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Abstract. This paper presents a method for aligning chopped glass fibers during SMC production
on an SMC-line, using a vibrating gate to obtain a preferential fiber orientation in the semi-finished
material. The vibrating gate consisted of multiple blades with varying height and relative distance,
resulting in multiple slit configurations. Processing parameters of this test setup were varied in an
experimental study to determine the effects on the resulting fiber orientation. Digital image
analysis was used to quantify the degree of fiber orientation in the semi-finished material, and in
the molded SMC plates produced thereof. In addition to that, tensile strength and modulus were
characterized in dependance of load direction following DIN EN ISO 527. Material anisotropy
was also characterized with a non-destructive test method using tensile discs. It was found that the
chosen process approach was suitable to achieve a preferential fiber orientation, with the blade
distance being the most influential parameter on fiber alignment. Highest fiber alignment results
were achieved with a configuration with 5 mm relative distance between blades: (a) A fiber
fraction of 45% was achieved within 0° + 20°, (b) in the 0° orientation, tensile strength was
doubled, and modulus was increased by 55% compared to a reference SMC with random fiber
distribution.

Introduction

Sheet Molding Compound (SMC) is one of the most commonly used fiber reinforced composite
materials, seeing application in the automotive, transportation, and construction industries, among
others [1, 3]. SMC combines a thermosetting matrix system, usually based on unsaturated
polyester, with a discontinuous fiber reinforcement in the form of chopped fiber glass [4, 14, 20].
Fibers have a random in-plane orientation within the semi-finished material, resulting in planar-
isotropic material properties, which are usually also retained in the finished part molded thereof
[8, 18]. The discontinuous fiber reinforcement in SMC allows for material flow during
compression molding, enabling fast and efficient production of parts of a relatively high geometric
complexity [8, 14]. SMC is also a very versatile class of materials: By variation of type and content
of resin, fiber and filler, a wide range of material properties can be achieved, ranging from cost
efficient or flame-resistant SMCs to high performance materials with a high content of glass or
carbon fibers, to name just a few examples [1, 17]. In applications with clearly defined load paths,
a preferential orientation of the reinforcement fibers in the SMC along those paths might be
beneficial for overall part performance. With an increasing fraction of fibers contributing to the
load transfer, superior weight specific strength and stiffness might be achieved, somewhat
reducing the performance gap between SMC and composites with highly aligned, continuous fiber
reinforcement [9, 15]. Assuming that the flowability of SMC could also be retained while
achieving this targeted fiber alignment, this would make for an interesting new material variant
for complex, high production volume parts with defined load paths such as suspension or control
arms in vehicles, to give some examples. A preferential fiber orientation in SMC might
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theoretically be achieved either during the initial production of the semi-finished material, or
through excessive material flow in the compression molding step [15]. With a sufficiently long
flow path, fibers might have enough time and space for reorientation during mold filling as a result
of the interaction with the surrounding flowing matrix. This process is, however, difficult to predict
and control, especially with complex part geometries. It is therefore preferable to incorporate pre-
aligned fibers in the semi-finished material itself.

While there are multiple fiber aligning methods for discontinuous fibers described in scientific
literature, to our knowledge none of them have been applied in SMC production so far. One general
approach involves flow-induced fiber alignment during transportation in a fluid suspension [19,
25]. This method is commonly used in the production of composites from recycled, discontinuous
carbon fibers [7, 10—12, 23, 24]. Alternatively, fiber alignment might be achieved by carding. This
method is commonly used in the textile industry, and is sometimes applied in composites
production as an intermediate process step for obtaining nonwovens, e.g. from recycled carbon
fibers [2, 13, 16]. A straightforward method for obtaining aligned fibers involves a vibrating gate.
This gate comprises of a frame, in which multiple parallel blades are installed at a defined distance
between one another. The fibers are dropped onto the gate and are forced into a certain orientation
upon passing through it. The vibration of the gate prevents the fibers from piling up on top of it
[5, 6, 16]. The authors of [5] were able to produce an organo-sheet with aligned reinforcement
from discontinuous carbon fibers using the vibrating gate method. Specimens produced were
benchmarked against continuously reinforced tapes with otherwise identical fiber content (fiber
volume fraction: 20%) and matrix system. Young’s modulus of the discontinuously reinforced
specimens reached approx. 40 GPa, which corresponds to 90 % of the modulus of the reference
material.

Gan et al. [6] describe a test setup that appears to be well suited for adaptation to the SMC
process chain. The authors use several gates in serial configuration. Distance between blades and
respective heights are varied between individual levels to gradually increase fiber alignment and
to prevent fibers from piling up on top of the blades. Vibrating motors are used to further prevent
fiber buildup. The experimental setup is decoupled from the surrounding equipment with
dampeners. Fibers that pass through the alignment module are dropped on a conveyor belt. It was
found that the distance between the alignment module and the conveyor belt should be minimized
to prevent unwanted misalignment of the fibers during the remaining drop distance. According to
the authors, their setup is suitable for covering a large output surface area at a high fiber
throughput. It was found that approx. 55% of the fibers were aligned within £5° of the processing
direction. In this work, a similar method to the one described in [6] is adapted to an SMC line for
the production of a semi-finished material with a high degree of fiber alignment. Materials were
produced under variation of multiple processing parameters. Fiber orientation and resulting
material properties were characterized using optical methods and mechanical testing.

Experimental

In this work, a modified SMC line of the type HM-LB-17 by Schmidt & Heinzmann GmbH & Co.
KG was used. The HM-LB-17 is a lab scale line, with a maximum production width of 800 mm.
The experimental setup for the fiber alignment was positioned directly below the glass fiber cutting
unit. The guiding sheet metal housing for the chopped glass fibers was removed for this study. An
approximate space of 850 mm x 1300 mm x 500 mm was available for the experimental setup in
between the cutting unit and the lower carrier film. Line speed was set to 2.6 m/min for all
experiments. Fig. 1 shows the experimental setup, as it was installed in the SMC line. The frame
of the gate consisted of aluminum profiles. The blades were cut from sheet metal, thickness was
0.8 mm. The blades were aligned in processing direction of the SMC line. This corresponds with
the 0° orientation. The vibration motor was fixed directly to the frame. The setup was fixed to the
SMC line with rubber dampening elements.
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Figure 1 — Schematic of the vibrating gate experimental setup, and installation in SMC line

Experimental parameters for material production are summarized in Table 1. The first set of
experiments was performed only with dry fibers, omitting the resin paste, to pre-select a subset of
suitable processing parameters for material production. For the dry fiber tests, the full range of
parameter combinations was investigated. The gate configuration describes the arrangement of
blades of varying length used in the setup. It was found that the gate configuration did not have a
significant effect on the quality of the fiber alignment. It did, however, influence fiber buildup on
top of the gate, i.e., a configuration with multiple blade heights was usually better suited for
preventing fiber bridging and buildup on top of the gate. Fiber buildup was always considered as
a failure of the experiment, and the respective parameter set was omitted from further testing.

Table 1 — Experimental parameters with corresponding variations used

experimental parameters variations used

gate configuration

Mmhn \H HH
A B C D E

blade distance [mm)] 5;11;17;23
dampener type small (Dk); medium (Dm); large (Dg)
AC frequency [Hz] 20; 30; 40; 50

Ms: perpendicular to the processing direction

motor orientation . o
Mp: parallel to the processing direction

The same was also found for the dampener type, vibration frequency and motor orientation. No
significant influence on resulting fiber alignment was identified for any of those parameters. Only
the distance between the blades exhibited a significant effect on fiber alignment. Following the
dry fiber tests, four gate configurations, as well as a reference conventional SMC without fiber
alignment were selected for full testing. The specimen nomenclature is shown in Fig. 2.
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Figure 2 — Specimen nomenclature

A thermoset matrix based on vinyl ester was used in the production of the semi-finished
material. The formulation is shown in Table 2, components are listed in order of mixing. In its
molded state, the resin is slightly translucent when no fillers are used, enabling visual inspection
of fiber orientation in the plates. Mixing was performed directly before the trial run to prevent
premature thickening of the resin on the SMC line. The resin formulation was identical for all
material charges produced in this study. The nominal glass fiber weight fraction was 40% for all
materials produced, with the chopped fibers having a length of approx. 25.4 mm. As fiber
reinforcement, an assembled glass roving of the type MultiStar 272 4800 tex (Johns Manville) was
used. Fiber type was also fixed for all experiments. After production, the semi-finished materials
were stored in a climate chamber for approx. seven days at 20 °C.

Table 2 — Vinyl ester SMC formulation

Material Function Supplier
Daron 8180 vinyl ester resin AOC

UOP-L water binding agent Obermeier
BYK 9085 release agent and flow aid BYK

pBQ inhibitor Sigma Aldrich
Peroxan BEC initiator Pergan
Lupranat M20R thickener BASF

For compression molding trials, a hydraulic upper piston press with parallelism control of the
type DYL 630/500 (Dieffenbacher) was used. Square plates with a side length of 455 mm were
produced with an SMC compression molding tool. Press force was 1200 kN, which corresponds
to approx. 60 bar cavity pressure relative to the projected cavity surface. Cure duration was 300 s
at a mean mold temperature of 150 °C. Mold closing speed was 1 mm/s upon contact with the
SMC charge. Initial charge dimensions were 400 mm x 400 mm, resulting in a mold coverage of
approx. 77%. The initial stack consisted of 3 SMC layers, resulting in a plate thickness of approx.
2.3 mm and a plate weight of approx. 750 g. Individual layers were stacked while retaining the
same 0° orientation in between layers, and always placed in the center of the mold, consistently in
the same orientation to make sure that any flow induced fiber orientation effects were identical
among all specimen types processed.

Specimens were extracted from the molded plates via water jet cutting. Five tensile specimens
oriented in processing direction (0° direction) and five tensile specimens perpendicular to it (90°
direction) were extracted from the plates (150 mm x 25 mm). In addition, a tensile disc specimen
[22] and five round 25 mm diameter specimens for thermogravimetric analysis were also extracted.
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Material anisotropy was characterized using a method developed in [22]. Circular disc
specimens with a diameter of 170 mm were used for this purpose. These tensile discs were
mounted into a universal testing machine (Zwick Roell Zmart.Pro) with a clamping length of
122 mm. The specimens are loaded up to a maximum elongation of &=0.3%. Troster et al. [22]
showed that for long fiber reinforced thermoplastic material this was well within the elastic region
of the material. For the SMC investigated in this work, it can be assumed that this is also the case
based on stress-strain curves of tensile testing experiments following DIN EN ISO 527. The force-
elongation curves were recorded. A pseudo-Young’s modulus (E*) was determined from the
measured stress-strain-curves between &=0.05% and £=0.25%. The length of the clamped area of
the specimen was used in the calculation of the specimen cross section. Measurements were
repeated after rotating the specimen in 10° increments, until a total of 180° of the disc is covered.
Troster [22] proved in his work that the purely elastic loading of the discs had no influence on
subsequent measurements.

In addition to the tensile disc specimens, conventional quasistatic tensile tests based on DIN
EN ISO 527 were also performed with a second set of specimens. Specimen dimensions were
150 mm x 25 mm. Testing was done in a universal testing machine of the type Inspekt table 50.

Fiber orientation of the dry fiber bed and within the molded plates were characterized in a visual
evaluation, respectively. A camera was fixed on the SMC line, filming the dry fiber bed right
before the material enters the impregnation zone of the SMC line. Additionally, images of the
molded plates were also taken. Digital image evaluation was performed in Fiji/ImageJ. The plugin
Directionality [21] was used to analyze the fiber alignment. This software was used to analyze the
fiber length fraction within a given angular segment using a Fourier power spectrum analysis. The
generated histogram of the fiber length fractions is approximated by a Gaussian function and
statistically evaluated. For any given specimen type, a minimum of five pictures were evaluated.

Results and discussion

In Fig. 3 the fiber length fraction within an angle of £20°0f the 0° orientation is displayed for all
materials tested, with five specimens investigated per variant. Results are shown for both the dry
fiber bed tests, as well as for the molded plates with the same fiber alignment setup parameters.
Additionally, the results of those experiments are compared to a reference SMC variant without
any targeted fiber alignment. The reference material exhibits the overall lowest fiber length
fraction in the given angular segment. A mean fiber length fraction of 31.7% was measured for the
dry fiber bed experiment. Every other configuration using a gate showed a significantly higher
fiber alignment in the dry fiber bed experiment. The main influence on fiber alignment is
seemingly the distance between the blades. With decreasing distance, the fiber length fraction
increases. This is consistent with the findings of Gan et al. [6]. The configuration with a blade
distance of 17 mm (C_17 Dm_50 Ms) reached a mean fiber length fraction of 44.6 % in the dry
fiber bed experiment. The two configurations with a 11 mm blade distance (D_11 Dk 40 Ms and
A 11 Dm 30 Ms) reached, on average, 48.8%, and 50.0%, respectively. The configuration with
a blade distance of 5 mm (A_05 Dk 50 Ms) reached a mean fiber length fraction of 55.7%. A
clear trend can be seen when comparing the mean values. Standard deviation for all measurements
was relatively small, indicating that the fiber alignment process was overall quite robust.
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Figure 3 — Fiber length fraction within £20° of the 0° direction for each experimental
configuration

For the molded plates, the reference material reached a mean fiber length fraction of 29.3%
within £20° of the 0° orientation. The 17 mm distance configuration (C_17 Dm_50 Ms) reached
a mean fraction of 39.0%. The 11 mm distance configurations (D 11 Dk 40 Ms and
A 11 Dm 30 Ms) reached 45.3% and 42.5%, respectively. The 5 mm distance configuration
(A_05 Dk 50 Ms) reached 44.3%, which is in the same range as the 11 mm configurations,
showing no significant difference. While the general trend of an increasing fiber alignment effect
with decreasing blade distance is also visible for the molded plates, it is seemingly less pronounced
at very low blade distances compared to the dry fiber bed experiments, as indicated by the
plateauing mean fiber length fractions. It is also of note, that the mean fiber length fractions are
also consistently lower than those of the corresponding dry fiber bed experiments for every single
molded plate type. This is likely due to fiber reorientation effects during SMC production within
the impregnation zone, as the fibers are sheared between the chain belts of the SMC line, and
potentially during molding, when some degree of flow-induced fiber alignment might have
occurred.

In Fig. 4, left, the resulting curves of the mechanical anisotropy characterization experiments
following the methodology of Troster [22] are shown. The orientation-dependent £* profiles of all
five SMC configurations tested are displayed. The E* curves of all configurations were normalized
using the respective configuration-specific maximum value of E*.

502



Material Forming - ESAFORM 2025 Materials Research Forum LLC

Materials Research Proceedings 54 (2025) 497-506 https://doi.org/10.21741/9781644903599-54

SMC configurations with and without the use of the gate

normalized to configuration-specific maximum pseudo-Young's modulus (E*y.x)
o

A_05 Dk 50 Ms 350 10 i :

~-D_11_Dk 40_M H = 2 4 29"
330° 30 il
A_11_Dm_30_Ms 00—~ “‘
320° Ll 40 | i

--C_17_Dm_50_Ms 7 i

without gate 310° ; 0350 0 g

300° 0.80 50t \ / 4
280° 80° -

i '
l\ - G

e 20 mm

Figure 4 — Left: normalized pseudo Young’s (E*) modulus in dependence of loading angle and
specimen type, right: circular disc specimen for mechanical material anisotropy determination
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For the reference material without any targeted fiber alignment, the £* curve is nearly circular.
The maximum value of E*/E*nax can be found at approx. 20°, indicating that there might be a
slight preferential alignment in that direction. There is, however, only minimal orientation-
dependent deviation of E*, with E*/E*n.x never dropping below 0.9 for this material type. The
reference material therefore seems to be nearly isotropic. In sharp contrast, the normalized E*
curve of the specimen type with 5 mm spacing between blades (A_05 Dk 50 Ms) exhibits an
ellipsoid profile. The maximum value of E*/E*y.x was obtained in the 0° direction, while the
minimum value is reached in the 90° direction. The other configurations investigated also show an
ellipsoid curve shape, ranging somewhere between the two edge cases previously discussed. The
maximum value for E*/E*n.x was also reached in the 0° direction for all configurations with a
targeted fiber alignment, independent of blade spacing, while the minimum value is always found
in the 90° direction. However, the ellipsoid shape in these configurations is somewhat less
pronounced. In general, it can be stated that, the smaller the distance between the blades of the
fiber alignment gate, the more ellipsoid the orientation-dependent £* shape becomes, indicating
that the material anisotropy increases. The location of the maximum and minimum values for £*
at 0° and 90°, respectively, indicates that, the fibers are preferentially oriented into the 0° direction.

To quantify the degree of fiber orientation, an anisotropy factor was calculated with E*nin /
E*nax for all configurations. The reference material has a mean anisotropy factor of 0.9 across
three specimens. The variant C 17 Dm_50 Ms has a mean anisotropy factor of 0.83. The variants
D 11 Dk 40 Ms and A 11 Dm 30 Ms reached 0.74 and 0.78, respectively. The variant
A 05 Dk 50 Ms has a mean anisotropy factor of 0.71. The results of the mechanical anisotropy
characterization seem to match the visual evaluation results. In general, the results of the SMC
anisotropy evaluation seem to be in good agreement with the findings of Troster, who performed
his investigations on long fiber reinforced thermoplastic materials [22]. The author also
encountered elliptical profiles of the normalized E* curves and was able to correlate those to the
degree of anisotropy of the fiber orientation.

503



Material Forming - ESAFORM 2025 Materials Research Forum LLC

Materials Research Proceedings 54 (2025) 497-506 https://doi.org/10.21741/9781644903599-54
tensile strength Young's modulus
of SMC configurations with and without the use of the gate of SMC configurations with and without the use of the gate
0 divided into 0° and 90° divided into 0° and 90°
150
175
125
@ 150 - _]_

& ¥

= Q 100
K= 125 g
= =z

© 100 75
fln L=l
3
g 7 £

£ % 50
2 50 g
7] =]

E 25 > 23

,‘mmm
[ 90° 0° 90° 0° 907 0° 90° 0 90° 0 2 0 90° 0 90° 0° 90° 0 or°
A 05 Dk 50 Ms D_11 Dk 40 Ms A 11 Dm 30 Ms C_17_Dm_50_Ms without gate A 05 Dk 50 Ms D 11 Dk 40 Ms A 11_Dm 30 Ms C_17_Dm_50_Ms without gate

Figure 5 — Left: mean tensile strength in 0° and 90°; right: mean Young’s modulus in 0° and 90°

Fig. 5 (left) shows the mean tensile strength of each configuration in dependance of the load
direction. For each variant, five specimens were tested. The reference material reached 79 MPa in
0°, and 76 MPa in 90° direction, with no statistically significant difference between those two,
indicating that the material is planar isotropic. All other configurations exhibit a significant
difference in strength between 0° and 90° load direction. The 17 mm blade spacing configuration
(C_17 Dm 50 Ms) reached a mean tensile strength of 108 MPa in 0°, and 67 MPa in 90°
orientation. For D 11 Dk 40 Ms, tensile strength was 135 MPa and 63 MPa in 0° and 90°,
respectively. The other 11 mm spacing variant A 11 Dm 30 Ms performed similarly, wit
145 MPa and 73 MPa mean tensile strength in 0° and 90°, respectively. Highest strength was
achieved for A 05 Dk 50 Ms in 0° direction, with 165 MPa, while in 90°, only 62 MPa were
measured, on average. Standard deviation was, in general, in the normal range for SMC, indicating
that there was no negative influence on process robustness with the fiber alignment setup
integrated into the process chain. A clear anisotropy was found for all material variants with the
fiber gate setup, showing a significant increase in 0°, and a corresponding drop in 90°. Based on
fiber content determination measurements via thermogravimetric analysis, the reference material
has an average fiber wight fraction of approx. 29.6 %, while the other material variants were, on
average, closer to 35 %. The scatter of measured fiber mass was relatively large. While the
difference between the different material variants was not statistically significant overall, the
seemingly lower average fiber content in the reference material might be a possible reason for the
relatively low mean tensile strength of the reference material. The target fiber weight fraction of
40% was not matched for any of the material variants.

Fig. 5 (right) shows the mean Young’s modulus of each configuration in dependance of the load
direction. The reference material reached 7.2 GPa in 0°, and 6.9 GPa in 90° orientation, once again
showing isotropic material behavior. The other materials showed a significant difference between
0° and 90°. C 17 Dm_50 Ms reached 9.7 GPa and 6.4 GPa, respectively. D 11 Dk 40 Ms
reached 11.7 GPa and 6.8 GPa, while A 11 Dm 30 Ms reached 10.6 GPa and 6.8 GPa,
respectively. Finally, A 05 Dk 50 Msreached 11.2 GPain 0° and 7.1 GPa in 90°. The difference
between the 11 mm and 5 mm spacing variants is not significant in neither load direction. The
increase in stiffness from the reference material seems to be not as pronounced as the
corresponding increase in strength, and the scattering of measured data seems to be also slightly
higher. This seems to match the findings of Gan et al. [6], who also saw a difference between
strength and stiffness gain for their aligned materials. The tensile testing results seem to fit well
with the circular disc and visual characterization results.

Conclusions
In this work, semi-finished SMC with a preferential fiber orientation was successfully produced,
using a vibrating gate for fiber alignment during material production on the SMC line. Multiple
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configurations of the fiber alignment setup were investigated. It was found that the spacing
between the blades of the gate had the biggest impact on the resulting fiber alignment within the
SMC, with smaller spacing resulting in a bigger fraction of fibers being oriented in processing
direction. Best results were obtained with a 5 mm spacing between blades, with approx. 56 % of
fibers being oriented within £20° of the production direction. Other process parameters, mainly
related to the vibration of the experimental setup, were found to be important for the avoidance of
fiber buildup on the gate, while otherwise not exhibiting any significant influence on the fiber
alignment.

The material produced showed significant anisotropy throughout both visual and mechanical
characterization, with one material reaching an anisotropy factor E*min / E*max of 0.71. In 0°
orientation, this material variant reached 165 MPa in strength, and 11.2 GPa in stiffness under
tensile load, which is remarkable for a mean glass fiber weight fraction of approx. 35%. A material
with such a preferential fiber alignment is potentially of great interest for certain applications with
clearly defined load paths.
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