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This work explores the fiber migration during injection molding of long glass fiber-reinforced polypropy-
lene. It was found that the simplified assumption of uniform fiber concentration distribution is inaccu-
rate, and the process causes substantial variations in the fiber concentration along the flow path and
through the thickness of injection molded parts. This was tested for a simple plate geometry molded
at varying nominal fiber concentrations. The fiber concentration was measured by pyrolysis to obtain
a global concentration, and using micro computed-tomography for a through-thickness analysis.
Additionally, the fiber concentration at the melt front of partially filled moldings was investigated. A
new measurement protocol using micro computed-tomography and digital image processing is proposed
to calculate the through-thickness fiber concentration. The results of this study show substantial hetero-
geneity of the fiber concentration throughout the molded plates. Fibers agglomerated in the core layer
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with volume fractions up to 1.5 times the nominal fiber concentration.
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1. Introduction

Injection molding using long fiber-reinforced thermoplastics
(LFTs) is a widely-used process to manufacture parts with
enhanced mechanical properties. Particularly in the automotive
industry, LFTs have gained importance due to their exceptional
lightweight properties and cost-efficient manufacturing processes.
With favorable specific stiffness and strength, LFT materials can
potentially replace metals for structural applications and play a
key role in reducing the overall weight of automobiles. However,
the local properties and global performance of the molded part
greatly depend on the final state of the fibers [1,2]. During mold
filling, the configuration of the fibers changes significantly,
reflected in mechanisms referred to as fiber attrition, fiber orienta-
tion, fiber jamming and fiber matrix separation [3-5]. In particular,
the phenomenon of fiber matrix separation, which describes the
process-induced variation of fiber concentration, has not been fully
understood. Fiber migration during processing occurs on two
scales - variation in fiber local concentration through the thickness
of a molded part and global concentration gradient along the flow
path.

Previous studies have addressed the process-induced concen-
tration gradients throughout molded parts for filled thermoplas-
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tics, including short fiber (aspect ratio <100) and long fiber
(aspect ratio >100) reinforced composites. Toll and Andersson [6]
published results showing an increase in fiber concentration from
nominal 30 wt.% in the raw material to 36 wt.% at the end of the
flow path of a film-gated plate for glass fiber-reinforced polyamide
66 (PA66). In a similar study, O’'Regan et al. [7] observed an
increase of 3-4 vol.% at the end of the flow path in injection mold-
ing of fiber-reinforced PA66. Lafrance et al. [8] showed an increase
from 39 wt.% at the gate to 51 wt.% at the end of the flow path for a
fan-gated plate. Using a spiral mold, Kubat and Szalanczio [9] stud-
ied the filler migration effects of a glass sphere-filled low-density
polyethylene. Along a total length of up to 1950 mm, they mea-
sured the filler concentration and found substantial migration of
the particles towards the end of the flow path. Their results suggest
a relative increase of up to 25% filler concentration at the tip of the
spiral for glass spheres with diameters between 53 and 105 pm.
Hegler and Menning [10] published work on the filler separa-
tion effects during injection molding of glass bead and glass
fiber-filled thermoplastics using dumbbell and rectangular box
specimens. Their results show that the separation effects were
more pronounced with beads than with fibers indicating an influ-
ence of the shape and dimensions of the fillers. Furthermore, they
conclude that mold geometry and filler concentration are key
parameters determining the degree of filler migration in injection
molding. Other processing parameters, such as mold temperature,
injection speed, matrix material and screw speed did not
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substantially impact the filler-matrix separation phenomena in
their experiments.

Ogadhoh and Papathanasiou [11] studied particle migration
during mold filling of glass bead-filled polystyrene with an average
bead size varying from 50 to 500 pum. Their results agree with pre-
vious studies, showing the filler matrix separation increases sub-
stantially with larger beads with the largest relative increase of
15% more fillers for 500 um glass beads at the end of the flow.
Another major outcome of their work was the observation that
particles appear to accumulate at the free surface. For the largest
particle sizes used in the study, the concentration of particles near
the free surface was almost double than in the feed material. Their
results on filler migration strongly indicate a dependency of parti-
cle size and nominal concentration.

Mondy et al. [12] conducted fiber migration experiments in a
wide-gap Couette flow for low aspect ratio nylon fibers in glycol.
Their measurements show a migration of fibers to the low-shear
regions. While the authors did not find an impact of aspect ratio
on the migration, they found an influence of fiber concentration
suggesting that the effect of shear-migration increases at elevated
concentrations.

The common conclusion of all studies is the outcome that the
fiber concentration increases towards the end of the flow path,
suggesting that the last filled location carries an accumulated
amount of filler. Furthermore, the processing conditions appear
to play a smaller role for the degree of fiber matrix separation.
The influencing factors are reported to be both the concentration
and the shape of the filler since the migration effect is more pro-
nounced for longer fibers than it is for shorter fibers [6].

The through-thickness filler concentration gradient in injection
molding has been addressed much less frequently. A first compre-
hensive study was conducted by Toll and Andersson [6] for 30 wt.%
glass fiber-reinforced PA66 and simple plate geometry. They found
an agglomeration of fibers in the core layer using a sectioning and
microscopic measurement protocol. Their results suggest almost
40% more fibers in the core layer than in the shell for their long
fiber PA66 (initial fiber length of 10 mm). For the short fiber grade
(initial fiber length of 0.6 mm), the fiber agglomeration is much
less pronounced with only 10% more fibers in core than in the shell
region.

While other publications also mention the phenomenon of fiber
agglomerating in the core of injection molded part, the observa-
tions are mostly side-effects in these studies; no comprehensive
analysis exists nor have theories been formulated to explain the
underlying mechanism. Velez-Garcia et al. [13] focused on fiber
orientation measurements for short fiber-reinforced polybutylene
terephthalate (PBT) by applying a newly developed sectioning pro-
cedure. From the obtained micrographs, they also reported a fiber
concentration gradient through the thickness of the molded
center-gated disk. Recently, Sun et al. [14] published an experi-
mental study on using micro computed-tomography (uCT) to
quantify the fiber orientation of an LFT injection molded instru-
ment panel. While also focusing on orientation measurements,
they incidentally analyzed the pixel fraction from pCT scans indi-
cating a strong agglomeration of fibers in the core layer of the
molded part.

Theoretical models to describe particle migration in concen-
trated suspensions have been proposed. Leighton and Acrivos
[15] suggested a diffusive flux model, which describes the shear-
induced particle migration as a result of irreversible particle colli-
sions. This kinematic modeling approach expresses the migration
as gradients of particle concentration and shear rate, but it neglects
normal stress differences.

Nott and Brady [16] proposed a suspension balance model. This
model is a two-phase approach describing the particle phase and
suspension separately while incorporating a constitutive model

to solve particle and suspension stresses. The particle transport is
driven by gradients in these stresses. Morris and Boulay [17]
expanded the suspension balance model to account for anisotropic
migration. The latter model was recently implemented in a com-
mercially injection molding simulation software (Moldex3D™, Cor-
eTech Systems, Taiwan). Using this three-dimensional (3D) finite
volume method (FVM) solver, Tseng et al. [18,19] simulated the
fiber migration for a short fiber-reinforced PBT. Their results sug-
gest that the model can qualitatively predict the tendency of the
process-induced fiber concentration in the molded part. However,
there are still quantitative discrepancies in the through-thickness
prediction of the fiber concentration. Also, their work does not
address the relevance of the suspension models fitting parameters
nor how to obtain appropriate values for these parameters for
fiber-reinforced thermoplastics.

Fiber matrix separation can also be caused by the part design
and the features of the part. The separation effect in rib-filling
has been studied by a few research groups, who describe the phe-
nomenon of fibers accumulating in the base of the rib while the tip
of the rib remains almost fiber-free [5]. While this is an important
field of research, the impact of design features on fiber matrix sep-
aration is not part of this work and the reader is referred to a recent
publication on rib-filling [20].

A major challenge has been, and remains to be, the availability
of reliable measurement techniques that allow a comprehensive
analysis of fiber concentration for sufficiently large samples in a
timely manner. The full characterization of the 3D fiber
microstructure for fiber-reinforced composites has not been stan-
dardized yet and differences in characterization protocols question
the comparability of experimental studies. However, reliable
experimental data is necessary to understand the underlying phy-
sics of fiber matrix separation, to develop new models to predict
the process-induced fiber matrix separation in LFT injection mold-
ing and to validate predictive tools.

This work presents a comprehensive experimental study on the
fiber matrix separation in LFT injection molding for a simple plate
geometry at varying nominal fiber concentration. A measurement
protocol using pCT and image processing is introduced for the
characterization of the through-thickness fiber concentration. The
analysis of the fiber concentration at the flow front was performed
to obtain experimental data of the reorientation of the fibers in the
fountain flow region and the corresponding impact on the final
fiber concentration distribution.

2. Materials and methods

The material used in this study is a commercially available long
glass fiber-reinforced polypropylene (PPGF) (SABIC® STAMAX™).
Table 1 summarizes the main material properties.

The design-of-experiments (DoE) consists of nominal fiber con-
centrations varying from 5 wt.% to 60 wt.% Table 2 summarizes the
trial label, the corresponding fiber volume and fiber weight con-
centration as well as the raw material used to achieve the respec-
tive nominal concentrations. PPGF20, PPGF30, PPGF40 and PPGF60
are provided as compounded pellets by the material supplier
(coated long fiber pellets). PPGF05, PPGF10 and PPGF50 were
achieved by mixing higher fiber concentrations with neat PP

Table 1
SABIC® STAMAX™ LFT material properties according to
the material supplier [21].

Material property Value
Nominal fiber length [mm] 15.0
Fiber diameter [pum] 19+1
Density of fibers [g/cm?] 2.55
Density of PP [g/cm?] 0.905
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Table 2
Summary injection molding trials: Nominal fiber concentration and raw material.

Trial Weight Volume Feed material
label concentration concentration
PPGFO5 5 wt.% 1.8 vol.% 25% PPGF20 and 75%
neat PP
PPGF10 10 wt.% 3.8 vol.% 50% PPGF20 and 50%
neat PP
PPGF20 20 wt.% 8.2 vol.% STAMAX™ 20YM240
PPGF30 30 wt.% 13.2 vol.% STAMAX™ 30YM240
PPGF40 40 wt.% 19.1 vol.% STAMAX™ 40YM240
PPGF50 50 wt.% 26.2 vol.% 83% PPGF20 and 17%
neat PP
PPGF60 60 wt.% 34.7 vol.% STAMAX™ 60YM240
Table 3
Processing conditions for the injection molding trials.
Molding parameter Value
Melt temperature [°C] 250
Mold temperature [°C] 50
Back pressure [bar] 5
Injection time [s] 2
Holding pressure [bar] 300
Holding time [s] 22
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Fig. 1. Sketch of the plate geometry and illustration of the sample locations for the
microstructure analysis. The sample locations for the through-thickness fiber
concentration analysis are along the center line of the plate: location 1 (close to the
gate), location 2 (center of the plate), and location 3 (end of the flow). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

(SABIC® PP 579S) in a cement mixer before feeding it into the hop-
per of the injection molding machine. The neat PP is the same as
the matrix material of the coated long fiber STAMAX™ pellets.

The parts were molded on a 130-ton Supermac Machinery SM-
130 injection molding machine. The processing settings followed
the suggest processing guidelines by SABIC® [22] and are summa-
rized in Table 3.

The part geometry used in this study is a simple plate with
dimensions of 102 x 305 x 2.85 mm°. The cavity is filled through
a 20 mm edge-gate, which is fed through a 17 mm round runner
as illustrated in Fig. 1.

The fiber concentration analysis focuses on two measurement
protocols. First, the global concentration variation throughout the
entire part was measured through pyrolysis by extracting 13 x
26 x 2.85 mm> samples as illustrated in Fig. 1(a). Second, the
through-thickness fiber concentration was obtained using pCT
for three samples along the center line with dimensions of 10 x
15 x 2.85 mm?, as shown in Fig. 1(b).

Additional trials at a nominal fiber concentration of 40 wt.%
(PPGF40) with partial mold fillings (short shots) were conducted
at the same processing conditions without a packing phase to
study the fiber concentration at the flow front. Fig. 2 shows pho-
tographs of partially molded parts and the relative sample loca-
tions, which are 3 mm, 10 mm and 17 mm from the advancing
flow front. Additional measurements of the local fiber concentra-
tion through pyrolysis were performed to obtain the fiber concen-
tration gradient along the flow length. Slices between 5 mm and
15 mm were cut from a 20 mm wide strip along the center line
of the partial mold fillings (Fig. 2).

3. Measurement protocols

The most common approach to determine the local fiber con-
centration is thermal degradation of the matrix material and mea-
suring the remaining weight of the fibers to calculate the weight
fraction. However, a fairly new approach is to use puCT data to ana-
lyze the fiber concentration through the part thickness using image
processing. Both procedures are applied in this study to obtain a
full characterization of the fiber concentration gradient throughout
the molded parts.

3.1. Global concentration gradient analysis using pyrolysis

The global fiber concentration throughout the molded part was
determined by extracting samples and matrix removal in a muffle
furnace at 600 °C for 1.5 h. The weight fraction of the remaining
fiber was determined on a high precision scale and converted in
volume fraction by

Pwes
)
¢uol.f :Mif (1)

Pwim
Ps Pm

where ¢,,.; and &, , are the weight fractions of the fibers and the
matrix, respectively, and p denotes the density of fibers (f) and
matrix (m). The measurements were repeated five times for each
trial.

3.2. Through-thickness concentration analysis using uCT

UCT is a non-destructive testing method based on X-ray imag-
ing to inspect the internal structure of a sample and to evaluate
its properties. The advantage of UCT is that it can achieve a full
3D representation on a small scale without destroying the speci-
men. The basic principle of pCT is to irradiate a sample with pen-
etrating X-rays, which are attenuated and captured downstream of
the object with a detector system creating radiographs. The speci-
men, which is fixed on a rotating platform, is irradiated at various
angles to achieve a full representation of the specimen. The
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Fig. 2. Flow front analysis: PPGF40 short shots (photos) and sample location at the
flow front. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

detector records the attenuated X-rays and their intensity distribu-
tion is directly related to the material’s atomic density. Subse-
quently, a 3D reconstruction of the sample is generated from all
radiographs using tomographic reconstruction. The 3D reconstruc-
tion or pCT data set can then be further processed for qualitative
and quantitative analysis of the specimen. For more detailed
information, the reader is directed to Stock [23].

The samples were scanned with an industrial pCT system
(Metrotom 800, Carl Zeiss AG, Germany). The resolution (voxel
size) of the scan is an important parameter that determines the
accuracy of the measurements. However, the trade-off between
scan resolution and sample size needs to be taken into account.
In general, finer scan resolutions reduce the scan volume. Although
a very fine resolution might be needed for an accurate analysis, a
small sample might not fully represent the local fiber configura-
tion, especially for long fiber-filled materials. In the literature,
there is a wide variety of suggested scan resolutions and sample
dimensions ranging from 3 pm voxel size resolution (sample size:
4 mm disk with a thickness of 4 mm) [24] up to a voxel size of 40
um (sample size: 40 x 40 x 30 mm?) [25]. The scan resolution for
this work was set to 5.25 pm and the sample dimensions are 10 x
15 x 2.85 mm>. Since the fiber diameter of the material is 19 pum,
single fiber filaments can be clearly identified in the scans. A pre-
trial analysis was performed to investigate the impact of resolution
on the results of the analysis by varying the resolution between 2
pm to 10 um for identical samples. The analysis showed that the
outcome of the analysis is not changed within this range. Table 4
summarizes the scan parameters used for all subsequent
measurements.

The obtained pnCT data sets are processed to determine the
change of fiber concentration through the sample thickness by
applying an image processing algorithm. The process flow chart
of the procedure is illustrated in Fig. 3. First, the raw pCT data

Table 4

Zeiss Metrotom 800 scan parameters.
Parameter Value
Voltage [kV] 50
Current [pA] 80
Integration time [ms] 1000
Gain [-] 8.0
Spot size [pum] 5.0
Voxel size [pum] 5.25

set is aligned and registered using VG StudioMAX 3.0 (Vol-
umeGraphics, Heidelberg, Germany). Subsequently, the data set
is exported as an image stack (2D slices) oriented normal to the
thickness direction. Each 2D slice represents a thickness equal to
the resolution of the pCT (5.25 pum). The 2D slices comprising
grayscale images are imported into MATLAB (MathWorks, Natick,
USA) and the fiber volume fraction through the thickness of the
sample is calculated by a developed algorithm described in the fol-
lowing paragraphs.

The grayscale images are transformed into binary images by
segmentation, which requires selecting a reasonable threshold
value to separate each image into black (matrix) and white (fibers)
pixels as shown in Fig. 4 (left). In the grayscale 2D slice, each pixel
with the coordinates (x,y) has a distinct grayscale value f(x,y),
which depends on the bit depth (e.g. a 16-bit grayscale image
has 65,536 tonal levels). A basic thresholding approach is to sepa-
rate the grayscale image into a binary image by setting a global
threshold value. The value for each pixel in the binary image is cal-
culated by

07 lf f(xvy) > Tk

1, if f(x,y) < Ty )

g(xy) = {
where Ty is the relative grayscale value for thresholding. For each
2D slice z, the fiber volume fraction ¢;(z) is calculated by the frac-
tion of white pixels of the entire image N x M:

be) = HaZ S ) 3)

The true T is unknown due to the gradual change in the grays-
cale value between the two phases as illustrated in Fig. 4 (left). The
choice of the threshold directly determines the size of the seg-
mented phases and, thus, the fiber volume concentration. Even at
very fine resolutions, the true threshold value cannot be detected
directly from the pCT data set. A heuristic procedure for the seg-
mentation is proposed by calculating the threshold value as the
midpoint between the mean value representing the fibers and
the mean value of the background. This selection might not result
in the true threshold value, but any uncertainty around the value
would merely shift the obtained fiber volume concentration as
shown in Fig. 4 (center). Hence, selecting a single value for T
and performing a normalization step for the entire image stack
(1CT data set) resolves the ambiguity in selecting the true thresh-
old value.

The average fiber concentration of the entire pCT data set ¢ is
calculated from the individual fiber volume concentration ¢;(z) of
each slice. The normalized fiber concentration distribution ¢; (z)
can be obtained for each image as follows

(PF (Z) = ('bff(z) (4)
oy

For a wide range of values for T, the normalized fiber concen-

tration distribution is the same, as shown in Fig. 4 (right). Only at

extreme values, where T, < 0.3 or T, > 0.7, skewed distributions

are seen. With this approach, it is possible to accurately obtain
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Fig. 3. Flow chart of the procedure for the through-thickness concentration analysis.

the through-thickness fiber concentration from uCT data. If
needed, absolute values for the fiber concentration distribution
can be calculated by measuring the local fiber concentration of
the entire sample through pyrolysis.

3.3. Validation of the image processing analysis

The proposed measurement protocol for the through-
thickness fiber concentration analysis using WCT was validated
by performing a milling and pyrolysis procedure. After the pCT
scan of a sample, the identical sample was milled down in
defined increments of 0.2 mm along the thickness. The shavings

were carefully collected using a vacuum setup and a 25 pum
mesh to ensure capturing all material during milling. The fiber
weight concentration for each layer was determined by measur-
ing the sample weight before and after pyrolysis on a high pre-
cision scale Explorer® (Ohaus, Parsippany, USA) with an accuracy
of +£0.01 mg. After converting the obtained measurements to vol-
ume fraction, the results from the nCT measurements and from
the pyrolysis were compared. The validation was performed for
samples at a nominal fiber weight fraction of 20 wt.% (PPGF20)
and 40 wt.% (PPGF40) extracted at the center location of the
molded plate. The procedure was repeated three times for each
sample.
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Fig. 4. Transforming a grayscale image into a binary image (left), the obtained fiber volume fraction for varying relative threshold values (center), and the normalized fiber
concentration distribution (right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The outcome of the comparison is shown in Fig. 5. The results
show strong agreement between the two measurement proce-
dures. Discrepancies between the results from the milling proce-
dure and the pCT analysis are less than 2.5% for each of the six
samples. Hence, the proposed pCT analysis protocol is suitable to
accurately and efficiently quantify the fiber concentration through
the thickness of the part. The nCT approach is non-destructive for
the extracted sample and allows additional testing. Furthermore, it
is also a faster analysis of the pCT-thickness fiber concentration
and allows for fiber orientation analysis of the same pCT data
set. However, the investment costs for pCT is still large [26], mak-
ing this approach more expensive than a conventional procedure
using subtractive machining.

3.4. Fiber packing density analysis

The average distance between fibers was determined from the
WCT scans to obtain a better understanding of the fiber packing
density. For each individual fiber in the 2D slices, the distance of
the closest adjacent fiber is determined by performing the nearest
neighborhood algorithm in the image processing software Fiji [27],
as illustrated in Fig. 6. The analysis was done for the center location

PPGF20 Sample 1

PPGF20 Sample 2

of all samples. The shell and the core layer were analyzed sepa-
rately for each sample by processing 2D slices of the in-flow direc-
tion and the cross-flow direction separately. Hence, the fibers in
the corresponding layer are sliced perpendicularly, leading to a cir-
cular shape in the 2D slice, which improves the accuracy of the
nearest neighborhood analysis.

Fig. 6. Illustration of the packing density analysis using the nearest neighborhood
algorithm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

PPGF20 Sample 3
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Fig. 5. Comparison of the milling procedure and nCT analysis for the through-thickness fiber concentration measurements. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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4. Results
4.1. Global concentration gradient analysis using pyrolysis

The global fiber concentration variation throughout the molded
plates was determined by pyrolysis. The measurements for each
trial were repeated three times. The results are depicted as relative
variation to the nominal fiber volume concentration. As expected,

PPGF30 Sample 1 PPGF30 Sample 2

PPGF30 Sample 3
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the uniform filling pattern and the simple part geometry result
in symmetric global fiber concentrations as shown in the obtained
results for PPGF30 in Fig. 7. The average value for each trial is cal-
culated by averaging along the symmetry axis and averaging three
repeated measurements as illustrated in Fig. 7, which shows a
strong repeatability for all trials.

The results for all trials are shown in Fig. 8. The measurements
show regions of low and elevated fiber concentration for each trial.
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Fig. 7. Measured global fiber concentration for PPGF30 by pyrolysis: three repeated measurements and the resulting average. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Variation of fiber concentration along the plate length for all trials. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 5
Measured fiber concentration in the pellets and in the purged material.

Feed Nominal Measured Measured concentration

material concentration  concentration in the in the purged material
[wt.%] pellets [wt.%] [wt.%]

PPGF20 20 wt.% 19.82 + 0.44 19.99 £+ 0.08

PPGF30 30 wt.% 29.32 +0.49 29.45 +0.27

PPGF40 40 wt.% 39.56 + 0.63 39.72 £0.10

PPGF60 60 wt.% 59.49 + 0.29 59.30 + 0.23

PPGFO5 has a peak of up to 20% higher fiber concentration in the
center of the plate. PPGF10 to PPGF60 show a tendency of depleted
fiber concentration close to the gate and increased fiber concentra-
tion at the end of the flow.

Fig. 9 shows the variation of fiber concentration along the
center-line of the molded part. The results for PPGF05 show a peak
in the center of the plate for a large region (relative length 0.2-0.7).
The other trials show a common trend of —5.2% less fibers close to
the gate compared to the nominal fiber concentration and 11%
more fibers at the end of the flow.

To evaluate the fiber concentration variation in the raw pellets
caused by the material production, ten pellets were selected ran-
domly and the weight fraction was determined through pyrolysis.
The measurements were repeated ten times for the different pellet
types used in this study. Additionally, the fiber concentration in the
purged material was measured to investigate homogeneity of the
material before the injection stage. The purged material was
obtained by air shots at a retracted injection unit and the material
was purged at 10% of the injection speed. Material from five air
shots were recovered and measured. While the measured concen-
tration in the pellets and the purged material are slightly below the
nominal value, the measurements show that the fiber concentra-
tion is homogenous in the raw pellet material as well as after the
plasticating phase in the purged material (Table 5).

4.2. Through-thickness concentration analysis using uCT

Fig. 10 shows the measured through-thickness fiber concentra-
tions at locations 1, 2 and 3 for all trials. The results suggest that
the fiber concentration varies substantially in the thickness direc-
tion of all molded plates. The trials at higher concentrations
(PPGF20 to PPGF60) show a common pattern in the measured con-

centration distribution. The measurements indicate a core layer
with significantly higher fiber concentrations, which reach values
of up to 1.5 times of the nominal concentration for PPGF40 (loca-
tion 2). The shell layer and surface region have fewer fibers. For
samples close to the gate (location 1), the width of the core layer
is wider than at locations 2 and 3. There are also secondary concen-
tration peaks close to the sample surfaces (relative thickness of
+0.1), which reach values of 1.05 (PPGF20, location 2) to 1.45
(PPGF50, location 3). PPGF60 shows a fairly constant through-
thickness concentration at the end of the flow path (location 3).

The trials at diluted suspensions (PPGF05 and PPGF10) show a
different trend in through-thickness fiber concentration. At loca-
tion 1, the core layers for both trials show a concentration mini-
mum of 0.75 and maximum of 1.25 in the transition region
between shell and core (relative thickness of approximately
+0.3). PPGFO5 shows a similar pattern of a minimum in the core
enclosed by two maxima at locations 2 and 3 as well. On the other
side, the PPGF10 results suggest a minor peak of approximately 1.1
in the core layer, which indicates a similar through-thickness pat-
tern as found at higher concentrations.

For a more concise evaluation, two characteristic values can be
defined: the core layer width § and the maximum fiber concentra-
tion in the core layer ¢;", as illustrated in Fig. 11. The core layer
width and maximum concentration measured at location 3 for all
trials is shown in Fig. 12. The relative core width increases at
higher nominal fiber concentrations from 0.10 at PPGF05 to 0.26
at PPGF60. While the maximum fiber concentration is 0.97 at
PPGFO5, it increases to 1.50 at PPGF40, which is the overall highest
fiber concentration in the core found for all trials. For PPGF50 and
PPGF60 it decreases to 1.36 and 1.27, respectively. The measure-
ments for PPGF60 at location 3 a constant through-thickness fiber
concentration and no distinct core layer.

4.3. Fiber packing density analysis

Fig. 13 summarizes the obtained average distance between
fibers in the core and shell layer for all samples. As expected, the
fiber spacing decreases from 68.1 um (PPGF05) to 11.6 um
(PPGF60) with an increase in nominal fiber concentration. The
findings at higher nominal fiber concentrations (PPGF20 to
PPGF60) suggest that the average distance between fibers in the
shell layer is larger than in the core layer. The difference between
core and shell is the largest for PPGF20, PPGF30 and PPGF40, while
it is lowest for PPGF60. The PPGFO5 measurements show a slightly
larger average distance between the fibers in the shell than in the
core. For the PPGF10, the measured distance is almost the same for
core and shell. Due to the scan resolution of 5.25 pm, the results for
higher fiber concentrations (PPGF50 and PPGF60) should be trea-
ted cautiously in terms of the absolute distance values obtained
in this study.

4.4. Flow front analysis

Partial mold fillings allow data to be obtained on the transient
fiber configuration during the mold filling. Molding trials at 25%,
50%, 75% and 90% fill were done, and the fiber concentration was
measured using puCT and pyrolysis. Fig. 14 shows a 3D reconstruc-
tion for the 50% fill.

Fig. 15 shows the measured through-thickness fiber concentra-
tion for the partially filled moldings at a nominal fiber concentra-
tion of 40 wt.% (PPGF40). The results suggest a fairly uniform
fiber concentration through the thickness at the flow front without
a distinct fiber agglomeration in the core layer for all fillings
(Fig. 15 left), but a decreased fiber concentration towards the sur-
face. At 10 mm from the flow front (Fig. 15 center), the measure-
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Fig. 10. Summary of the through-thickness fiber concentration of locations 1, 2 and 3 for all trials. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

ments suggest a fiber agglomeration in the core. The peak in fiber
concentration in the core decreases with increasing mold fill with a
nominal fiber concentration of 1.5 at 25% fill and 1.1 for 90%. The
analysis of samples extracted 17 mm from the flow front show a
more distinct core-shell structure. The peak of fiber concentration
in the core shows a maximum of approximately 1.4 for 50%, 75%
and 90% fill. For the 25% fill, the peak is larger at 1.6.

Additional measurements of the local fiber concentration
through pyrolysis were performed to obtain the fiber concentra-
tion gradient along the flow length. Slices between 5 mm and 15
mm were cut from the partial mold fillings. Fig. 16 summarizes
the measured fiber concentrations relative to the melt front (three
repeated measurements per location). The measurements suggest
a substantial peak at the flow front itself can be observed, which
reaches between 48 wt.% for the 75% mold fill and up to 54.7 wt.

1.75
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1.25 f%}{ """"""""""
/ /

0.75 1
05
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0 0.2 0.4 0.6 0.8 1

Normalized Volume Concentration [-]
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Fig. 11. Illustration of core layer thickness ¢ and fiber concentration maximum
¢ (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 12. Maximum fiber concentration in the core layer and core layer width at

location 3 for all trials. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 13. Results of the fiber packing density analysis: Average distance between
fibers in the shell and core layer. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

% for the 25% mold fill trial. Values above the nominal concentra-
tion (40 wt.%) are measured up to 25 mm from the flow front. At
distances above 25 mm, the measured fiber concentration is on
average 38.5 wt.%

5. Discussion

The results of this study show a non-uniform fiber concentra-
tion in the molded part. Fig. 17 shows a stitched set of low resolu-
tion UCT scans of a complete PPGF40 plate (left) and 2D slices of

50% Fill

high resolution scans of the core layer and the shell layer respec-
tively (right). This figure qualitatively highlights the fiber concen-
tration gradients found in LFT injection induced by the process.

The heterogeneity can be divided into a global fiber concentra-
tion gradient throughout the entire molded plate and a through-
thickness fiber concentration. The global concentration gradient
for all trials shows increasing fiber concentration along the flow
path. For all measurements except for PPGFO05, the fiber concentra-
tion peaks at the end of the flow, while the samples close to the
gate show a minimum. The findings are aligned with the outcome
reported in other studies [6-11]. Although no clear explanation for
this phenomenon has been established yet, a reasonable hypothe-
sis for the variation is the interaction between partially embedded
fibers and the molten core at the interface of the solidified layer
during mold filling. Two mechanisms can take place, as shown in
Fig. 18. Partially embedded fibers in the solidified layers are
exposed to deformation and stresses caused by the advancement
of the molten core during cavity filling. Ultimately, the fibers can
be either sheared off or are pulled out and swept along with the
molten core. Either mechanism can result in an increased fiber
concentration at the last filled part of the cavity. The analysis of
the fiber concentration of the partial mold fillings supports the the-
ory because it shows a significant peak in fiber concentration at the
melt front for all partial mold fillings, which suggests that an ele-
vated concentration of fibers is carried along the flow front. Never-
theless, this hypothesis needs to be further tested by fiber length
measurements along the flow path or at the melt front for partial
mold filling. Longer fibers at the flow front would indicate that
fiber pill-out might be the dominant mechanism.

The analysis of the through-thickness fiber concentration
showed a substantial fiber agglomeration in the core layer and
fewer fibers in the shell layers. Hence, the concentration distribu-
tion shows a core-shell pattern, which is commonly observed in
fiber orientation measurements [28,29]. In terms of fiber orienta-
tion, this core-shell pattern is attributed to the fountain flow effect
[4,30]. The fiber concentration distribution observed in this work
might also be related to the fountain flow phenomenon, as the
overall deformation at the flow front causes substantial reorienta-
tion of the fibers as they pass through the fountain flow. The mate-
rial at the flow front is forced to move from the center of the cavity
outwards onto the mold surfaces. The material freezes upon con-
tact with the cold mold resulting in the formation of a solidified
layer. As additional material enters the cavity, the advancing flow
front is continuously stretched and rolls onto the cool wall where it
freezes instantly. The high-shear region at the solidified layer and
the advancing molten core causes a strong in-flow fiber alignment
while the fibers in the core are oriented in cross-flow direction
[31,32]. The degree of fiber alignment determines how closely
the fibers can pack together, so the maximum fiber concentration

Fig. 14. Illustration of the flow front analysis: 3D reconstruction of the nCT scan of the flow front of the 50% mold fill at a nominal fiber concentration of 40 wt.% (PPGF40).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Measured through-thickness fiber concentration of at the flow front for partially filled cavity molding (25%, 50%, 75% and 90% fill) at a nominal fiber concentration of
40 wt.% (PPGF40): At the flow front (left), 10 mm from the flow front (center) and 17 mm from the flow front (right). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

is directly related to the fiber orientation for concentrated
suspensions.

The maximum three dimensional packing density for randomly
aligned rods is determined by the volume fraction and the aspect
ratio of the rod [33,34]. According to Milevski et al. [34], the pro-
duct of volume fraction and aspect ratio equals 5.4 for randomly

aligned rods. The average fiber aspect ratio measured in the purged
material for the PPGF40 trial is 80 + 5.4 and the corresponding
packing density is 6.57 vol.%, which is below the nominal fiber con-
centration of 19.1 vol.% At no point in the process is the fiber con-
centration low enough to allow a completely random fiber
orientation, which implies that the fiber orientation will always
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Fig. 16. Measured fiber concentration as a function of the distance to the flow front for partial mold fillings (25%, 50%, 75% and 90% fill) at a nominal fiber concentration of 40
wt.% (PPGF40). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 17. Qualitative illustration of the process-induced fiber matrix separation in LFT injection molding for PPGF40: Stitched set of low resolution pCT scans (left) and 2D
slices of high resolution scans of the core layer and the shell layer (right). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 18. Fiber pull-out and fiber breakage during cavity filling due to partly
embedded fibers. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

be aligned to some degree. In particular, the fiber agglomeration
found in the core requires a strong degree of fiber alignment to
be able to pack together to at the concentration found in this study.
This high packing density might not carry through the reorienta-
tion process at the advancing flow front. Hence, no substantial fiber
concentration can be seen in the shell layers. Furthermore, Ander-
sson and Toll [6] suggest that the fibers in the core are compressed
by the fibers that move through the fountain flow. Furthermore,
they argue that stresses emerge acting on the core layer fibers
due to the elasticity of the fibers going through the reorientation
process, which further compresses the fibers in the core layer
and packs them more densely. This hypothesis would also explain
why the trials at diluted concentrations (PPGFO5 and PPGF10)
show different trends in the through-thickness concentration.
The low fiber concentration in these trials allows for more random
fiber orientation throughout the part, and the alignment-
concentration dependence is not as pronounced.

6. Conclusion and outlook

This work summarizes a comprehensive experimental study on
the fiber matrix separation in LFT injection molding. The results

show that there are substantial concentration gradients within
the molded part. Measurements of the raw pellet material and
plasticated material before the injection phase (purged material)
show a uniform fiber concentration. Hence, the observed non-
uniform fiber concentration in the molded plates was identified
to be caused by process-induced fiber matrix separation during
cavity fill.

A measurement protocol using pCT and image processing was
developed and validated with conventional subtractive machining.
The results show that the nCT analysis offers several advantages,
including fine resolution and time efficient analyses, as well as
being non-destructive and allowing additional measurements such
as fiber orientation measurements or void detection. For all trials,
the through-thickness fiber concentration shows substantial accu-
mulations of fibers in the core layer, refuting the common assump-
tion of a uniform fiber concentration in injection molded LFT parts.
For PPGF40, the measurements suggest 1.5 times the nominal fiber
concentration in the core layer. The degree of fiber matrix separa-
tion observed in this study has significant implications for the pre-
diction of the process-induced microstructure as well as modeling
the material response in structural analyses.

An important avenue to explore is how the rheological behavior
of the suspension influences fiber migration. Tozzi et al. [35]
showed experimentally that the velocity profile of cellulose fiber-
filled suspensions strongly depends on the local fiber concentra-
tion. However, the fiber orientation [36] and fiber length [37] affect
the suspension rheology as well. An important next step would be
a fundamental experimental study on the effect of the rheological
properties on fiber matrix separation while accounting for any
changes in fiber length and fiber orientation. Furthermore, the
effect of the gate design and flow type on the process-induced fiber
matrix separation should also be investigated. The type of gate
might change the migration in the gate region and could provide
further insight in the underlying mechanism of fiber migration.

First attempts to predict the fiber matrix separation during
injection molding have been made [18,19] based on the suspension
balance model assuming shear-induced particle migration. This
approach completely neglects the reorientation mechanism as well
as the relationship between fiber alignment and fiber concentra-
tion. On the other hand, fiber orientation models based on the
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Folgar-Tucker model describe the orientation process as a rotary
diffusion mechanism related to fiber-fiber interactions [4]. How-
ever, the rotary diffusion models assume a constant fiber concen-
tration throughout the entire process. Hence, the process-
induced change in concentration during molding is not taken into
account for the fiber orientation prediction. Based on the findings
of this work, a coupled approach between orientation and concen-
tration would be recommended for predicting the final fiber
microstructure.

The vast majority of structural analyses assume a uniform fiber
concentration throughout the part, but the observed process-
induced variation in fiber concentration may have a substantial
impact on the material response. In particular, the through-
thickness fiber concentration with a fiber agglomeration in the
core layer would need to incorporated. It can be expected that
the core layer and the fiber alignment in that layer contributes sig-
nificantly more to the mechanical performance compared to the
common assumption of a constant fiber concentration. Further-
more, the fiber accumulation found at the flow front observed is
expected to influence the fiber configuration at weld lines and
the further exploration would be of interest.
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