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Abstract

The tensile fatigue behavior of a high stress carbon fiber epoxy-matrix composite laminates
was examined at room temperature. Tension-tension cyclic fatigue tests were also conducted
under load control at a sinusoidal frequency of 5 Hz to obtain stress-fracture cycles (S-N)
relationship. The fatigue limits of the different lay-up tested were found and compared with
the data resulting from self-heating tests on the same materials. This comparison reveals a
good accordance between the two methods of fatigue limit determination. A macroscopic
fatigue damage evolution law is then proposed to reproduce the experimental data.

1. Introduction: Rapid determination of fatigue limit with self-heating tests

Rapid estimation method of fatigue limits has already been recently derived by authors for
several materials [1-5]. The thermal effects associated with cyclic loading are the key point of
the so-called “heating tests” method. Results of this method show good accordance with those
revealed by classical fatigue tests (Wohler curves) for some metallic materials and rubber
materials [3-4]. This “heating tests method” consists in applying successive sets of a given
number of cycles for increasing stress levels. For each stress level, the temperature variation
is recorded and the steady-state temperature is determined. Beyond a given limit, it is
observed that steady state temperature starts to increase significantly [3]. This change is
correlated with the state where the fatigue limit is exceeded and can be related to the
apparition of dissipation phenomena which occurs in the material and govern the fatigue
properties [5-7].

In this work, the heating test method is applied in order to determine the fatigue property of a
unidirectional high-stress carbon-fiber epoxy-matrix material. A correlation between the mean
fatigue limit for composite laminates and the heat build-up is presented. Moreover, a damage
model derived at the micro scale has been proposed to create the heat build-up of the
mechanical tests. Indeed, by using this model, it is possible to predict the Wohler curve of the
laminate. A canonical base of four mechanical tests associated to finite elements simulations
is proposed to determine all the fatigue three-dimensional mechanical properties of the
elementary ply.
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Fatigue damage evolution laws are commonly developed nowadays [8] for composite
laminates; prediction models are proposed for layers [9] and delamination [10]. In this work,
we base on a simple macroscopic damage evolution law for laminates.

2. Material and experimental procedures

2.1 Material

Quasi-static, fatigue and self-heating tests have been conducted on symmetrical carbon-fiber
epoxy-matrix laminated specimens (ASTM D3039, ISO 527) of dimensions 250%20
millimeters. Four stacking sequences have been tested: [+67,5]s, [+45]s, [0/90/0/90], [-
45/45/90/0];. The off-axis tests give rise to combine shear and in-plane properties. The tests
on quasi-isotropic laminates are used with the aim of validating the future model. These
laminates are combinations of three basic arrangements: unidirectional, angle-ply and cross-
ply laminates. The number of plies is always 8 for all tested laminates.

All the lay-up were manufactured by the oven forming technique. The prepregs were laid up
by hand in a mold and then put into a vacuum bag for curing at 120°C.

Some specimens have been equipped with biaxial gages of 3 millimeters grid length (HBM
XY91-3/350). Gages were placed at the specimen centre.
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Figure 1. Geometry and dimensions of the specimens.

2.2 Testing procedures
All the tests were carried out on MTS 880-100kN servo-hydraulic machine at room
temperature (RT, ~20°C).

For quasi-static tension tests, a displacement rate of 2mm/min has been chosen. These tests
have been conducted until specimen fracture to yield the basic mechanical properties of the
elementary ply. Temperature changes have been measured with a CEDIP infrared camera. To
evaluate the temperature evolution on the specimen surface due to internal degradation
phenomena, the temperature of a reference specimen was subtracted from that of tested
specimen. The reference specimen was of same stratification. This method allows us to
remove temperature fluctuations due to environmental conditions.

Fatigue tests were performed under tension-tension (T-T) cyclic loadings of constant stress
amplitude. The loading frequency was 5 Hz. Fatigue tests were stopped if one of the
following conditions occurred: the specimen broke out or the specimen was unbroken after 3
million cycles. Stress unloading stages have been planned during all fatigue tests to measure
the stiffness decrease of specimens.

The self-heating tests were performed under tension-tension cyclic loading with constant
mean stress. Each loading block is made up of a first loading stage until reaching the mean
stress, a cyclic loading stage of 3000 cycles at constant stress amplitude and a return stage to
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zero stress. The first and third stages were displacement-controlled and the second stage was
force-controlled. Each loading block contains 3000 cycles (number of cycles needed for
stabilizing the temperature). After each loading condition, the stress has been entirely relaxed
for 5 minutes to yield the thermal equilibrium again. The temperature on the specimen surface
was measured with an infrared camera.

2.3 Temperature measurement

In order to determine the temperature field on the surface of the specimen, a nonintrusive
measurement technique by infrared thermography was chosen. In the test, an infrared camera
from Cedip Infrared Systems (made up of a matrix of 320%240 Mercury Cadmium Telluride
detectors) was used to record the temperature changes during the quasi-static and self-heating
tests. The precision of the camera is 1mK. The experimental device leads to a spatial
resolution of 0.7mm. Surfaces of the specimen tested were black because of the carbon fibre
colors, so no black paint has been deposited on the specimen surface; the surface emissivity
has been determined experimentally by comparing results of thermocouples and camera data.
A preliminary calibration operation allows the conversion of the thermosignal (proportional to
the thermal radiation) into a temperature in degree Celsius (°C). The acquisition rate was 25
frames per second. The use of an infrared camera gives us access to a surface measurement
(2D). However, the specimens are thin enough to avoid a too high core/skin temperature ratio.

3 Experimental results and discussion

3.1 Static loading test

In this part, main results from quasi-static tests on [+67,5]s, [+45]s, [0/90/0/90]; and
[+45/90/0]; laminates are presented. These tests allow especially to detect thermomechanical
couplings in the laminate studied and to determine more precisely mechanical characteristics
of the material (notably the limit of elasticity) [6].
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Figure 2. Results of tensile tests on [+67,5] Figure 3. Results of tensile tests on [+45];
carbon/epoxy laminate carbon/epoxy laminate
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Figure 4. Zoom on results of tensile tests on [+67,5] Figure 5. Zoom on results of tensile tests on [+45]
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Figure 6. Results of tensile tests on [0/90/0/90] Figure 7. Results of tensile tests on quasi-isotropic
carbon/epoxy laminate carbon/epoxy laminate (stratification [+45/90/0];)

In Figure 2, stress and temperature are presented versus strain for a [+67,5]s laminate. The
stress-strain curve didn’t show any sign of irreversible strain. The temperature-strain curve
exhibits a short increase then is linear and decrease until final fracture. This second evolution
may be explained by the linearly elastic behavior of the lay-up. Thermoelastic effects are
predominant.

In Figure 3, stress and temperature are presented versus strain for a [+45] laminate. The curve
exhibits three areas. In the first area, the temperature decreases linearly with increased stress
until the elastic limit was reached. After the elastic limit, the temperature starts to increase. In
this area, the material has a non-linear elastic behavior. During the irreversible strain stage of
the off-axis laminate, the temperature keeps on increasing, but the temperature increasing rate
is not the same as in the second area. Besides, a knee in the curve is well visible. The laminate
macrofissurations and finally the laminate failure release an important heat quantity, which
increase suddenly the temperature on the specimen surface.

In Figure 6, axial stress and temperature are presented versus axial strain for a cross-ply
[0/90/0/90]s laminate. The stress-strain relationship for the cross-ply laminate is almost linear
up to failure. The temperature first decreases with increased stress, stabilizes and then
increases until composite failure. This temperature increase and stabilization may represent
the thermal phenomenon of the transverse plies until their total failure. Once the transverse
plies are entirely broken, only the thermal characteristics of the longitudinal plies govern the
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temperature evolution in the composite. The temperature increases slightly with stress. The
heating of the fibres (due to their negative coefficient of thermal expansion in the longitudinal
direction) dominates over the cooling down of the matrix.

In Figure 7, stress and temperature are presented versus strain for a quasi-isotropic [-
45/4+45/90/0]s laminate. The stress-strain relationship for this laminate is almost linear with a
light knee around 400 MPa, which can be assimilated to the fracture of 45° plies. The mean
temperature changes in similar ways as in the cross-ply [0/90/0/90]s laminate. The
temperature strain curve first decreases then increases until final fracture of the composite.
The temperature increase begins with the entire fracture of transverse plies and damage
increase in 45° plies. After fracture of 45° plies, the temperature keeps on raising until failure
of unidirectional plies.

Table 1 lists the tensile mechanical properties of the laminate at ambient temperature.

E,» [MPa] 7400
G, [MPa] 3217
Vi2 0,16
O UTS11 [MPa] 2270
o uts22 [MPa] 57
6 ursi2 [MPa] 74

Table 1. Mechanical properties of the carbon fiber-epoxy matrix elementary ply

3.2 Static loading-unloading test for [+45/90/0]; laminate

To evaluate the link between damage evolution and temperature changes (dissipative
behavior), static loading-unloading tests were conducted. The loading-unloading cycles were
repeated ten times, changing the maximum stresses. The envelope stress-strain curve is
similar to the one depicted in Figure 7. Figure 8 shows the stress-strain curves for a quasi-
isotropic laminate and corresponding temperature changes during three loading-unloading
cycles (a), (b) and (c). The temperature scales are the same to make comparisons of thermal
phenomena easier.
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Figure 8. Stress-strain curves for quasi-isotropic carbon/epoxy laminate (stratification [+45/90/0],) and
temperature changes during quasi-static loading-unloading test
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During the first cycle (up to 100 MPa), the laminate behavior is linear elastic (Figure 8a). The
residual inelastic strain remains equal to zero. The temperature decreases while stress is
increasing then increases while the stress is relaxing. This thermal behavior results from the
thermoelastic effect.

During the second cycle (up to 350 MPa), the laminate damages lead to a residual inelastic
strain equal to 0,94.10* (Figure 8b). The temperature decreases in linear elastic step of
material behavior then increases with the material damage. The unloading stage corresponds
to a linear stress return and a linear temperature increase. During this second cycle,
microstructural damage evolution leads to local irreversible strain and thus to mechanical
energy partially dissipated into heat. Another part of mechanical energy is dissipated by
conduction inside the tested specimen.

During the third cycle (up to 550 MPa), the laminate damages lead to a residual irreversible
strain equal to 1,0.107 (Figure 8c). The mechanical and thermal phenomena always observed
for the second cycle are amplified at this strain level. The stress-irreversible strain curve for
the test is presented Figure 9.
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Figure 9. Stress versus irreversible strain curve for quasi-
isotropic carbon/epoxy laminate (stratification [+45/90/0]s)

3.3 S-N fatigue relation-ships and comparison with results from self-heating tests

Figure 10 presents the temperature measurements obtained for [0/90/0/90]s laminate and a
proposal of empirical analysis, similar to the one proposed for metallic materials [1-3], for the
mean stress 500 MPa.

Figure 12 presents the self-heating curves obtained for the [+45]; laminates and a proposal of
empirical analysis for the mean stress of 50 MPa. The temperature rising is more marked than
for the [0/90/0/90]s laminates.

The experimental data of the axial stress versus number of cycle of laminates [+45]s and
[0/90/0/90]s for the tension-tension fatigue tests are shown in Figure 11 and Figure 13
respectively, where Ng is the number of fatigue stress cycles up to failure and 0,4, 1s the
maximum stress applied. In these figures, dashed lines correspond to results obtained by the
empirical analysis of self-heating tests.
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The comparison between results from Wohler curves and from self-heating tests shows the
empirical analysis of self-heating gives good results for our composites also. Further tests are

in progress, notably on quasi-isotropic laminates.
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Figure 11. Wohler diagram for the same laminate
[0/90/0/90]; for tension/tension tests at g, = 500

Figure 10. Self-heating curve for the [0/90/0/90];
MPa. The open symbols are experimental data and
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Figure 13. Wohler diagram for the same laminate
[+45]; for tension/tension tests at 7, = 50 MPa. The
— open symbols are experimental data (blank cercle: no
0: Tx = 50 MPa failure) and the dashed line is the fatigue limit
revealed by the self-heating test.

Figure 12. Self-heating curve for the [+45]; laminate:
steady-state temperature versus maximum stress.

4 Numerical modeling
A finite-element model is build using the Finite Element code Cast3M. The UD ply is

assumed to be composed of two phases: carbon fibers and surrounding ductile epoxy matrix.
The fibers are supposed to be not subjected to fatigue damage. Only the matrix is supposed to
have a fatigue dependent behavior. The tridimensional elastic behavior of the composite layer

is obtained by periodic homogenization.
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A cumulative damage is used to predict the macroscopic degradation evolution of the
homogeneous laminate’s modulus during the fatigue tests. The damaged behavior law of the
laminate is presented:

2
12 ()
Nyy = | A11 — A (1= D)eyy
22
B+1  _B+1
d_D:f(D)ga — Etro
dN p+1
With respect to the experimental data, the following damage evolution law is proposed:
f(D) =CD* (2)

where N is the number of cycles, D is the damage variable for N cycles, ¢, the strain
amplitude applied during the cyclic loading, &, a parameter associated with the fatigue limit,
P a parameter associated with the slope of the fatigue curve, C a parameter associated with the
life time and a a parameter associated with the concavity of the curve.

We assume that the parameters are constant. Integration of (1) over cycle leads to equation

3):

1
) a1 NP 3)
D= (ngf+ N)'™ for £,g = 0
= ke OB ap g = QB (4)
Ny = Keg @7 with i = 20

where Ny represents the number of cycles up to fracture and k the critical value of D at the
failure of the laminate sample. Fitted values of the damage law chosen are shown for the four
stacking sequences tested in Table 2. The relative estimation error on law parameters is
calculated according to the least square method between model and experimental curve.

[£67,5] [+45] [0/90/0/90] [£45/90/0],
laminate laminate laminate laminate
K 0,00030456 0,72335844  0,90006371 0,9
a -6,06549829 -100 -1467,98526  -359,516358

25,6177372  24,5953878  55,4249546  26,1498111

C 9,9823E+29  1,1802E+40  4,45E+28 5,47E+29
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Relative

0,0003154 0,00038062  0,00022442  0,00092577
error

Table 2. Fitted values of damage law (1) for the [£67,5]; laminate, [+45]; laminate, [0/90/0/90]; laminate and for
the [£45/90/0]; laminate

5 Conclusion
This paper deals with the fast determination of fatigue limit of carbon/epoxy laminated
composites under cyclic loadings by self-heating measurements.

Preliminary studies were conducted on thermomechanical behavior under quasi-static tensile
loadings of this material. Temperature measurements were made on [+45]s, [0/90/0/90]s
cross-ply and [£45/90/0]s quasi-isotropic laminates during classical tensile tests and loading-
unloading tests. The behavior appears to correspond well to what is known about temperature
changes in other materials. In elastic loading, the temperature decreases linearly with the
applied stress. When cracks appear, the temperature immediately starts to increase
significantly. In the quasi-isotropic laminate, temperature changes seem to be the sum of
thermal events in each ply. Thermal response of the longitudinal plies comes after the full
degradation and fracture of the transverse then [+45]s plies.

Fatigue behavior for tension-tension loading conditions was studied for carbon/epoxy
laminated composites. The fatigue limit resulting from self-heating tests and estimated limit
based on classical Wohler curves were found to be in good agreement for the carbon/epoxy
laminates of [+45]s and [0/90/0/90]s stacking sequences. New experiments are currently in
progress to compare the both methods at other stress levels and for other stratification like
quasi-isotropic stratifications.

For modeling the fatigue response of the laminate, a macroscopic cumulative damage law is
proposed. The final goal is to introduce this fitted law in a non-isothermal damageable non
linear model, developed within the framework of continuum damage mechanics, in order to
simulate the temperature rise observed during self-heating tests at the ply and interface level.
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