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aKarlsruhe Institute of Technology KIT, Institute for Applied Materials - Materials Science and Engineering IAM-WK, Karlsruhe,
Germany; bFraunhofer Institute for Chemical Technology ICT, Pfinztal, Germany; cAugsburg University, Institute for Materials
Resource Management MRM, Hybrid Composite Materials, Augsburg, Germany

ABSTRACT
To quantify the homogeneity of fiber dispersion in short fiber-reinforced polymer compo-
sites, a method for image texture analysis of 3-dimensional X-ray micro computed tomog-
raphy (mCT) images is presented in this work. The adaption of the method to the specific
requirements of the composite material is accomplished using a statistical region merging
approach. Subsequently, the method is applied for evaluating the homogeneity of speci-
mens from an intermediate step of the long fiber thermoset injection molding process as
well as molded parts. This new injection molding process enables the manufacturing of
parts with a flexible combination of short and long glass fibers. By using a newly developed
screw element based on the Maddock mixing element design, the material homogeneity of
parts molded in the long fiber injection molding process is improved.

GRAPHICAL ABSTRACT
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1. Introduction

Composite parts manufactured from fiber-reinforced
phenolic molding compounds have a high max-
imum operating temperature, an excellent chemical
resistance, and a very good dimensional accuracy.
These characteristics enable their application in the
direct vicinity of the internal combustion engine

[1–3]. Recent developments have proven that phen-
olic molding compounds can successfully be used in
electric motors for traction applications [4,5].
However, one of the biggest challenges for the wide
use of phenolic resin molding compounds is their
brittle deformation behavior [6,7]. For achieving
good mechanical properties in a short fiber-

CONTACT Robert Maertens robert.maertens@kit.edu Karlsruhe Institute of Technology KIT, Institute for Applied Materials - Materials Science
and Engineering IAM-WK, Engelbert-Arnold-Straße 4, 76131, Germany
� 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ADVANCED MANUFACTURING: POLYMER & COMPOSITES SCIENCE
2022, VOL. 8, NO. 1, 22–32
https://doi.org/10.1080/20550340.2022.2033905

http://crossmark.crossref.org/dialog/?doi=10.1080/20550340.2022.2033905&domain=pdf&date_stamp=2022-02-17
http://orcid.org/0000-0003-1449-7006
http://orcid.org/0000-0003-1855-6237
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com


reinforced polymer composite material, in general
high average fiber lengths are important. Thomason
and Vlug noted a significant increase in tensile
modulus of glass fiber-reinforced polypropylene up
to a fiber length of L¼ 1mm [8]. In a subsequent
publication, Thomasson et al. found that the tensile
strength of the same material system increases up to
a fiber length of L¼ 3mm … 6mm and levels out
at higher length values [9]. Similar results were
reported by Fu and Lauke [10]. They conclude that
the strength of a short fiber-reinforced composite
approaches a plateau level at mean fiber length val-
ues of L> 5x Lc. With their assumption of the crit-
ical fiber length Lc of approximately Lc ¼ 0.8mm
… 2.5mm for various glass fiber reinforced ther-
moplastics, this corresponds to a fiber length range
of L¼ 4mm … 12.5mm which is required for
obtaining the full reinforcement potential. Lastly,
Kim and Park [11] found that the impact strength
increases with the fiber length in their investigated
fiber length range of L¼ 0.5mm … 2mm. In add-
ition to high average fiber length, a homogeneous
distribution of the fibers in the polymer matrix is
important as well [12–14]. The presence of fiber
bundles is not desired, because they act as defects.
Fiber bundles typically originate either from poorly
melted long fiber granulate or from directly fed long
fiber strands [14].

A newly developed injection molding process
aims to increase the fiber length in the molded part
compared to the state-of-the-art thermoset injection
molding, in which mean fiber length values of
L¼ 0.3mm … 0.35mm are typical [15]. Thereby,
the disadvantages of the phenolic molding com-
pounds mentioned above shall be mitigated. The
new process enables the manufacturing of phenolic
resin parts with a tailored combination of long glass
fibers (LGF) and short glass fibers (SGF) [16].
Previously conducted investigations have shown that
the main processing challenge in the long fiber
thermoset injection molding process is the opening
of the fiber bundles and the dispersion of the long
fibers in the thermoset matrix. In this research
paper, the usage of a screw mixing element for
increasing the material homogeneity is investigated.
To quantify the effect of the mixing element on the
homogeneity, a method for image texture analysis of
3-dimensional X-ray micro computed tomography
(mCT) images of the fiber-reinforced material is
introduced and applied.

1.1. Mixing screw elements for the injection
molding process

The compression-less conveying screw that is typic-
ally used in state-of-the-art thermoset injection

molding processes has a limited mixing capability
and is mainly used for melting and pumping already
homogeneous materials. If formulation constituents
such as colorants [17,18], fiber bundles [12] and fill-
ers [19] need to be homogenized in the polymer
melt, a higher mixing power is required. Dispersive
mixing by means of shear energy input can be
achieved by forcing the molten polymer material
through narrow gaps, either during the plasticizing
or the injection phase of the process. For mixing
elements on the injection molding screw, the same
geometries are used in the continuous single-screw
extrusion and the discontinuous injection molding
process. Generally, desirable features for screw mix-
ing elements according to Rauwendaal are listed
below [20,21]

1. Forward pumping capability to minimize the
pressure drop over the mixing section

2. Streamlined flow and a complete wiping of the
barrel circumference to avoid dead spots and to
achieve a narrow residence time distribution

3. Easy cleaning during material changeover and
machine downtime

Due to their good compromise between ease of
screw element manufacturing and mixing capabil-
ities, the fluted mixing elements based on the Union
Carbide/Maddock mixing geometry are commonly
used for extrusion and injection molding applica-
tions and have been the focus of several investiga-
tions [17–28]. The Maddock mixing element
consists of inlet and outlet flutes, which are sepa-
rated by the shear flight. The polymer material
enters the mixing element through the inlet flute.
Since the inlet flute is closed towards the machine
nozzle, the material is forced through the narrow
gap between the screw element and the barrel into
the outlet flute. This screw channel is open towards
the machine nozzle, so that the material can exit the
screw element in that direction.

The main influence factors on the mixing quality
of a spiral Maddock element according to Potente
and T€obben [28] are the length of element, the helix
angle and the shear gap geometry. Rauwendaal et al.
[29] and Kubik et al. [30] investigated mixing elem-
ent designs that subjected the material to more than
one passage through a narrow shear gap and found
a positive influence on the mixing element perform-
ance. They also investigated the effect of a wedge-
shaped flank geometry, which creates elongational
stress in addition to the shear stress. This is sup-
posed to be better suited for breaking up agglomer-
ates. While Rauwendaal et al. [29] found a positive
influence, Kubik et al. [30] could not confirm this.
Sun et al. [25,26] conducted numerical and
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experimental investigations on the influence of the
flute channel geometry and the shear gap height for
Maddock screw mixing elements and found that a
shallower flute depth results in a narrower residence
time distribution, therefore reducing the potential of
dead spots and material degradation.

The previously cited works used several different
methods to evaluate the screw element mixing per-
formance. During the screw element design phase,
calculating the hydrodynamic forces on particles
either analytically [29] or numerically [17] is com-
mon. Another numerical method implemented by
Sun et al. [26] separates the polymer mass flow con-
ceptually into two separate, but rheologically identi-
cal flows. Each flow is assigned tracer elements,
whose displacement is tracked when the polymer
flows through the mixing section.

Various experimental techniques for determining
the mixing quality have been utilized. Esseghir et al.
[27] fed the single screw extruder with two immis-
cible fluids, prepared micrographs of the extrudate
and subsequently measured the particle sizes of the
two phases. Kubik et al. [17] used an inline melt
camera system, which consist of a glass-window
extruder section, a diffuse light source on one side
of the polymer stream and a camera on the opposite
side. The camera saves multiple gray value images at
a fixed frame rate over a certain measurement time.
Subsequently, the average and the standard devi-
ation of the gray values over the measurement dur-
ation are calculated. A poor mixing performance
results in images with high or low levels of particle
dispersion. Consequently, this corresponds to a high
standard deviation of the gray values.

No usage of a Maddock style mixing element in
the thermoset injection molding process of phenolic
resin molding compounds has been reported in the
literature. In this research paper, the effect of a
thermoset-specific Maddock mixing screw on the
material homogeneity is presented. The design pro-
cess for the screw element and the results are
described in Section 3.1.

1.2. Image texture analysis

To quantify the effect of the newly developed
Maddock screw mixing element and the material
formulation on the material homogeneity, a method
for image texture analysis of 3-dimensional X-ray
micro computed tomography (mCT) images of the
plasticized fiber-matrix compound is presented in
this work. The method development is introduced
in detail in Section 2.4.

In general, gray value images can be described
using two features: “Tone” and “texture”. The tone
of an image describes the quantitative distribution

of the image’s gray values and can be visualized in a
histogram. The spatial distribution of the gray val-
ues within the image is called the texture [31]. For
quantifying the texture, Haralick et al. [32] proposed
14 different calculation methods, known as the
Haralick texture features. One of these texture fea-
tures, the angular second moment (ASM) represents
the number of gray-tone transitions in an image
[32]. In the first step for determining the texture
features, the gray level co-occurrence matrices
(GLCM) are calculated. They contain information
about the relative frequencies Pij with which two
image cells, separated by the distance d, have the
gray values i and j. For a 2-dimensional image, four
GLCMs exist, one for each calculation direction
(horizontal, vertical, diagonal, antidiagonal). The
texture feature angular second moment (ASM) can
be calculated according to Equation (1)

ASM ¼
XNg

i¼1

XNg

j¼1

Pði, jÞ
R

� �2

(1)

where R is the number of neighboring cell pairs,
which is used for the normalization of the calcula-
tion results and Ng are the number of gray levels in
the image. P(i,j) are values of the entries of the
GLCMs. The theoretical value range for the ASM
spans from 1=N2

g to 1 [33]. The lower boundary
represents a transition between the extreme values
of the gray levels for each pixel in the image, i.e. an
image with the lowest possible homogeneity. A
value of ASM ¼ 1 represents a completely homoge-
neous, constant image. The ASM has been used as a
measure for the homogeneity of an image by several
authors in the context of aerial photography [34],
chemistry [35,36] and medicine [37]. Within this
work, it is the hypotheses that the ASM can be used
for describing the homogeneity of a fiber-reinforced
composite material.

For a homogeneous image, the GLCMs contain a
small number of large entries P(i,j). The sum of
squares and therefore the ASM for the homoge-
neous image is high. The GLCMs for an inhomo-
geneous image have many small entries P(i,j).
Consequently, the sum of squares and therefore the
ASM for the inhomogeneous image will be low.

The original 2-dimensional texture analysis by
Haralick et al. has been transferred to a 3-dimen-
sional calculation by several authors, simply by add-
ing additional calculation directions without
changing the fundamental principle. The transfer to
3-dimensional images is accomplished by calculating
a higher number of GLCMs: Instead of four
GLCMs, 13 must be calculated in the 3-dimensional
case. From these GLCMs, the same texture features
as in the 2-dimensional case can be determined.
This has been applied for describing medical images
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[38–41] and for evaluating the quality of food prod-
ucts [37].

In the original procedure described by Haralick
et al., the GLCMs are calculated for neighboring cell
pairs. Most studies using the texture features follow
that calculation procedure. However, if an image
with a characteristic pattern of a known size shall be
characterized, a modification of the calculation dis-
tance can be useful. By using a calculation distance
that is in the same magnitude as this characteristic
pattern, the expressiveness of the results can be
improved [42].

To the knowledge of the authors, the Haralick
texture features have not been applied for image
analysis characterization in the field of composite
materials before, neither in the 2-dimensional nor in
the 3-dimensional case. In this work, a method for
quantifying the homogeneity of specimens manufac-
tured in a long fiber thermoset injection molding
process is introduced. Compared to the established
methods for evaluating the mixing performance that
are described in Section 1.1, this method offers the
advantage of a complete, 3-dimensional consider-
ation of the composite material.

2. Material and methods

2.1. Materials

The phenolic resin molding compound used for this
study is based on the commercially available
VyncolitVR X6952 [43] and was compounded by
means of twin-screw extrusion. In the long fiber
thermoset injection molding process, continuous
glass fiber rovings (3B fibreglass 111AX11 [44])
were cut to a length of L¼ 5mm and fed directly
into the plasticizing unit according to the process
scheme described in the next section and depicted
in Figure 1.

2.2. Long fiber thermoset injection molding
process and screw element development

The newly developed long fiber thermoset injection
molding process enables a flexible combination of
short glass fibers (SGF) and long glass fibers (LGF)
by separating the two mass flows. While the SGF
are gravimetrically fed as a formulation constituent
of the phenolic resin molding compound, the LGF
are directly chopped from continuous fiber rovings
and fed into the plasticizing unit of the injection
molding machine. The injection molding screw is a
compression-less conveying screw with an inter-
changeable screw tip, which allows the adaption of
either a conventional conveying geometry or the
newly designed, thermoset specific Maddock mix-
ing element.

2.3. Image texture analysis method application

Two different kinds of specimens were obtained for
this study: The plasticized compound in front of the
screw and the molded parts. Their respective posi-
tions along the injection molding process route are
marked in Figure 1. For judging the influence of the
base material formulation on the fiber dispersion
quality, the plasticized compound in front of the
screw is analyzed. These specimens are called “group
1”. To obtain them, a stable injection molding pro-
cess was stopped after the plasticizing step. The
compound in front of the screw, which would have
been injected into the mold in the next process step,
was cooled down and removed from the barrel once
it was solidified. The conveying screw tip was used.
A PF-SGF0-LGF30 (u¼ 0 % SGF- and u¼ 30 %
LGF-content by weight) and a PF-SGF20-LGF30
(u¼ 20 % SGF- and u¼ 30 % LGF-content by
weight) formulation, both containing long glass
fibers chopped to a length of L¼ 5mm, were inves-
tigated. One specimen per formulation was

Figure 1. Process scheme long fiber thermoset injection molding process.
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investigated, which results in a total number of two
specimens for this group.

The second group of specimens was cut from
molded plates. Here, the focus was not on the
material formulation, but instead on the influence of
the screw geometry and the process parameters on
the fiber dispersion quality. Consequently, the same
PF-SGF0-LGF30 formulation was used for all speci-
mens within this group, but the screw geometry and
the screw speed were varied in three steps:
Conveying element, mixing element with screw
speed 30 1/min and mixing element with screw
speed 80 1/min. One specimen per process variation
was investigated, which results in a total number of
three specimens for this group.

The PF-SGF20-LGF30 formulation was not used
for the investigations carried out with specimen
group 2. Due to the high shear energy input by the
mixing element and the overall higher fiber content
of the PF-SGF20-LGF30 formulation, an overheating
and consequently a premature curing of the phen-
olic resin occurred, making it impossible to reliably
mold parts.

Images of all specimens were subsequently
acquired by using a XYLON precision mCT with the
image acquisition parameters listed in Table 1.

The choice of the voxel size is a compromise
between the image resolution and the specimen vol-
ume that can be investigated. The glass fibers that
were used for the present study have a diameter of
df ¼ 17mm [44], which means that individual fibers
cannot be detected. However, considering that the
long glass fiber roving weight of 2400 tex corre-
sponds to a fiber count of approximately n¼ 4000
fibers per roving, the chosen voxel size is deemed
sufficiently small to detect fiber bundles.

2.4. Image texture analysis method development
for evaluating material homogeneity

In the following section, the specific adaption of the
Haralick texture feature calculation to the require-
ments of the composite material and the specimen’s
geometry is described. For all specimens, the mCT-
images are resliced and cropped to a cuboid size.
This was done to exclude the air around the edges
of the specimens from the calculation. Next, the
images are converted to an 8-bit gray level format

and smoothed to reduce the noise level. The
smoothing was carried out using the default algo-
rithm in the software ImageJ [45], which replaces
each voxel with the average of the 3� 3 � 3 neigh-
borhood [46]. Preliminary investigations had shown
that the smoothing step increases the ASM value
difference between a homogeneous and an inhomo-
geneous image, which increases the expressiveness
of the results. This is visualized in Figure 2, which
gives exemplary ASM calculation results for the
exact same images both with and without the image
smoothing process step. Figure 2 shall only visualize
the difference caused by the application or the omis-
sion of the image smoothing. The physical signifi-
cance of the results will be described and discussed
in Sections 3.2 and 4.

By applying the image smoothing, the relative
difference between the lowest and the highest ASM
value increases from 115 % to 225 %, thus increas-
ing the expressiveness of the results. For this reason,
the image smoothing is applied for all texture fea-
ture calculations.

The approach of using multiple calculation dis-
tances followed by taking the average value for the
ASM is applied. To select suitable calculation distan-
ces for generating the GLCMs, the characteristic
regions of the image are examined. Figure 3 (left)
shows a representative cross-section view of a mCT
image from a specimen of group 1. By using a stat-
istical region merging algorithm [47] available for
the software ImageJ [45], those distinct phases are
merged to homogeneous regions as shown in Figure
3 (right).

The calculation distances for determining the
GLCMs were defined by manually measuring typical
sizes for regions containing fiber bundles and poros-
ities. The measurements were carried out manually
in multiple images using the “measure” function in
the software ImageJ. Based on these sample meas-
urements, size ranges from s¼ 20 voxels to s¼ 60
voxels (vx) were determined. For this reason, the
calculation distances for determining the GLCMs in
specimen group 1 are set to values of d¼ 20 vx ¼
940 mm, d¼ 40 vx ¼ 1880 mm and d¼ 60 vx ¼
2820 mm. This corresponds to bundle sizes of several
hundreds of fibers. Some fiber bundles still had the
initial fiber length of L¼ 5mm. The identical

Table 1. Image acquisition parameters for mCT scans.
Parameter Unit Value specimen group 1 Value specimen group 2

Tube head – Directional focus tube
Target – Tungsten
Acceleration voltage kV 145 120
Tube current mA 0.15 0.1
Voxel size mm 47 36
Integration time ms 500 750
Frame binning – 2 1
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procedure for specimen group 2 led to calculation
distances of d¼ 50 vx, d¼ 100 vx and d¼ 150 vx.

For each individual image, one GLCM per calcu-
lation orientation per calculation distance is created.
In the present case of a 3-dimensional image with 3
calculation distances, this results in n¼ 13� 3¼ 39
GLCMs per slice. For each GLCM, the correspond-
ing ASM values are calculated according to
Equation (1). The three ASM values for the three
calculation distances for each individual image are
subsequently averaged to obtain a single resulting
value per image, which is then used for the further
analysis. The calculation procedure was

implemented in the software ImageJ by using the
Ops framework [48, 49].

To be able to identify spatial differences in the
homogeneity within the two specimens, the cuboid
images of specimen group 1 are sliced into smaller
images with a height of h¼ 250 vx each. This results
in eight slices for each of the two specimens, with
the first slice being positioned towards the machine
nozzle and slice number eight located towards the
screw of the injection molding machine. The slice
position is marked in Figure 1. Due to their overall
smaller size, no slicing was conducted for the speci-
mens of group 2.

Figure 2. Effect of smoothing during image processing on the expressiveness of the results.

Figure 3. mCT image before (left) and after (right) statistical region merging processing step.
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3. Results

3.1. Maddock screw mixing element
design results

The thermoset-specific screw mixing element that
was designed for the long fiber thermoset injection
molding process has three distinct differences com-
pared to a traditional Maddock mixing element for
thermoplastic materials, which are derived from the
literature information described in Section 1.1.
Figure 4 (top) shows the thermoset-specific mixing
element in direct comparison to the standard con-
veying screw geometry (Figure 4 bottom).

In contrast to a traditional Maddock mixing elem-
ent for thermoplastic materials, the thermoset element
has three distinct differences, which are derived from
the literature information described in Section 1.1.
First, the inlet channels feature a gradual slope at their
ends to facilitate the flow of material and to avoid
material accumulations. This feature is also designed
for narrowing the residence time distribution by
reducing the danger of material accumulations.

The second feature difference to the traditional
Maddock mixing element is the edge fillet on the
mixing flight. Due to the radius on this edge, the
material must undergo additional elongational
stresses when passing through the shear gap. This
reflects the findings by Rauwendaal [29] regarding
the mixing effect of elongational stresses.

The third main feature is that the positions of
the mixing flight and wiping flight are reversed
compared to the state-of-the-art. Figure 5 explains
this difference by depicting cross-sections of a con-
ventional Maddock element (left) and the new
thermoset-specific design (right). The direction of
the flow of material through the shear gap is
marked for both elements.

Traditionally, the pushing flank is simultaneously
also the wiping flank of the mixing element. This

makes sense for thermoplastic materials that enter the
mixing element in a completely molten state.
However, this condition does not apply for thermoset
injection molding. Due to the low shear screw design,
the thermoset molding compounds only start to melt
in the foremost screw flights under the influence of
pressure. This pressure is transferred into the molding
compound by the screw flanks of the conveying
screw, which means that the material close to the
pushing screw flanks is molten, whereas the material
distant from the screw flanks might still be granular
[50]. If the molding compound entered a traditional
mixing element in such a state, the granular fraction
would be pushed through the shear gap, likely block-
ing it. The thermoset-specific design developed here
ensures that only molten material is pushed through
the shear gap, thus avoiding a blockage.

3.2. Material homogeneity investigations

Figure 6 shows the ASM calculation results for the
first group of specimens.

The PF-SGF0-LGF30 formulation has a low
homogeneity, which can be recognized by the white
fiber bundles in the images shown in Figure 6 and
the low ASM value. In contrast, the PF-SGF20-
LGF30 formulation is more homogeneous, especially
towards the machine nozzle at the front of the plas-
ticizing unit. Both the differences within the individ-
ual specimen as well as between the two specimens
are represented by the calculated image texture fea-
ture ASM. The fiber content has been verified using
thermogravimetric analysis at T¼ 650 �C for
t¼ 36 h. For all specimens, no relevant deviations of
the actual fiber content from the set fiber content
was found.

Although the identical material formulations for
specimen groups 1 and 2 were used, a direct com-
parison of the calculated ASM values is not possible

Figure 4. Thermoset-specific Maddock mixing element (top) and standard screw tip (bottom).
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for multiple reasons. The group 1 specimens consist
of resin rich areas, fiber bundles and voids. In con-
trast, the specimens from group 2 were molded
under the influence of the high in-mold pressure.
Consequently, they do not show any voids and con-
sist only of two phases (resin rich areas and fiber
bundles). Furthermore, the image acquisition
parameters (Table 1) had to be adapted to achieve
high-quality images.

The ASM results for the molded parts (specimen
group 2) are shown in Figure 7. Additionally, repre-
sentative cross-sectional images are depicted. The
visual impression of the images clearly indicates a

higher homogeneity for the parts molded with the
mixing element. The corresponding ASM values are
higher for the parts molded with the mixing element
and for the higher screw speed.

4. Discussion

The results for specimen group 1, the plasticized
material in front of the screw, show that an overall
higher fiber content leads to a higher material homo-
geneity. In general, the viscosity of a fiber-reinforced
polymer material increases with increasing fiber and
filler content [51]. Therefore, it can be assumed that

Figure 5. Position of mixing flank and wiping flank for the thermoset Maddock mixing element.

Figure 6. ASM calculation results for PF-SGF0-LGF30 and PF-SGF20-LGF30 formulations.
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the PF-SGF20-LGF30 material has a higher viscosity
than the PF-SGF0-LGF30 formulation. The increased
viscosity has two effects on the thermoset injection
molding process. First, it leads to a higher shear
energy input while plasticizing action in the injection
molding screw. Second, it results in a higher required
injection pressure for pushing the compound through
the machine nozzle and into the mold.

The first aspect serves as an explanation for the
overall higher level of inhomogeneity in the PF-SGF0-
LGF30 specimen. Since the shear energy input for this
formulation is lower, less fiber bundles are opened. The
second aspect, the higher required injection pressure,
creates a larger amount of backflow during the injec-
tion phase, which contributes to the better mixing and
consequently the higher homogeneity in the front parts
(slices 1-3) of the PF-SGF20-LGF30 specimen com-
pared to its rear section (slices 5-8). Both aspects are
visible in the illustrative images in Figure 6 and are
represented by the calculated ASM values.

The results for the molded parts (specimen group
2) show that the newly developed thermoset Maddock
mixing element has a positive influence on the mater-
ial homogeneity. By using the mixing element, both
the number and the size of the fiber bundles are
reduced, resulting in a more even and therefore more
homogeneous distribution of the fibers in the polymer
matrix. Again, this visual impression of the cross-

section view is in accordance with the calculated,
quantitative ASM results. The screw speed has a linear
correlation to the shear rate in the shear gap between
the screw and the barrel [27]. Consequently, the mold-
ing compound that was plasticized with the higher
screw speed contains less fiber bundles, which in turn
results in a higher homogeneity of the molded part.

For all investigations, the calculation of the ASM
confirms the visual impressions. Using the image tex-
ture analysis method to determine the homogeneity has
the inherent advantage that the entire image stack in all
three dimensions is considered for the calculation. The
calculation procedure provides a single numerical value
for an image, which enables simple and quick compari-
sons between multiple images or image slices. However,
the reduction of a 3-dimensional image into a single
numerical value is always accompanied by a loss of
information. For example, the ASM does not contain
any information about the shape or type of inhomoge-
neities. It simply returns a value for the homogeneity
of the image. Additional information needs to be
obtained by visual inspection of the image or the calcu-
lation of other texture features.

5. Conclusion

This work introduces an image texture analysis
method which enables the quantitative evaluation of

Figure 7. ASM values for PF-SGF0-LGF30 formulation process parameter variations.
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the homogeneity of fiber-reinforced polymer compos-
ite materials. The 3-dimensional calculation of the
image texture feature angular second moment (ASM)
has been adapted to the requirements of the speci-
mens produced in the long fiber thermoset injection
molding process. By changing the two main method
parameters – the calculation distance and the slicing
of the images – the method was applied to two separ-
ate group of specimens which were produced in the
long fiber thermoset injection molding process.

It was found that an increased glass fiber content
in the composite material formulation leads to a
higher homogeneity of the plasticized material in
front of the injection molding screw, likely due to
the higher compound viscosity. By using a newly
developed screw mixing element, the homogeneity
of the molded parts was improved compared to the
conventional conveying screw geometry. A higher
screw speed leads to an increased homogeneity
when using the mixing element.

Based on the findings of the study described here,
a more detailed trial series with material variations
(total fiber content, SGF/LGF-ratio, fiber length) as
well as process parameter variations (screw design,
screw speed) has been conducted. The results will be
presented in subsequent publications.
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