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Abstract

Sheet molding compound (SMC) is widely used due to multiple advantages, e.g., low material cost, short production cycle,
and ability to adjust the formulation. However, the manufactured SMC parts exhibit spatial property variations in
heterogeneity and anisotropy, induced during raw material manufacturing and compression molding. To overall and spatially
characterize the SMC part performance with consideration of the local morphology, a test cell was developed, consisting of
a mechanical test bench and an optical measurement system. Displacement and force control modes were customizable
realized on the test bench with adjustable test parameters. Different load cases and tests were integrated, like a cantilever,
three- and four-point bending, creep, and endurance. The overall part geometry, deformation, and full field surface strain
could be provided. Furthermore, one unique platform for the real-time finite element analysis of the SMC part performance
was developed and integrated. In the exemplary case studies, the functionalities of this test bench were demonstrated based
on bending, creep, and endurance test on three-dimensional SMC parts. The parts showed varied bending stiffness with
spatially significant heterogeneity. Different creep stages were identified, and local stiffer areas under high stress were prone
to creep.
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glass fiber reinforced plastic, a share of almost 20%,* which
shows the importance of this material.

1. Introduction
In recent years, composites with high mechanical properties

and low density are required and being used more and more to
reduce vehicle weight due to the increasingly stringent
emission standards in the automotive and transportation
industries.['] One of the most used composite processing
methods is the so-called Sheet molding compound (SMC),
which traditionally consists of discontinuous random glass or
carbon fiber tows, that are impregnated with vinyl ester or
polyester resin.?l SMC shows a variety of advantages, e.g.,
low material cost, short curing time, and ability to adjust the
formulation.B! A high mass of SMC were produced in 2018 in
Europe, concerning the total production volume of
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SMC parts are usually manufactured by compression
molding,>® which means after stacking the plies of SMC with
desired charge geometry and weight into a preheated lower
tool, the upper tool is brought down under a certain closing
speed to squeeze the SMC charge and to force flowing to fill
the mold cavity. Furthermore, during compression molding,
the charge is subjected to heating, chemical reaction, and
cooling with microstructure development and induced internal
stresses. The aforementioned mechanisms are heterogeneous
and strongly affect the final SMC part properties.l! Generally,
the SMC parts are characterized by high cost specific
mechanical properties, geometrical complexity, and short
manufacturing time for large-scale production.®

However, SMC parts exhibit property variations in
anisotropy and heterogeneity,[®'? which is critical to structural
components. Generally, anisotropy is generated during
manufacturing SMC raw material by the random orientation
of dropped fibers on the moved conveyor belt and during
compression molding due to the flow-induced fibe
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orientation.31¥171 Furthermore, due to manufacturing variation,
the raw SMC material could possess spatially different fiber
volume content,® which could also be caused by fiber matrix
separation during compression molding.*%2% All these factors
lead to heterogeneity in the final part.

Trauth e al. investigated the tension behavior of SMC
material in different directions concerning conveyor
movement direction and different fiber volume content.!*3l
They pointed out that the SMC material presented slight
anisotropy, which increased with a higher fiber volume
content. Shirinbayan compared the tension behavior of
randomly oriented (RO) and highly oriented (HO) SMC plates
with respect to parallel (HO-0°) and perpendicular to the mold
flow direction (HO-90°).% It is figured out that Young’s
modulus and failure stress of HO-0° samples were pronounced
higher than that of HO-90° and RO samples.

As above-mentioned, the properties of SMC samples are
widely characterized at coupon level in the parallel direction
and perpendicular direction to the mold flow, according to
corresponding  standards to indicate the property
variations.[19?-221 However, only limited work was focused on
characterizing the mechanical property variations on part level.
Martulli et al. characterized one thick-walled SMC chassis
part using a bending test to evaluate the influence of
manufacturing parameters on part performance, where force
and displacement were recorded to calculate the global part
rigidity.?® Similarly, Oldenbo et al. investigated the influence
of fiber orientation on the global stiffness of an automotive
engine hood, which was calculated using the resulting
maximum deflection under a specific loading force.?!l In the
above test, the single measured values were unable to describe
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Pedestal

Load frame with slot guide

and observe the overall part performance and the related
spatial variations. Due to the variations, the SMC parts are
designed with a very conservative tolerance and are normally
constructed with isotropic material property, which leads to an
overdesign with a high safety factor from three to five.[?520

An improved design to reduce the uncertainties requires a
better understanding of the spatial property distribution and
the process-induced causes. Currently, this is costly to
implement since the samples have to be taken and tested
locally with high granularity. To determine the spatial
mechanical properties, e.g., stiffness, with consideration of the
local morphology, a new test methodology based on applying
different elastic deformation modes is being developed. For its
implementation, a novel test cell is designed and introduced in
the present work. It consists of a test bench to apply various
loading and deformation modes on SMC parts and an optical
measurement system to observe the overall part geometry,
deformation, and strain under external loads. The test cell,
including configuration, testing programs, and analyzable
measured values are introduced. Under the cantilever test, the
SMC parts’ bending property, creep behavior, and endurance
performance are globally and locally characterized using
deformation and surface strain.

2. Novel test cell

2.1 Design of test cell

The test cell consists of two main units, which are
schematically and physically depicted in Fig. land Fig. S1,
respectively. A test bench applies diverse loading modes on the
part, and an optical measurement system observes the overall
part geometry, deformation, and strain under loading.

Loading pin
Load cell

Guide unit
Support pin for 3-point
bending test

Servomotor  Lifting cylinder

Optical measurement system
ATOS 5

Sturdy tripod

Fig. 1 Schematic diagram of the test cell.
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The basic configuration of the test bench is composed of a
load frame, clamping fixture for cantilever test, support pins
for 3- and 4-point bending test, lifting cylinder with guide unit,
servomotor, load cell, and loading pin, as well as automation
devices. The load frame, made of die-casting Aluminum alloy,
is the structure-giving assembly of the test bench and takes the
loads generated by tests. Thanks to the slot guides in the load
frame, the clamping fixture could be positioned flexibly to
easily fasten the parts, which provides a variable clamping
force up to 11,100 N. For the 3-point bending test, the support
pins with a radius of 25 mm are positioned in rolling bearing
housings to reduce friction between pin and test object during
the relative movement. The bending is generated by the linear
movement of an electric cylinder, which is driven by a
servomotor via a belt transmission. The cylinder could provide
a 300 mm hub and a maximum feed force of 5,000 N with a
maximum twisting angle of 0.15 degrees. To increase the
maximum sustainable radial force on the cylinder drive shaft,
a guide unit is implemented and assembled on the cylinder.
The load cell (S9M, Hottinger Baldwin Messtechnik GmbH,
Germany) with a nominal force in a range of 5,000 N is
positioned between the guide unit and loading pin, which
achieves the accurate experimental loading force with a
linearity deviation of 0.02%. The loading pin has the same
radius as the support pins.

The automation devices, including a control cabinet, such
as industrial PC, servo amplifier, safety card, various terminals,
etc., are supplied by Beckhoff Automation GmbH & Co. KG,
Germany. To implement the management of the sub-
components and the automation controlling functions, such as
PLC (Programmable Logic Controller), field devices, and
input/output management, the TwinCAT (The Windows
Control and Automation Technology), a run-time control
system from Beckhoff, was applied. A Unity middleware was
employed to access TwinCAT to monitor the test status,
sample, and record data. In addition, this middleware serves
as an interactive graphical HMI (Human-Machine Interface)
to define the test parameters and display the test results in real-
time.

The optical measurement system is the ATOS 5 (GOM
GmbH, Germany), consisting of two 8 Mega Pixel CMOS
(complementary metal oxide semiconductor) Cameras with a
resolution of 3357 X 2456 Pixel. ATOS 5 works according to
the Triple Scan Principle with narrow-band blue light.?]
Fringe patterns are projected on the scanned object to build up
the point clouds, which are transferred together utilizing
reference points to compute the 3D object surface. A number
of parts could be fully digitalized due to the large measurement
volume of 700 X 530 mm, which can be enlarged by using
common reference points during scanning. Furthermore, the
ATOS 5 provides high accuracy. A deviation of maximal 11
um for the length of 320 mm and a deviation of maximal 6 pm
for the sphere with a diameter of 40 mm were achieved on
acceptance to VDI/VDE 2634.281 To realize measurements in
different views, the ATOS 5 is mounted on a sturdy tripod with
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a swivel head, moving freely in five-axis space.

2.2 Diverse test programs and analyzable measured value
To apply diverse loading and deformation modes on the test
object, multiple kinds of test programs and functions are not
only manually but also automatically executed at the test cell,
such as displacement- and force-control mode with different
configurable test parameters to study the part behavior, e.g.,
preload force and velocity, expected displacement and force,
feeding velocity, as well as the loading cycle and delay time,
etc. The test process, parameters, and the sensor values of
force, displacement, and velocity are fully monitored and
displayed in real-time in the HMI. The raw test data of the
whole test procedure, namely preloading, loading, delay, and
unloading, is fully documented in a before-defined workspace
for future post-processing.

Thanks to the customized test programs, the creep behavior
of the SMC part under different deformation modes can be
investigated by defining the test parameter, “delay time.” After
reaching the expected displacement or force, the servomotor
and cylinder stop moving and keep the status. Meanwhile, the
force values in the specific delay time are recorded. In addition,
by setting the parameter, “cycle,” the durability behavior of
the SMC part can be analyzed. That is, the SMC part is
subjected to repeated loading and unloading procedures until
reaching the set loading cycles.

In addition to the measured values by test bench, the
overall part geometry is contactless measured with the
software ATOS Professional (GOM GmbH, Germany)
through the optical measurement system. The overall and
spatial part deformation can be analyzed by comparing the
measured data with the CAD model. Furthermore, with the aid
of the software Aramis Professional (GOM GmbH, Germany),
the full field part surface strain and movement in the in- and
out-of-plane direction are quantified. To reduce the influence
of environmental variation on the measurement results, the
load frame of the test bench can be exemplarily set as a rigid
body to compensate for the variation. Using inspection
functions of that software, the overall and spatial strain
distribution in different directions on the part and along
different paths are accessible.

2.3 Integrated platform for inline finite element analysis

Furthermore, a unique platform was developed and integrated
into the middleware for the Abaqus (Dassault Systémes SE,
France) solver to realize a real-time finite element analysis to
virtually investigate and present the overall and spatial
mechanical behavior of the part, besides the single measured
value by the test bench. The architecture of the platform and
the procedures are illustrated in Fig. 2a and described in the
following. The Abaqus could be connected with the
middleware via C#/.NET and homemade Python scripts on the
same PC or remotely. After connecting, the generated protocol
file of a flexural test by the middleware could be manually (get
from file) or automatically (get the last piece) sent to Abaqus
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Fig. 2 The architecture of the platform (a), and the HMI for inline-
simulation (b).

lose Simu

via the button “Send,” as shown in Fig. 2b. The measured force
will be extracted and defined as input for the structural
simulation. The part performance will be simulated with the
predefined and embedded boundary conditions and material
cards in MATLAB and Python scripts. After simulation, the
corresponding results (the odb-output file; displacement,
strain, efc. in image format) are immediately sent back to the
middleware to provide the inspector with the whole part
performance. The illustrated simulation result in Fig. 2b was a
part deformation under the cantilever test. The connection
status, data transfer, and communication information are real-
time displayed in the text console. Since this work does not
focus on finite element analysis, the boundary conditions for

N Mol

simulation and the implemented material cards with local fiber
orientation are not further discussed.

3. Exemplary case study

3.1 Experimental

3.1.1 Manufacturing samples

The samples were made of one industry-grade Sheet molding
compound, which is specified for automotive applications on
(semi-) structural components, consisting of an unsaturated
polyester resin matrix and chopped glass fiber bundles (weight
content of 35% and fiber length about 25 mm). To avoid
inconstant sheet geometry and reduce the caused influence on
the final part performance, one template made of steel was
used to cut the raw material roll in sheets with the dimensions
of approximately 513.5 X 234 mm. The sheets were cut along
the direction of the conveyor belt to ensure reproducibility and
traceability. After stacking three sheets on top of each other,
the charge was placed in the center of the mold core at 135 °C
(recommendation of the raw material supplier) with a mold
coverage of 65% (Fig. 3a), which was integrated into a
commercial industrial hydraulic press with a clamping force
up to 18,000 KN (Schuler Pressen GmbH, Germany) (Fig. 3b).
The charge was compression molded with a closing speed of
5 mm/s under an increased press force until 2,100 KN (about
100 bar).[2029 After that, the press switched automatically from
speed control mode to force control mode, and the SMC was
cured 300 seconds under the force, while the mold cavity had
a higher temperature of 150 °C to avoid any collision with the
mold core due to the overlapping edge. In total, 26 parts were
manufactured with a dimension of 695 x 300 x 50 mm (Fig.
3¢).

3.1.2 Sample characterization

To exemplify the novel test cell, diverse experiments were
carried out to characterize the SMC part in terms of spatial and
overall mechanical properties. The force control mode was
first implemented in this work to characterize the bending
behavior by employing the cantilever test. The test procedure
was divided into the following steps. First, the part was
fastened on the test bench with the clamping fixture and
loaded with a preload of 5 N at a speed of 0.5 mm/s. The
corresponding cylinder position was set to "0". The part was

200 mm

Fig. 3 SMC charge on the mold (a), compression molding with a commercial, industrial hydraulic 18,000 kN press (b), the final SMC

part (¢).
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entirely scanned by ATOS 5, and the resulting geometry was
defined as the starting value. Subsequently, the part was
loaded up to 155 N (determination of the loading force is given
in Fig. S2) at the same test speed. The corresponding cylinder
position was designated as the final position. The part was re-
recorded by ATOS 5, and the related geometry was defined as
the end value. During the measurement, the cylinder did not
move. After recording, the part was unloaded immediately and
returned to the initial position.

The difference between the starting and end values was
taken to calculate the part deformation under the given load.
The loaded SMC part is shown in Fig. 4a. A detailed
description of the test conditions is illustrated in Fig. 4b. To
study the SMC part heterogeneity, the same test procedure was
carried out; however, the part surface was sprayed with a white
speckle pattern and evaluated with the software Aramis
Professional to capture the full field surface strain. Herein the
facet size and point distance are 19 and 16 pixels, as suggested
by the producer’s instruction. To reduce the measuring noise,
the neighborhood strain tensor was two with an increasing
reference length for strain calculation, and the spatial median
filter was one.l!

After that, the creep behavior of the SMC part in the aspect
of force development was investigated. The test procedure was
similar to the above-mentioned one, while the load cell still
recorded the force over a delay time of 3600 s, and the cylinder
was fixed. The part was measured every 60 s to obtain the
surface strain and displacement, respectively. In total, 60
measurements were performed. The cyclic experiments were
also performed to characterize the endurance performance of
the SMC part. The test procedure was kept the same as the
above-mentioned cantilever test; only the loading and
unloading process was repeated 50 times. After each cycle, the
surface strain and displacement were captured.

Since the measurement accuracy of the strains depends on
the testing environment (e.g., illumination, vibration) and set
up (e.g., facet size, point distance, strain tensor neighborhood),
the optical measurement system was monitored in additionally
through the zero-strain deviation.**? In total, 60 frames were
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b

measured under the same testing conditions mentioned above.
The zero-strain deviation was determined smaller than 0.015%,
with a mean of about 0.0075%. For more details, see in (Fig.
S3).
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Fig. 4 Test cell with loaded SMC part (a), and a description of the
test conditions (b).

3.2 Results and discussions

3.2.1 Bending performance of SMC part

The force control mode was first implemented to characterize
the bending behavior of the SMC parts. One typical force-
displacement curve of the part with a thickness of 3.3 mm and
a weight of 1674 g is presented in Fig. 5a with a resulted
cylinder displacement of 41.69 mm, which indicates the
deflection of this part at 530 mm from the clamping fixture,
illustrated in Fig. 4. Dividing the force by deflection, the
global bending stiffness of the part can be calculated.[?] A
value of 3.60 N/mm is determined for this SMC part under the
loading conditions. In addition, the other 25 SMC parts were
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Fig. 5 The exemplary measured force-displacement curve at 530 mm from clamping fixture by the cylinder (a), the relationship

between displacement and part weight (b).
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also characterized to study the scattering of bending behavior,
and the displacements are illustrated in Fig. 5b. It is to be seen
that the parts present dominant varied displacement from
2891 mm to 34.76 mm with a mean of 31.92 mm. The
corresponding global bending stiffness varies from 4.32
N/mm to 5.19 N/mm, which is caused by the inconsistent part
weight from 1718 g to 1795 g with a mean of 1763.9 g,
resulting from the varied weight per unit area of the semi-
finished SMC sheets. A negative correlation between the
displacement and part weight is proven (heavier part resulting
in smaller displacement). The varied part weight leads to
difficult lateral contrast in the bending performance.

Defined surface
Bl

a) Generated mesh data

v
OI
S
N

Y-direction

520 mm X-direction

Reference point system K2

b) i - SMC part under load

Fig. 6 Digitalized SMC part and description of the Reference
Point System (RPS) (a), part difference according to alignment
with RPS (b).

To overall and spatially evaluate the bending behavior, the
part deformation was fully computed by ATOS 5. After
treating the point cloud, the meshes were polygonized
generated in STL files and are shown in Fig. 6a. To analyze
the part difference, the meshes were aligned with each other
with the help of the Reference Point System (RPS) according
toZ1,72,73,X1,X2,and Y1, which was set on the test bench
and is also illustrated in Fig. 6a. The resulting part difference
is shown in Fig. 6b. Using the ATOS Professional software
function, called “surface comparison,” the overall part
deformation could be presented two-dimensionally. To
express more intuitively, one Python script was used. The
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analysis result is presented in Fig. 7, which describes the part
deformation in region 520 X 200 mm (length X width), as
shown in Fig. 6a. It is evident that the part positions farther
away from the clamping fixture along the X-direction show
higher deformation. In addition, the part positions parallel to
the clamping fixture along the Y-direction present a similar
deformation, meaning without any obvious warpage and a
similar stiffness on the part level along this direction.

[ 40
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Fig. 7 Overall SMC part deformation in the region 520 X 200 mm
in a three-dimensional view.

In terms of spatial properties and the relevant heterogeneity,
the full field surface strain was digitalized, and the setup is
shown in Fig. 8a. A region of interest (ROI) size of 200 X 200
mm (length X width) was defined. Meanwhile, two cross-
sections parallel to the Y-direction were generated. The
X-direction strains in the ROI are shown in Fig. 8b with
evident spatial dependence. It is to be seen that most areas
subject to a low strain between -0.1% and 0.1%, and the
positions closer to the clamping fixture subject to higher
compressive stress with more significant compressive
strains.[®¥l Exemplary, the average strain in the cross-sectionl
accounts for -0.21%. However, the positions in the same cross-
section present widely different strains in a range of
about -0.41% to -0.08%, which is illustrated in Fig. 8c and
indicates a substantial spatial heterogeneity of the SMC part.
A significant range of fluctuations of the strains and the
moduli along cross-section on tensile samples are also
determined, with the maximum value being more than twice
the minimum value.4 In addition, some positions in the ROI
present positive strains indicating elongation at the spatial
positions. The coexistence of tensile and compressive strain is
caused by a complex stress condition due to the part side wall,
which could be validated with the compressed length of the
cross-section2 in the Y-direction by 56 pm from 197.139 mm
(before loading) to 197.083 mm (after loading), that should be
intrinsically stretched because of the positive Poisson's ratio
of SMC.® The ROI was compressed both in X- and Y-
direction, resulting in spatial elongation and compression
coexistence due to heterogeneity.
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Fig. 8 Analysis of the full field surface strain and heterogeneity, setup of the test (a), determined strain value in the X-direction in the
region (b), and in the cross-sectionl (c), comparison of part-dependent heterogeneity at the same position (d).

It is worth mentioning that the spatial heterogeneity (strain
variation) varies from part to part due to compounding semi-
finished sheets and the complex flow behavior in the mold,
which is proven by the strain distribution in the cross-sectionl
of the other three parts, see Fig. 8d. It is to be seen that the
exact position of different parts presents different strains
(some are the local smallest, and some are the local largest).
Dependency of varied modulus distribution on parts was also
shown on tensile samples.[

3.2.2 Creep performance of SMC part

The creep behavior of the SMC part was investigated as well.
Fig. 9a presents the force- and cylinder displacement-loading
time curves, which could be divided into two phases: the first
is the loading phase to reach the target value, the second
represents the delay phase from 91 s to 3691 s under the
consistent displacement. Between these two phases, a knee
point shows up; after it, the force reduces from 156.8 N to
143.3 N with an attenuation amplitude of 8.6 %. That is, the
part creeps under the loading caused plastic deformation. After
a pronounced creep close to the knee point, the creep behavior
becomes tempered. The two evident creep stages of samples
made of SMC were reported as well.?!

To cross-validate the creep behavior, the surface strain was
contactless uninterruptedly measured during the delay, which
is evaluated later in X-direction using the digital strain gauge
(DMS), one function of the software Aramis. In this work, a
digital strain gauge in size of 100 X 10 mm (DMS10) and one
cross-section along this DMS were implemented, and the
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positions are shown in Figs. 8a-b. The average strain and
displacement of DMS10 during the delay time are illustrated
in Fig. 9b. The average strain increases by 43.1% from -0.167%
to -0.239%, and the average displacement keeps nearly
constant with a minor change of 5 um. The locally appeared
peaks during loading time could be attributed to the DIC
measurement noise.%%1 The influence of region of interest
size is evaluated with a large digital strain gauge measuring
100 X 16 mm (DMS16). The average strain and displacement
development are similar to DMS10; more details are given in
Fig. S4.

Furthermore, the strains in the cross-section in X-direction
at the beginning and end of the creep test are presented in Fig.
9c with a noticeable increase. The strain development is
illustrated in Fig. 9d by subtracting the values in the beginning
phase from the end phase. Due to material and part creep, the
strain increases gradually after reaching a certain force,
investigated and proved at the SMC coupon level.[?°] Part
positions in the cross-section possess different strain
development indicating the heterogeneity, and the areas with
low strains at the beginning creep obviously. In addition, to
cross-over analyze the SMC part’s creep behavior, the other
25 SMC parts were characterized, whereby the force remained
constant, and the cylinder recorded the displacement over the
delay time, which was reduced to 550 s because of the
pronounced creep occurring in the initial stage. Two-phase
cylinder displacement-loading time curves are presented in
Fig. 10, with a loading phase to reach the target force and a
delay phase with a continuously increased cylinder
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Fig. 9 Diagrams of creep test under constant displacement, force-loading time curve (a), average strain and displacement of DMS 10
(b), strain change in the cross-section at the beginning and end of creep (c), strain development during creep (d).

displacement to compensate for the force attenuation. The force to reach the same displacement compared to the other
increase accounts for between 2.81 mm and 4.59 mm with a loading cycles. The virgin SMC part without any loading is

mean of 3.66 mm, which indicates an attenuation between
9.7% and 13.3%, with a mean of 11.4%.
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Fig. 10 Displacement-loading time curves of the creep behavior
of 25 SMC parts under constant force.

3.2.3 Endurance property of SMC part

The endurance performance of the SMC part was studied
under the force control mode. The corresponding force-
cylinder displacement curves at the beginning, middle, and
end of the loading cycles are depicted in Fig. 11a. It could be
seen that the cylinder displacement increases with the loading
cycles, and the SMC part in the first cycle subjects a higher
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stiff and less likely to yield. After the first loading, the
microstructure inside the material could be changed, e. g.,
microcrack and debonding between fiber and matrix,
especially when fibers are located vertically to the loading
direction,®3% which causes mechanical property degradation.
After 50 loading cycles, the cylinder displacement increases
by 2 mm from 42.5 mm to 44.5 mm with a decreased global
bending stiffness of 0.16 N/mm from 3.53 N/mm to 3.37
N/mm. To overall observe the part behavior, the surface strain
after each loading cycle was captured using Aramis
Professional. One inspection line with a length of 200 mm (Fig.
8a) in X-direction, corresponding to the bending line of the
part, was created, and the displacement in Z-direction
increases continuously during loading cycles, as shown in Fig.
11b. The increased displacement and corresponding degraded
stiffness under alternative loading also exist at the coupon
level.*0

Similar to the above mentioned, the digital strain gauge
DMSI10 is used to evaluate the endurance performance
according to the average strain in X-direction and the
displacement. Meanwhile, inspection point 1 was also created
to inspect the movement of the clamping fixture during cycle
loading, which is described in (Fig. 8a). The measurement
results of these three parameters are shown in (Fig. 12a). It can
be seen that the average strain of DMS10 has almost no
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Fig. 11 Diagrams of an endurance test, force-cylinder
displacement curves (a), displacement of inspection line in the Z-
direction (b).

change between -0.17% (at the first measuring stage) and -
0.18% (at the last measuring stage). The average displacement

of DMS10 increases slightly from 0.27 mm to 0.38 mm, which
could be caused either by the deterioration of the SMC part
due to plastic deformation or by a loose clamping fixture. The
latter is excluded as a root cause, after analyzing the
displacement of the inspection point on the clamping fixture,
which keeps constant at 0.01 mm.

To evaluate the endurance performance of this SMC part,
the side wall area close to the clamping fixture is analyzed
using two inspection points (isp), 2 and 3, as shown in (Fig.
8a). The distance between these two points in the X-direction
decreases from 41.26 mm (before loading) to 41.17 mm (after
the first loading) and 41.13 mm (after the last loading) with a
strain of about -0.31%, which means that these two points
move to each other with an increased curvature in this side
wall area, as illustrated in Fig. 12b. The displacement of the
inspection line is investigated in the X- direction as well. As
presented in Fig. 12c, the displacement of the end of the
inspection line, which is near to clamping fixture, exhibits
almost no change (0.115 mm at the beginning and 0.129 mm
at the end). In contrast, the other end shows an apparent
displacement (-0.494 mm at the beginning and -0.595 mm at
the end). These two ends are getting closer during loading with
an increased curvature, similar to the phenomenon in the side
wall area. It is concluded that the local area under high stress
degrades gradually during cyclic loading. Spatial material
properties decide the changing of microstructure under
loading, e.g., crack initiation and propagation.[*’
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Fig. 12 Analysis of endurance performance, average strain, and displacement of DMS10 as well as displacement of clamping fixture
(a), length change between inspection point (isp) 2 and 3 located in the side wall (b), displacement of inspection line in the X-

direction (c).
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4. Conclusions

To easily investigate the heterogeneity of the SMC part with
consideration of the spatial morphology without testing any
local samples, a more accessible and faster-operated test cell
was developed, designed, and investigated. The part geometry,
deformation, and surface strain could be digitalized with high
accuracy (mean zero strain deviation of about 0.0075%). The
test cell is flexible to adapt to the other parts (investigating the
complex geometrical part is illustrated in Fig. S5). One unique
platform for real-time finite element analysis was integrated to
provide a virtual overall part performance. Divers load cases
were realized through displacement- and force-control mode
with configurable parameters, e.g., force, velocity,
displacement, loading cycle, and delay time.

Different tests were conducted to characterize the SMC
parts’ performance, including bending behavior with
inspection of part deformation and strain considering the
spatial properties, creep behavior, and endurance performance.
Strain values of about -0.41% to -0.08% on the cross-section
perpendicular to the material flow direction are shown.
Besides, the SMC parts creep gradually with two stages, both
under constant deformation and loading force, resulting in a
decreased force by 8.6% and increased displacement by 11.4%,
respectively. Higher stiffness of the virgin SMC part without
any loading is shown under the endurance test. The part
degrades gradually within 50 cycles with a decreased bending
stiffness by 4.5% and increased curvature in the highly
stressed area.

In summary, SMC parts’ bending and creep behavior and
endurance performance considering heterogeneity are
evaluable at this test cell. The heterogeneity can be identified
and statistically quantified using the first load case, while the
second load case indicates creep happens mainly in the local
areas with high stiftness. The third load case points out that
the heterogeneity in the area under high stress must be deeply
evaluated and inspected as SMC parts in service.
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