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Abstract

Effect of temperature on the damage scenario scaylic-matrix and glass-fiber reinforced composite
has been studied under monotonic quasi-static amgué loadings. Results highlights a significant
effect of temperature on the damage scenario for loading types, this one being different at 15°C
and 40°C. Observed damage scenarios have alsccbegrared regarding the loading type, showing
that the damage scenario at 40°C is different wdrdtie loading is quasi-static or cyclic.

1. Introduction

Wind energy industry, as well as automotive or timag industries, mostly uses thermoset-matrix
composites for their parts manufacturing, but thesmposites are hardly recyclable. In order to
reduce the environmental footprint, new polymerrinas have been developed in the last years to
replace commonly used thermoset resins, includiaglyp or fully bio-sourced thermoset resins,
biodegradable polymer matrices but also acryliernttoplastic matrices. These latter are gifted with
better recycling and repair opportunities but alstth reduced manufacturing costs as their
polymerization is performed at room temperaturdikarother commonly used polymer matrices [1].

During its twenty years in service, a turbine blatéfers from 18to 10 fatigue cycles [2] and is
exposed to temperatures from -20°C to 60°C, inasiny wet environments. These cyclic loadings can
lead to a significant deterioration of the compmsitechanical properties [3-5], due to damages
occurrence: fiber-matrix debonding, cracking andahénation. These damages occur at different
scales, can interact with each other and lead émature fiber breakings. Thus, the composite final
fracture is due to a combination of these damageharésms [5]. However, there is no or few data on
the behavior, the damage scenario and the sehsitivitemperature 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 temapure on the mechanical properties of polymers
highlight a stiffness and strength reduction with iacrease in ultimate strain when temperature

increases towards the glass transition tempergiyjef6-9]. These changes may be observed in a
range of temperature well below the glass transt@mperature as for PMMA ¢F105°C) where they
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can be observed between 4 and 60°C [7, 8]. Howavehe case of polymer composites, it is more
complicated. First of all, polymer composites und@notonic tensile loadings in a fiber-dominant
direction (i.e. fiber and loading directions are ttame) do not show any significant temperature-
dependent behavior [10-12]. On the contrary, of§-&ehavior of polymer composite is generally
strongly temperature-dependent, since the loagpBeal in a matrix-dominated direction [11], [1 8.
general, a mechanical behavior similar to the peatmers one is observed [12, 13]. However, the
level of temperature sensitivity also depends enrédinforcement nature, the fiber sizing qualitgd an
the thermal stress induced by the manufacturing professl5]. Thus, it is difficult to estimate the
level of temperature sensitivity of a compositetayswhich has never been tested before.

Furthermore, testing temperature may also affentagdge scenario in polymer composites [16, 17].
Indeed, changes in matrix and fiber-matrix integfamechanical properties may lead to new stress
distributions into the laminate at the micro-scaldich may lead to the observation of a different
damage scenario. Thus, the damage initiation tbtésdnd failure occurrence can be delayed [16],
and some damage mechanisms can become more preddnsnch as cracking or matrix plasticity
[10, 17]. However, the lack of studies with in-sifamage observations makes difficult to clearly
understand the effect of temperature on the darsegeario in polymer laminate composites, whereas
understanding the mechanical properties deteraraturing structure service lifetime is essental t
be able to model it and thus, reduce costs andidaraf fatigue experimental campaigns. It may also
help to find a way to improve the fatigue strengtipolymer laminate composites.

3. Material

The studied material is an acrylic-matrix and gf#issr-reinforced laminate composite. Two kinds of
reinforcements, whose fiber sizing is optimisedbto combined with an acrylic resin, were used:
unidirectional plies G-PLY UD960 CT3,8 (UD) and biaxial non crimped fabricsPGY™
BXS1000 C3,4 (BXS). The laminate composite wasi¢albed by infusion and fiber fraction volume
was evaluated at 55% for BXS panels and at 61.58dJid panels. Plus, observations of panel
coupons using an optic microscope showed a void tawver than 3%. The glass transition
temperature of the Eliufnacrylic resin was provided by the manufacturer mnabout 109°C, with a
maximum temperature service fixed at 85°C.

Damage mechanisms have been observed under manqtasi-static and fatigue loadings on several
cross-ply laminates, which allow focusing on thesetvation of cracking, since the predominant
damage mechanism in these laminates is transvexsiemg.

4. Effect of temperature on damage mechanisms under monotonic tensile loadings
4.1. Testing method

Tests were performed on a MTS Systems Alliance ®FF&lectromechanical testing machine and the

temperature was controlled thanks to an environahesttamber set around the specimen and the
clamping jaws. The temperature was measured usingtfiermocouple sensors (one on each machine
clamping jaw and two on specimen gage length).,Rlumoisture content sensor has also been placed
in the environmental chamber to measure the reldiimidity variation all the tensile tests long.

The environmental chamber was conceived with angjidoor allowing setting an optical microscope
to observe damages on the polished edge of tegtetingens, and moving it in the three space
directions to cover the whole observed area. Tlaspage observations were performed in-situ:
specimens were loaded step by step at differeak $afin levels to create damages, and then blight
unloaded to prevent potential evolutions due t@otis phenomena during the scan of the observed
area. The latter was achieved via a camera mowmntetie microscope, which takes pictures with an
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overlapping and merges them in order to rebuildwhele observed area on dimensions reaching
several centimeters long over all the specimerkitass [5, 18, 19]. This method allows considerably
reducing the test duration and preventing potemiatement mistakes since it is not necessary to
unmount the specimen after each strain level. Euribre, it also eases damage detection since
damages are more open when specimens are terasliedlo

All tests were performed at 0.5mm/min and a 50megangth extensometer was used for strain
measurements. A 30mm-long observation area wasidayed, which was long enough to be
representative of the whole specimen while keedeent test duration. Three specimens were tested
per temperature for BXS [(0/90)specimens, two per temperature for BXS [(0JRGpecimens and
one at 40°C and two at 15°C for UD [0481) specimens.

4.2. Results

First, it has to be noted that moisture conditiorese the same for all specimens, which allowed
comparing the temperature effect without undergangoupling with a potential moisture content
effect. No significant impact of temperature on thechanical behavior of these laminations was
found regarding the strain-stress curves. Thiskmexplained by the fact that the fiber mechanical
behavior is dominant in laminates with 0° plies, fibers in the load direction. This is supporbsd
the determination of each specimen'’s stiffness I@@apwhere no significant effect of the temperatur
is observed regardless the lamination.

However, results showed a different damage sceari®°C than at 40°C regardless the considered
lamination. Indeed, at 15°C, several transverseksrare observed on the specimen polished edge, in
90° plies (Figure 1(a)), whereas at 40°C, thereiwe (Figure 1(b)). Moreover, at 10°C, only cragkin

is observed at fiber strand ends (Figure 2(a)) redmat 40°C, small cracks surrounded by a dagk are

are observed, which seems to imply a greater chtyabi plastic deformation of the matrix (Figure

2(b)).

Table 1. Longitudinal modulus of BXS [(0/90)]4, BXS [(0/90&and UD [0/99'0] specimens at
15°C and 40°C

Lamination 15°C 40°C Difference (%)
Longitudinal modulus| BXS [(0/90)], 23,6 £1,73) 23,2 +0,7(3) -1,7
(GPa)(Number of BXS [(0/90)]s 22,9+ 0,62) 20,9 £ 2,52) -8,7
tested specimens) UD [0/90:/0] 21,9 +1,712) 23,7 +1,91) +8,2

X-ray micro-tomography was used on a volume of dbservation area of two BXS [(0/9)
specimens, the first tested at 15°C and the seabd@°C, with the aim of supporting that damages
observed on specimen edges were the same in theangpecores. Specimens were loaded under a
static force in order to open damages and make tfetectable at the maximum resolution allowed by
the specimen loading system. Thus, at the micr@twaph room temperature, considered specimens
were loaded at 0.6% of total longitudinal straine.(around 11000N), while the allowed maximum
resolution was 5.5x5.5x5.5 [IniThe maximum size of the observed volume per seas around
0.5cnt. In the case of the specimen tested at 15°C, érarvcracks and matrix damages were
observed in the specimen core, while in the casieeaspecimen tested at 40°C, only matrix damages
were found, supporting results from damage obsiervan the polished edge of specimens.
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Figure 1. Observation area at 2.4% of total longitudinalistad a BXS [(0/90)]s specimen edge
tested under quasi-static tensile load at (a) 4GtkC no transverse cracks and (b) 15°C with num&rou
transverse cracks

Loadina

(a) 15°C (b) 40°C

Figure 2. Difference of damage on fiber strand ends betwesggeaimen 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 [(0/99)specimens were tested at 15, 25 and 40°C, using a
environmental chamber on a MTS servo-hydraulic rimechAll tests were carried out in tension
R=0,1 under force control with a sinusoidal sigaiah frequency of 3Hz. The frequency was taken as

high as possible while keeping specimen self-hgatimer 5°C. The maximum and minimum values
per cycle of both stress and total strain wereonaed all the test long.

5.1. Effect of temperature on thefatigue life and the stiffnessloss

As described in part 1.2., dumbbell-shaped spedmere used for the determination of fatigue
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life and stiffness loss. The number of specimesteteper load level at each temperature is shown in
Table 2, wheres,, is the ultimate tensile strength determined dutimg previous monotonic quasi-
static tensile tests, i.e. 600MPa. Test frequemay guration are also shown in Table 2. Temperature
was measured via four thermocouple sensors anth sti@s measured using a 20mm-gage-length
extensometer. Only two specimens did not breakérgage length but in one of their tabs, both teste
at 40°C, one at a maximum stress of 300MPa, andabreemaximum stress of 240MPa. The S-N
curve, shown in Figure 3, did not highlighted angfigant effect of testing temperature on the fa¢ig

life of BXS [(0/90)]s specimens, regardless the fatigue load level.

Table 2. Number of tested specimens per load level at tanperature witls,,the ultimate tensile
strength and related test frequency and duratead(tatio R = 0.1)

o o o Frequency Test
Load level 15°C 25°C 40°C (H2) duration (h)
Gma) = 50%Grup = 300 MPa 2 = 2 3 0.5'2.5
Omax = 40%a0,,, = 240 MPa 2 2 2 3 4-10
Oma> = 30%o0;,; = 180 MPa 2 1 1 3 30-55
1,2
E 1 —e
3
8 0,8
=
~ 0,6 A 40°C
o
S AAS® 25°C
5 0,4 A0O
% y ) ®15°C
g 02 a
0
1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
Number of cycles N

Figure 3. Fatigue life of BXS [(0/9Q]s specimens tested at 15, 25 and 40°C at diffeoaat levels, at
R=0.1

Stiffness loss of the specimens were determinedalgulating the secant modulug defined by Eq.
(1) at each fatigue cycle, withy.x andonin respectively the maximum and minimum stress apd
andemi, respectively the maximum and minimum stress ohéatigue cycle.

E. — Omax — Omin (1)
s
Emax — €min

Results at each load level did not highlightedgaificant effect of the testing temperature orfistigs

loss of BXS [(0/90)]s specimens regardless the fatigue load level, asrslin Figure 4 in the case of
Omax = 50%0,, = 240MPa.
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Figure4. Stiffness loss against number of fatigue cyclelssa€C, 25°C and 40°C at R=0.1 i@fax=
40%ao,, = 240MPa for BXS [(0/9Q)s specimens

5.2. Effect of temperature on the damage scenario

In order to ease polishing and damage observaticspecimens, 250x25mm?2 coupons were used
instead of dumbbell-shaped specimens. A 30mm-loeg avas observed on specimen edges at
different points of the fatigue life, using the samicroscopic observation device than the one used
during quasi-stactic tensile tests. In order taabke to see damages by opening them, a tensile load
corresponding to a 0.6%-strain was apply on spewnwring the observation phase. It has to be
noted that all the specimens tested at 40°C an@ b&Ske into one of their tabs before reaching 50%
of their theorical fatigue lifetime (i. e. aroun@ 800 cycles).

Transverse cracks were observed before breakad® aind 25°C, but also at 40°C whereas no
tranverse cracks were observed under a quasi-stasiie load. This is consistent with the factt tha
fatigue tests encourage crack propagation sincengheémum applied stress is lowest than the ultimate
tensile strength and the load is cyclic. In order compare fatigue damage scenario at each
temperature, the evolution of the crack densitynglthe fatigue lifetime was determined for all
specimens by dividing the number of observed treseveracks by the observation area length and
then compared (Figure 5).

Results show that, the threshold for first obselerédfansverse crack is delayed at 40°C with resjoect
those at 15°C and 25°C. For a given number of eydiéeads to a lower lineic crack density alone t
observed area on specimen edges at 40°C than @tatisf 25°C regarding the fatigue lifetime. Since
all the specimens tested at 40°C and 15°C brokedne of their tabs before reaching 50% of their
theorical fatigue lifetime, no conclusion on themfeerature effect can be drawned over this point.

E. Boissin, C. Bois, J.-C. Wahl and T. Palin-Luc



ECCM18 - 18' European Conference on Composite Materials
Athens, Greece, 24-#Sune 2018 7

1,2

E; 1

£ 15°C

E08 x

> K A15°C-2

-‘5 0,6 .

§ 25°C

E 0.4 ] m40°C

© 0,2 i A40°C-2
0 X 40°C -3

0 10000 20000 30000 40000 50000 60000

Cycle number

Figure5. Evoluttion of the lineic crack density versus themier of cycles on BXS [(0/98%
specimens under fatigue loading 5r= 0.1) at 15r®540°C, fobnax= 40%0,,, = 240MPa

6. Conclusion and prospects

Effect of temperature on damage scenario underi-gtat& tensile and fatigue loadings was
investigated on an acrylic-matrix and gless-fitmnforced laminate. Under monotonic quasi-static
tensile load, the observed damage scenario isreiiffeat 15°C and 40°C. Indeed, at 15°C, several
transverse cracks are observed from a 0.4% tataihstwhereas at 40°C, there is none until the
rupture. This can be explained by a greater dtyctof the resin at 40°C than at 15°C. These
observations have been confirmed by X-ray microegraphy results, were the same damages are
observed in the specimen cores.

Under fatigue, no significant temperature effecsvi@und on the fatigue lifetime and the rigidiydos
of BXS [(0/90})]s specimens between 15 and 40°C which can be erpldip the fact that the load is
applied in a fiber-dominant direction. Plus, traerse cracks were observed on all specimens
regardless the testing temperature. However, thesliold for transverse crack occurrence seems
delayed at 40°C with respect to those at 15°C ar2b&C, leading to a lower lineic crack density
along the observed area on specimen edges at #8hCat 15°C and 25°C until 50% of the theorical
fatigue lifetime. However, no conclusion on the pemature effect can be drawn over 50% of their
theorical lifetime, since all the specimens tesied0°C and 15°C broke into one of their tabs keefor
reaching this lifetime. Thus, additional fatigustgeon specimens must be carried out to overcomse th
lack of datas.
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