Figure 2. Difference of damage on fiber strand ends between a specimen tested at 15°C and one tested 

at 40°C, at 1.8% of total longitudinal strain 
 
 
5.  Effect of temperature under fatigue loadings 
 
In the case of fatigue loadings, BXS [(0/90)2]S specimens were tested at 15, 25 and 40°C, using a 
environmental chamber on a MTS servo-hydraulic machine. All tests were carried out in tension 
R=0,1 under force control with a sinusoidal signal at a frequency of 3Hz. The frequency was taken as 
high as possible while keeping specimen self-heating under 5°C. The maximum and minimum values 
per cycle of both stress and total strain werer recorded all the test long.  
 
 
5.1. Effect of temperature on the fatigue life and the stiffness loss 
 

As described in part 1.2., dumbbell-shaped specimens were used for the determination of fatigue 
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life and stiffness loss. The number of specimens tested per load level at each temperature is shown in  
Table 2, where σrup is the ultimate tensile strength determined during the previous monotonic quasi-
static tensile tests, i.e. 600MPa. Test frequency and duration are also shown in Table 2. Temperature 
was measured via four thermocouple sensors and strain was measured using a 20mm-gage-length 
extensometer. Only two specimens did not break in the gage length but in one of their tabs, both tested 
at 40°C, one at a maximum stress of 300MPa, and one at a maximum stress of 240MPa. The S-N 
curve, shown in Figure 3, did not highlighted a significant effect of testing temperature on the fatigue 
life of BXS [(0/90)2]S specimens, regardless the fatigue load level. 
 
 
Table 2. Number of tested specimens per load level at each temperature with σrup the ultimate tensile 
strength and related test frequency and duration (load ratio R = 0.1) 

Load level 15°C 25°C 40°C 
Frequency 

(Hz) 
Test 

duration (h) 
σmax = 50% σrup = 300 MPa 2 - 2 3 0.5-2.5 
σmax = 40% σrup = 240 MPa 2 2 2 3 4-10 
σmax = 30% σrup = 180 MPa 2 1 1 3 30-55 
σmax = 20% σrup = 120 MPa - 1 1 5 200-300 

 
 

 
 

Figure 3. Fatigue life of BXS [(0/90)2]S specimens tested at 15, 25 and 40°C at different load levels, at 
R=0.1 

 
 
Stiffness loss of the specimens were determined by calculating the secant modulus Es defined by Eq. 
(1) at each fatigue cycle, with σmax and σmin respectively the maximum and minimum stress and εmax 
and εmin respectively the maximum and minimum stress of each fatigue cycle. 
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Results at each load level did not highlighted a significant effect of the testing temperature on stiffness 
loss of BXS [(0/90)2]S specimens regardless the fatigue load level, as shown in Figure 4 in the case of 
σmax = 50% σrup = 240MPa.  
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Figure 4. Stiffness loss against number of fatigue cycles at 15°C, 25°C and 40°C at R=0.1 for σmax = 
40% σrup = 240MPa for BXS [(0/90)2]s specimens 

 
 
5.2. Effect of temperature on the damage scenario 
 
In order to ease polishing and damage observation of specimens, 250x25mm² coupons were used 
instead of dumbbell-shaped specimens. A 30mm-long area was observed on specimen edges at 
different points of the fatigue life, using the same microscopic observation device than the one used 
during quasi-stactic tensile tests. In order to be able to see damages by opening them, a tensile load 
corresponding to a 0.6%-strain was apply on specimens during the observation phase. It has to be 
noted that all the specimens tested at 40°C and 15°C broke into one of their tabs before reaching 50% 
of their theorical fatigue lifetime (i. e. around 60 000 cycles). 
 
Transverse cracks were observed before breakage at 15 and 25°C, but also at 40°C whereas no 
tranverse cracks were observed under a quasi-static tensile load. This is consistent with the fact that 
fatigue tests encourage crack propagation since the maximum applied stress is lowest than the ultimate 
tensile strength and the load is cyclic. In order to compare fatigue damage scenario at each 
temperature, the evolution of the crack density along the fatigue lifetime was determined for all 
specimens by dividing the number of observed tranverse cracks by the observation area length and 
then compared (Figure 5).  
 
Results show that, the threshold for first observable transverse crack is delayed at 40°C with respect to 
those at 15°C and 25°C. For a given number of cycles, it leads to a lower lineic crack density along the 
observed area on specimen edges at 40°C than at 15°C and 25°C regarding the fatigue lifetime. Since 
all the specimens tested at 40°C and 15°C broke into one of their tabs before reaching 50% of their 
theorical fatigue lifetime, no conclusion on the temperature effect can be drawned over this point.  
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Figure 5. Evoluttion of the lineic crack density versus the number of cycles on BXS [(0/90)2]S 
specimens under fatigue loading 5r= 0.1) at 15, 25 and 40°C, for σmax = 40% σrup = 240MPa 

 
 
6. Conclusion and prospects 
 

Effect of temperature on damage scenario under quasi-static tensile and fatigue loadings was 
investigated on an acrylic-matrix and gless-fiber-reinforced laminate. Under monotonic quasi-static 
tensile load, the observed damage scenario is different at 15°C and 40°C. Indeed, at 15°C, several 
transverse cracks are observed from a 0.4% total strain, whereas at 40°C, there is none until the 
rupture. This can be explained by a greater ductility of the resin at 40°C than at 15°C. These 
observations have been confirmed by X-ray micro-tomography results, were the same damages are 
observed in the specimen cores. 
 
Under fatigue, no significant temperature effect was found on the fatigue lifetime and the rigidiy loss 
of BXS [(0/90)2]S specimens between 15 and 40°C which can be explained by the fact that the load is 
applied in a fiber-dominant direction. Plus, transverse cracks were observed on all specimens 
regardless the testing temperature. However, the threshold for transverse crack occurrence seems 
delayed at 40°C with respect to those at 15°C and at 25°C, leading to a lower lineic crack density 
along the observed area on specimen edges at 40°C than at 15°C and 25°C until 50% of the theorical 
fatigue lifetime. However, no conclusion on the temperature effect can be drawn over 50% of their 
theorical lifetime, since all the specimens tested at 40°C and 15°C broke into one of their tabs before 
reaching this lifetime. Thus, additional fatigue tests on specimens must be carried out to overcome this 
lack of datas.  
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