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Abstract. In this work, an approach for a 3D material characterization based
on experiments is presented. Experimentally determined material properties are
used to define a 3D compliance matrix for a more accurate simulation of the
material’s behavior. This includes out-of-plane properties, e.g. transverse con-
traction in thickness direction. To gain complete stress-strain curves in mate-
rial testing, Digital Image Correlation (DIC) is used for strain measurement.
Through the usage of a biplane DIC-setup, out-of-plane measurements includ-
ing strains in thickness direction are possible. Unidirectional endless fiber
composites and short fiber plastic were tested in tension and compression to
determine in-plane and out-of-plane material properties, each for two material
orientations.

Simulations of the short fiber plastic injection molding process lead to fiber
orientations over the thickness, which are compared to computer tomographic
(CT) scans. With adjusted distribution of fiber orientations, simulations of
mechanical behavior in all three directions are presented and compared to test
data.

Keywords: 3D Material Characterization - Digital Image Correlation - Out-of-
plane Properties - Strains in Thickness Direction - Composites - CFRP - Short
Fiber Plastic

1 Introduction

Composite parts have a high potential in weight saving for aerospace as well as auto-
motive applications. In order to exploit this potential, a precise knowledge of the
material’s behavior is necessary. For a complete description of the material behav-
ior, various material properties must be determined experimentally in different mate-
rial directions and under different test methods. Some of these materials values, like
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out-of-plane properties, are often only assessed based on literature or very thick
laminates. For orthotropic materials, strains can be correlated with the stress vector
and a 3D compliance matrix within a linear-elastic region, see Eq. 1 [1]. Here, the
compliance matrix contains 12 engineering constants, that must be determined in
experiments.
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For in-plane properties (1- and 2-direction), standard tests are well established for
orthotropic materials like unidirectional or woven endless fiber reinforced plastics,
shown in Fig. 1.
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Fig. 1. 3D compliance matrix of polymer matrix composite including standard test methods
for each material property

If a unidirectional laminate is regarded as a layup of individual plies in which the
fibers with constant cross-section are arranged exactly parallel and have a uniform
packing density, it is referred to as an ideal ply. This idealization also includes com-
plete fiber-matrix adhesion, as well as the absence of pores, etc. [2].
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For such ideal layers of unidirectional laminates, it is then considered to have
transversal isotropic properties due to the same fiber architecture in 2- and 3-direction.
This idealization leads to a reduction of the orthotropic compliance matrix in Eq. 1,
where E3 = E», v31 = vy1and Gi3 = G2 [1, 2].

For short fiber reinforced plastic, where the direction of the fiber is changing
through the thickness, necessary values and allowable cannot be directly determined
from standard tests because not a single direction like in the coupon test for endless
fibers is tested. This corresponds to element tests for endless fibers. Additionally, for
all types of fibers, the values and allowable related to the third direction are generally
not measured in standard testing.

Standard tests, based on flat specimens in tension and compression were investi-
gated with the use of 3D Digital Image Correlation (DIC) strain measurement. The
3D DIC not only offers complete stress-strain curves [3] which is necessary to use
advanced failure criteria and material models in simulation. Beside strain values in
in-plane, the authors present strain measurements in the out-of-plane (thickness)
direction. With these test data, it is now possible to determine Poisson’s ratios for dif-
ferent directions (v,,, Vi3 Vaps Vp3) and to compare dependencies of the material direc-
tion. In this work, different materials were investigated: short glass-fiber reinforced
polyamide 6 and unidirectional carbon fiber laminate.

Simulations with standard and extended material values were performed for the
short fiber plastic and compared to the experiments.

2 Experimental Work

2.1 Strain Measurement Using Digital Image Correlation

In this work, strain measurement is performed by Digital Image Correlation (DIC).
To gain thickness information during testing, e.g. strains in thickness direction, a
biplane DIC-Setup is used. Therefore, the two surfaces of each specimen are observed
with two or three cameras, so that both surfaces can be mapped in 3D using the DIC-
software (ISTRA 4D, Dantec Dynamics). Figure 2 shows a schematic illustration of
the DIC-Setup. All specimens are prepared with a random speckle-pattern for a grey-
value estimation performed by the DIC-Software. Each surface is separated into sev-
eral facets for which displacement und strain values are calculated. Generally, the
distance of these two surfaces represents the specimen’s thickness. In-plane strains
are calculated by the facet’s deformation, while out-of-plane strains are calculated by
the relative distance change of two facets, lying oppositely on the two mapped spec-
imen surfaces. In this work, all calculated strains are mean values of several facets in
a rectangular evaluation field of about 5 x 3 mm (length x width), depending on the
specimens.
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Fig. 2. Schematic illustration of a biplane DIC-Setup

2.2 Specimens and Test Device

71

An overview of tested materials, specimens and test methods in this work is shown in
Table 1. All tests were driven on a Zwick Z150 testing machine with a speed of 1 mm/min.

Table 1. Overview of tested specimens

Material | Test method | Standard | Dimensions | Thickness | Number of | Fixture / Grip
(acc. to) [mm)] [mm)] specimens
CFRP Tensile 0° ASTM 250 x 15 2 5 Hydraulic
UD-Plain D3039 grip
Tensile 90° 225 x 25 2 5 Hydraulic
grip
Compression | ASTM 140 x 13 2 4 and 4 Hydraulic
0°and 90° | D6641 Composites
Compression
Fixture
Short Fiber | Tensile Dogbone 3 3and 3 Wedge screw
Plastic in- and 140 x 6 grip
crossflow
Compression Dogbone 3 7 and 8 Hydraulic
in- and 140 x 6 Composites
crossflow Compression
Fixture
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Unidirectional Carbon Fiber Plastic (CFRP-UD). Specimens were cut with the
use of a diamond saw or milled out of a plate using diamond coated milling tools.
According to ASTM D3039 and ASTM D6641, the specimen’s dimensions were
250 x 15 mm in 0° fiber direction (tensile) and 225 x 25 mm in 90° fiber direction
(tensile) with a free length of 125 mm, as well as 140 x 13 mm in 0° and 90° fiber
direction (compression) [4, 5].

Short Fiber Plastic. Plates of 3 mm thickness were mold-injected with short glass
fibers and polyamide 6 matrix. After injection, specimens were milled in inflow and
crossflow direction, using the same dogbone geometry for tension and compression
testing. Before testing and application of the speckle pattern, the specimens are dried
in an oven at slightly elevated temperature for several days until relative weight loss is
nearly asymptotic.

Table 2. Tested specimens

Test method Specimen
Tensile
CFRP UD 0°

Tensile
CFRP UD 90°

Compression
CFRP UD 0°
Compression
CFRP UD 90°
Tensile
Short Fiber
Plastic
Compression
Short Fiber
Plastic

2.3 Test Results

In the following stress-strain diagrams, the colors of the single curves are according to
the shown cartesian coordinate system, where the x-direction corresponds to the load-
ing direction, whereas the y-direction is orthogonally on the specimen’s surface. The
z-direction is directed towards the thickness and out-of-plane direction.

Due to high noise in the DIC calculated strains in z-direction, this data is filtered
by a moving average over nine data points, which was sufficient for an average curve.
By the use of an additional camera aligned on the specimen’s side to perform an addi-
tional 2D-DIC measurement, the measurement noise in z-strains is lower compared
to the calculation through the relative thickness change of the two mapped surfaces.
Therefore, no additional moving average was performed here. This setup was used
only in one test series (tensile CFRP UD 90°). Material properties are calculated using
linear regression between datapoints of &y = 1000% and g,p = 3000% of strain
in load direction. For every material and both orientations (0° and 90°, or inflow and
crossflow) mean values and their standard deviation are presented. Material properties
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were calculated as follows, using a linear regression approach for loading in 1-direc-
tion (CFRP UD 0° or short fiber plastic inflow):

vi2 = _on 2)
Aegy

vig = =22 3)
Aegy

The Poisson’s ratios vp1 and vy3 represent the transverse contraction of the material
loaded in 90° or crossflow direction with the same quotient of local strain differences.
In this work, applied tensile forces result in positive stresses and positive strains in
axial direction, whereas applied compressive forces are defined as negative resulting
stresses and strains in axial direction.

Tensile CFRP UD 0° and 90°. Stress-strains curves of the tensile tested CFRP
specimens are shown below. In Fig. 3a, strains in x-direction (red curves) show
a clear, nearly linear curve for the 0° specimens. On the other hand, z-strains (blue
curves) show a high noise in the data, which was filtered as described above. Some
specimens show positive z-strains at the beginning of the test, whose possible cause
has to be further investigated (e.g. uncertainties in DIC z-strain calculation, grip-
ping-effects or other). Fig. 3b shows the stress-strain curves of 90° tensile testing,
where an additional camera was faced towards the small specimen’s plane. Hereby, an
additional 2D-DIC measurement was done, which shows less measurement noise of
z-strains. An offset of the single curves of the z-strains can be observed, which again
has to be investigated in the near future.
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Fig. 3. Stress-strain curves of CFRP UD a 0° and b 90° tensile testing

Compression CFRP UD 0° and 90°. Strains in x-direction of compression tests
are shown as an average of front- and backside at each timestep of each specimen in
Fig. 4a for 0° and b for 90° specimens. Again, strains in z-direction of the 0° speci-
mens show an elevated noise in the measurements. The noise of strains in z-direction
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in Fig. 4b seems to be lower, but due to the high strain values until rupture, the noise
is only poorly visible in this diagram.
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Fig. 4. Stress-strain curves of CFRP UD a 0° and b 90° compression testing

Determined Material Properties of CFRP UD 0° and 90°. In Fig. 5, the deter-
mined material properties based on the previously presented test data is shown. Figure
5a shows material properties for the 0° tensile and compression specimens, Fig. 5b
for the 90° tensile and compression specimens. Comparing one material direction for
different load direction (tension and compression), stiffness and Poisson’s ratios are
different. Major differences in stiffness and transverse contraction, e.g. E| and Ej, or
v12 and vy are based on the unidirectional carbon fiber lying either in load direction or
orthogonally to it.
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Fig. 5. Determined tension and compression material properties of CFRP UD a 0° and b 90°

Calculated values for Poisson’s ratios including the third direction show partly
high standard deviations due to measurement noise in the calculated z-strains.
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Nevertheless, differences between vy3 and vy3 are observed, which may indicate, that
these material properties depend on the load direction for this material. Also, these
values are different from values of in-plane transverse contraction vy, and vy.

Tensile Short Fiber Plastic Inflow and Crossflow. Test data of the second mate-
rial tested is shown in the next diagrams. Again, two directions of the material are
con-sidered. In Fig. 6, tensile test data of a) inflow and b) crossflow direction of the
short fiber plastic is presented. Ultimate strains in load direction (x) for the inflow
direction specimens are lower but ultimate stresses are higher compared to crossflow
direction specimens. In both diagrams, it is clearly shown that strains in y- and z-di-
rection differ from each other.
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Fig. 6. Stress-strain curves of short fiber plastic a inflow and b crossflow tensile testing

Compression Short Fiber Plastic Inflow and Crossflow. In compression tests,
strain in load direction (x) is averaged from the front- and backside of the specimen.
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Qualitatively, differences of ultimate strains and stresses in the single directions
are similar to tension tests.

Determined Material Properties of Short Fiber Plastic Inflow and Crossflow.
With the data of tension and compression tests shown above, material properties were
calculated. Figure 8a shows material properties for the inflow specimens, Fig. 8b
for the crossflow specimens. For both material orientations, compression stiffness is
higher than tension stiffness. Due to the expected different fiber orientations of the
materials, stiffness values are different comparing the material orientation. Here the
inflow specimens show a higher Young’s modulus.
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Fig. 8. Determined tension and compression material properties of short fiber plastic

Also, the Poisson’s ratio vi> shows higher values than vy for the crossflow spec-
imens indicating the higher degree of fiber orientation in inflow direction. Standard
deviations in Poisson’s ratio containing the third direction (v13, v23) are elevated again,
probably due to higher measurement noise in z-strains.

3 Simulation

3.1 Injection Molding Simulation

In order to capture the fiber orientations of the short fiber plastic, the manufacturing
process of plates were simulated. The plate geometry was simulated by means of the
filling simulation software CadMould. The plates of thickness 3 mm are the basic
material for the later milled testing samples. With the target of getting a realistic out-
put, the relevant areas including the thermal system of the injection tool were repli-
cated. Other parameters of the simulation have been chosen according to measured
data of the real process. The fiber orientation result is decomposed into layers along
the thickness direction. Due to symmetry, only one half of the thickness is regarded.
Here, layer 1 corresponds to the inside layer starting from the symmetry plane and
layer 5 to the outside layer of the plate (see Fig. 9).
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layer 1 (inside) layer S (outside)

Fig. 9. Fill simulation: a layout, b layer 1 (inside) and ¢ layer 5 (outside)

In-between there are further 3 layers as results available. Furthermore, the orienta-
tions are determined in two directions across the cross section as inflow and crossflow
(see Fig. 10). Due to 2.5D fill simulation method the third direction is only a constant
value. The fiber orientation of the plate model was then exported as a relevant result
for further investigations.

Based on this software export, the fiber orientations were investigated layer-wise
along the plate thickness and compared with measurements of the manufactured
plates using CT scans. The simulation results of the fiber orientations are partly dif-
ferent from the measured values (see Fig. 11). A first comparison with the measured
CT scan shows that the CadMould simulation results sometimes deviate quite signifi-
cantly and by themselves are not sufficient to meet the reality. Thus, further investiga-
tions must follow to identify the reasons for that and to adjust the setup for improving
the forecast of fiber orientation.
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Fig. 10. Fiber orientation per layer
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3.2 Mapping

For making the fiber orientation output usable for FEA, the exported data need to be
converted and transmitted to the FEA mesh. For this, the software tool CONVERSE
was used, which provides such an interface between CadMould and Abaqus.

The fiber orientation data were mapped to the final mechanical model. However,
the mapped result could not be accepted without further processing due to the devi-
ation in the fiber orientation. Because of the discrepancy in the CadMould simulated
results, the mapped output needed to be manipulated, which was done manually by
scripting because of less complexity of the sample mesh. The simulation model is still
quite manageable in terms of complexity and therefore it was possible with a simple
scaling approach to manually edit the fiber orientation definition in the areas to be
considered.

Furthermore, the anisotropic/orthotropic material was calibrated based on the
sample test results in tension and the measured fiber orientation distribution over the
thickness. For this, CONVERSE offers the possibility of carrying out a material cali-
bration based on the tensile test results. Here the material has been adjusted to tension
with the appropriate assignment of the fiber orientation via the sample thickness for
the first main direction.

3.3 Finite Element Analysis

In a third step the generated files were used for FEA. By means of Abaqus solver
the sample geometry was simulated by loading in tension and in compression. The
material calibration was done by considering the tensile measurements of test samples
and the CT scanning measurements fiber orientation distribution across the thickness.
Therefore, the behavior of the sample simulation in loading direction met sufficiently
the measured real values taken from DIC (see Fig. 12).
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Fig. 12. Tensile behavior of inflow and crossflow samples

3.4 Postprocessing

In post-processing, the technical strain in the different spatial directions and the stress
of the virtual sample were evaluated via displacements of the corresponding pairings
of nodes. The DIC provides additional technical strain values in second direction per-
pendicular to loading direction on the sample surface which were compared with the
FEA generated results. In the relevant area, the strain values were calculated based on
the displacement of node pairs in all the directions and for all the directions as well
as the stress is plotted over those strain values. The transverse contraction in-plane is
also shown in Fig. 13.
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Fig. 13. Transverse contraction in-plane by loading in tension

For the FEM, however, further material data are often missing for a sufficient
description of the anisotropic (orthotropic) behavior of a multiphase material like
this. However, the DIC opens new ways of recording the transverse contraction in the
thickness direction of the sample. This was also compared with the sample behavior

in the simulation (see Fig. 14).

The potential of the material is not fully exploited, when loaded in compression.
The DIC can also be used to measure strains under compression loads, especially
where dimensional limitation does not allow the use of mechanical extensometer.
Additionally, buckling effects need to be monitored and imperfection needs to be con-
sidered and evaluated. The compression test results of the specimens were compared

with the FEM, too (see Fig. 15).
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4 Summary and Outlook

Two materials, unidirectional CFRP and short fiber plastic, were tested in tension and
compression in two directions. With the use of digital image correlation, complete
stress-strain curves were created with strains in in-plane and out-of-plane direction.
For the investigated materials, material properties like Young’s modulus and Poisson’s
ratio were calculated based on these experiments, including transverse contraction in
thickness direction.

With numerical methods, the short fiber plastic was simulated, starting from man-
ufacturing process to generate the distribution of fiber orientations. Computer tomo-
graphic scans were compared to simulations and used to validate the fiber directions.
Adjustments were done to the orientations to have a more correct representation
which were then implemented in a material model for FEM. Here, the material behav-
ior in tension and compression loading, including the thickness direction was simu-
lated and compared to experiments.

Complete stress-strain curves, which are necessary for smarter testing using
standard test results on coupon level as well as digital twins, can be determined for
unidirectional and woven endless fiber reinforced plastics. The substitution of clas-
sical strain gauges by digital image correlation allows to measure the third direction
Poisson’s ratio free of charge, in case of the usage of biplane DIC setup. Additionally,
a video is available to investigate the failure mode in more detail.

For short fiber reinforced plastics, material values and allowable cannot be deter-
mined directly from standard tests because the fibers have different orientations
through the thickness of the specimen. This is similar to element tests for endless fiber
reinforced plastics. Based on tension, compression and shear tests, the material values
and allowable for a single direction short fiber reinforced material can be determined.
According to Fig. 16, the 81 values and allowable needed for a complete 3D charac-
terization of the short fiber reinforced plastic can be determined using results from
320 standard tests at three temperatures and the use of numerical methods in standard
software.

A validation — comparison between higher level tests and simulation — will be
done in a next step. Infill simulation using different software tools is planned and will
be compared to CT-scans. To reduce testing, ALTAIR Multiscale Designer will be
used to simulate fiber-matrix behavior on a micromechanical level and will be part of
smart testing for the future. Further investigations will be done for the third direction
measurements including different materials and the reduction of noise in DIC z-strain
measurements.
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