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The market for plastic composites is increasing. All types of reinforcements are found, from short to long
to continuous fibers. Long-fiber-reinforced plastics can be processed with injection molding and exhibit
good performance in energy absorption. This makes them interesting for crash applications for the
automotive industry. However, moving to long fibers also means moving towards complexity. Isolated
long fibers exhibit a wavy shape, changing stiffness properties of the composite. Straight fibers are found
in bundles, influencing the failure of the material. Injection molding of long fibers can lead to fiber
breakage. This has to be taken into account when designing plastic parts using simulation. This class
provides insight into an approach using Digimat™, with the goal to provide a material model for longfiber-reinforced plastics. We will present investigations of the material with first approaches to couple
structural mechanics with Autodesk Simulation Moldflow software, including prediction of fiber breakage.

Learning Objectives
At the end of this class, you will be able to:
•

Describe the material behavior of long fibers from in-depth investigations

•

Explain what the state of the art is in micromechanical modeling for coupled analyses for long fibers

•

Integrate coupled analyses in an industrial workflow

•

Describe future efforts concerning simulation of long-fiber-reinforced plastics
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Dr Roger Assaker owns a Ms of Science in Aerospace Engineering from the University of Liège (in
Belgium) and a PhD in Applied Mechanics from the University of Louvain-la-Neuve (in Belgium). After
working for 5 years in Computational Mechanics at the Goodyear Technical Center in Luxembourg, he
obtained a MBA in International Business from the John F. Welch College of Business at Sacred Heart
University, Luxembourg and founded the company e-Xstream engineering in 2003. His fields of
expertise are material modeling, nonlinear Finite Element Analysis, optimization, uncertainty
quantification.
email: roger.assaker@e-Xstream.com

Describe	
  the	
  material	
  behavior	
  of	
  molded	
  composites	
  	
  
In chopped fiber reinforced composites, variation of various parameters like fiber length, orientation and
volume fraction leads to different material fatigue performance. The material behavior of the resin, and
thus of the composite, is usually nonlinear with increasing load, temperature, damage evolution, ... these
nonlinearities must be taken into account for a correct analysis of molded composite. There is a first
challenge in analysis of any molded composite material: the computation of accurate stresses over local
microstructure and constituents material properties.

Long	
  fiber	
  behavior	
  
Long fiber reinforced composites exhibit wavy fibers, bundle of fibers, variation of the fiber length and of
the volume fraction of fiber through the thickness. The fiber waviness and the bundling lead to a decrease
of the stiffness properties and to a reduction of the anisotropy of the composites both in the elastic and in
the plastic regime. The waviness alone can lead to a reduction of 25% of the stiffness both a tortuosity of
10 (see figure 1).
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Figure 1 : Illustration of the decrease of the stiffness in function of the tortuosity
The bundling alone can lead to a reduction of 12.5% of the stiffness for a dumbbell at 0° and to very small
reduction for a dumbbell at 90° (see figure 2). The bundling is also responsible of strain localization in the
region of matrix containing no bundle. This localization leads to an early apparition of failure in these
zones.
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Figure 2 : Illustration of the decrease of the stiffness due to clustering
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Long fiber reinforced composites show in certain cases very long fiber an bundles at the skin and at the
core of the composites and shorter fiber without bundle between the core and the skin. Prediction of long
fiber composite is today still a challenge since the prediction must be function of these specificities.

Fatigue	
  behavior	
  
There is a specific key challenge in durability analysis of short fiber composite material; to account for the
different damage evolution and fatigue characteristics in every element of a structural application.
Prediction of fatigue performance of such composite is today still a challenge as it depends not only over
constituents' properties and microstructure but also over fiber-resin interface properties. Fatigue
performance is also highly sensitive to temperature, loading type (and fatigue in multi-axial loading
conditions is still not well mastered even for simpler materials), moisture level, ... In the following section
we will expose the basis of the mean field homogenization, interfacing to fatigue software for durability
analysis at structural level as well as future challenges.

Effect	
  of	
  voids	
  on	
  material	
  stiffness	
  
Density of voids inside structure at the end of injection process can be predicted by Moldflow. The
presence of voids inside the microstructure induces a loss of stiffness of the material. An example of such
a stiffness loss is illustrated in Figure 3.

Figure 3 : Effects of voids presence on stiffness for aligned and random fibers
In the framework of coupling Digimat to Moldflow, the density of voids varies from one element to the
other one and from one layer to another one (see Figure 4). By computing an equivalent volumic fraction
from density and size of voids, the porosity is taken into account as a separate phase in a coupled
Digimat to finite element analysis. Moreover, the failure of the material can appear for lower values of
stress
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Figure 4: Volumic fraction of voids predicted by Digimat to Moldflow coupling.

Explain	
  what	
  the	
  state	
  of	
  the	
  art	
  is	
  in	
  micromechanical	
  modeling	
  for	
  coupled	
  
analyses	
  for	
  molded	
  composites	
  
Mean field homogenization of fiber composite
This procedure is divided in three sub steps: In the first step, called the localization step, the given
macroscopic strain tensor is localized in each phase of the composite material. In the second step,
constitutive laws are applied for each phase and a per phase stress tensor is computed. The phases’
stress tensors are averaged in the last step to give the macroscopic stress tensor. In such
homogenization scheme the composite behavior will depend explicitly on the phases' behaviors (taking
into account the nonlinearity, if any), the current inclusion shape, the current inclusion orientation and the
inclusions' content (see figure 5). The reliability of homogenization schemes have been tested for a wide
range of combinations of aspect ratio, orientation distribution and volume fraction for different kind of
performance (linear/nonlinear static, failure, ...) .
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Figure 5 : Basis of mean-field homogenization analysis

Long	
  fiber	
  behavior	
  
For the prediction of long fiber behavior, the current methodology is to find an equivalent aspect ratio
(which is lower than the real one) that allows to predict accurately the stiffness behavior, to make small
error on the prediction of the elasto-plastic behavior but which is unable to predict accurately the failure.
Under development methodology models long fiber composites contained a matrix reinforced with two
phases of inclusion, one with isolated fiber properties and one with the bundles properties. The bundle
properties are obtained by the homogenization of the matrix with a high volume fraction of fiber. The
aspect ratio of the isolated fiber is the one observed experimentally and the aspect ratio for the fiber is a
smaller one, obtained from the one of isolated fiber and observation of the mean number of fiber per
bundle (see Figure 6). This methodology allows to predict the strain localization in the matrix.

Figure 6 : New methodology for the prediction of long fiber composites

Fatigue	
  behavior	
  
For the prediction of fatigue behavior of chopped fiber composites, the current methodology doesn't start
from fatigue properties of composite's constituents but from fatigue properties of what is call a "pseudograin". A pseudo-grain is a fictitious composite in which all fibers are full aligned in a given spatial
direction. The DIGIMAT methodology is described in Figure 7. The required inputs are:
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•
•
•

The SN/Wohler curves at pseudo-grain level for three loading directions (usually in fiber, cross
fiber and intermediate directions).
The definition of the composite microstructure to be investigated (fiber aspect ratio, orientation a
fiber content).
The loading to be applied to the composite.

Based on such inputs, Digimat can produce the SN curves for the targeted composite. This is based not
only over mean-field homogenization for the computation of the material stiffness but also on a fatigue
model developed at the pseudo-grain level. Currently such methodology targets high cycle fatigue and
thus assumes an elastic behavior of the constituents and thus of the composite.
Amongst the inputs the SN curves at pseudo-grains cannot be measure. Thus a reverse engineering
procedure (see Figure 8) is available in order to compute these 3 SN curves based on 3 SN curves
corresponding to 3 different loading directions with respect to fiber orientation. This is usually performed
by cutting samples from injected plates corresponding to in-flow/0°, cross-flow/90° and intermediate/45°
main fiber direction.
Thanks to such methodology one can predict, for example, the influence of fiber orientation over
composite fatigue performance. Such example is illustrated in Figure 9.

	
  

	
  
Figure 7 : General methodology to do fatigue with DIGIMAT
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Figure 8 : Reverse engineering of pseudo-grain fatigue properties
	
  
	
  

	
  
Figure 9: Prediction of fatigue behavior as a function of local fiber orientation

Creep	
  behavior	
  
Predicting creep or relaxation behavior can also be targeted by mean-field homogenization. The
methodology is similar to the one described previously relying on constituent properties and composite
microstructure. In this case the resin is assumed to follow a material model exhibiting viscosity as
(thermo)viscoelastic or (thermo)elastoviscoplastic models. Example of comparison of mean-field and
FEA based homogenization is shown in Figure 10 for a relaxation test.
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Figure 10: Interaction Law Scheme vs. FEA on Periodic Unit cell vs. Discrete Affine Method. Spherical
inclusions, f=15%, Relaxation test along direction 1 of the RVE.

	
  
Integrate	
  coupled	
  analyses	
  in	
  an	
  industrial	
  workflow	
  
Digimat is coupled with standard FEA software in order to compute the stresses in every element (at
macro and micro-scales) of a structural mesh. This micro-macro analysis is able of taking into account all
micro-structural variability and constituent material properties. There is no specificity for long fiber
composites. The macro stress of such analysis can be used to feed a fatigue analysis in software
dedicated to durability analysis. Digimat is also interface to such software in order to provide, on-the-fly,
SN curves per element following the local microstructure. A schematic representation of the entire
methodology is given in Figure 11.
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Figure 11 : Schematic representation of coupling between Digimat and durability analysis software

Hybrid	
  solution	
  procedure	
  

	
  
When coupled to FEA, performing nonlinear homogenization on large models can be CPU time
consuming. Thus some hybrid solutions procedure exists in DIGIMAT in order to compute, prior to FEA,
composite material properties based on mean-field homogenization. Such procedure made some
assumptions in terms of composite material behavior at macro level by assuming a phenomenological
model for that scale. Such procedure allows capturing the influence of the local microstructure over the
material and part performance but does not give access to micro-level stresses, strains or failure
indicators.

Describe	
  future	
  efforts	
  concerning	
  simulation	
  of	
  molded	
  plastics	
  parts	
  
Long	
  fiber	
  behavior	
  

The under development methodology presented previously has been tested and validated for the elastic
regime and allows to correctly predict the influence of bundling on the stiffness. The methodology should
be enhanced
•
•

to take waviness into account
to deal with elasto-plastic matrix
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The description of multilayer material in Digimat must be improved in order to define for each layer
specific aspect ratio, volume fraction of fiber, volume and aspect ratio of cluster.

Fatigue	
  behavior	
  

Factors influencing fatigue performance are not only numerous but also interacting together in a complex
way. Many challenges are still open and thus future extension of the previously described methodology
will be performed:
•

•

•
•

Include nonlinear damage evolution at micro-level in order to predict the progressive degradation
of composite and constituents' properties along fatigue loading. A model allowing to predict such
damage evolution in the resin is currently under development in DIGIMAT and will thus target
fatigue of composite/loading conditions for which material durability is only governed by matrix
damage.
In general durability analysis on structural parts assumes linear material behavior in order to take
advantages of superposition principles. This assumption will have to be relief at least partially in
order to be able to update material behavior used by the CAE software along a fatigue load.
Influence of loading multi-axial as well as R ratio over material durability is also a challenge due
to the material heterogeneity and anisotropy.
Influence of environmental conditions (temperature & moisture mainly).

Creep	
  behavior	
  
Two important challenges are still under investigation :
•

•

Improve prediction of mean-field homogenization in order to be able to predict, blindly,
composite creep behavior based on resin creep behavior. Currently mean-field homogenization
required some material parameters adaption following the creep behavior observed at
macroscopic level.
Develop creep specific failure criteria at micro, meso or macro levels.
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