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ABSTRACT

It is well known that when composite materials are subjected to mechanical loading, several microscopic
damage phenomena could take place and lead to progressive stiffness reduction. Indeed, many homogenization
models into which it is possible to introduce these damage phenomena at the local scale have been proposed. These
models have been validated to predict both quasi-static and dynamic mechanical response of composite structures.
However, fatigue life prediction models adapted to Short Fiber Reinforced Composite materials (SFRC) still remain
relatively poorly developed. In this study, it is proposed to adapt an existing micromechanical modeling approach to
fatigue life prediction. The proposed methodology combines experimental analysis of monotonic and fatigue tests
results to micromechanical modeling of a simple tensile test which integrates at the local scale fiber-matrix interface
damage development. Coupling phenomenological description of the loss of stiffness evolution to the
micromechanical prediction of the local damage density allows building a new hybrid and multi-scale method
which is able to predict the SN curve for a SFRC material. In this paper, our approach is validated by accurate SN
curves prediction for different working temperatures; 21°C and 80°C. Moreover, life prediction for specimens
submitted to a thermo-mechanical fatigue loading including temperature variation is also found to give satisfactory
results, as compared to those obtained experimentally.

1. INTRODUCTION

Due to their several advantages, short fiber reinforced composites (SFRC) have been chosen for many
decades as a good replacement for metallic structures in different domains; automobile, aeronautic and many others
applications. However, composites materials have a complicated behavior compared to homogeneous materials
such as metals. In fact, many parameters can affect the fatigue properties of composites [1]; fiber length and fiber
orientation distribution [2], the reinforcement structure [3], loading and environmental conditions like temperature
[4], cycling frequency [5], stress ratio [6],...). For SFRC, damage starts very early and the size of damaged zones
grows gradually with a loss of stiffness and strength [7]. The damage threshold and kinetic depend on the different
loading conditions. There has been great effort to develop methods that can predict fatigue life of composites. These
models can be classified into three main categories [1]: empirical, used generally for metals and based on S-N
curves, phenomenological based on a macroscopic damage able to describe the residual strength or the residual
stiffness and micromechanical models which are generally based on microscopic damage mechanisms.

In this study, we present a new hybrid model able to predict the fatigue life for SMC materials under different
temperature conditions. This new model mixed the two previously defined approaches: phenomenological and
micromechanical. This original approach consists in using an existing micromechanical model developed for a
simple tensile test simulation [8]. Fiber-matrix interface damage, considered as the predominant mechanism in such
type of materials submitted to quasi-static, dynamic or fatigue test [9, 10], is introduced in a Mori Tanaka approach
through a local criterion which describes the evolution of micro-cracks density step by step during loading until
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failure. This multi-scale damage model relates the relative stiffness E/E, to micro-cracks density for each
calculation step. Consequently, a “state equation” relating the residual stiffness of the composite to a progressive
micromechanical local damage parameter “d” can be established. This equation is then introduced into a
phenomenological description of the loss in stiffness under fatigue loading coming from the analysis of
experimental results. A critical value of the local damage parameter “d.“ is also identified using inverse engineering
and used in this hybrid approach in order to predict the fatigue life of the material for different amplitude and
temperature.

2. Material, experimental methods and analysis

2.1 Material

The material used in this study is a polyester Sheet Molding Compound composite (SMC) with 28% of glass
fibers and 37% of CaCO3 weight contents. The considered glass fibers are presented in the form of bundles
containing about 200 fibers. The material is obtained by thermo-compression under 60 Bars pressure and 165°C
temperature. SMC plates used in this study have been obtained by placing the non-reticulated SMC flanks, before
compression, in the middle of a rectangular mold (120x250 mm?) in such a way that more than 80% of its surface is
recovered. Due to the thermo-compression, no significant preferential fiber orientation is obtained. Figure 1 shows
the microstructure of the obtained randomly oriented (RO) plate. One can notice different orientations of fibers
grouped into bundles.

Figure 1: RO_Material

2.2 Experimental methods

2.2.1 Specimen geometry

All mechanical tests have been realized on a MTS 830 hydraulic machine. Figure 2 shows the selected specimen
geometry.

120mm

25mm | |smczabs SMCtabs

25mm
[ i 1

Figure 2: SMC specimen geometry
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2.2.2 Test configuration

Several mechanical test procedures have been performed under two selected temperature, 21°C and 80°C:
- Tensile tests until failure
- Load - unload tests with progressive increasing maximum load at each reloading stage until failure

- Tension-tension fatigue stress controlled tests until failure at several applied maximum stress. The chosen stress-
ratio and frequency were R=0.1 and f=10Hz.

- Tension-tension fatigue loading with variable temperature (figure 3).
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Figure 3: Example of a imposed temperature profile during fatigue.
2.3 Experimental Analysis

2.3.1 Loss in stiffness in tensile loading

As shown in figure 4, the evolution of the loss of stiffness obtained by loading-unloading tests can be approximated
by a linear function. Thus, the evolution of the stiffness reduction during a tensile load, valuable from the damage

threshold stress; ais , to failure, can be expressed as by:
E

— i S
(E_o) =1+a;(c™P - 07) 1
The index, i, indicates the considered temperature. a; defines the kinetics of the loss of stiffness under uniaxial load.
o'™Pijs the imposed stress. Stress values are normalized by o533¢ , the average failure stress of samples at 21°C.
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Figure 4: Loss of stiffness during tensile loading
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2.3.2 Loss of stiffness during fatigue loading

Stiffness reduction during fatigue can easily be described by a power function as shown in figure 5:

E) _— 4 NBi

(), =AN )
E, represents the value of the residual stiffness after the first cycle. The later is always applied at quasi-static rate
before fatigue loading in order to measure E; properly. Moreover, limitations inherent in the hydraulic system do

not allow reaching the imposed effort before the 22" cycle. However, we noticed that this regulation stage do not

add additional damage. So, we can assume that: (EEO)szz = (EEO)NZI. Besides, (EEO) = (E%) * (E—;)

The second term, (%) defines the loss in stiffness after the first cycle whereas the first term,(EE), is related to the
1

0

kinetics of loss of stiffness during fatigue through the parameter B;.
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Figure 5: Loss of stiffness during fatigue loading

Finally, the evolution of the loss of stiffness during fatigue can be derived from the preceding expressions:
E . N Bi
&), = (Lrae™ —af) «[z] @

2.3.3 Loss of stiffness during fatigue loading under variable temperature

Figure 6 shows the relative loss of stiffness for a RO materiel submitted to fatigue loading with variable temperature
and a constant imposed maximum stress (0.4 of the 653%¢). The impose temperature profile was that of figure 3. The
specimen broke after a total number of cycle of 36500 cycles during the third fatigue stage performed at ambient
temperature.
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Figure 6: The loss of stiffness under a thermo mechanical loading

3. Hybrid Model

We propose a hybrid methodology which combines micromechanical and phenomenological approach. The
originality of this model stand in the facility to integrate the outputs of a simple micromechanical damage model
validated for a monotonic quasi-static tensile loading into a phenomenological formulation of the fatigue loss of
stiffness. The mainly assumption made here is that there is an intrinsic relationship, “a state equation”, between the
local damage and the macroscopic loss of stiffness. We consider that this relationship is still valuable under fatigue
loading. The generated state equation is then given by the following equation:

(dic )i = [(EEO) ]2 + Bi [(EEO)] + Vi 4

a;, B; and y; are micromechanical parameters depending on temperature and identified on the basis of tensile
modelling using reverse engineering. Combining equation (3) to equation (4) a state equation under fatigue loading
emerges:

@ = a [+ alom - o) |2+ aefa+ alom - otp 2]+ ©

This expression allows plotting the evolution of the local damage ratio d/d. under fatigue for several values of the
applied stress versus the number of cycle (see Figure 7). Finally, this hybrid methodology allows converting the
evolution of the phenomenological macroscopic loss of stiffness to the evolution of a local damage indicator under
fatigue.
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Figure 7: Evolution of d/dc for several normalized applied stress: (a) T 21°C and (b) T 80°C

Fatigue life prediction supposed to set d/dc=1. Thus, the resolution of this equation gives the following solution:

-Bi 11’31'2—40!1'(]/1' -1)
G= (6)

2a;

and to the expression of the number of cycle to failure, Ng:
1
_ G B;
Ng = 22 * [((1+ - (Gimp-af))] )

S-N curves plotted for two different temperature conditions (21°C and 80°C) are compared with experimental data
and are in good agreement (figure 8). In fact, local damage is indirectly taken into account though the
micromechanical parameters, o, B and y. The initial damage is conditioned by the parameter a; and o7 and the
kinetics of damage are influenced by the parameter B;. These parameters are identified separately for different
temperature conditions (indicated by the i index). Prediction of Wohler curve is illustrated in the following figure.
Good agreements justify the efficiency of this approach.
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Figure 8: Wohler curves prediction

4. Thermo mechanical fatigue life modeling

The cumulative damage state was calculated by the new model in the case of the temperature profile of figure 3
and for an applied maximum stress 0.4 of the a%'¢ (figure 9). Damage accumulation is calculated and cumulated
stage after stage through the calculation of the evolution of the local damage ratio from equation 5. The cumulative
evolution of d/dc is represented on the following figure. Discontinuities are observed at the temperature changes.
Indeed, for each temperature stage, the local damage kinetic is also determined by the phenomenological
parameters, a;, o; and B; which are temperature dependent. These results indicate that damage occur and grow
rapidly at the firsts cycles. The failure happened when d/dc reach 1, after approximately 37000 Cycles. This is in
good agreement with the experimental result.
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Figure 9: Evolution of d/dc for 0.4 of a5
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5.  Conclusion

An accurate hybrid model has been developed to predict fatigue life of SMC composite materials. It
corresponds to a stiffness based phenomenological approach coupled with a micromechanical damage model taking
into account local fiber-matrix interfacial failure development. A state equation relating a local damage ratio to the
applied stress, the number of cycle, micromechanical parameters and stiffness reduction parameters has been
derived. One parameter set has been identified for two temperature conditions. S-N curves at 21°C and 80°C have
been predicted and have been found to be in good agreement with experimental data. Moreover, the approach
allows modelling the evolution of the local damage ratio under fatigue loading with variable temperature. One can
conclude that, although pragmatic, the proposed new hybrid model has shown a strong potential and a high level of
relevance for SFRC fatigue life prediction. In the near future, the model will be introduced into a finite element
analysis and adapted for fatigue design of SMC structural components.
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