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Abstract: A micromechanical finite deformation framework for modeling failure in
unidirectional composites under rate-dependent off-axis loading is presented. The onset of
global softening in the micromodel corresponds to macroscopic matrix crack formation. A thin
slice representative volume element with periodic boundary conditions is used, which enables
representation of three-dimensional stress states. A constant prescribed strain-rate is applied in
the model with a dedicated arclength control method. Two failure mechanisms are included in
the polymer matrix: visco-plasticity and microcracking. A cohesive surface methodology
represents the microcracking process. Cohesive elements are added on the fly with a stress-based
initiation criterion. For this purpose, a power law microcrack initiation criterion is proposed. The
model is validated with experimental data from tensile tests on unidirectional carbon/PEEK
composite material at prescribed strain-rate and different off-axis angles. The obtained
maximum stress levels are used to generate Tsai-Hill failure envelopes for macroscopic
transverse crack initiation.
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1. Introduction

Modeling of failure processes in continuous fiber reinforced composite materials has drawn a
lot of attention in the past decades. The customizable microstructure of composites offers more
freedom to design the lightweight structures as compared to monolithic engineering materials
such as steel and aluminum. Furthermore, the application of thermoplastic polymers as the
composite matrix provides an opportunity for recycling of the deteriorated structural
components. However, the heterogeneous structure of composites combined with the viscous
nature of the polymer resin makes the prediction of the nonlinear material behavior under
different loading scenarios more difficult. The majority of the theories proposed to study failure
in composites do not explicitly account for the rate dependency of the process, but rather the
strength parameters must be determined separately for every considered strain-rate. The
micromechanical framework offers a good environment to readily accommodate rate
dependent effects, providing that a suitable rate dependent material model is used for the
matrix part. In this way the rate dependent failure of composites was studied by Govaert et al.
[1], Bai et al. [2], Sato et al. [3], to name a few.

In this paper we propose a micromechanical model to study the rate dependent failure in
unidirectional (UD) composites exposed to off-axis loading. The model is a Representative
Volume Element (RVE), defined in local coordinate system aligned with carbon fibers. Being
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defined in three-dimensional (3D) space, the RVE allows for the stress states in composites
under general off-axis loading. The model undergoes finite deformations including two sources
of nonlinearity in the matrix part. Visco-plasticity is included by the Eindhoven Glassy Polymer
material model, whereas microcracking process is represented by a cohesive zone model. The
onset of softening in the RVE response is taken as the point of failure and corresponds to the
macroscopic crack formation. The model results are compared with experiments on
unidirectional carbon/PEEK composite system subjected to a prescribed strain-rate under
different off-axis angles.

2. Experiment

The experimental benchmark consists of UD C/PEEK laminates with different orientation of the
reinforcement relative to the loading direction, tested at room temperature conditions until
complete failure is observed [4], see Fig. 1. Because of the macroscopically uniform stress
distribution in these tests, the test can be simulated with a single-scale microscopic model.

matrix dominated failure

90°  75° 45°

30° 152
Figure 1. Fractured UD composite laminates under constant strain-rate, for different off-axis
angles

The extensometer was used to measure the exact strain for the off-axis angle x=90° at different
strain-rates, and angles of: 75°, 45° and 30° at the strain rate of 10*%/s. In all other cases,
including x=15° the extensometer was not utilized. In those cases, therefore, the compliance of
the testing machine affects the results.

3. Micromechanical model
3.1 Problem definition

In order to develop the RVE model, first the homogenized deformation and stress state of the
composite material exposed to a prescribed strain-rate is considered, see Fig. 2.
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Figure 2. Strain-rate applied on UD composite material (left); deformation of the material due
to applied strain-rate (middle); stress components in local coordinate system (right)
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There is no restriction on the magnitude of strains in the material, implying that the local
coordinate frame aligned with fibers may change orientation from the initial angle 8, to a new
angle 6. Given this new angle, the transformation of the Cauchy stress to the local frame leads
to the stress components acting on the material as shown in Fig. 2 (right).

Further analysis is done on the microlevel. The RVE with periodic boundary conditions is
considered [5], such that one of its sides coincides with the reinforcement direction, see Fig. 3.
The deformation and stress state of the RVE must be equivalent to that shown in Fig. 2. This
means that the homogenized stresses on the RVE are equal to the corresponding components
in Fig. 2 (right), and the deformation pattern of the RVE must correspond to the strain-rate
applied in the global loading direction.

1,U11, Jin

Uo1, fo1

Figure 3. RVE with active displacements on master nodes and applied unit force components;
master node displacements not indicated in the figure are set to zero; 0y, T;j required
homogenized stress components on RVE

To satisfy these requirements a strain-rate based arclength model was formulated [6]. The
constraint equation of the arclength model ensures that the RVE deforms according to the
strain-rate imposed in global loading direction. In order to capture the finite strains in the
material exactly, the unit force components of the arclength model are updated in every time
step, accounting for the previous deformation and the change in orientation of the local frame
from 6, to 6.

3.2 Material model for polymer matrix

Visco-plastic effects in the polymer matrix are included in the RVE by the Eindhoven Glassy
Polymer (EGP) material model [7]. The EGP is an isotropic, elasto-viscoplastic material model
that allows for the finite strains in the material. In the model, the stress is additively decomposed
in three components: the hydrostatic stress, the hardening stress and the driving stress. The
driving stress component introduces viscosity as well as plasticity in the model. It can also
distinguish between different relaxation processes in the material, and for every relaxation
process there might be multiple relaxation modes represented by different Maxwell elements
connected in parallel. Material parameters used for the EGP model as described in [7] are listed
in Table 1. The relaxation spectrum of one process, a, is considered and specified in Appendix.

Table 1: Material parameters for the EGP model

K Gr Toa S

a aa r a r a r a
[MPa] [MPa] [mPa] X ° ! 2
2600 142 138 .08 3 95 1 5
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3.2 Material model for carbon fibers

Itis assumed that carbon fibers do not undergo any failure process, therefore, the reinforcement
responds elastically to the loading. A hyperelastic transversely isotropic material model [8] is
selected to model this behavior, with a small modification as presented in [6]. The parameters
of the material model are listed in Table 2. E; is the Young’s modulus in the preferential stiffness
direction, E; and v23 are the Young’s modulus and Poisson’s ratio in the plane of isotropy, Gi2
and vi; are the shear modulus and the Poisson’s ratio defining behavior in the planes
perpendicular to the isotropic plane. The modulus Gi2 has a value larger than usually reported
[9], in order to achieve a good match in the initial slope between the experiment and the model.

Table 2: Material parameters for transversely isotropic material model

E; E; Gn y y
[GPa] [GPa] [MPa] - 2
125 15 45 .05 3

3.3 Cohesive law for microcracking processes

Beside visco-plasticity, microcracking will also take place in the matrix part at higher stress levels.
It is represented by means of a cohesive zone model that is governed by a mixed-mode damage
cohesive law as explained by Liu et al. [10], and extended to 3D. Cohesive segments are added
onthe fly [11], when a stress-based initiation criterion is satisfied. At every time step the traction
vector is computed on a potential cohesive surface, which may be any surface between two
adjacent finite elements in the matrix part, or interface between carbon fibers and the matrix.
The traction vector is decomposed in a component perpendicular to the fiber direction t; and a
component parallel with the fibers t;. Then we propose an initiation criterion in the power law
form:

£ \™ ty )n

= - <1 1
(fJ_) + (fu @)
where m and n are the power law coefficients, and f) and f| are the strength parameters in the
corresponding directions. In this study the following values are adopted: m =3, n=2, f| =

130 MPa, f; = 60 MPa. For the fiber/matrix interface, the strength in direction parallel with the
fibers is set higher, f, = 75 MPa.

The cohesive model also requires the fracture energy G. as an input parameter. Observing the
fractured specimens in Fig. 1, a conclusion arises that the mode of fracture changes for different
off-axis angles. Hence, the value provided to the model interpolates between a value Gg
calibrated for y=90° and a value G calibrated for y=15°, see Fig. 4. The G, value provided to the
model depends on the ratio between t; and t; at the moment of initiation. For the problem at
hand, this ratio provides a sufficient insight in the mode of fracture that will follow after the
initiation takes place. This is because the load on the RVE increases almost proportionally, and
there cannot be a huge variation in direction of the displacement jump. The value £,., after which
the fracture energy cannot increase, represents the ratio between the initial homogenized shear
stress 7,1 and normal stress a5, acting on the RVE for y=15°, see Fig. 3.
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Figure 4. Fracture energy provided to cohesive law

The cohesive zone model also accounts for geometric nonlinear effect on the fracture process.
This part is based on the work of Reinoso and Paggi [12], which is extended to 3D.

4. Results and discussion

In this section the simulation results are compared with the experiment. Homogenized stress-
strain curves in the global loading direction are considered, see Fig. 2. The onset of softening in
the RVE response is taken as the point of failure, and that point is compared with experimentally
observed failure.

The strain-rate of 10%/s is applied on the RVE under several different off-axis angles. The
obtained results are plotted in Fig. 5, together with the experimental stress-strain curves.
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Figure 5. RVE response (solid) versus experiment (dotted) for strain rate 10*/s and different off-
axis angles

For the off-axis angles in the range 30°-90° there is a good match with the experiments. For the
off-axis angle y=15°, there is an offset. One reason for this difference might be the fact that the
extensometer was not used in this case. Also, the clamps of the testing machine introduce a
restraining effect such that fibers close to the boundaries cannot freely rotate in an attempt to
align with the loading direction. This is not the case with the RVE model, where the change in
orientation of the RVE from the angle 6, to the angle 0, is allowed, see Fig. 2. This discrepancy
in the kinematics implies a difference in the stress state. The difference gets more pronounced
for lower off-axis angles, when a small variation in the angle makes a significant change in the
stress taken by the fibers.

The fractured RVE for y=30° is shown in Fig. 6. The contour plot indicates the distribution of the
equivalent plastic strain in the model. The fracture plane is parallel with the reinforcement as is
observed in the experiment, see Fig. 1. Also due to the higher strength of the interface in
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direction parallel with the fibers, microcracking process is completely in the matrix. To support

this fact, it is reported in the reference experiments that the interface mostly remains intact and
the failure is indeed in the resin.

Figure 6. Example of fractured RVE with distribution of equivalent plastic strain

Now we make an attempt to construct a failure envelope based on the micromechanical
simulations. The envelope intends to represent a stress at which the macroscopic crack forms
for different off-axis angles. The Tsai-Hill failure criterion is considered [13]. Since the material
is loaded in tension, this failure criterion gives reasonably accurate estimation of the material
behavior. The idea presented in [14] is followed, such that the failure stress is a product of a
reference failure stress 0. = 090 and a function depending on the off-axis angle g(x).
Coefficients needed to construct the function g(x) are as follows: Ry; = g0 / 0per = 18.94,
Ryy = R33 = 0490 / 0ref =1, Ry = 1.3. The strength at x=0°, g, = 2063 MPa was
determined experimentally. The coefficient Ry, is calibrated to achieve a good fit with the trend
observed in the simulations. The Tsai-Hill failure criterion is compared with the failure stresses
obtained from the RVE in Fig. 7.
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Figure 7. Tsai-Hill failure envelope versus simulation results; close-up view of the range covered
by the RVE model (right)

Since no failure takes place in the carbon fibers, the model cannot accurately represent failure
at low off-axis angles when the fibers bear most of the loading. Nevertheless, in the range that
is covered by the present simulations a good fit is possible.

5. Conclusion

In this contribution a micromechanical framework to study rate-dependent failure in
unidirectional composites under off-axis loading is introduced. The onset of softening in the
micromodel represents macroscopic crack formation. The micromodel is a 3D RVE defined in the
local coordinate frame aligned with the carbon fibers. This way, the stress states encountered
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in off-axis loading scenarios can be reproduced in the RVE. A strain-rate is imposed on the RVE
by means of a proper arclength model. The arclength model ensures that the homogenized
kinematics of the RVE correspond with the strain-rate applied in the global loading direction.
Finite deformations are allowed in the homogenized kinematics of the RVE as well as at every
integration point, where appropriate constitutive models are used to represent the matrix part
and the fibers. In the matrix part two different failure processes are included: visco-plasticity
and microcracking. A cohesive zone model is utilized for the microcracking process in which
geometric nonlinear effects are also included. The performance of the RVE model is compared
with experiments on thermoplastic C/PEEK composite system at one prescribed strain-rate and
different off-axis angles, at room temperature conditions. Based on the simulation results
obtained, the Tsai-Hill failure fit is constructed. In the future work, failure of the model at
different strain-rates will be considered and compared with experiments to validate the model.
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7. Appendix

Table 3: Relaxation spectrum of the EGP model

mode  G,;[MPa] Hoa,; [MPa-s] mode  G,; [MPa] Hoa,;j [MPa-s]
1 1045.52 7.590 - 10%* 9 50.61 9.198 - 10%°
2 400.03 8.502 - 10 10 83.94 2.272-10%
3 46.06 2.570- 10" 11 77.28 8.756 - 10®
4 87.28 1.843-10" 12 60.61 2.874 - 107
5 72.43 5.912-10% 13 56.67 1.127 - 10°
6 63.03 1.992 - 10%? 14 4.64 3.851-10*
7 45.46 5.520- 10" 15 53.03 1.840-10°
8 42.43 1.987 - 101! 16 3.42 4961 - 10!
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