Biaxial stress tests

In this section multiaxial tests for different types of transverse stresses are explored. Equal
tension2-tension3, tension2-compression3, compression2-tension3 and compression2-
compression3 stresses were imposed on the ten-fiber RVE model with plasticity, matrix
damage and interface delamination. A strain value of 0.08 is used to find the stresses in the

biaxial tests.

Test: Biaxial loads in 2-3 transverse directions

Figure 6.14: Stress strain curves for biaxial transverse loading with plasticity, matrix damage and interface degradation.
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Creating Envelopes

In Figure 6.15, the results of the 2-3 biaxial and the 2 and 3 uniaxial tests are plotted to create

a rough failure envelope. The inner envelope shows the interface damage initiation in the

tension-comporession cases. The other envelope shows the first element damage occurance. A

finer resolution of loadcases is requiered for a more accurate envelope shape.

Failure Envelope

-0,08 -0,06 -0,04 -0,02 0 CZ.‘;‘_ 0,04 0,06

O: |GPa )

Figure 6.15: An 8-point failure envelope showing initial damage for plasticity, matrix damage and interface
degradation models
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6.3. Approach to backward iteration

While the material models and stress state affect the stress strain curves, several of the
simulations average stresses deviate from the initial load case throughout the simulations.
These problems are almost not present in the damage and delamination cases presented, due
to the small deformation before failure. While the tension 2-tension 3 load case seem to
include a deviation in the average stresses, closer investigations showed that the inter-fiber
matrix element failed before the stresses diverge.

Therefore, this method is investigated with plasticity models only as other possible constituent
material models and damage models might allow for greater deformations than the damage
models applied in this thesis.

When examining Figure 6.1 and Figure 6.16, the sharp edges on the first figure is apparent
compared to the second figure. This is due to the stress divergence. When the stress is
adjusted, the sharp edges soften. In Figure 6.1 is a tension manifesting in the other transverse
direction as shown in graph Figure 6.5.

The backward iterative method used to maintain initial load case is described in 3.7, Strength
prediction. To identify when a stress component is marked as diverging, an absolute or a
relative limit can be applied. A relative approach with a limit of 5% of the loaded stresses is
used to identify when a stress is diverging. The high treshold for stress divergence is used, as
an optimal solution is not the goal of this investigation. Any functional method is accepted.

Figure 6.16: A transverse macrostrain with readjustment, intended to stretch the plastic RVE by ~10%
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Test: Backward iteration to adjust load case for tension in transverse-2 direction
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Figure 6.17: Stress strain curves showing the readjustment of the macro strains for transverse-2 tension with plasticity

Test: Backward iteration to adjust load case for shear in 1-2 direction
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Figure 6.18: Stress strain curves showing the readjustment of the macro strains for 1-2 shear loading with plasticity



Test: Backward iteration for tension in transverse-2 and shear in 1-2 direction
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Figure 6.19: Stress strain curves showing the readjustment of the macro strains for transverse-2 tension and shear in 1-2
direction with plasticity

Test: Backward iteration of shear in 1-3 and shear in 1-2 direction
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Figure 6.20: Stress strain curves showing the readjustment of the macro strains for 1-2 and 1-3 shear loading with

plasticity
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7.Discussion:

In this chapter the modelling, approach and results are discussed with respect to the feasibility
of the applied method. After the RVE modelling is addressed, the results from chapter 4, 5
and 6 are discussed before the entirety of the tool is assessed. Afterwards, ideas for further

work will be discussed.
RVE model generation

A few of the generated RVE models caused errors in the simulations. From investigating the
error messages, it seems that the fiber placement algorithm allowed for some fibers to be
placed, so a minuscule bit of the fiber appeared in the opposite corner of the RVE. As these
corner elements were much smaller than any modelling parameters, the script malfunctioned
in applying the constraint equations. When this error occurred, a new random key was
assigned and a new RVE model was created. While this workaround was used, the errors
show that not all fiber populations generated by the developed fiber placement algorithm are

modellable by the script.

Another aspect in the modelling is the deviation in modelled fiber volume fraction in fiber
populations, due to fiber variation. Currently, this parameter is free to deviate with each
random key. This might cause greater deviations when performing a statistical amount of
simulations, so the fiber volume fraction in the RVE models should be better constrained to

obtain consistent results.
Estimation of elastic properties

The estimated elastic properties for the glass fiber correlate reasonably well with common
micromechanical approximations (Hull, 1981). The modelling of an interface was shown to
have little effect on the estimations, unless the interface was modelled as a weaker material. In

these cases, the elastic properties in the transverse directions were affected.

The parameter investigation illustrates how changes in the different parameters can provide
information about the deterministic effect of these design parameters. As stiffness tests are
performed with linear behaviour, these simulations can be performed very quickly. Due to
this, extensive tests for investigations of these parameters can be investigated quickly.
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Linear biaxial stress cases

While these simulations were used to investigate load cases, the modelling of linear behaviour
is quite limiting with respect to the investigation of physical phenomena. The envelopes
produced might still be used to estimate initial load capabilities before damage initiation. Both
the produced max shear stress and max principal strain envelopes indicate higher loading
capabilities in the compression-compression load cases relative to the other load cases. This is
a feature shared with common composite failure criteria like Hashin (Hashin, 1980) and Puck
(Puck & Schiirmann, 2004).

Nonlinear behaviour

While the plasticity tests in 6.1 provide little realistic insight, results from the simulations
with damage models were more promising. The transverse compression cases for the damage
models supports findings of Gonzalez and Llorca (2007) and the transverse tension case
supports the findings of Pulungan et al. (2017). In both cases, the general shape of the stress
strain curves and the relative estimated values correlate reasonably well with the produced

results.

The 1-2 shear strength was compared to the results from Naya et al. (2017). In this case, a
similar stress strain curve was found, but the shear strength was found to be distinctly lower
than the estimations from Naya et al. (2017). A reason for this might be that the simulations
by Naya et al. (2017) were performed on models where the interface is modelled as a
transverse isotropic material with shear stiffness constants slightly higher, and the normal
stiffness constant slightly lower than the matrix’s Youngs modulus. The interface material in
the RVE models produced in this thesis are modelled as an isotropic material with the same
properties as the matrix. This difference in the interface’s elastic properties might explain the

differences in estimated strength values.

The strength tests in this thesis were performed on a single RVE with slightly lower stiffness
in one of the transverse directions as shown in equation (9). A similar difference was found in
the transverse tension strengths in Figure 6.6 and Figure 6.7. The difference in elastic
properties in the transverse directions, with a similar strengths difference in the same
corresponding directions, further indicates a relationship between elastic properties in a
direction and the strength in the same direction. As both the shear strength and the transverse
tension strength, indicates a relationship between stiffness and strength, a relationship is

assumed. This should be researched further and tested before any conclusions can be made.
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Failure envelopes

The produced failure envelope presented in Figure 6.15 was based on stresses at initial failure
in the elements, caused by the applied damage models. The produced envelope shares features
with failure criteria like Hashin (Hashin, 1980) and Puck (Puck & Schirmann, 2004). Still,
there is a need for a finer load case resolution to determine the shape of the failure envelope.

The produced envelope was based on strength test of a single ten-fiber RVE. To get an
envelope which may be used to predict failure, the envelopes should be based on results from
several RVE models to establish an average with a statistical deviation. The tests should also
be performed on different sized RVEs to determine the effect of the RVE size.

The stresses in the produced envelope are based on stress at damage initiation. While these
values were chosen for this case, several other values, like max stress and failure strain, can
be extracted and used to create several different models as done for different stress variants in

chapter 5.
Backward iterative process.

As shown in the figures in 6.3 the developed backward iterative method manages to influence
the stresses manifesting in the RVE. While this method was sufficient to adjust the stress case
back to the initial load case after the initial stress deviation, the method stagnates before
massive deformation manifests. The stagnation of the process is assumed to be due to the
stiffness matrix changes throughout the deformation. At one point the initial stiffness matrix

is no longer a valid reference between the average stresses and the macro strains.

While this problem might be solved, the sharp edges on the figures in 6.3 are assumed to be
caused by sudden changes in macro strain propagation. An approach with user subroutines in
Abaqus is therefore recommended to achieve more stable load case simulations.

Accurate estimations of composite properties

As the aim of this thesis has been to investigate the modelling method, the material models
and produced results are not intended to accurately portray and calculate a specific composite
material. While epoxy and glass fiber material parameters are used in the investigations,
accurate estimations of real composites will require specific constituent properties. In

addition, the results should be confirmed with experimental results.
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The simple material models used in this thesis are intended to demonstrate the effect of using
different material models, and are not intended to find high fidelity estimations of composite
properties. Even though element convergence tests are usually applied to increase fidelity,

these are not performed in this thesis because they are outside the scope of this thesis.

Multiscale modelling of fiber composites

As demonstrated in this thesis, developing and implementing a modelling approach based on
first order homogenization to perform stiffness and strength estimations in an FEA
environment, is feasible. The script developed in this project can now model RVEs from
given design parameters and perform stiffness and strength estimations which correlate
reasonably well with similar published work. To perform high-fidelity estimations of
composites with the developed tool, the results need to be confirmed with experimental

results before they can be deemed accurate.

The script is now functional, but seeing that the complexity of the script increases with added
content, the code should be refactored to ensure repeatability and to make further

development easier and more efficient.

7.1. ldeas for further work
Thermal expansion

To investigate residual stresses developed in the curing process, the specific volume change in
the RVESs constituents can be modelled (Gonzalez & Llorca, 2007). To model this,
mechanical thermal expansion can be implemented to the developed tool. This also allows for

investigation of expansions due to thermal effect or saturations.
Improved stress tests

To better maintain load cases, user subroutines in Abaqus and Fortran should be studied. This
might lead to more stable nonlinear load case simulations which might be necessary for other

material models which might improve the estimations.
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Interface modelling

While cohesive elements were used to model the interface in this thesis, this does not exclude
the possibility of adding an option of switching between cohesive surfaces and cohesive
elements in the tool. Both options are possible to use when modelling delamination, and the
investigation of the different results might be interesting.

Material models

The script is organized to facilitate for implementation of new material models. This option
allows for easy toggling between different material models and the possibility of cycling
through several material models when performing simulations. This would allow for failure
envelopes based on several possible material models. The concrete plasticity damage model
used by Naya et al. (2017) has been imported to the script. By investigating other publications
and getting material parameters from experiments, a library of different material models can

be created to test the effects of these different models.
Inter-fiber area

A finer mesh resolution will also help in the investigation of minimum inter-fiber distance.
Currently, the mesh resolution is so large that only a single element is placed between the
interfaces of two closely packed fibers. With smaller mesh sizes this area can be investigated

with a greater resolution which might provide insight to the effects in this area.
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8. Conclusion:

A script which applies a multiscale modelling method based on a first order homogenization

approach has successfully been developed and implemented in an FEA environment to model
the microscale of composites and perform simulations to estimate stiffness and strength. The

script is able to generate RVE models from a set of controllable design parameters and given

material models to perform stiffness and strength estimations. To demonstrate the developed

tool, an epoxy and glass fiber composite was modelled from simple material- and damage

models.

In a brief investigation of elastic properties, the converged average from several different
fiber distributions was found to converge toward similar values. It was also shown that the
scatter in these results decreases as the RVE size increases, which provides a convergence
from fewer samples. The strength estimates were found to correlate with findings from similar

published work.

Altogether, this indicates that a script based on this method could provide practical insight to
composite performance. As the project was defined as a feasibility study, the achievements
from the developed tool have not been confirmed with experimental data. Before such a tool
is applied in product development cases with composites, the results procured through this

method should be confirmed with experimental data.
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