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Abstract: In this paper, in addition to the experimental tests with notched specimens, based on the finite
element methods, plastic models and viscoelastic - viscoplastic models, we have developed a code finite element
(Cast3M) for a numerical modelling to simulate the tensile test, charge-discharge test and fatigue test for
[£45]7Angle-ply (AP) Carbon/Polyphenylene Sulfide (C/PPS) composites at temperature test T = 1200 C. On
the other hand, in engineering design, overstresses at stress concentrators is very important because they are
directly related to the strength of the structure, so we also simulated the overstress profiles near the hole in
notched in this study. The numerical results obtained are in good agreement with the experimental results.
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l. INTRODUCTION

Over the past decade, several studies haveshown that metals and composite materials accumulate
damage in different ways under cyclic loading. Inmetals, failure usually occurs after the propagation ofa single
macroscopic crack. In composites, failureusually occurs at places after accumulation ofmultiple damage modes
in composite materials, suchas crazing and cracking of matrix, fiber/matrix debonding, fiber fracture, transverse-
ply cracking,delamination, and multidirectional cracking [1]. To describe the fatigue behavior of these materials,
many plastic models and viscoelastic - viscoplastic models are established.Initially, most of these models are
established for polymeric materials. The first is the simple empirical laws to predict linear viscoelastic behavior
[2]. Then, these models were adjusted and extended for composite materials. A few micromechanical modelling
approaches have been developed for predicting effective viscoelastic behaviors of particle reinforced composites
as Maxwell, Voigt, SLS, Boltzmann, Findley, Schapery, Spectrale and some other models [3-7]. Each model has
different advantages and disadvantages:For the Schapery’s model, many authors tried to improve to enlarge its
application field.For the viscoplastic model, Schapery’s viscoelastic model has been associated with simple
viscoplastic formulations in order to more accurately predict the behavior of polymeric materials [8]. However,
for thermoplastic-based composites, this approach has very little application. To describe the viscoplastic
behavior of fiber reinforced polymer matrix composites, several phenomenological models have beendeveloped
[2,9-17], in which we can find the dependence on temperature and time of Carbon/Thermoplastic laminates at
temperatures higher than Tg, several formulations are based on nonlinear isotropic and kinematic hardening.

Using finite element simulations allow avoiding numerous experimental tests and predicting possible
failures during the early design stage. Based on viscoelastic - viscoplastic model [18], we have developed a code
finite element (Cast3M) to simulate experiments on mechanical behaviorfor C/PPS composite. Besides, we also
conducted the corresponding experiments to compare the results with the simulation ones.

Il.  MATERIALS AND EXPERIMENT
The experiments were proceed on MTS 810 servo-hydraulic testing machine at room moisture. The
specimens is clamped by hydraulic jaws. A thermal chamber is embellished to carry out the temperature tests.
The axial displacements are measured by an extensometer of initial length Ly = 60 mm. The investigated
material are [+45],— AP C/PPS at temperature test T = 120°C and oscillation frequency is 10 Hz. The hole factor

Cy, represents the hole sensitivity of the laminate ultimate strength. It is defined by C, = Gpowched / Cunnotched »

where Spoiched = Faotched ! t-W aNd 6 notched = Fonnotched / W are respectively the notched and unnotched ultimate

stresses, t and w are the thickness and width of the specimenrespectively. The dimensions of specimen are
shown in Fig. 1.
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Fig. 1. Dimensions of the specimen

First, we performed the tensile tests on notched laminates to determine the mechanical behavior of
material (Fig.2a). After determining stress rupture (o= 142 MPa), the fatigue experiments conducted with
three applied level stress are: 50% Gy, 60% Grypr, 70% oy at five different times: 20%, 40%, 60%, 80%, and
100% of cycle fatigue. The behavior of AP laminatesis shown in Fig.2b.
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Fig. 2. Behavior of AP laminates C/PPS: (a) Tensile test, (b) Fatigue loading test

I1l.  FINITE ELEMENT MODEL
In this study, we used the viscoelastic - viscoplastic model [18] to describe the behavior of composite
laminates. The tensor of the total deformations was calculated by the hypothesis of small deformations:

g=g 2" +E" 6
where €° is elastic deformation, ¢"®is viscoelastic deformation, £ is viscoplatic deformation.
It should be noted that the tensors are written in direct notations: (.) represents a second order tensor

and (.) represents a fourth order tensor. A superposed dot indicates the rate, a superpose -1 the inverse and a
superposed T the transpose. land|are the second and the fourth order identity tensors respectively. The

viscoelastic spectral model lays on the decomposition of the viscoelastic strain rate ¢ in elementary kinetics
€, (1eN) associated with a relaxation spectrum according to a Gaussian distribution.

=28 )

Once the mechanisms are identified on the Gaussian distribution, we must comply with the following
differential equation deriving from a thermodynamically potential [19]:

g =T—1_(ui§ve<_5—§i) (3)

where o is the Cauchy stress tensor and S* is the viscoelastic compliances tensor. In the case of a woven ply, it
can be defined by:
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where B44 is a material time-dependent parameter and Gy, is the shear modulus. The coefficient y; represent the
weight of each elementary mechanism. For a Gaussian spectral distribution, the respective weights p; of the
viscous mechanism are defined by:

1 n,—N..»
K = xexp(—(——+)") ®)
I no\/; Ng
; . th: . . 2ng .o . .
withn; =n. —ng +(i-1): i"is relaxation mechanism, A=-—C"-is time interval between two relaxation
n, —

times,ny is total number of mechanisms (n=30), neis its standard deviation and n.is its average. From a physical
point of view, ny gives an enhanced effect on late mechanisms and increase of n. tends to homogenize the
weights. The distribution of the relaxation mechanisms’ weight is normalized such as:
Ny
D=l (6

Theviscoplastic behavior is activated only when the stress exceeds the yield strength t,(T), which is
assumed to be the same for plasticity and viscoplasticity in PMCs. In addition, the elastic and viscoplastic
behaviors are supposed to be independent of each other for the considered loading rates, and the restoring
phenomena is negligible.

fvp (gi )_() :(g_>_<)_1:y (T) (7)

where (o —X) = \/T (c—-X):M:(c—X) is the equivalent constraint, M is a fourth order tensor describing the
anisotropy of viscoplastic flow in shear loading
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In the case of a linear kinematic hardening, the thermodynamic force X associated with the kinematic
hardening variable o is defined by:
X =da 9)
whered is a material parameter. The laws of behavior are derived from a thermodynamic potential such as:
p N of _— N Oy
8P =K(f,) —oanda= K(fyp) X (10)

with N is a parameter representing the material rate sensitivity and K is a parameter seen as a penalty
coefficient. The classical time-independent plasticity expression is recovered when K —oo. With respect to the
viscoplastic yield function f, those laws can be written as

(c—X) M(c-X)

w o M(o-X L. = e)

where va = \ng"pM‘l is the Lagrange viscoplastic multiplier homogeneous to a strain rate. The interpretation

of the rate-dependent phenomenon as a penalty regularization of the rate-independent one is applied. Thus, the
concept of “dynamic” yield function allows us to use the postulate of maximum dissipation in a straightforward
manner, and to derive the “static” yield function in a consistent manner.
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1
T (0 X, hyp) = Fip (@ X) — (Ayp / K)N
The viscoplastic model was implemented in the code finite element software Cast3M.

(12)

V. SIMULATIONS AND ANALYSIS
1V.1. Numerical simulation of the tensile test

The overall behavior of the laminates in terms of stress-strain response (Fig. 3a). The first, we can
observe the evolution elastic-viscoelastic deformation. In this phase, the result of the simulation is almost
identical to the experimental one. In the viscoplastic phase, we can observe the evolution of the distribution of
the cumulated plastic deformation. These distributions confirm the viscoplastic character of the resin since the
cumulated plastic deformation, which is maximum at the right edge of the hole [20,21].

The comparison of the experimental and numerical response shows that the developed numerical model
allows to correctly reproduce the mechanical behavior of perforated laminates with plies oriented at 45° for the
direction of the load. In the configuration [£45];, the response of the laminate is mainly governed by the
behavior of the matrix. In other term, the viscoplastic behavior of the resin is well taken into account by the
model.

1V.2. Numerical simulation of the load/unload test

In some early cycles, the results of the experiment and simulation are almost identical. It is important to
note that the loading rate remains the same for each loading-unloading, but then (after 25 cycles) the
deformation of simulation is greater than experiment, while the value of the stress is the same (142.31 MPa for
simulation and 142.88 MPa for experiment) (Fig. 3b ).
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Fig. 3. Comparison of mechanical responses between experiment and simulation:
(a) Tensile test, (b) Load/Unload test

The difference is due: In the experiment, all mechanisms of late damage are also dependent on tine and
collaborate with polymer creep. The viscoelastic - viscoplastic behavior change in each cycle, especially the
decrease in the rigidity of laminates is different. On the other hand, the very ductile behavior of the CPPS at
T>Tg leading to the evaluation of rigidity becomes difficult, therefore after each cycle the increment of
deformation is different. For simulation, after each cycle, the strain increment is constant.

1V.3. Numerical simulation of fatigue loading test

Fig. 4 shows that there is little difference between experiment and simulation. In the stable state, the
stress and strain values are different but it is acceptable. At the end of each cycle, the stress value is equal to
zero for simulation but for the experiment,it is not equal zero. This difference can be explained as follows: in the
experiment, the rate of displacement on the specimen test is less than the loading rate of the machine for each
loading-unloading, thus the waveform shape appears on the stress - strain curves.
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Fig. 4. Experimental vs simulation fatigue loading responses

1V.4. Comparison between plastic model and viscoplastic model with experiment

The stress concentrator is very important in engineering design because it is directly related to the
strength of the structure. The tracing of the longitudinal overstress profiles to the right edge of the hole is
necessary in view of the application for early design stage. It allows knowing the evolution of the overstress
coefficient Ky in function of the distance to the edge of the hole. The Kiis defined by the ratio of the maximum
overstress near the hole and the stress applied at the specimen’s ends [20,21]. For the two models studied in this
section, we can observe the differences in maximum overstress in the plastic-viscoplastic phase (Fig. 5).
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Fig. 5. Comparison of experimental and numerical overstress profiles in notched C/PPS laminates

From the overstresses accommodation standpoint, in the fiber bundles near the hole, plasticity is too
limited to relax the stresses. Therefore, with the same hole factor Cy, the overstresses value in the viscoplastic
model less than in the plastic mode. The comparison of the experimental overstresses profiles at before failure
with simulation show that K increases at 120°C near the hole in simulation. In AP laminates, the mechanical
behavior is mainly matrix dominated [22]. It has an impact on stresses distribution around the hole through a
plasticity mechanism. However, it is not only mechanism for accommodating overstresses but also depends on
temperature test and structure of specimens [20,21]. Based on the conclusions done in previous studies of
overstress accommodation in notched C/TP composite laminate and numerical tool standpoint, we noticed that
the rotation of fibers is nottaken into account for numerical plastic models. The observation of fibers at the
surface of failed specimens show that such a rotation of fiber bundles does not occur, and there is no observable
necking [22]. For viscoplastic model, the rotation of fibers bundles is taken into account, but it probably would
not improve thatmuch the predictive capabilities of the model [18]. The deviations between simulationand
experiment shown that the damage near the hole has an important role. For thermomechanical behaviorof angle-
ply laminates, itshould be consideredinto the model formulation to account more accurately for theoverstress
accommodation.
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V. CONCLUSION
In this study, we have proposed a code finite element to implement in the software Cast3M. This code

allows us to predict the mechanical behavior of the specimens without carrying out the experiments.It is also
usedtosimulate the overstress profiles near the hole. The numerical results obtained are in good agreement with
the experimental results. Besides, we have shown that viscoelastic - viscoplastic model should be considered
into the model formulation to account more accurately for the overstress accommaodation.
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