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Abstract. To accurately predict the response of Carbon Fibre Reinforced Polymers (CFRP)
structures subjected to high speed loading such as crash and impact, the visco-elastic behaviour
of the material should be taken into account. An approach to study the dependency of CFRP
material is to study the strain-rate dependency of the resin material. In this study tensile char-
acterisation tests have been performed on RTM-6 resin using a servo-hydraulic jack. Tests have
been performed at strain-rates between 1-1072 s~ and 60 s™!. Significant increases of the Young
modulus and of the yield stress have been observed between these strain-rates. A spectral visco-
elastic model has been identified using these tests results.

1 Introduction

To increase the performances of vehicles and to face greening challenges, organic matrix
composite materials are widely used today in transportation industry. For the new aircraft
generation, more than 50% of the structural design is made of composite materials. During
the aircraft life cycle, primary structure parts are facing various kinds of mechanical loadings,
from low to high strain-rates. The mechanical behaviour of Carbon Fibre Reinforced Polymers
(CFRP) have been proved to be rate dependent [1]. To accurately predict the behaviour of CFRP
structural parts under various mechanical loadings, models must be able to deal with this de-
pendency. For CFRP, this dependency is generally attributed to the visco-elastic, visco-plastic
behaviour of the matrix. An approach to model the behaviour of CFRP is to study the behaviour
of the resin. In the literature this dependency is mainly studied in compression for very high
strain rates using split Hopkinson pressure bars. A noticeable exception is Gerlach et al. [2]
who perform an intensive characterisation of this material both in tension and compression.
However the main focus of their study was on the post-yield behaviour.

2 Experimental devices used

The testing device used is a servo-hydraulic jack which permits to test the specimens from a
quasi-static stroke-rate of 6 mm/min, corresponding to an approximate strain-rate of 107> s~!, to
high-stroke rate of 6 m/s which correspond approximately to strain-rate in the order of 100 s~
depending on the specimen geometry.
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Figure 1: Specimen geometries tested, the long one is in agreement with ISO-527-2 standard. The red area is
where the specimens are clamped. Dimensions are in mm.

2.1 Instrumentation

A KISTLER 60 kN piezo-electrical load cell is fixed on the inferior part of the clamping
device. Its signal is amplified with a KISTLER 5007 amplifier. The specimen strains are mea-
sured using TML QFLA-2-350-11 (350 ) strain gauges bonded on the specimen. These high
impedance gauges permit to reduce the signal noise. One gauge has been used along the length
of the specimen and one perpendicular to the length to measure the Poisson ratio. For the
synchronous acquisition of the data a SIRIUS STGS8 system has been used. It has a maximal
sampling frequency of 1 MHz for each input and a resolution of 24 bits.

2.2 Specimen geometry

Several specimen geometries are used in the literature to study polymers. The goal of this
study was mainly to investigate the dependency of the elastic properties of the material to strain-
rates. Dog-bone shape plane specimens have been chosen, two geometries are used. The first
one is in agreement with ISO-527-2 standard [3], and a second one is shorter to reach higher
strain-rates for the same stroke-rates. It is known that plane specimens are not adapted to study
the failure of RTM-6, which exhibit a brittle failure [4,5]. To control the hygrometry rate the
specimen where heated at 100 °C during 72 hours and stocked in a desiccator up to the test.
Figure 1 shows the two specimen geometries used in this study.

3 Test results

A progression of stroke-rates has been used from the low limit of the testing device (6 mm/min)
to the limit of exploitation of these tests, that was found around 5 m/s. The lowest stroke-rates
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Figure 2: Stress-strain curve for a quasi-static test at 1-1073 s~! of a standard specimen.

tests have been performed on the standard specimens. For this specimen geometry a minimum
of three specimens have been tested for each stroke-rates. The test results have been found quite
reproducible. However for the highest stroke-rates on the shortest specimens the clamping de-
vice needed ajustements and only a few valid tests could be performed. It has been verified
that at the same low strain-rate (1-1072 s™!) both the specimen geometries gives the same re-
sults. The analysis of these tests consist mainly in the comparison of the stress-strain curves
according to ISO-527-2 [3] standard.

3.1 Analysis of the tensile tests

Figure 2 presents the stress-strain curve for a quasi-static test. It can be seen that this curve
is initially linear then non-linearity start to appear at approximately 0.5% of strain. The final
failure of the specimen occurs at low levels of stress and strain compared to those reported in
the literature for the same material (approximately 10% of strain in tension reported by Gerlach
et al. [2]). In their study using cylindrical specimen a strong non-lineraity is observed in traction
on this material. Such strong non-linearity is not observed in these tests because the geometry
of the specimen lead to its premature rupture. This issue has already been reported in the
literature [4,5]. However since the main focus of this study is on visco-elasticity, this is not a
major problem.

The elastic properties are determined in the strain interval [¢ = 0.05%, € = 0.25%] in agree-
ment with the standard ISO-527-2. The Young modulus, Poisson ratios and strain-rate are ob-
tained using a linear regression in this interval. For polymers, the definition of the yield stress
depends on the model. So in this study, a linear regression is done in the arbitrary interval [ =
1% , € = 1.5%]. The yield stress is defined as the intersection between the two linear regres-
sions as illustrated in Figure 2. This yield stress is only computed indicatively to determine if
an evolution is observed in these tests.

The mean values of the mechanical parameters of interest : Young modulus E, Poisson co-
efficient v and the yield stress oy are summarised in Table 1. The maximal stress and strain
recorded are also summarised however these plane specimens do not permit to study the be-
haviour of RTM-6 up to the failure. The strain-rate in the non-linear part of the test are also
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Table 1: Mean values of the mechanical properties for all stroke-rates and for the different specimen geometries.

Geometry  stroke-rate & E Tmax Emax v Oy Ey
(s")  (GPa) (MPa) (%) (MPa) (s
Standard 6 mm/min 1.3-1073 3.2 579 247 037 195 2.1-107°
60 mm/min  1.52-1072 3.06 5343 221 0.34 19.17 2.0-1072
600 mm/min 1.47-100" 330 4330 1.67 037 19.2 0.19

0.1 m/s 1.86 324 4483 1.60 0.37 20.67 2.15
1m/s 19.2 4.02 5247 182 034 198 27.5
Short 24 mm/min  1.15-107> 3.24 475 177 036 193 1.2-1072
1 m/s 19.4 4.17 529 1.80 0.29 237 72
3m/s 34.5 4.86 604 1.75 030 295 156
Sm/s 60 5.37 614 1.72 0.34 33 195
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Figure 3: stress-strain curve for a quasi-static in function of the strain rate for the standard specimen geometry
(left) and the short one (right).

summarised, they are noted &y.

3.2 Strain-rate dependency of the mechanical properties

Figure 3 shows the evolution of the stress-strain curves with strain-rates for the two specimen
geometries. An increase in the rigidity is observed with the increase of the strain-rates. The
curve at 60 s~! show the resonance phenomena that occurs for high stroke-rate tests.

Figure 4 shows the dependency of the Young modulus, Poisson coefficient, yield stress as
a function of the strain-rates. A significant increase of the Young modulus can be observed
for strain-rates higher than 10 s=!. The last point at 60 s~! is plotted indicatively as it seems
coherent with the other strain rates, however it corresponds to large oscillations of the load
cell. Concerning the Poisson ratio, no strain-rate effect superior to the experimental scatter are
observed. However for the yield stress a significant increase seems to be observed for strain-
rates over 10 s™!. However this tendency is only observed for the shorter specimen geometry
and unfortunately only few repetitions are available at these strain-rates.
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Figure 4: Young modulus, Poisson ratio and yield stress as a function of the strain-rate for the RTM-6 resin.
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4 Visco-elastic model identification

The behaviour of RTM-6 resin is modelled using a spectral visco-elastic model such as in [6].
This model is based on the assumption that the visco-elastic behaviour can be seen as the sum of
elementary viscous mechanisms. Each elementary viscous mechanism is defined by its weight
and relaxation time. All the weights and relaxation times define the spectral distribution of
the model which is supposed to be a Gaussian distribution. Figure 5 illustrates the Gaussian
distribution, it is defined by two parameters n. and ny. The model is fully presented in [7].
Other parameters of the model are: y and » the coefficient of the non-linear function and S the
coeflicient of the viscous effect.

The identification is performed using a test at 1-1072 s7!, 1.80 57!, 17.9 s™! and 60 s~! using
the Isgcurvefit tool of Matlab. The input is the experimental strain and the computed stresses
are compared to the experimental ones. Figure 6 compares the prevision of the visco-elastic
model identified to the experimental results. The overall agreement between the prediction of
the model and the experimental results is good.

5 Conclusion

An experimental campaign has been performed on RTM-6 resin in tension at intermediate
strain-rates : 1-107 s7! to 60 s™'. Clear increases of the Young modulus and yield stress have
been observed on these tests. A spectral visco-elastic model has been identified using these
experimental results. It describe satisfactorily the experimental data.
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Figure 5: Illustration of the spectrum of the viscus mechanism in the spectral visco-elastic model.
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Figure 6: Stress-strain curves predicted by the visco-elastic model compared to the experimental results.

Table 2: Numerical values identified for the visco-elastic model for RTM-6.

E ne no B 0% n
(MPa)

6227 9,73 292 0,82 0,60 0,82
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