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Abstract

In this study, a model formulated at the ply scale was considered to describe the mechanical behaviour of an
acrylic-thermoplastic-matrix and glass-fibre-reinforced laminated composite under monotonic tensile and
fatigue loadings within a temperature range of -20°C to +60°C. This study showed that the temperature
dependency of the composite transverse and off-axis mechanical behaviour could be determined concisely, by
considering only the temperature dependency of the matrix initial elastic properties and keeping the parameters
of the damage evolution laws constant. This is a relevant result for designing composite structures with a
limited set of experimental data.

Keywords: Composite, Damage mechanics, Environmental effect, Fatigue modelling, Thermomechanical
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1 Introduction

The wind energy industry, like the transportation and marine industries, mostly uses thermoset-matrix

composites to manufacture its products. However, these composite materials have limited recyclability. Thus,

to reduce the environmental footprint, new polymer matrices have been developed in recent years to replace

commonly used thermoset resins, including acrylic thermoplastic matrices. These have better recycling and

repair opportunities, good fatigue and impact strengths and they are lighter. They also reduce manufacturing



costs since their polymerisation is performed at room temperature (RT) [1,2], resulting in a better production
rate.

During its twenty years in service, a wind turbine blade (WTRB) undergoes 108 to 10° fatigue cycles [3,4] and
is exposed to temperatures ranging from -20°C to +60°C. At the composite scale, these loadings can lead to a
significant deterioration of the material mechanical properties, due to damage such as fibre-matrix debonding,
cracking and delamination [5-8]. These different types of damage occur at different scales, they can interact
with each other, and lead to premature fibre breakage [9,10]. Thus, the final fracture of the composite is due
to a combination of these damage mechanisms [7]. Plus, for thermoplastic matrix composites, both the
mechanical properties and the damage scenario can be impacted by temperature changes in a range far below
the matrix glass transition temperature [11-18]. This has to be taken into account for purposes of designing
wind turbine blades using acrylic-matrix composites as required by the French program EFFIWIND [19]. Even
if some laboratory testing on some specific WIRB models showed damage occurrence in the composite
material, namely delamination, fibre failure and crack propagation [20-26], most of the WTRBs end their
operational lifetime without serious mechanical property degradation. Indeed, only between 5 and 20% of all
WTRB incidents can be imputed to composite blade damage over the last decade as stated in [27-29]. One of
the main reason is the WTRBS being greatly oversized due to the normative approach used by the certification
bodies such as [30,31] for the prediction of the fatigue lifetime of their constitutive composite. Indeed, as stated
in [32], the normative approach comes from the knowledge on metallic materials and is a macroscale approach,
i.e. an approach at the laminate scale. Thus, predicting the fatigue behaviour of all the constitutive lamination
in the WTRB leads to conservative assumptions which increase the gap between the model and the physical
reality. The oversizing of WTRBs is a major issue when coming towards the design of longer blades (> 80m)
as initiated by research institutes and industries [33—35] where mass is a critical issue. Therefore, it is crucial

to develop more suitable damage models for WTRBs that can help reducing their weight.

Several damage models can be found in the literature [36—40] but they do not consider the temperature effect
on the mechanical behaviour of composite materials. Models at the microscopic scale are promising but they
cannot be used at the structure scale [41-43]. They focus instead on understanding phenomena and building
or completing models at the mesoscale. A damage model at the mesoscale was already in use for the design of

wind turbine blades as part of the EFFIWIND program [10,32]. It aimed at filling the lack of proper methods



for the prediction of the fatigue life of composite laminates [44], and thus, at reducing the oversizing of
WTRBs. The purpose of the work presented in this paper was to determine if the validity domain of this
damage model could be extended for a composite material with a temperature-dependent mechanical behaviour
and damage scenario [16].

First, this paper describes the material under investigation and the effect of temperature on its mechanical
behaviour under quasi-static tensile and fatigue loadings within the temperature range of wind turbine blades.
Next, the damage model at the ply scale chosen to predict its mechanical behaviour under these two types of
loadings is described. The model parameters are then identified at room temperature in order to validate the
use of this damage model and finally, a simplified way of considering the effect of temperature on the

composite mechanical behaviour in this model is proposed.

2  Material under investigation

2.1 Constituents and material health

The material under investigation is an amorphous acrylic-matrix and glass-fibre-reinforced laminate
composite. The acrylic resin Elium™ 188 was supplied by ARKEMA and the G-Ply™ E-glass reinforcements
were supplied by CHOMARAT. Two kinds of reinforcements were used, with their fibre sizing optimised to
be combined with an acrylic resin: unidirectional plies UD960 CT3,8 (AC4), denoted “UD”, and [+45] biaxial
non-crimp fabrics (NCFs) BXS1000 C3.,4 (AC4), denoted “BXS”. Their main properties are summarised in
Table 1 and their microstructure within the resin is shown in Figure 1. They highlight the fact that
unidirectional plies have fibres in the weft direction nonetheless, and that biaxial NCFs [+45] have fibres in
the warp direction. The laminate composite was produced by vacuum infusion at room temperature. During
resin polymerisation, an exothermic reaction was observed, raising the panel temperature by 15°C to 25°C at
its peak, which may lead to residual thermal stresses. The fibre fraction volume, denoted Vs and calculated
from the reinforcement basis weight and the panel thickness, varies between 45% and 60%, and observations
by optical microscope of coupons cut from the panels showed a porosity rate lower than 3%. The glass
transition temperature of the Elium 188™ acrylic resin provided by the manufacturer is about 109°C, with a

maximum service temperature fixed at 85°C.



Areal density Unidirectional ply (UD [0]) Biaxial NCF (BXS [+45])

Ply weight (g/m?) 1007 £ 5% 1005 = 5%
0° Warp weight (g/m?) — Glass 960 + 5% 2+5%
Weft weight (g/m2?) - Glass 35+£5% /
Diagonal 45° weight (g/m?) - Glass / 500 + 5%
Diagonal -45° weight (g/m2?) - Glass / 500 + 5%
Tying weight (g/m?) - Polyester 12+ 5% 3+5%

Table 1: Properties from CHOMARAT technical datasheets of unidirectional plies and biaxial non-crimp

fabrics used for the studied laminated composite

Interlaminar areas
with matrix only

Tying wire strands

Areas between strands
with matrix only

90° strands

50 um

Figure 1: Microscopic images of BXS reinforcement (left) and UD reinforcement (right)

2.2 Effect of temperature on composite mechanical behaviour under quasi-static and fatigue loadings

First of all, as shown in Figure 2, at the ply scale, subscript “1” refers to the fibre direction, subscript “2” to
the transverse direction to the fibres and subscript “12” to ply shear. At the laminate/specimen scale, subscript
“x” refers to the loading direction, subscript “y” to the transverse direction to the loading direction and “xy”
refers to laminate shear. Stresses, elastic modulus, and strains are referred to by, o;, E;, €; respectively in fibre
and transverse directions, and by 7;;, G;; and y;; = 2 * &;; under shear loadings. vy, and v,, refer to the ply

primary and secondary Poisson’s ratios respectively.
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Figure 2: Ply spatial reference [32]

Testing temperatures were taken from within the temperature service range of wind turbine blades, i.e. between
-20 and +60°C. Previous tensile tests with in-situ observations clearly showed a change in the damage scenario
between 15 and 40°C [15,16,45], so mechanical tests were mainly performed at both these temperatures, in
addition to RT (20°C). Mechanical tests on BXS [(45).]s specimens were performed at 1, 15, RT, 30 and
48°C. For quasi-static tensile tests in the fibre direction, BXS [(0/90),]s standard specimens were used instead
of UD [0]4 standard specimens (Figure 3(a)), as their final rupture occurred in the gage length unlike UD [0]4
specimens which consistently broke in their tabs. Under fatigue loadings, dogbone specimens were used to
ease a final rupture within the gage length, as proposed by De Baere et al. [46] (Figure 3(b)). However, the
used UD [0]4 specimens still broke in their tabs due to interlaminar delamination caused by a manufacturing
defect, i.e. a slight misorientation of one or more of the 0° plies against the loading direction, causing
significant experimental scattering and thus preventing a proper assessment of the temperature effect. Thus,
BXS [(0/90),]s dogbone specimens were used instead as their final rupture occurred consistently within the
gage length, leading to poorly scattered results (see Figure 4(b)). Tensile tests were performed at 0.5mm/min
and fatigue tests at a load ratio R = 0.1. Either a biaxial strain gauge or both longitudinal and transverse

extensometers were used to measure specimen longitudinal and transverse strains.
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Figure 3: Specimen geometry: (a) coupons for mechanical tests in an off-axis direction and (b) dogbone specimens for mechanical

tests in the fibre direction — thickness between 3-6mm and 5-10mm without and with tabs, respectively

Tensile and fatigue tests performed in the composite fibre direction showed a poorly temperature-dependent
mechanical behaviour between 15 and 40°C, which is consistent with the literature [14,47] (Figure 4).
However, quasi-static tensile and fatigue tests performed in the ply off-axis direction showed a significant

effect of temperature, as shown in Figure 5 for BXS [(+45).]s specimens. The results are shown at the ply scale.



Indeed, for this lamination, shear stress and strain at the ply scale, 71, and Y45, can be easily obtained from
the specimen stress and longitudinal and transverse strains, gy, &xy and &y,,, respectively, using the following

stress and strain transformation equations [48]:

_ Oxx
T12 = ——

> 1

V12 = Exx — Eyy ()

For this lamination, the stress level at a given shear elastic strain clearly decreases as the temperature increases
from 1 to 48°C under a quasi-static tensile loading, while under a fatigue loading with a load ratio R=0.1,
fatigue strength is around half a decade lower as the temperature increases from 15 to 40°C. These trends are

consistent with those found in the literature [12—14]. This is also consistent with the results of the studies by

Cadieu et al. [17,18] on a similar composite material, enhanced for impact resistance.
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Figure 4: Effect of temperature on the composite mechanical behaviour in the fibre direction under (a) tensile loading, (b) fatigue

loading at R = 0.1 — BXS [(0/90)2]s specimens — results at the laminate scale
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Figure 5: Effect of temperature on the composite off-axis mechanical behaviour under (a) tensile loading, (b) fatigue loading at R =

0.1 - BXS [(#45)2]s specimens — results at the ply scale



3  Damage model

The damage model originates from Ladeveéze et al. [38] and was further developed by several studies
[10,32,36,49-51,37,52]. 1t is based on damage mechanics and is formulated at the ply scale, with plies
regarded as homogeneous orthotropic [52]. Three internal variables are used to describe the stiffness loss of
the ply: one describing the brittle failure of fibres under a load in the fibre direction, d,, one describing the ply
stiffness loss in the fibre transverse direction, d,, and one describing the shear stiffness loss of the ply, d;,.
Under a tensile load, only the in-plane transversal and shear moduli are modified, under the assumption of
progressive damage associated with micro-cracks and fibre matrix decohesion parallel to the fibres [37]. A

plastic-hardening model coupled to damage describes the inelastic strains.

Assuming plane stresses and small perturbations, the elastic strain energy of a ply can be written in the

following form:

1 012 <02)2+ (02)E _ Vi)20102 sz

Ep == 3)
PT2|Ed(1—-dy) E)(1-dy)  EJ EY GL(1—dy)

where (.), is the positive part and .0 refers to the initial value (i.e. before any damage in the composite). The
tension energy and compression energy in the transverse direction of fibres are split in order to describe the
unilateral feature due to the opening and closing of the micro-defects [53]. A thermodynamic force can be

associated to each damage variable by considering the respective elastic strain energy derivatives:

( v _0Ep o’
T 9d,  2E(1 — dy)?
0Ep o’
{ Yy = =
7 9d,  2E(1 — dy)? @
Vo= 0Ep 12,
2T 0dy, T 2651 — dyp)?

Damage described by the internal variables d;, d, and d;, can be due to a monotonic loading as well as a
fatigue loading [36], which for the laminated composite under investigation leads to similar damage
mechanisms, given the experimental data and data from the literature [15,16,45]. Thus, the model considers
that these two damage sources are cumulative. Furthermore, as the cracks are perpendicular to the fibres and

their impact on the transverse and shear loss of stiffness is similar, internal damage variables d, and d;, are
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taken as proportional to each other, as proposed by Ladeveze et al. [38] and Hochard et al. [52]. These two

assumptions translate into the following relations:

dy = d§ +df
dy = di+dJ Q)
dip = cd,

where superscript s refers to quasi-static loading, and superscript f refers to fatigue loading.

Damage variables can also be expressed as a function of the ply moduli, as follows:

( E;

di=1-—
El
E;

d,=1——

1 & £ ©)
GlZ

d,=1——F

S

3.1 Under quasi-static loadings

- Modelling damage evolution

The brittle failure of fibres under a tensile loading in the fibre direction is described as follows:

dy = dj = 0if Yq, <Y}(dy)
dy =df +df = 1if Yy, > Y(dy)

(N

where Ya’l‘l“ is the thermodynamic force associated to the ply ultimate strength in the fibre direction, which

depends on the matrix damage state. Several authors have shown that the presence of damage in the matrix
decreases the ply ultimate strength in the fibre direction [10,52]. This decrease can be described by the
following law, proposed by Caous et al. [10,32] :

Yo— Vg

it —
Yar'(dy) = T @ anras

+ Vg )

where Yy, Yg, d,,, and d;; are parameters to identify experimentally, which depend on the composite material
under investigation. Parameter Y, is the thermodynamic force associated with the ultimate strength of fibres
aligned with the loading direction when the matrix suffered no damage in a previous loading (d, = 0) and
parameter Yy is the thermodynamic force associated with the ultimate strength when the matrix is so damaged

from previous loadings that its contribution to the composite mechanical strength is strongly reduced.
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Parameters d,,, and d; are considered independent from the reinforcement type and from the fibre fraction

volume, contrary to Y, and Yz which are corrected to the latter [10,32].

Regarding the matrix damage, several evolution laws have been proposed in the literature [36,38,49,52]. That
proposed by Hochard et al. [52] has been chosen here due to its ability to describe satisfactorily the mechanical

behaviour of thermoset laminated composites reinforced with glass fibres [32,52]:
ds =(1— e—(a(de)m+b(Yd12)”—Yo)>+ 9)

where a, m, b, n and Y, are parameters to identify experimentally, which depend on the composite material
under investigation. Y, matches the threshold value of the development of d3.
- Modelling plastic strain evolution
Stress-strain curves in off-axis directions highlight residual strains when samples are unloaded. These residual
strains are not only due to plasticity in the polymer matrix but also to sliding between micro-crack lips or fibre
matrix decohesion, justifying the presence of hysteresis loops in [(+45).]s specimens. Viscous phenomena can
also participate in this complex response. In the model, for simplicity, a plasticity model is used to represent
residual strains. The total strains in off-axis directions are then divided into an elastic part and a plastic part,
as follows:
& =&+ sé’ (10)
Y1z = Y2 + Vi 1D
where exponents e and p refer to the elastic and the plastic parts, respectively.
The coupling of damage and plasticity is taken into account by using effective stress and effective strain

[32,37,38,50], which are defined as:

o :
6, = 2 and é“zp = e'g (1-d,) sio,>0 (12)
1-d,
6, =0, and &' =£¥ si 0, <0 (13)
~ T12 3 .
T2 = 7— and ¥, = y{,(1 = dy) (14)

The hardening function driving the plastic strain evolution is defined as:
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f= /ffz+ a?62 — K p¥ — Ry with f <0 (1)

where a, K, y and R, are parameters to be identified experimentally, which depend on the composite material
under investigation. P is the fourth internal variable of the model, matching the cumulative effective plastic
strain. Ry refers to the initial plastic strain threshold.

If f < 0,p = 0. Otherwise, the plastic flow rules give:

(ép = —az %2 D
2 KpY+R, (16)
f12

P _ 2
"2 "k +R, P

3.2 Under fatigue loadings

As proposed by Hochard et al. and Caous [32,37], regarding fatigue loadings, damage evolution depends on

both the maximum loading and the loading amplitude. Evolution laws are written as:

( ad!

{ ON
f
e = = o (o (vg) ™ (a7, 2 ()™ (7))

=a -y (v,) " (ar,,)” (17)

where aq, a,, by, ¥1, V2, L1, I, mq, my, ny and n, are parameters to be identified experimentally, which

depend on the composite material under investigation, N is the number of load cycles, and Y ;s and AY s refer
i i

to the thermodynamic forces associated with the maximum stress of the fatigue loading and the loading

amplitude, respectively, defined as follows:

( Y ;= Ulzmax AY ¢ = (01 max — Ulmin)z
af " 2E0(1—d,)? af " 2E0(1—d,)?
1Y = M and JAY ;= ((02 max)+ - (UZ min)+)2 (18)
d;  2EJ(1—d,)? a3 2E)(1 —d,)?
1% _ T122 max AY — (TIZ max — 12 min)2
e 2G5 (1 — dyz)? L T 269 (1 — d;,)?

It is worth noting that fatigue loadings do not generate an increase in plastic strain directly, but the evolution

of fatigue damage variables d£ and d{z will increase the plastic strain indirectly since the hardening law is
defined using the effective stresses. Evolution laws in the transverse and shear directions were developed to

model a gradual stiffness loss in these directions, as observed experimentally. The evolution law in the fibre

13



direction also models a gradual stiffness loss in this direction, whereas none is observed experimentally. This
stiffness loss has to be introduced so that the model is able to assess the composite lifetime in the fibre direction,
whatever the applied maximum stress [10,32]. Introducing a relation between the failure threshold in the fibre
direction and the matrix damage, like under a quasi-static loading, will not be a solution since the ultimate
strength for maximum matrix damage may still be around several hundreds of MPa (512MPa for the composite

tested in [10,32]).

4  Identification of the model parameters at room temperature

4.1 Identification of the initial elastic properties of the ply

All experimental tests were performed at room temperature, i.e. 20°C. The ply initial elastic modulus in the
fibre direction EJ and the primary Poisson’s ratio v{, were obtained from tensile tests on UD [0]4 specimens,

with a fibre fraction volume V; varying between 53% and 59%. The ply initial transverse elastic modulus and
the secondary Poisson’s ratio were obtained from tensile tests on UD [90]4 specimens with V; varying between
56% and 59%. Finally, the ply initial shear elastic modulus was obtained from tensile tests on UD and BXS
[(£45)2]s specimens, with V¢ varying between 50% and 57%. Thus, the initial elastic properties of the ply are

not obtained at the same fibre fraction volume. To overcome this issue and thus to take into account the
variation of fibre fraction volume, values obtained experimentally were adjusted using modified mixture laws

derived from the mixture laws for composites given below [54]:

EY = ViER + Ep (1 —Vf) =~ V;ER with Ep, < EP
vy = vV + v (1= Vp)
1 Ep,
EY = ES, o o _’"V with Ef, < Ef,
(1-v)+Emv, !
4 Ep, (19)
0
12
0 012
va1 = E3 =5
EY
Gy Gy
G, = m R —me with G, < GP
(1-v)+ G—;gi

\
where E° refers to the initial elastic modulus, v° to the initial Poisson’s ratio and G° to the initial shear elastic
modulus with the subscripts “m”, “f” and “ft” denoting a matrix property, a fibre property in the fibre

direction and a fibre property in the fibre transverse direction, respectively. Considering that ES, and G, are

14



usually much lower respectively than both E)9 and E)9t and G}9, these mixture laws were simplified, as shown
in Equation (19). In order to take into account the fact that a UD ply is only 95% unidirectional as 5% of its
fibres are in its transverse direction, these mixture laws were then modified using equations for composites

with woven fabrics from [54], as shown below:

2 0
EY = 0.95 x VeEP +0.05 x - _me ~ 0.95 * V,EP with Ej), < Ef
0 v})Vf +v9(1 - Ve)
Vi2 = 0
0.95 + 0.05 * Uk
Ex/(1—Vp)
g EQ 20
E = 0.95 * ——+ 0.05 * V;E? 20
— Vf
0
vV
vo = E9- 12
21 2 E{)
o __ Gm
Y(-v)

ED, EJQ , v}9 , v, and G2, were identified with an Ordinary Least Squares (OLS) regression, as proposed by
Caous et al. [32], except for v}9 . As numerous value combinations can be found for v}9 and v, the value of
vQ, was taken from the literature [54] and thus was considered to be equal to 0.25 and an OLS regression was
used to obtain vfo. Identified values are given in Table 2. Accordingly, the mechanical properties given as
inputs for the model are the values identified for the matrix and fibre initial elastic properties and the fibre
fraction volume V¢ instead of the initial mechanical properties of the ply. As it will be seen later in part 5 of
this paper, this is a relevant point in order to consider the temperature effect on the composite off-axis
mechanical behaviour in the model in a concise way. It is worth noting that the relationship linking the initial
shear modulus to the initial Young modulus and Poisson’s ratio for isotropic homogeneous materials defined

below gives G, = 2,0 GPa. This means that this relationship is well respected.

GY = Em 21)
™20 +v2)
Ef (GPa) v (=) EY (GPa) GY (GPa) v ()
74 0.29 5.5 2.1 0.33®

Table 2: Identified values of the fibre and matrix elastic properties at 20°C — ) value taken from the literature, [54], fora

physically consistent value for v})
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4.2  Identification of the parameters of the damage evolution laws under a quasi-static loading

- Identification method
Parameters d; and d,,, of the damage evolution law in the fibre direction (Equation (8)) were taken as equal to
the values identified in [10,32], as the reinforcements under investigation are similar. Parameters Y, and Yp¢
were identified using an OLS regression from quasi-static tensile tests performed on BXS [(0/90).], specimens
at room temperature (Figure 4(a)), but also at 110°C. At this temperature, the matrix contribution to specimen
mechanical strength is strongly reduced and should reach a minimum value which agrees with that obtained
with a high level of damage [10,32]. BXS [(0/90):]s specimens were used instead of UD [0]4 specimens for the

reasons given in section 2.2.

Parameters of the matrix damage evolution law (Equation (9)) were identified from quasi-static tensile tests
performed at room temperature on [(+45),]s specimens for both reinforcements and on [90]4 specimens for the
UD reinforcement. In such laminates, the loading mainly causes shear stress and transverse stress at the ply
scale. This means that the contribution of the transverse damage and the shear damage to the total matrix
damage can be disregarded for tests performed on [(+45)]s and [90]4 specimens respectively. Accordingly, the

evolution laws (Equations (9) and (15)) can be simplified, as shown below for [(+45),]s laminates:

s, =(1— e~ ®OCar)"~Yo)y (22)

flz - K ):ilpzy + RO (23)
and as shown below for [90]4 laminates:

ds =(1— e~(@¥a)™-Yo)y (24)

1 NV . (25)
- _ 2 2) o
02 p a 0
Thus, the identification of the matrix damage law parameters is uncoupled between the parameters concerning

the contribution of the shear damage on the one hand, i.e. b, n, Y, K, y and R, and those concerning the

contribution of the transverse damage on the other hand, i.e. a, m, and «. n is taken as equal to 0.5. In this
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way, the mechanical behaviour of the specimen can be satisfactorily described up to a shear strain of around
4%. Indeed, real-life structure loadings do not exceed this strain level.

First, b and Y; are identified by plotting d3, against Y;;, (Figure 6(a)) and K, y and R, by plotting %;, against
)71”2 (Figure 6(b)). These quantities are determined from the experimental data of UD and BXS [(45).]s
specimens using Equations (6) and (14). Next, a and m are identified by plotting d5 against Y;, and a by
plotting &, against §§ . These quantities are also determined from the experimental data, using Equations (6)
and (12). In this work, this identification process was performed through OLS regressions. Lastly, values of a,
m, and a for the BXS reinforcement were taken as equal to the mean values identified for the UD

reinforcement. All the parameter mean values can be seen in Table 3.
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Figure 6: Identification of the parameters of the matrix damage evolution law from the experimental results of the quasi-static tensile

tests performed at 0.5mm/min on UD and BXS [(+45)2]s specimens with (a) d3, against Yy1, and (b) 1, against f/lpz

Parameters Test specimens UD reinforcement BXS reinforcement
Yy (MPa) BXS [(0/90)2]s 329+6.5 cf. UD value
Ygr (MPa) BXS [(0/90)2]s 82+1.3 cf. UD value
dm (=) Taken from [10] 0.49 cf. UD value
d, (-) Taken from [10] 0.0035 cf. UD value
n(-) Hypothesis 0.50 0.50
c(-) Hypothesis 1 1
b (MPa™™) 1.46 £ 0.04 0.88 £ 0.00
[(£45):]s specimens
Yo (&) 0.20 £ 0.01 0.10 £ 0.00
(V¢ =50.5 £0.1% - BXS;
K(MPa) 1015 =389 542 +£134
56.5+0.1% - UD)
y (-) 0.46 £0.03 0.40 £0.02
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Ry(MPa) 0.00  0.00 0.00  0.00

a(MPa™) 247 +1.62 cf. UD value
[90]4
m (=) 0.81+£0.26 cf. UD value
(Vp=57.7%0.2%)
a () 0.86 £0.13 cf. UD value

Table 3: Identified mean values for parameters of the evolution laws under a quasi-static loading (Equations (8), (9) and (15))
through OLS regressions — except for values of a, m and « for BXS reinforcement, which were taken as equal to those identified for

the UD reinforcement and for d,, and d, which were taken as equal to those identified in [10]

- Model validation

Values identified for the model parameters were used to predict the mechanical behaviour of several
laminations, some of which were not used for the identification procedure. Comparisons between model
predictions and experimental data are shown in Figure 7 for laminations with plies in the loading direction and
in Figure 8 for off-axis and transverse laminations.

These comparisons show that the composite mechanical behaviour in the fibre direction is well predicted. The
difference between the model and the experimental ultimate strength for UD [0]4 lamination is directly linked
to the fact that the identification is done on BXS [(0/90):]s specimens, which show a greater ultimate strength
with their failure occurring in the gage length, while UD [0]4 specimens break prematurely in the tabs. The
modelled ultimate strength for UD [0/903/0] lamination cannot be compared to the experimental data since all
tensile tests were ended before the specimen broke. This choice was made in order to then be able to observe
damage to specimen edges by successive polishings, as described in [16]. Finally, experimental data show that
the UD [0]4 specimens exhibit progressive damage before their final failure. This phenomenon is attributed to
the dogbone shape of the specimens.

Figure 8(a) shows that the model prediction for the mechanical behaviour of BXS [(£45).]s lamination is
satisfactory. For UD [(+45/-45),]s and UD [(+60/-60).]s laminations (respectively Figure 8(c) and Figure 8(d)),
the model overestimates their damage evolution. Indeed, the stress softening caused by damage and plasticity
occurrence is stronger than the experimental one. Conversely, the model slightly underestimates the damage
level for UD [90]4 lamination (Figure 8(b)). These results may imply that the parameter identification should
be improved or that the chosen damage model is not perfectly adapted. This will be discussed in Section 5.

However, it must be kept in mind that in practice, the shear and transverse strain in each composite ply in a
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structure such as a wind turbine blade will not exceed 1 and 0.5% respectively. Below these thresholds, the

model gives a satisfactory prediction.
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Figure 7: Comparison of model predictions and experimental data for a tensile loading applied to (a) UD [0]4with Vs = 56,7% and
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(b) UD [0/903/0] with V; = 57.3% (all tensile tests ended before specimen breakage)
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Figure 8: Comparison of model predictions and experimental data for a tensile loading applied to (a) BXS [(+45)2]s with V; =

50.5%, (b) UD [90]4 with Vs = 57.7%, (c) UD [(+45/-45)2]swith V; = 56.2% and (d) UD[(+60/-60)2]swith Vs = 58.1%

4.3  Identification of the parameters of the damage evolution laws under a fatigue loading

Parameters of the damage evolution laws (cf. Equations (17)) were identified using Poincaré’s Balayage
Method which consists in scanning the values that they can take. The set of parameters giving the best
correlation between the model prediction and the experimental fatigue strength and damage evolutions was
then selected. Experimental data came from fatigue tests performed at R = 0.1 (tensile-tensile load) and R =
—1 (tensile-compressive load). These values were chosen as their R-ratios in both tensile-tensile and

compression-tensile configurations are sufficiently distant one from another to distinguish the effect of the
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maximum loading and the effect of the loading amplitude, while matching R-ratios that wind turbine blades
undergo, as show in Figure 9 [32,55]. In particular, fatigue tests at the selected R-ratios are required by the
wind turbine blade certification body Germanisher-Lloyd [31]. The fatigue tests were performed on UD [0]4
dogbone specimens for the damage evolution law in the fibre direction and on BXS [(£45).]s coupons for the
matrix damage evolution law. If some UD [0]4 specimens broke in their tabs due to the manufacturing defect
described in Section 2.2, especially for high stress levels, most of them broke due to sparse fibre raveling
within the gage area, making the S-N experimental points usable. Experimental results, presented in Figure 11
and Figure 12, highlight the fact that the influence of load ratio is important in both laminate sequences. These
results also demonstrate the effect of mean stress. For instance, for UD [0]4 specimens, with the same maximal
stress of 250 MPa, a mean stress of zero (R = —1) gives a fatigue life of around 2.10* cycles while a mean

stress of 137.5 MPa (R = 0.1) gives a fatigue life of around 2.10° cycles.
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Figure 9: R-ratios commonly observed in wind turbine blades (C-C : Compression-Compression R-ratios; T-T : Tensile-Tensile R-
ratios; T-C: Tensile-Compression R-ratios) [32]

As stated before for a quasi-static loading, axial loading on [(£45).]s laminates mainly generates shear stresses.
Accordingly, the contribution of the transverse damage to the total matrix can be disregarded. Equation (17)

can then be simplified as follows:

d d{z ny nz
— _ 26
aN - bz(l dlz)yz (Ydjlcz) (AYd{Z) ( )
The fatigue tests at R = —1 were performed using an anti-buckling device designed for the specimen geometry

used in this study based on the design proposed by E. Boyum [56] (Figure 10(a)). This device was used as it
is able to prevent specimen buckling while limiting friction and its consequences. It is composed of two upper

parts and two lower parts which are displaceable in relation to one another, depending on the specimen strain.

20



Thus, friction issues are not significant and do not impact fatigue test results, as shown in several studies [57—
59]. The anti-buckling device used here was designed in such a way that there is a small clearance between its
upper parts and the specimen gauge section on both sides to reduce the confinement of the specimen and reduce
friction. In addition, in order to prevent friction even more efficiently, PTFE films were set between the test
specimens and the device (Figure 10(b)), which was also designed with a thermocouple groove on one side
(cf. Figure 10(a) & (b)) so that the increase in specimen temperature could be monitored. However, as soon
as the specimen critical buckling force is reached, buckling is observed in the sliding area of the upper and
lower parts of the anti-buckling device. To overcome this, a “U” shaped part was added at the level of the
sliding area (Figure 10(b)). At R = 0.1, a fatigue loading in the fibre direction without the anti-bucking device
leads to a small rise in the temperature of the specimen, of up to 2°C depending on the stress level. For fatigue
tests on BXS [(%45):]s coupons, the loading frequency was chosen in order to achieve a maximum specimen
temperature increase of 5°C. In both cases, at the same loading frequencies, similar temperature increases were
observed at R = —1, confirming the absence of significant friction between the specimen and the anti-buckling

device.

Anti-buckling
device

Teflon film

Thermocouple

ek groove

« U » shaped
part

Testing
machine jaws

Dogbone Specimen Buckling Guide Assembled, Front View Assembled, Side View

(a) (b)

Figure 10: (a) Previous design of the anti-buckling device [56] and (b) its new design used for fatigue tests at R=-1 (tensile-

compressive loading) on UD [0]4and BXS [(+45)2]s specimens

As shown in Figure 11, a set of parameters was found to satisfactorily predict both fatigue strength and damage
evolution in the fibre direction. It is also true under a fatigue loading causing mainly shear stresses at the ply
scale, as shown in Figure 12. The identified parameter values are given in Table 4. On the grounds of these

results, the authors are confident that a suitable set of parameters can be found to predict satisfactorily both
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fatigue strength and matrix damage evolution under a fatigue loading causing both shear and transverse stresses

at the ply scale (i.e. all the parameters of Equation (17) are identified).
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Figure 11: Comparison between experimental data at R = 0.1 and R = —1 obtained from UD [0]4 specimens and the model

prediction of (a) ply fatigue strength in the fibre direction, (b) cumulative damage evolution at a maximum stress of 340MPa at R =
0.1, f = 5Hz and V; = 58% and (c) cumulative damage evolution at a maximum stress of 240MPa at R = —1, f = 3Hz and V; =

55%
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Figure 12: Comparison between experimental data at R = 0.1 and R = —1 obtained from BXS [(+45)2]s specimen and the model

prediction of (a) ply fatigue strength in the matrix-dominated behaviour under a fatigue loading causing mainly shear stresses at the

ply scale, (b) fatigue damage evolution and (c) cumulative damage evolution at a maximum stress of 70MPa, at R = 0.1, f = 5Hz

and Vy = 52%

Parameters Test specimens Identified values

a, (MPa~17k) 3.107

y1 (—) UD [0]4 1

L) (Ve =556 £2.0%) 1

() 3
b, (MPa™™7"2) 2.102

Y2 () BXS [(#45):] 6

ny () (Vp =528 +1.6%) 0

ny (=) 4

Table 4: Identified values for parameters of the damage evolution laws under a fatigue loading (cf. Equation (17))

4.4  Conclusion on the model identification

As mentioned before, the damage and plastic strain evolution laws used in this paper were initially proposed

for thermoset-matrix laminates reinforced with glass fibres [32,52]. The study conducted here revealed that

these evolution laws are suitable for acrylic-thermoplastic-matrix and glass-fibre-reinforced laminates used in
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wind turbine blades with parameters identified at a given testing temperature. This result is of interest since
previous studies showed that damage evolution laws used for thermoset-matrix laminates reinforced with
carbon fibres were not suitable for those reinforced with glass fibres [36,38,49,52]. However, as mentioned in
section 2 of this paper, the off-axis mechanical behaviour of this thermoplastic-matrix laminate depends
significantly on the temperature in the service range of wind turbine blades. This is a real issue to ensure the
accurate design of wind turbine blades made with such a material. Thus, the next part of this study focuses on
proposing a simple way to model the temperature effect on the composite transverse and off-axis mechanical

behaviour.

5 Taking into account the temperature effect on composite mechanical behaviour

First, the matrix initial elastic properties, EJ, and G2, were identified at several testing temperatures from
quasi-static tensile tests performed on UD [90]s specimens via the mixture laws for composites (Equations
(20)). Results presented in Figure 13 show, as expected, that these two properties are temperature-dependent
as they decrease with the increase in temperature. Even if the values of G2, and EJ, obtained at 40°C with a
single test do not give the same value for the Poisson’s ratio v, as those obtained at 15 and 20°C using
Equation (21), we assume that Poisson’s ratio is temperature-independent. In fact, the value of EJ, obtained at
40°C seems to be overestimated. It was therefore reassessed using Equation (21) and the value of v, identified

at 20°C (cf. Table 2). Following the same reasoning process, values of EJ, at 48°C and G, at 1°C were

calculated.
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Figure 13: Temperature effect on matrix initial elastic properties (a) ES, and (b) G, identified from quasi-static tensile tests on UD

[90]4 and [(#45)2]s specimens with V; = 58.5 + 0.7% and Vy = 51.3 £ 0.7% respectively

Parameters of the matrix damage and effective stress evolution laws (Equations (9) and (15)) for quasi-static
loadings were identified at each testing temperature (cf. Table 5 for UD reinforcement and Table 6 for BXS

reinforcement). Results show that these parameters seem poorly temperature-dependent. Moreover, as shown
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in Figure 14 (a) [16,45], damage evolution against elastic strain under quasi-static tensile loading highlights
no significant temperature effect. Thus, we choose to use an average value for each parameter for all testing
temperatures. Regarding the matrix damage evolution law for fatigue loadings, which causes mainly shear
stresses at the ply scale, Figure 14(b) shows that damage evolution against the number of cycles under fatigue
loadings is also poorly temperature-dependent. Consequently, parameters b,, ¥,, n; and n, (cf. Equation (26)
) identified at 20°C were kept constant at the other two testing temperatures, 15 and 40°C. Hence, only the
initial elastic modulus E2, and the initial shear elastic modulus G2, of the matrix were considered temperature-
dependent for both types of loading. The model predictions were obtained using the discrete experimental

values of E, and G2.
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Figure 14: Damage evolution at different testing temperatures (a) against elastic strain under quasi-static tensile loadings for BXS
[(45)2]s specimens with Ve = 51.3 + 0.7% [16,45] and (b) against the number of cycles under fatigue loadings at R = 0.1 at
f

different maximum stress for UD [(+45/-45)2]s specimens with V; = 52.9 + 1.3%

Parameters 1°C 15°C 20°C 40°C Mean values
b (MPa™™) / 1.45+0.17 1.46 £ 0.04 1.87 £0.14 1.62 +£0.24
Yo (&) / 0.20 £ 0.01 0.20 £ 0.01 0.21 £0.02 0.20 £ 0.01
K(MPa) / 1063 + 102 1015 + 389 1024 + 103 1029 + 26
Y (—) / 0.44 £0.04 0.46 £ 0.03 0.50 £ 0.01 0.47 +£0.03
Ry(MPa) / 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
a(MPa™™) 0.97 £0.30 1.40 £ 0.20 247 +1.62 2.11£0.20 1.97 £ 0.68
m (=) 0.37 £0.09 0.39+£0.10 0.81+£0.26 0.53£0.10 0.64 £0.52
a(—) 0.43 +£0.10 0.42 £0.10 0.86 £0.13 0.49 £0.10 0.74 £ 0.55

Table 5: Mean values identified for the parameters of the matrix damage and effective stress evolution laws for quasi-static loadings

at 15, 20 and 40°C on UD reinforcement and mean values for each parameter over all the testing temperatures
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Parameters 1°C 15°C 20°C 30°C 48°C Mean values

b(MPa™™) 078+030 145015  0.88+020 095+0.30 239 +0.24" 1.29+0.30
Yo (-) 030002 022+002  0.10+0.00 008002  0.30+0.03 0.15+0.11
K(MPa) — 1411+£200 22214350  542+300  1206+550 1326 + 850 1341 + 599
¥ (=) 048+0.10  058+0.10  040+0.10 050+£0.07  0.58+0.11 0.51+0.07
Ry(MPa)  0.00+0.00  0.00+0.00  0.00£0.00 0.00£0.00  0.00 0.00 0.00 £ 0.00

Table 6: Mean values identified for the parameters of the matrix damage and effective stress evolution laws for quasi-static loadings
at 1, 15, 20, 30 and 48°C on BXS reinforcement and mean values for each parameter over all the testing temperatures — (*) value not
considered in the calculation of the mean value because too far from the values at the other testing temperatures
As shown in Figure 15 for quasi-static loadings, under this assumption, the model gives a good prediction of
the mechanical behaviour of UD [90]4 lamination, regardless of the testing temperature, up to a strain of about
0.4%. Thus, assuming that only the matrix elastic properties are temperature-dependent works for this
lamination, between 1 and 40°C. For BXS [(£45).]s, UD [(+45/-45),]s and UD [(+60/-60),]s lamination, the
model overestimates the damage evolution, except at 30°C and 48°C for BXS [(£45),]s lamination (see Figure
16, Figure 17, and Figure 18 respectively). These results highlight that the damage model struggles to represent
some phenomena involved in the damage process of the composite under investigation with UD reinforcement.
The UD reinforcement is in fact a very unbalanced reinforcement (see Table 1). Glass fibres in the weft
direction allow for gradual damage growth in the transverse direction, while the first transverse crack
classically leads to ply failure for purely UD ply. Consequently, the variant of the damage model developed
by Hochard et al. [37] for woven unbalanced reinforcement might be more appropriate for this type of
reinforcement. However, that would involve using two different models and sets of parameters for the two
types of reinforcement. For BXS reinforcement, results show that the values of parameters a, m, and
identified on UD reinforcement for the evolution of damage in the transverse direction may not be adequate.
These observations are consistent with the fact that decreasing the values of parameters b and a to 1.00 and
1.20, respectively, significantly improved the model prediction for these laminations, regardless of the testing
temperature (dotted lines in Figure 16, Figure 17 and Figure 18). The sole exception is at 48°C for BXS

[(£45)2]s lamination, which is directly linked to the fact that the value identified for the b parameter is 1.9 times
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higher than the mean value at all the other testing temperatures (Table 6). This implies that taking one set of
parameters for all testing temperatures and considering only the initial elastic modulus E9, and the initial shear
elastic modulus G2, of the matrix as temperature-dependent also works satisfactorily for BXS [(+45),]s, UD
[(+45/-45),]s and UD [(+60/-60),]s laminations. The issue remains concerning the identification of b and a
parameters. Since decreasing them to 1.00 and 1.20, respectively, worsens the model prediction for UD [90]4
lamination (Figure 15), a compromise has to be found for the b and a values so that the chosen damage model
gives satisfactory predictions simultaneously for UD [90]4 lamination and BXS [(£45):]s, UD [(+45/-45),]s and
UD [(+60/-60)]s laminations. Concerning fatigue loadings, the values of parameters » and a have little
influence on model predictions since the stress and damage level due to the monotonic loading are quite low.
Figure 19 shows the model predictions of the shear fatigue strength at 15°C and 40°C. Keeping in mind that
fatigue tests generally exhibit scattered results, the prediction seems to agree with the experimental results and
to succeeds in representing the effect of temperature. However, supplementary fatigue tests at both 15 and
40°C, and above all at 15°C, reaching between 10° and 10° cycles, will be useful to confirm this capability.
Thus, considering only the initial elastic properties of the matrix as temperature-dependent seems sufficient to
be able to simulate the composite service life across the entire temperature service range of wind turbine blades,

but this needs to be corroborated.
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Figure 15: Comparison between experiments and model predictions of the mechanical behaviour of UD [90]4 lamination under a
tensile loading with only ES, and G2, considered as temperature-dependent parameters at (a) 1°C - Vr =58.7%, (b) 15°C - Vy =

58.2%, (c) 20°C - Vy = 57.8% and (d) 40°C - Vy = 57.6%
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Figure 16: Comparison between experiments and model predictions of the mechanical behaviour of BXS [(+45)2]s lamination under
a quasi-static tensile loading with only EY, and G, considered as temperature-dependent parameters at (a) 1°C - Ve = 51.8%, (b)

15°C - Vy = 51.5%, (c) 30°C - Vy = 51.1% and (d) 48°C - V; = 50.7%
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Figure 17: Comparison between experiments and model predictions of the mechanical behaviour of UD [(+45/-45)2]s lamination

under a quasi-static tensile loading with only ES, and G2, considered as temperature-dependent parameters at (a) 15°C - Ve =

55.7%, (b) 20°C - V; = 56.2% and (c) 40°C - V; = 55.8%
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under a tensile loading with only ES, and G2, considered as temperature-dependent parameters at (a) 15°C - Vr = 58.1%, (b) 20°C -

V; = 58.1% and (c) 40°C - V; = 58.0%
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6  Conclusion and prospects for future studies

In this paper, a model formulated at the ply scale was considered to describe the mechanical behaviour of an
acrylic-thermoplastic-matrix and glass-fibre-reinforced laminated composite under quasi-static tensile and
fatigue loadings. This model had been successfully used in previous studies to predict satisfactorily the
mechanical behaviour of laminated composites with a thermoset-matrix and either glass or carbon fibres
[32,36,38,52]. First, the study at room temperature revealed that this model is suitable for the laminate under
investigation without any change in the evolution laws (as it was done between carbon-fibre-reinforced and
glass-fibre-reinforced composites with thermoset matrix) even if the variant of the model purposed by Hochard
et al. [37] is used for the UD reinforcement as it is in fact a very unbalanced fabric. Despite this, this study
showed that the temperature dependency of the composite transverse and off-axis mechanical behaviour could
be achieved more simply, by considering only the temperature dependency of the initial elastic properties of
the matrix (i.e. fibre initial elastic properties and damage evolution law parameters are kept constant). This is
a relevant result for the industrial field for a better design of wind turbine blades using such an innovative
composite material. However, it has to be noted that it is achievable because damage and plastic strain
evolution against strain level under a tensile loading and damage evolution against the normalized cycle
number under a fatigue loading are poorly temperature-dependent in the temperature range under consideration
[15], i.e. from -20°C to 60°C.

As mentioned in the introduction, wind turbine blades undergo 108-10° fatigue cycles during their 20-year
lifetime. However, fatigue tests performed in this study were conducted up to 107 fatigue cycles at most, due
to the significant self-heating capacity of the composite under investigation. It must remain at a maximum
frequency of 10Hz to maintain a maximum specimen self-heating of 5°C. This criterion was chosen because
the temperature effect is studied here in a narrow range. Thus, a study of fatigue strength and damage evolution
over a very long lifetime is needed, which will be more representative of the loading undergone by wind turbine
blades. It would also be interesting to extend the model validity domain to marine renewable energies,
especially to marine turbines, by studying the ageing impact - and more specifically the water-ageing impact
- on the mechanical behaviour of polymer composites under tensile and fatigue loadings.

Finally, by developing a micromechanical approach introducing active phenomena at the material scale it
would be possible to study matrix behaviour more closely, looking at composite microstructure interaction for

a better understanding of the phenomenology. As a second step, this kind of approach may make it possible to
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push forward and identify the meso-scale damage model. Such studies can already be found in the literature,

but they are facing two major issues related to identifying a mechanical behaviour that is representative of that

of the matrix once in the composite, and to building microstructures representative of composite behaviour

regarding spatial variability.
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