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Abstract

Short fiber-reinforced composites manufactured by injection molding exhibit an alignment of
the fibers superimposed by a manufacturing process induced scatter. As a result, the compo-
nents possess a scatter in their mechanical properties due to the local scatter in fiber length,
fiber orientation and fiber volume content. In this paper, we investigate the scatter of mechan-
ical properties and fiber orientation of a glass fiber-reinforced phenolic resin with a fiber
mass content of 37.5 wt% manufactured by a thermoset injection molding process [1]. Rec-
tangular plates of 2 and 3 mm thickness and a size of 190 x 480 mm? were manufactured.

The objective is to investigate the local variation of mechanical properties (Young’s modulus,
tensile strength and fracture strain) and fiber orientation and to evaluate the data statistical-
ly. Tensile tests are performed on miniature specimens of 36 mm length, 2 mm thickness and 2
mm width tested in 0° and 90° direction. The local mechanical properties are correlated with
the local fiber orientation evaluated on in-plane micrographs taken on every specimen. On
the 3 mm plates, tensile tests on specimens with shortened ISO dimensions are performed. The
strain is evaluated globally and locally by digital image correlation (DIC).

The investigated material shows fiber alignment in flow direction with the sprue positioned in
the middle of the plates. The fiber alignment is superimposed by a large local process induced
variation of the fiber orientation.
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Multiscale Analysis.
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1 INTRODUCTION

Short fiber-reinforced polymers are used in lightweight construction due to their low spe-
cific density. Fiber-reinforced polymers produced by the thermoset injection molding process
can achieve the material properties of aluminum, while requiring less energy in production [2].
However, short fiber composites have a disordered and process-dependent microstructure.
This leads to a local scatter of fiber orientation, fiber length and fiber volume content, which
results in a scatter in material behavior. In order to better exploit the lightweight potential, the
uncertainty of the material behavior must be taken into account in the design process. The
consideration of the uncertainty can be done by probabilistic multiscale simulations along the
process chain, in which case uncertainty is considered in both, process simulations and struc-
tural mechanics simulations. To investigate the material uncertainty, specimens can be taken
from the same positions of different components, or many different samples can be taken
from one component.

In the thermoset injection molding process, fiber plastic mixtures are plastified in a screw
extruder and injected under high pressure into a cavity where they solidify. The fibers change
their orientation due to the flow. Different orientation layers form over the component thick-
ness. Even though the layers have preferred directions, scattering and a disordered reinforcing
structure still exist [3]. The thermoset injection molding process delivers high component
quality via holding pressure and temperature control. Nevertheless, the material and the pro-
cess are exposed to varying influences (storage time, temperature, humidity, etc.), which
cause scatter even in a stable process [4]. In [5], for example, scattering of the material tem-
perature at the inlet to the cavity was observed. In addition, scattering of the fiber length oc-
curs because the fibers break during the process, which also affects the component properties
[6]. In [1], a fiber volume dependence of the fiber length was also observed. With a higher
fiber volume content, the fibers are shorter on average.

We investigate experimentally the scatter of the mechanical properties on 2 and 3 mm
thick plates for one fiber mass content for a short-glass fiber-reinforced phenolic resin. A
large number of small specimens taken from two 2 mm thick plates is tested to get an infor-
mation on the scatter of the mechanical properties in a plate. The evaluation of micrographs of
the specimen heads enables the correlation of the mechanical properties with the fiber orienta-
tion. Larger ISO specimens taken always from the same position of different plates are tested
to investigate the scatter of the mechanical properties between different plates.

2  EXPERIMENTAL INVESTIGATION

2.1 Material

The investigated material is a glass fiber-reinforced phenolic resin with a fiber mass con-
tent of 37.5 wt% manufactured by a thermoset injection molding process [1]. The glass fibers
possess a diameter of 13 pm and an initial length of 4 mm. After manufacturing the fiber
length has a scatter with a mean value of 378 um [1]. The manufacturing was done at Fraun-
hofer ICT in Pfinztal, Germany. Rectangular plates of size 480 x 190 mm? with a central
sprue and 2 and 3 mm thickness were manufactured.
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Figure 1: Tensile specimens.

2.2 Experiments and evaluation

Quasi-static tensile tests are performed on specimens of two different scales with cross-
sections of 2 x 2 mm? and 3 x 10 mm?. The specimen plan is shown in Fig. 1. Miniature spec-
imens with a length of 36 mm are taken from two 2 mm thick plates (see Fig. 1 left and mid-
dle). 90 miniature specimens were taken in 0°-direction and 85 in 90°. To investigate the
scatter between different plates, shortened ISO size tensile specimens after DIN EN ISO 527-
4 [7] with a width of 10 mm are taken from 3 mm thick plates. The specimen plan is shown in
Fig. 1 right. Four specimens in 0° and four in 90° are placed on one plate. Two 90° specimens
are placed sprue near and two specimens sprue far. In addition, shear and compression speci-
mens are extracted from the 3 mm thick plates, the results of which are not shown here. Here,
results of 56 tensile tests on ISO specimens (28 each in 0° and 90° direction) will be shown,
which are taken from seven different plates. All specimens were cut out by water-jet cutting.

An electro mechanical testing machine is used for the tensile tests. All specimens are tested
until fracture. The miniature specimens are tested with a velocity of 1 mm/min. The strain on
the miniature specimens is measured by an extensometer with an initial length of /o= 10 mm.
The ISO specimens are (except for some specimens at the beginning) tested with a velocity of
4 mm/min. The strain on the ISO specimens is measured optically. A speckle pattern is ap-
plied on one specimen side. The local and global strain is evaluated afterwards by digital im-
age correlation in the software GOM Aramis. All specimens are evaluated with respect to
their engineering stress and engineering strain. The engineering stress is defined by

Oeng = F/AO (1)

with the force F and the initial cross-section Ay. The engineering strain is defined by
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&ng = Uy (2)

with the actual length / and the initial length /p. The Young’s modulus E, the tensile
strength R,, and the fracture strain A4 are evaluated for every specimen.

2.3 Determination of fiber orientation tensor

The fiber orientation is determined on one specimen head of each tested dogbone shaped
miniature specimen. The lower specimen head of each tested specimen in Fig. 1 was taken
from the 0° specimens and the left head from the 90° specimens. The specimen heads are in-
plane ground and polished at a depth of 100-200 um from the surface. The fiber orientation
tensor (FOT) of second order after [8], here termed ajj, with 1,j={1,2,3} is determined from
microscopic images of size 1.3 x 1.6 mm? The FOT is evaluated with respect to the coordi-
nate system in Fig. 1 middle. The microscopic images are selected as representative of the
whole specimen head. The segmentation of images and the evaluation of the FOT is done in
Matlab. Fibers that are too close together to be detected automatically are separated manually.
Due to the large local scatter of the fiber distribution, the determined fiber orientation pos-
sesses a large scatter.

3 RESULTS

The tensile test results of the two specimen sizes are shown in separate sections. At the end,
the mechanical characteristics (Young’s modulus, tensile strength and fracture strain) of the
two specimen sizes are compared with respect to their cumulative distribution functions.

3.1 Miniature specimens

The stress-strain curves of the miniature specimens are shown in Fig. 2 for 0° and 90°. All
tensile tests show a brittle fracture behavior with a fracture strain slightly above 1%. The
specimens show no necking. The tensile strength for 0° specimens is higher than for the 90°
specimens.

120 120

0°-specimens: 90°-specimens:

100 A 100

804 80

601 60

404 40

Engineering stress [MPa]
Engineering stress [MPa]

20 A 20

0 T T T T T T T 0 T T T T T T T
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
Engineering strain [-] Engineering strain [-]

Figure 2: Stress-strain curves of miniature specimens in 0° and 90°.

The mechanical properties of the miniature specimens are shown mapped on the plates in
Fig. 3. Each colored rectangle corresponds to the position of a specimen. In this way, the scat-
ter of the mechanical properties can be compared with the positions of the specimens. The
Young’s modulus and the tensile strength are both higher for the 0° specimens. Next to the
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sprue, in the bottom row, the Young’s modulus and the tensile strength are both lower for the
0° specimens. For the 90° specimens, they are slightly higher in the bottom rows. The tensile
strength of 0° specimens is higher in the middle of the half plate. The fracture strain values do
not show a clear direction dependent behavior. All values show a scatter over the plates.
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Figure 3: Mechanical properties of miniature specimens on the plates.

The diagonal elements of the evaluated second order fiber orientation tensor are shown in
Fig. 4 together with their cumulative distribution functions. The fiber orientation tensor is
evaluated with the coordinate system shown in Fig. 1. The a;; component coincides with the
0° specimen direction. As the diagonal elements of the second order fiber orientation tensor
sum up to 1, the a33 direction, the out of plane direction, is not shown, as it has the lowest val-
ues. Most fibers are oriented in aj; direction for both plates. However, next to the sprue, in the
bottom rows, the a;; component is lower and the ax> component is higher. The cumulative dis-
tribution functions show a low difference between the two plates: The a;1 component of the
90° plate is higher than that of the 0° plate.
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Figure 4: Local fiber orientation tensor.
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The polished specimen heads show a high local scatter of the fiber orientation. Fig. 5
shows two different microscope images taken from the same specimen head. The microscope
images have a distance of 3.2 mm. Although the microscope images are taken from the same
specimen head, the fiber orientation shows a large variation. The right microscope image
shows more fibers aligned in a; direction that the left one.

Figure 5: Two different evaluation images from the same specimen head from the middle of the 0° half plate.

The correlation of the mechanical properties and the fiber orientation are shown for both
plates in Table 1. For both plates and testing directions exists a high positive correlation be-
tween the tensile strength and the fracture strain. If a specimen breaks at low strength, it also
has a low fracture strain. For the 0° plate, there is a middle positive correlation between the
Young’s modulus and the tensile strength. For the 90° plate, there is a middle negative corre-
lation between the Young’s modulus and the fracture strain. For the 0° plate , the highest posi-
tive correlation between the fiber orientation and the mechanical properties is found for the
Young’s modulus and the a;; component of the FOT, which coincides with the negative cor-
relation to the az» component, as the ai; and the ax» component of the FOT are strongly nega-
tively correlated.

For both plates, there is a slight positive correlation between the tensile strength and the
specimen direction: for the 0° plate, R and a1 correlate slightly and for the 90° plate, Rm and
az2. With more fibers oriented in tensile direction, the tensile strength gets higher.

For both plates, there is likewise a slight positive correlation between the fracture strain
and the component of the FOT transverse to the specimen direction: for the 0° plate, 4 and a»>
correlate slightly and for the 90° plate, 4 and ai1.

0°\90° FOT ax FOT a; E R A
FOT ax 1.00 0.08 0.12 -0.01
FOT ani 1.00 -0.08 0.00 0.09

E -0.39 0.35 1.00 0.03 -0.37
Ry, -0.09 0.15 0.33 1.00
A 0.13 -0.04 -0.10 1.00

Table 1: Correlation matrix for 0°-specimens in lower triangle and 90°-specimens in upper triangle.
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Figure 6: Stress-strain curves of ISO specimens with specimen plan in the same colors.

3.2 1ISO size specimens

The stress-strain curves of the ISO specimens are shown together with their removal posi-
tions in Fig. 6. The curves of the four removal positions are differently colored. All tests show
again a brittle fracture behavior without a visible necking of the specimen or a localization of
the strains. The tensile strength and Young’s modulus are likewise higher in 0° direction. The
Young’s modulus of the 90° specimens is next to the sprue lower than at the end of the plates.
There is a scatter between the test curves of specimens taken from different plates at the same

positions. However, this scatter is smaller than the difference between curves of specimens
from different positions.

Figure 7: Different evaluation grids of local strain.

Additionally to the global strain evaluation, the strain in the tests of the ISO specimens is
also evaluated locally. The local strain is evaluated for three different grid sizes shown in Fig.
7: a 30x8 grid with an edge length of 1 mm, a 10x2 grid and a 3x1 grid. The cumulative dis-
tribution functions of the local longitudinal, transverse and shear strain are shown in Fig. 8 for
two exemplary specimens at a global longitudinal strain of 1%. For specimen 1, the local
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properties show lower scatter for a larger grid. For specimen 2, especially the longitudinal
strain and the shear strain show no grid size dependent behavior. This specimen has larger
regions where the strains are similar in magnitude.
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Figure 8: Local strain variation for two different specimens at global longitudinal strain of 1%. Shown are the
cumulative distribution functions for the local longitudinal, transverse and shear strains for different sizes of
evaluation grids.

3.3 Comparison of different specimen sizes

The two different tested specimen scales can be compared concerning their scatter. There-
fore, the mechanical properties of tests on the two different investigated specimen sizes are
given in Fig. 9. The cumulative distribution functions of the different specimens and testing
directions and specimen positions are given for the Young’s modulus, tensile strength and
fracture strain. Additionally, the mean values and standard deviations of the mechanical prop-
erties are given in Table 2. The scatter of the mechanical properties is for the tests on the min-
1ature specimens larger than for the tests on the ISO specimens. As the miniature specimens
are taken from positions over the whole plate, their properties show the scatter on the whole
plate. The scatter of the properties of the ISO specimens is the scatter between specimens tak-
en from the same position of different plates. This means the scatter between different plates
under the same manufacturing conditions is lower than the scatter inside a plate.

The Young’s modulus and tensile strength values are for both specimen scales higher in 0°
than in 90° because more fibers are aligned in 0°. The tensile strength values of the tests on
the ISO specimens are in the upper range of the scatter of the tests on the miniature specimens
for both directions. Perhaps the miniature specimens have a pre-damage because of the water-
jet cutting process, which leads to a lower tensile strength. Or the higher surface-to-volume
ratio of the miniature specimens leads to an earlier damage. The fracture strain of the tests on
the ISO specimens is in both directions similar to the tests on the miniature specimens in 90°.
The fracture strain of the tests on the 0° miniature specimens is slightly below the fracture
strain of the other specimens.
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Figure 9: Mechanical properties of miniature and ISO size specimens as cumulative distribution functions:
(a) Young’s modulus, (b) tensile strength and (c) fracture strain.

Miniature specimens ISO size specimens
0° 90° 0° 90°

9349 £12.9% 6909 + 12.2% 9587 +3.4% 7219 +8.4%

Young's modulus E
[MPa]
Te“Sﬂe[ ;ﬁf;;gth Rm 3012020  61+186% 95+11.8% 70+ 14.2%

Fracture strain 4 [%] 1.07+21.4% 1.19£20.7% 1.16+13.1% 1.15+17.8%

Table 2: Material properties (mean values with standard deviations).

4 DISCUSSION AND SUMMARY

The investigated plates, coming all from the same manufacturing campaign, show direction
dependent properties with a higher Young’s modulus and tensile strength in 0°. In addition,
the fiber orientation exhibits a high underlying scatter, which can vary greatly even within
small areas. The scatter of the mechanical properties between the same position of different
plates is lower than the scatter over an entire plate.

The investigated fiber-reinforced polymer, manufactured by an injection molding process,
shows a flow dependent behavior of the mechanical properties superimposed by a high local
scatter coming from a scatter of the fiber orientation. The large number of performed tests
serves as an experimental data basis for a multiscale simulation approach. Similar to [9] for
foams or [10] for sheet molding compound, the process-induced uncertainties of a short fiber-
reinforced polymer can be investigated. The mechanical properties of the polymer matrix and
the fiber-matrix interface are necessary for microstructure simulations in a multiscale simula-
tion approach. The matrix properties can be determined from tensile tests on neat resin speci-
mens. The fiber-matrix interface properties can be determined by single-fiber push-out tests
[11][12] or micro tensile tests [13] on the composite material.
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