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Abstract

The present work focuses on “multi-physical” fatigue of 8HS woven [45]¢ carbon HTS40 carbon
fiber/polyimide matrix composite samples. Fatigue tests are performed under controlled environment
(2 bar Oy, 2 bar N,) at 250° by using a specific experimental setup developed at PPRIME Institute.
Digital Image Correlation (DIC) and uCT scans are used, respectively, to measure strain at the sample
surface and for damage assessment. Comparatively to an inert environment (N.), it is shown that an
oxidizing environment (O,) affects significantly damage kinetics and degradation.

1. Introduction

In the next future, the employment of organic matrix/carbon fiber composites (OMC) is foreseen for
the realization of “hot” structures: these parts may be subjected, in service, to mechanical fatigue (e.g.
fan blades turbo-engines), thermal cycling and thermo-mechanical fatigue (e.g. aircraft structural
parts).

Though there is a consistent literature concerning the fatigue behavior of woven composites (see, for
instance, [1-5]), polymer oxidation ([6, 7]) and about the thermal cycling of woven composites [8], the
interaction between fatigue and environmental degradation at high temperature has been poorly
explored. For these materials under such conditions, the presence of an oxidizing environment, for
instance, may lead to the acceleration of the kinetics of damage onset and development due to coupled
effect of mechanical stress and thermal oxidation of the polymer matrix.

Coupling between environmental and mechanical (viscoelastic, viscoplastic) behavior of the polymer
matrix at high temperatures also deserves to be studied.

The long-term aim of this study is to provide some tools - both experimental and numerical - to
strengthen the understanding and the modeling of the mechanics/damage/environment coupling and to
provide tools to predict durability of composites.

In particular, this work aims at characterizing and modelling the thermo mechanical behavior, the
onset and the development of damage related to cyclic mechanical mechanisms (fatigue) under
controlled (temperature and gas) environment.
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2. Specimens and experimental setup

8HS HTS40 carbon fiber/polyimide matrix [45]s specimens (samples dimensions: 170mm x 15mm x
2mm) are cut from a [0]e plate provided by Aircelle, SAFRAN Group. These samples (off-axis
samples) are chosen due to their ability to enhance the matrix oxidation effect on the results. The glass
transition temperature, Tg, of the matrix is equal to around 320°C. This material is expected to sustain
in-service conditions up to around 250°C.

Fig. 1 shows the COMPTINN experimental setup, specifically developed in order to perform fatigue
tests under controlled environment. An INSTRON 1251 hydraulic fatigue machine (Fmax: 50 kN) is
equipped with an aging chamber including a control of temperature and gas pressure (Tmax: 350° C,
pmax: 5 bar, environment: air, Oz, N2, ...). A system for gas supply and an electronic control heating is
installed around the machine; this facility allows carrying out traction and fatigue test in controlled
environment, achieving a maximal temperature of 350°C and a maximal gas pressure of 5 bar.

Sistem for gas suppl
g PPY Climatic chamber

Camera Specimen

Figure 1. COMPTINN’ experimental setup: INSTRON 1251 fatigue setup equipped with an
environmental climatic chamber — available at the PPRIME institute

Since tests are performed at high temperature, the samples standing in a closed environmental
chamber, non-contact measure method must be employed. Full field digital image correlation (DIC)
method is used to measure sample strain during the test: a high temperature resistant (max usage
temperature: 650°C) speckle pattern sprayed on one surface of the specimens is employed. During the
tests, a series of pictures with a resolution of around 7 um/pixel, at a frequency of 6 seconds each, are
taken using a D3X Nikon. Starting from these pictures, deformations in longitudinal and trasversal
directions are computed using CORRELA, a software dedicated to the digital image correlation
developed at the PPRIME institute ([9]).

HCT scans are used to have a complete description of the damage scenario of the specimens. The RX
Solution® (Fig. 2) X-Ray micro Computed Tomography available at the PPRIME Institute allows
performing UCT scans with a resolution of 8,78um using a voltage of 60kV and a current of 1394A on
the tested samples. After the scans, image processing allows to semi-automatically find and evaluate
damages inside the specimens. Image processing is performed using Avizo9®, a commercial software
giving the possibility to carry out segmentation process of the damaged specimen [10].
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3. Results of the fatigue tests

Two preliminary quasi-static tensile test at 250°C are carried out in order to decide the mechanical
parameters for the fatigue test. The average failure stress, our, is around 140MPa, which corresponds
to the maximum stress achieved during the tensile test.

Fatigue tests are performed using a maximal load level omax = 0.7 our, a stress ratio R = 0.1 and a
frequency f = 2Hz. The fatigue tests are periodically cut off (around 20 times) to perform slow
load/unload cycles for DIC measures: samples are also periodically (4 times) removed from the test rig
and subjected to ex-situ UCT scans.

Figure 2. RX Solution® X-Ray micro Computed Tomography facility — available at the Pprime
institute

Fatigue tests were carried out at 250°C under two different environmental conditions: the 2 bar O;
environment is strongly aggressive ([11]) and should favor matrix degradation; the 2 bar N; is inert
and may serve as a reference environment.

3.1.Results of DIC measures

DIC strain measures on sample surface allow characterizing the macroscopic mechanical behavior of
the samples and its evolution with fatigue.

Shear deformation yxy and shear stress txy are determined by using Eqg. 1 and Eq. 2, where ¢y is the
longitudinal strain, &4 is the transversal strain obtained from DIC and gy is the longitudinal stress
applied to the specimens obtained from the datasheet of the fatigue machine.

Try = - (8y — &x). (1)

Ty = |oy|/2 2)

Fig. 3 shows the shear deformation y.y, of the specimen tested in 2 bar of N, after 120k cycles, when
loaded at omax. The CORRELA deformation field is not uniform because the noise and the sample’s
features (weave geometry and cracks). A mathematical mean of the pixels composing each DIC image
is calculated in order to obtain a single deformation values of the specimen for each level of stress.

As it can be seen in Fig. 4, two variables could be taken to characterize the sample stress-strain plot:
the secant shear modulus (Gse, [GPa]) and the hysteresis area (A, [J/mm?]).
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Figure 3. CORRELA shear deformation field (yx,) and mean of the same deformation field at omax
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Figure 4. Typical stress-strain plot: secant shear modulus and hysteresis area.

Fig. 5 and Fig. 6 illustrate the evolution of Gsc and A as a function of the number of cylces for the two
tested conditions. Failure of the 2 bar O, sample occurs at 550k cycles, while the 2 bar N, sample has
not failed after 1M cycles.

Fig. 5 shows that, for both conditions, A values decrease of around 90% after 20k cycles. This
decrease is possibly related to both stabilization of matrix viscoelastic hysteresis loops [12] at 250°C
and the development of rapidly accumulating matrix cracking in the specimen ([4, 13, 14]). For the 2
bar N, sample, these stabilized values are kept until the end of the fatigue test. For the 2 bar O
sample, an increase of the A values is noted after 400k cycles, preceding sample failure. This rise can
be related [13] to the increasingly non-linearity of the hysteresis loops due to the increase of fatigue
damage.
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Fig. 6 shows that Gsc values increase of around 185% after 50k cycles, for both experimental
conditions; this shoud be related to stabilization of hysteresis loops. Gs. values are costant up to the
end of the fatigue test for the 2 bar N, while tend decrease for O, starting from 300k cycles, with a
sudden drop before failure. The evolution of apparent sample behavior is clearly affected by the
environment which plays a role on matrix degradation (antiplastification, embrittlement [6]), onset and
propagation of fibre/matrix debonding ([11]).
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Figure 5. Hysteresis area (A) evolution during Figure 6. Secant shear modulus (Gsec) evolution
fatigue test, as a function of the number of cylces  during fatigue test, as a function of the number of
cylces

3.2 Results of uCT scans

In order to better identify the physical mechanisms (damage, degradation ...) responsible for the
behavior observed at the macroscopic sample scale, uCT scans are carried out on interrupted fatigue
samples. These observations are useful to elucidate the chronology of damage/degradation onset and
development and to detect the sites/scale at which such phenomena take place.

Fig. 7 illustrates the steps of the crack segmentation process. The filters used to perform the
segmentation allow the identification of the cracks starting from the grey level of the cracks (generally
darker then the resin and the tows), the path of the cracks and the gradient of the grey level along the
3D images. The total damaged volume is then evaluated by applying the same process to the whole
scanned sample volume. Fig. 7 shows that, in general, several types of damage occur during sample
fatigue: cracks along the two fibers direction (in blue and green) appear inside all the plies, while
cracks oriented in the direction perpendicular to the load direction (red), affect the resin rich regions
only in the exterior plies.

Fig. 8 shows the total damaged volume ratio (D) defined as the total damaged volume divided by the
total scanned volume as a function of the number of cycles for the two specimens. The indicator D
does not discriminate between different types of cracks and, as one can see, its evolution is different
for the two specimens: for the 2 bar N, sample the evolution of D shows a slight rise, while a major
rise is observed for the the 2 bar O, sample.

The manual fitting of measures in Fig. 8 shows the begin of the acceleration of the damage process in
the 2 bar O, sample at approximately 300k cycles. Results in Fig. 8 are in agreement with the G
evolution illustrated in Fig. 6 and support the existence of a good correlation between Gsec and D.

By looking at the damage distribution along the samples and in different plies it can be seen that, for
both specimens, the major contribution to D comes from cracks situated on the external plies and that
the morphology of the cracks depends on their location along the thickness.

Fig. 9 shows segmentation results for the 2 bar O, sample after 550k cycles: cracks located in the
external plies are longer and more numerous than cracks located in internal plies. Moreover, in the
internal plies, cracks propagate mainly close to the specimen edge, while, in superficial plies, several
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cracks spread over the whole sample width; some cracks are not connected to the edge. The amount of
cracks in internal plies is low up to 170k cycles comparatively to that measured in exterior plies.
Cracks close to the internal plies edges are short (and barely visible) until 170k cycles, while long
cracks on the surfaces are easily visible since 20k cycles. Since the environment affects primarily the
external sample surfaces, this scenario reflects the high impact of the environment on crack
morphology, density and propagation in the 2 bar O, sample.

a)

Figure 7. Segmentation process: a) start 3D image, b) image after segmentation process and ¢) only
segmented cracks.
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Figure 8. Evolution of the damaged volume ratio as a function of the number of cycles.

Fig. 10 shows the results of the segmentation process for external and internal plies for the 2 bar N
sample after 550k cycles. The global scenario is similar to that of 2 bar O, samples for external plies,
where cracks randomly appear along preferential directions; on the other hand, in the internal plies, the
scenario is totally different, since several cracks onset and propagate far from the edges of the
specimen. As in 2 bar O, samples, the main contribution to damage is provided by cracks on the
external surfaces. In the internal plies the amount of crack is constant up to the end of the test, while a
slow rise of D is observed in the exterior plies. This scenario testifies a low impact of the environment
on 2 bar N, samples.

In summary, no significative change in D is measured in 2 bar N, samples, while a continuos rise of D
is observed in 2 bar O, samples, particularly in the proximity of the sample final failure where a sharp
rise of D is noted. These results are in good accord with measures at the sample scale involving
macroscopic quantities.
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Figure 9. Segmentation result on
550k cycles 2 bar Oy: difference in
amount of cracks between an
external ply (left) and an interior

ply (right).

Figure 10. Segmentation result on
550k cycles 2 bar Ny: difference in
amount of cracks between an
external ply (left) and an interior

ply (right).

4. Conclusions and perspectives

Fatigue tests in oxidizing (2 bar O,) and inert (2 bar N2) environment are out to investigate thermo-
oxidation/fatigue interaction. Failure of the 2 bar O, sample occurs after 550k cycles, while the 2 bar
N2 sample has not failed after 1M cycles.

DIC measured reveals a quite different behavior for the two tested specimens after 200k-400k cycles,
testifying higher degradation, decrease of Gsec modulus, as a function of number of cycles for the 2
bar O, sample.

According to this observation, uCT scans show a considerable rise of damage volume ratio in 2 bar O,
samples comparatively to 2 bar N, samples, in the same range of number of cycles. Through uCT
scans it is also shown that the two configurations exhibit consistently different damage mechanisms,
the 2 bar O, sample being particularly prone to damage development in the external surfaces directly
exposed to the oxidizing environment. In general, for both samples, the highest contribution to total
damage comes from the external surfaces while internal plies are less affected by degradation.

In future studies, fatigue tests will be carried out under air at atmospheric pressure environment in
order to confirm the observed trends. Moreover, a Finite Element model will be developed to better
understand through comparative simulations the impact of a thermo-oxidizing environment on the
observed behavior.
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