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1 | INTRODUCTION

| E. Deletombe! | M. Brieu?3

Abstract

The mechanical behaviour of organic matrix composite materials such as
T700GC/M21 carbon fibre reinforced polymer (CFRP) is generally considered
by the industry as being orthotropic elastic for the sizing of aeronautical struc-
tures under normal isothermal “static” flight loads. During the aircraft lifetime,
it may be exposed to severe loading conditions at various temperatures. However,
the mechanical behaviour of CFRP is known to exhibit a linear behaviour or a
non-linear behaviour according to the types of loads that are considered creep or
extreme conditions. The observed non-linearity can be commonly attributed to
several physical phenomena such as non-linear viscosity, plasticity, or damage.
In the literature, different models can be found that are based on three compo-
nents: a first elastic reversible behaviour, a second non-linear behaviour, and a
failure criterion. An important issue is to understand and characterize the tran-
sition between the elastic reversible behaviour and the non-linear behaviour. To
answer this question, the present paper describes an experimental methodology
that permits to evaluate this transition thanks to raw experimental data, and its
application to a range of constant but different strain rate and temperature tests
performed on the T700GC/M21 CFRP material.
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Nowadays, composite materials are increasingly used in the transportation industry including aeronautics. For example,
the quantity of composite materials in the last aircraft of the Airbus family represents more than 50% of its structural
weight. Composites allow to reduce the weight, to avoid corrosion, and to build complex parts more easily. During the
aircraft's life, these parts may be exposed to severe loadings at various temperatures. These loads cover a wide spectrum
of strain rates, from low to high, and a wide range of temperatures, at cruise altitude from low around —50° C to medium
around 50° C. The composite material behaviour is known to be rate dependent!'-3l and temperature dependent.[*-°!
To answer the needs of the aircraft industry, it is important to understand accurately the composite behaviour and the
influence of these two parameters on it.



The material studied in this work is a carbon fibre reinforced polymer (CFRP), and a carbon epoxy composite named
T700GC/M21. The mechanical behaviour of this material is known to be strain rate and temperature dependent,!>-8!
especially for shear behaviour.!> 7%/ Some studies have been performed which concerned the influence of temperature
on CFRP materials.[> & 911 Their authors have shown that the shear modulus and the maximum stress increase with
the decreasing temperature,[°l and that the shear modulus decreases with the increasing temperature.l® 1% Other studies
have been performed concerning the influence of strain rates on CFRP materials.['->7-8:12.13] These studies have shown
that the shear modulus, the compressive modulus, the transverse tensile, and the maximum stress increase with the
increasing strain rates. The mechanical response of the CFRP, especially in shear, can be decomposed in two components:
a first linear behaviour following by a non-linear behaviour.? 7- 12l Some studies have been performed on the prediction
of the non-linear response of CFRP.[® 4! In order to describe the mechanical response of CFRPs, some authors typically
proposed models that include three main components: a first elastic reversible behaviour then a non-linear behaviour of
the material, which can be phenomenologically associated to viscosity again, plasticity,['>18! or damagel'°-?*! following
by the final rupture of the material. The elastic reversible behaviour of the material can be strain rate and temperature
dependent, see for instance the viscoelastic linear model proposed by Berthe et al. to model the linear response of the
T700GC/M21 material.l?!! Concerning the failure behaviour of the material, different criteria for composite materials can
be found!?>-3 which can also be strain rate dependent.!'® 31:32] To the authors' knowledge, the value of the non-linear
parameters of such models (including the non-linearity threshold, when it exists in the model) is usually characterized
thanks to inverse methods.

The aim of the present paper is first to reveal the existence of such a non-linear behaviour transition threshold for the
T700GC/M21 material, which would not be the expression of the viscoelastic behaviour of the material, and second, to
propose a characterisation method of this threshold by direct exploitation of raw test data. Once studied and assessed,
the characterisation method will be applied on T700GC/M21 material to study the possible strain rate and temperature
dependency of the non-linear threshold (elastic limit).

For this purpose, an experimental investigation on the very non-linear shear behaviour of T700GC/M21 [+£45°] lam-
inates was done using a large spectrum of constant strain rate and temperature tests using an hydraulic jack and an
environmental chamber. The use of a linear viscoelastic model such as the one proposed by Berthe et al.,[>*] does not allow
to obtain a non-linear behaviour such as the one observed in the tests as shown in Figure 1 for 8.10~>m/s strain rate. The
works presented aim at proposing an experimental detection method to evaluate this non-linear threshold. From the raw
test data, a specific method was first applied to determine the elastic shear modulus very accurately for each test and test
specimen (and deal with variability), which then led to propose a simple method to detect the elastic limit thanks to a
linear deviation measurement on stress/strain curves compared to the theoretical elastic shear linear response. Then, the
influence of the strain rate and temperature on this threshold could be studied and compared with other results from the
literature. Finally, the proposed method was applied to another material than T700GC/M21 to assess its robustness and
generality.
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FIGURE1 T700GC/M21 stress/strain curves of the linear viscoelastic model's response at 20° C and for different strain rates (black
marker) compared with experimental data obtained at 8.107>m/s (x) and 20° C
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FIGURE 2 T700GC/M21 shear stress/strain at 20° C[**l (left) and shear stress/strain at —40° C and —100° C (right)3*!

2 | MATERIALS AND METHODS

2.1 | Material and tests

As previously said, the studied material was a [+£45°] composite laminate made of four plies of M21 epoxy resin and
T700GC carbon fibres that had been cured with a typical cure cycle. The specimen shape was a rectangular one for the
tests at ambient temperature, and a dog bone one for the tests at low temperature for practical reasons. Indeed, the load
cell is a piezoelectric one, therefore, it has to be set outside the environmental chamber to avoid drift due to temperature
and consequently provide a robust load measurement. The specimen inside the chamber is stiffer than outside the cham-
ber. Consequently, a dogbone specimen has to be used in order to ensure that maximum stress and strain for the specimen
develop inside the chamber. These dogbone sample geometries had been validated by Berthe et al. as they gave the same
material mechanical parameters.33] Two strain gauges were glued on opposite faces of the specimen to measure the lon-
gitudinal and transverse strains. For ambient tests, strain gauges TML YFLA-2 were used, and for low temperature tests,
strain gauges CFLA-3-350-11 were used. These strain gauges were conditioned using a VISHAY 2310 conditioner with
a 75 kHz cutting frequency and a quarter bridge configuration. All tests were performed with a Schenck servo hydraulic
jack with a +200 kN piezoelectric cell, except for tests at 0.5 mm/min which were done with an INSTRON 5887 machine
with a maximum capacity of 300 kN. Various upper holder speeds were tested, six speeds at ambient temperature, between
0.5mm/min and 2 m/s and three speeds at —40° C and —100° C, between 50 mm/min and 0.5 m/s. For dynamic tests,
a Kistler piezoelectric cell was used to measure the load. Signals were recorded using a 1 MHz data acquisition system
Nicolet Multipro. For tests at low temperature, an environmental chamber, in which the low temperature was controlled
by liquid nitrogen, had been designed by Berthe.[*3] The obtained shear stress—strain curves are plotted in Figure 2.

The shear behaviour clearly changes with the strain rate and the temperature. The material stiffness seems to be strain
rate and temperature dependent. The results obtained for the shear modulus had already been studied by Berthe et al.l**!
and modelled to take the temperature and the strain rate dependencies into account.

Note that the stress-strain curves at —40° C, 4.2s~! and at —100° C, 0.0032s~%, plotted on the right hand side in Figure 2,
seem to superimpose. Furthermore, the evaluated shear modulus were similar: 5,881 MPa +5.8% for —40° C and 4.2s7!
test and 5,860 MPa +3% for —100° C and 0.0032s~! test.

The shear behaviour can clearly be split into two different domains, a linear and a non-linear one. The transition
between these two domains is hereafter referred to as being the elastic limit of the material. Indeed, the observed non-linear
behaviour cannot be attributed to a viscoelastic effect. The plotted curves in Figure 2 seem to reveal a change of the
non-linear behaviour, which has not yet been studied. For this reason, the present paper proposes a method based on a
linearity deviation detection to accurately identify this transition between the linear and the non-linear domains and the
evolution of this transition with the temperature and the strain rate. The proposed method is introduced in more details
in the following paragraph.

2.2 | Evaluation of the elastic limit

To identify the elastic limit, a linear elastic response (no viscoelastic effects) is taken as a reference, assuming that the
elastic Hooke's law applies for the T700GC/M21 material. It is then proposed to measure the linearity deviation of the



stress/strain test curves compared to the Hooke's law. For this purpose, theoretical stress (ceor) and strain (ggy,0r) are
straight reconstructed as follows:

Otheorshear = 2 * G12(€,T) * Eexpe shear» €Y)
Oexpe shear

Etheor shear = m, ©)]
12\¢,

where Gy, is the shear modulus defined by Hooke's law. This modulus must then be accurately evaluated for each test,
for the different constant temperatures and strain rates. In the present case, it is performed thanks to a regression method
applied on the strain interval that gives the optimal correlation factor. In the standard,>*-3¢ the shear modulus is evaluated
for quasi-static loadings using a chord method over a strain range interval, for example, inl**l ¢ = [5.10™* - 2,5.1073].
This standard does not seem to be appropriate in the case presented here because the linear range is obviously different
according to the strain rate (see Figure 2). Therefore, to evaluate the shear modulus in this study a different method is
proposed. This method is based on successive linear regressions. Indeed, a first linear regression is performed considering
the first experimental points over the measurement uncertainties, and then another experimental point is added and
another linear regression is performed until every experimental points are taken into account. For each linear regression,
a correlation coefficient is evaluated. The shear modulus value corresponds to the slope of the linear regression with the
higher correlation coefficient therefore corresponding to the linear regime and interval. For each test, the constant strain
rate assumption on the strain interval used for the evaluation of the shear modulus is verified. Then, the theoretical elastic
stress/strain curves are compared to their experimental counterparts (€expe shear AN Cexpe shear)- TO quantify the linearity
deviation, the distance between these two stresses, or strains, is calculated such as described in Equations 3 and 4:

Oexpe shear — O'theor shear
dl = | |’ (3)

Oexpe shear

dy = |5expe shear — Etheor shear| 4

Eexpe shear

Figure 3 illustrates the results obtained with the proposed method: the calculation of the linearity deviation according
to the measured stress is plotted in this case. At the beginning of the tests, because of the small strain levels and measure-
ment noise, the stress linear deviation also suffers from important noise which progressively decreases when the strain
increases. Figure 3 clearly reveals two domains, a first one where the noisy deviation level decreases, followed by a sec-
ond one where the deviation monotonically increases. One could assume that the deviation stops to be random, and that
it becomes driven by a physical phenomenon in the second domain. Let's then postulate that the linear transition would
be at the inflexion point. Unfortunately, this point is difficult to catch accurately. As it will be described in this paper, the
first step was to choose a given deviation value after the inflexion point ( 5% in the following paragraphs) to deal with this
difficulty. This value gives to the non-linear stress or strain threshold or elastic limit, a well identified and conservative
value, o4, Or &4, .
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FIGURE 3 Evolution of normalized distance d; with the shear stress (left) and d, with the shear strain (right) at 20° C and 0.1s7*



In the subsequent sensitivity analysis, the material will be considered to be linear as long as d < 5%, in the second
domain. It is noticeable that an uncertainty about the limit value can be observed if you consider the first or last points for
which d > 5% or d < 5% (two red lines on the right hand side of Figure 3). This uncertainty is related to the measurement
noise. Then, error bars can be given for the o4, and 4., values in the following analysis.

3 | RESULTS

Thanks to the previously described method, the o4, shear stress limit and €4, shear strain limit versus strain rate can be
plotted (with error bars). The next paragraph aims at analysing these figures. Note that it would also be possible to plot
the non-linear stress or strain with respect to any value of the deviation (lower or higher than 5%), for the different strain
rate and temperature tests.

3.1 | o4, and g4 : application to T700GC/M21

The purpose of this section is to study the evolution of the o4, stress and &g, strain limits for the T700GC/M21 composite
material for different strain rate and different temperature tests. At least three tests were performed, except for the 10™4s~1
strain rate where only two tests were done for each strain rate at each temperature. The previously described method is
applied to each test. The normalised distances for the three tests were plotted on the same figure, as shown in Figure 4.
This kind of graph allows to add deviations to uncertainties for the dsg stress or strain limit to take the experimental
noise and experimental dispersion together into account in error bars. These values are summarised in Table 1. The dsg
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FIGURE 4 Determination of o4, stress limit for test at 20° C and 2 m/s for T700GC/M21

TABLE1 T700GC/M21 ds4 shear stress—strain limit

T(° C) £(s71) £q,,(107%) o4, (MPa)
20 1.107* 2.5+6% 19.75+4%
1.1073 2.7+7% 25+7%
7.1073 3.3+6% 30+£6%
0.1 3.6+8% 35+8%
25 3.4+9% 37.5+9%
50 5.25+5% 65.5+4%
—40 3.5.1073 3.85+4% 37.25+3%
0.23 4.45+3% 46+2%
42 5.0+4% 56+12%
—-100 3.2.1073 4.65+5% 50.5+3%
0.09 5.65+3% 68.5+2%
3.8 6.75+1% 79+10%



stress and strain limits clearly proved to be strain rate and temperature dependent. When the temperature decreased,
the dsq limit increased, and when the strain rate increased, the ds4 limit increased too. When the strain rate increased
from 1.107* to 50s~! at 20° C, the ds¢ stress limit increased by 232%, and the ds4 strain limit increased by 110%. When
the temperature decreased from 20° C to —100° C at 0.1s7%, the dsy stress limit increased by 96%, and the dsg strain limit
increased by 57%. One should note that the same sensitivity trends to the strain rate and temperature were already noticed
by Berthe et al.?* 33 when studying the T700GC/M21 viscoelastic shear modulus . Moreover, the dsg stress and strain
limits obtained for tests at —40° C, 0.5m/s and —100° C, 50 mm/min were again very similar. On the right hand side in
Figure 5, one can note that the dsg strain limit at 25s~! was lower than the dsg limit at 0.1s~. This result can be due to
perturbations owed to experimental tests like rate variations, problem in temporal reconstruction, or maybe to a physical
reason like the measurement difficulty in a transition area (see Section 4, Discussion and conclusion).

In Figure 5, the dsg stress (left) and strain (right) limits with respect to the strain rate are plotted for three different
temperatures.

To interpret these results and particularly the dsq stress limit, an acoustic emission analysis was performed on two
specimens of T700GC/M21 [+45] at 1.1073s~! and at 20° C. The shape of the specimens was the same as the one used in
Section 2.1. These tests led to a first set of acoustic activities being detected between 18 MPa and 28.5 MPa. The acquisition
threshold was set to 40 dB. In the literature, different studies can be found about the acoustic emission analysis performed
on CFRP.3738] These works have shown that each damage has different acoustic signature, and these authors proposed to
class these phenomena (matrix cracking, debonding of fibre matrix, interface failure, and fibre breakage) thanks to their
frequencies or their amplitudes. According to the acquisition threshold, the first acoustic signal could be due to either
matrix cracking or debonding of fibre matrix. Interestingly, quasi-static tests performed by Huchette on T700GC/M213
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also acoustically detected a damage initiation around 25 MPa for a 4.107>s~! strain rate test. These points are plotted in
Figure 6 (red circles and blue crosses). The correlation between these observations and the dsg shear stress limit obtained
with the previously described method could support the idea that the loss of linearity might be related to the appearance
of damage in the composite material (and not to plasticity developing in the resin). Then, it could also mean that dam-
age initiation might be detected without acoustic means thanks to the proposed method, whatever the test speed and
temperature.

It can obviously be argued that the gross criterion does not accurately detect the transition value between the linear
and non-linear behaviours. A possible way to evaluate the correspondence of the dsg shear stress or strain limits with the
true material elastic limits could be to check the duality of these ds4 stress and strain values. Indeed, the elastic shear
stress and strain limits of any material are dual parameters of elasticity by definition and so should it be for their limits.
The question now is to define how to check if the dsg stress and strain limit are dual, which means if there is a simple
equivalence rule between them (the Hooke's law).

3.2 | Duality of stress or strain ds4 limits

So for each strain rate and temperature test, the ds4 stress and strain limit are first calculated. Then, the Hooke's law is
applied to estimate a theoretical elastic stress limit o, thanks to the shear modulus, and the &4, strain limit obtained
experimentally:

O':; =2 % Glz(é, T) * &d,, - (5)

Then, this o} is compared to ¢4, obtained with the linearity deviation method. ¢; and ¢4, were plotted in Figure 7. o
quite well corresponded to g, . The proposed 64, and e4,, parameters then seemed to be dual in the Hooke sense for tests
at 20° C. The same analysis was also conducted on tests at —40° C and —100° C, and the same conclusion was obtained.
Moreover, the proposed method proved to be robust because on Figure 7, one may notice that results were not affected
by the dynamic perturbations of the force signal. One can possibly guess that the correspondence would be even better if
dy4 limit values were used to calculate the elastic limit.

Finally to strengthen the previous conclusions and increase confidence in the proposed criterion, the method was
applied to another material, the G939/M18 CFRP woven composite which was tested in the lab several years ago. Results
are presented in the following section.

3.3 | Application of non-linear deviation method to G939/M18 composite material

The linearity deviation method was applied to the CFRP G939/M18 woven material. This material was tested in [+45°]
dynamic tension tests at three different temperatures: ambient, —20° C, and —55° C, and for three different strain rates:
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TABLE 2 dsg shear stress-strain limit for G939/M18

T(°C) ) £4,,(107%) o4, (MPa)
20 1.75.1073 3.5+6% 28.5+13%
0.1 4.75+12% 34.5+10%
336 11.5+4% 95+1%
—20 1.1073 5.3+14% 37.5+9%
0.09 4.95+2% 39.5+3%
108 12.25+2% 117.5+2%
—-55 1.1073 5.25+18% 45+15%
0.08 6.5+8% 55+9%
139 13+9% 142+3%
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FIGURE 8 Comparison of 6; and o4, at 20° C (left) and at —55° C (right) for G939/M18

In the same way, as previously ds4 stress-strain limits were calculated. The obtained values are summarised in Table 2.

The same trend as for T700GC/M21 was observed in terms of influence of strain rate and of temperature on the dsg limit.
When the strain rate increased from 3.1073 to 236s7! at 20° C, the ds4 stress limit increased by 230%, and the ds4 strain
limit increased by 228%. When the temperature decreased from 20° C to —55° C at 0.1s7!, the ds¢ stress limit increased
by 59%, and the ds4 strain limit increased by 36%.

As previously, the duality of the criteria was studied. Results are presented in Figure 8. The proposed o4, and &4, seem
to be dual for tests at 20° C for G939/M18 material. The same conclusion can be made at —20° C and —55° C.

4 | DISCUSSION AND CONCLUSION

The soundness of the results obtained thanks to the previous method has first to be evaluated. For that, the claimed
results and trends were compared with others from the literature concerning yield stresses of polymers, which is a well
documented topic. In fact, for polymers, there is a list of methods that can be used to characterise the elastic limit
criterion.!'’>40-#41 Some other studies deal with the influence of temperature and strain rate on polymers yield stress.[*0-2]
They concluded that their yield stress increased with decreasing temperature and with increasing strain rate. Effects of
temperature and strain rate on apparent modulus and yield stress of resin epoxy RTM6 were also studied.[**! The conclu-
sions were the same as for the above mentioned polymer materials and T700GC/M21 composite material. Other studies
pointed out that there is a time-temperature equivalence for polymer materials.[*>4¢] This principle can be described
by different formulations, like Arrhénius or Williams-Landel-Ferry laws. Classically, these laws are analysed as a trans-
lation of studied values, on the left-hand side, for a decrease of temperature. The same trend was observed for the o4,
and &4, . Moreover, one may notice that there is an observable transition slope around 10s~*. A similar trend was already
observed on the evolution of shear modulus of the T700GC/M21 with respect to the strain rate in Berthe et al.l** 33 Some
studies about the evolution of the epoxy resins yield stress!!>#4 highlighted the same tendency with a slope transition.
If the polymer literature is considered, some models used to describe the evolution of yield stress or strain are based on
the introduction of the contribution of different mechanical transition contributions (like « mechanism or g mechanism



contributions).!0: 41:42.43. 471 f the same parallel is done for the o, evolution, the transition slope could be explained by
a mechanical transition contribution, like § transition.[2* 33!

In the present work, a method to define the elastic stress and strain limits of CFRP materials was studied (in fact, a
dsy approximation of this elastic limit is used in the present paper for practical reasons). These criteria are based on
the detection of loss of linearity and only rely on the direct use of raw experimental data. The method is simply based
on the linearity deviation compared to the theoretical Hooke's elastic stress/strain response of the composite material.
The main advantage of this method is its accuracy (thanks to the determination of the accurate elastic shear modulus
for each single test) and its robustness (thanks to its low sensitivity to noise). It was used to obtain the elastic limit of
the T700/M21 composite material for different temperatures and strain rates tests. The influence of the temperature and
strain rate is as follows: the elastic limit increases with the increasing strain rate and the decreasing temperature. The
meaning of this elastic limit was investigated thanks to an acoustic emission analysis that revealed noticeable acoustic
activities (for the 20° C and 5 mm/min tests) at approximately the same load level as the established elastic limit. These
conclusions were confirmed on two different CFRP epoxy composite materials of aeronautical quality (T700GC/M21
and G939/M18), which strengthens the paper conclusions. The next step of the work will deal with the formulation of
a strain rate and temperature dependent model of this elastic limit evolution. Now that the non-linear transition can be
accurately characterised, the physical analysis of the driving phenomena behind the initiation of non-linearity will then
be more thoroughly studied. For this purpose, the experimental investigation of this material could be completed by some
load/unload tests at different strain rates to observe the evolution of residual strains and shear modulus at each cycle for
different strain rates.
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