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ABSTRACT

Fiber-reinforced polymers combine the aspects of stiff fibers and light polymer matrix. The arrangement of fibers
on the microstructural level significantly affects the mechanical properties on the macroscopic scale, such as
stiffness and fracture toughness. Micro-computed tomography systems (LCT) enables a detailed volumetric view
into microstructures in a none-destructive way. By performing mechanical test inside a pCT system, the effects of
mechanical load onto the microstructure, such as damage initiation and propagation are observed in-situ. Since
cyclic load is a common use case for many components, fatigue and cycle load tests are essential for material
characterizing. In this contribution, the authors introduce an in-situ pCT setup for cyclic load tests. The test
device is designed to generate high-resolution images, in order to observe cracks through different propagation
stages. In addition, cracks are three-dimensionally segmented and a crack volume fraction definition is intro-
duced. The presented in-situ test setup and crack characterization method are demonstrated on sheet molding

compound specimen, a glass-fiber reinforced thermosetting material system.

1. Introduction

The development and validation of prediction models for material
damage behavior is closely linked to characterization data of damage
initiation and propagation [1,2]. Since microstructural characterization
is essential for composites, there is a wide range of in-situ micro-com-
puter tomography (uCT) setups for different load cases and material
systems [3-7]. The authors Hufenbach et al. [8] developed a device to
characterize damage under multi axial load based on in-situ pCT. In-situ
shear tests by using synchrotron radiation computer tomography (SRCT)
are carried out by the authors Li et al. [9], analyzing the shear damage
behavior of woven carbon fiber-reinforced polymers (CFRP). The au-
thors Cosmi et al. [10] analyzed glass-fiber reinforced PA6.6 specimens
at different stages of fatigue life by means of interrupted SRCT. By
comparing ex-situ and in-situ pCT experiments on CFRP, the authors
Bohm et al. [11] reveals the capability of in-situ pCT tests. The authors
Wang et al. [12] combined both lab-based pCT and SRCT. Foam casting
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A319 alloy specimens are characterized under monotonic tensile load by
using a lab-based pCT and fatigue tests with in-situ observation by SRCT.
The pCT scan and the SRCT scan take 45 min and 7 min to complete,
respectively. Besides the use of nCT, damage propagation is monitored
by means of acoustic emission. The author Sause [13] linked the ac-
quired data of interrupted in-situ pCT scans and real-time acoustic
emission analysis. As a result, features are extracted and the acoustic
emission signals are associated to specific damage mechanism.Charac-
terization of microstructural damaging by using crack length and den-
sity is essential for composites fracture modeling [14-19]. The authors
Sket et al. [20] and Schilling et al. [21] characterized different damage
mechanism of fiber-reinforced polymer (FRP) laminates, including ma-
trix cracks, micro-cracking and delamination based on pCT, respec-
tively. In order to increase the contrast of the damaged areas dye
penetrate liquid containing zinc iodide is applied in both contributions.
Cracks are segmented based on gray-value thresholding by the authors
Bohm et al. [11] in both in-situ and ex-situ pCT acquired volumetric
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images. As a result, the authors compared the segmented crack length
and determined the total crack length. Besides FRP, the authors Zhou
et al. [22] observed micro-cracking within limestone specimens by
means of real-time CT technique. The rock damage density of the
limestone specimens is determined by using the Hounsfield CT value.
Since many components are subjected to cyclical load in use, fatigue
strength and crack resistance are important material properties. Fatigue
and cyclic load tests are essential, when it comes to strength and fracture
toughness characterization. In this contribution, the authors introduce
an interrupted in-situ test setup for cyclic tensile load tests within a pCT
system. The setup is developed in order to observe the microstructural
damage evolution of FRP based on high-resolution volumetric images.
As a result, the crack propagation on the microstructural level is
observed in a three-dimensional way. Cracks within the volumetric
images are segmented by using the seed region growing approach (SRG)
introduced by the authors Adams et al. [23]. Based on the spatially
segmented cracks a crack volume density definition is introduced. As a
result, the distribution of the crack volume density is determined
through the in-situ test. In this contribution, the in-situ setup and crack
characterization methods are applied onto a sheet molding compound
(SMC) specimen.

2. Material

The tested SMC specimen consist of an unsaturated polyester poly-
urethane hybrid (UPPH) resin matrix system without fillers from
Aliancys, which is reinforced with glass fibers (GF Multistar 272) from
Johns Manville [1,2,24]. First, continuous fiber rovings are chopped
into fiber bundles with a uniform length of typically 25.4mm and the
nominal batch fiber content 41 (23). The chopped fiber bundles drop
randomly oriented onto a resin coated carrier foil and are then covered
by another resin coated carrier foil. Subsequently, the semi-finished
SMC material is rolled up and matures [25]. After maturation, the
semi-finished SMC is formed into plates of 800 mm x 250 mm x 2 mm
by press molding. The tested specimen geometry, as shown in Fig. 2 is
extracted by water jet cutting. The specimen geometry has two notches
in order to specifically cause an increase in stress and as a consequence
damage initiation. Subsequently, this region of interest (ROI) is
observed by the pCT scan, as illustrated in Figs. 2 and 3 c).

2.1. In-situ uCT setup

By using the in-house developed in-situ stage, pCT scans of the
specimen under quasi-static/cyclic tensile, compression or bending load
are acquired [7]. However, the context of this contribution focuses on
the in-situ cyclic tension-tension tests. Initial and after each load step,
the cyclic load test is interrupted and the specimen is scanned by the pCT
system, as shown in Fig. 1. The lean load frame design of the in-situ stage
enables to place the setup close to the X-ray focus spot, as shown in
Fig. 3. As a result, high-resolution images of the specimen microstruc-
ture are acquired. Since material with high density, such as metal affect
the pCT scan, the load frame of the in-situ stage is made of CFRP, as
illustrated in Fig. 2 and Fig. 3. Subsequently, there are no metal parts
within the screened area and the resulting pCT projections show no
significant sign of noise.

2.2. X-ray micro-computed tomography

The in-situ test setup is installed inside a X-ray cone-beam pCT-sys-
tem of YXLON with a reflection tube by Comet. The PerkinElmer flat-
panel Y.XRD1620 detector resolution is 2048 pixels x 2048 pixels.
The pCT scans presented in this contribution are generated with an ac-
celeration voltage, current, exposure time and frame binning of 150 kV,
0.2 mA, 500 ms and 2, respectively. The pCT scanning process takes
80min to complete. The resulting volumetric images are reconstructed
through 1950 projections over 360° and the VGSTUDIO MAX 3.3
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Fig. 1. Schematic displacement signal along the in-situ pCT cyclic load test.
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Fig. 2. Illustration of the in-situ test setup with a low X-ray absorbing CFRP
load frame.

software by Volume Graphics. The isotropic voxel edge length of the
reconstructed volumetric image is 6.8 pm.

3. Experimental study

The load step parameters are selected as summarized in Table 1. The
cyclic load test is displacement-controlled. The displacement amplitude
Au, the number of cycles N per load step, as well as the frequency f are
identical in all four load steps. The mean displacement u, is incre-
mentally increased in each load step, as shown in Fig. 1 and Table 1. To
observe the maximum crack opening after each load step, the specimen
is fixed at the top displacement position tscan = U + Au during the pCT
scan (cf. Fig. 1). In this contribution, the nominal stress oy refers to the
notch cross section area. The notch cross section area of the analyzed
specimen is 10.29mm?. The maximum nominal stress on,max Of each load
step is listed in Table 1. The specimen fractured after the fourth load step
at a nominal fracture tensile stress of 231.7MPa. Since the stress relax-
ation has to be concerned, the nominal stress difference Aoy between
the beginning and end of the load step is listed in Table 1. Each cyclic
load step takes 25min. In order to avoid relaxation effects and machine
movement during the scan, 10min are waited between finishing the load
step and starting the pCT scan. As a result, specimen moving during the
scan is significantly reduced and sharp pCT projections are acquired.
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¢) inner part of the in-situ setup including the SMC specimen and clamping.

Table 1
Selected load step parameters of the presented test, as well as the resulting nominal stresses and crack volume fraction.
Load step Initial 1 2 3 4 Fracture
U, - 1.1 mm 1.4 mm 1.7 mm 2.0 mm -
Au - 0.1 mm 0.1 mm 0.1 mm 0.1 mm -
N - 100 100 100 100 -
F - 0.067\s! 0.067\s! 0.067\s ! 0.067\s! -
ONmax 19.4 MPa 160.5 MPa 192.7 MPa 209.8 MPa 227.9 MPa 231.7 MPa
Aoy - —17.9 MPa —29.8 MPa —32.7 MPa —39.0 MPa -
pe 016 ° /g0 1.52°/ 00 1.86 1.96°/ 000 9.32°/40 -

4. Crack segmentation

The acquired volumetric images are analyzed by using VGSTUDIO
MAX 3.3 and MATLAB R2018a in order to segment cracks. The X-ray
attenuation coefficient of air is smaller than those of glass and polymers
[26]. As a result, the gray-value of voxels within cracks is significantly
smaller compared to those of the composite. In this contribution, cracks
are segmented by means of the seed region growing approach (SRG)
[23], implemented by MATLAB code. The background noise within the
notched area is manually eliminated by using VGSTUDIO MAX 3.3. The
SRG segmentation is based on gray-value thresholding with two
thresholds. First, seed voxels are segmented by using gray-value
thresholding. In this contribution, the gray-value threshold kseeq is
selected by 1% of the maximum gray-value of the volumetric image.
Subsequently, the voxels around the seed voxels are iteratively added to
the segmented volume, if the gray-value of the voxel is below the
threshold kgrowh. Similar to keeq, the threshold kgrowr, is selected by 10%
of the maximum gray-value. As a result, the cracks within the volumetric
images are segmented. The accumulated volume of all cracks Ve for
each volumetric image is determined. Based on the accumulated crack
volume Ve and defining a reference volume Vg, the crack volume
fraction

VCrack
e = @
VRef

is introduced. In order to determine representative crack volume frac-
tion values, the reference volume Vy¢s should be defined with respect to
the specimen geometry, loading condition and material.

5. Results and discussion

The in-situ pCT setup acquires high-resolution volumetric images of
the specimen microstructure initially and after each load step. Fig. 4 a)
illustrates the displacement signal over time through the in-situ pCT test.
As illustrated in Fig. 1 a) and listed in Table 1, four cyclic load steps are
applied. Fig. 4 b) shows the measured nominal stress signal during the
in-situ pCT test process. Since the specimen is mechanically loaded with
displacement-controlled tensile load, the nominal stress distribution oy
indicates stress relaxation. Fig. 4 b) and Table 1 shows the maximum
nominal stress oy max and difference Aoy of each load step. The nominal
stress difference Aoy decreases with increasing load step level and
subsequently increasing mean displacements uy,.

Fig. 5 reveals the microstructure crack propagation within exem-
plary image sections of the resulting volumetric image series. By means
of the cyclic load steps, crack propagation is investigated. The initial
microstructure is illustrated in Fig. 5 a) and the further images Fig. 5b)—
e), show the enlarged microstructure within the red box. Caused by the
notched specimen geometry there are stress concentrations in the notch
centers, resulting in crack initiation here. Fig. 6b)-e) illustrates the
cracks segmented by using the SRG approach corresponding to the same
image section of Fig. 5b)-e), respectively. First a single crack occurs and
propagates. However, after the fourth load step, several additional
cracks appear. Since the specimen failed shortly after the fourth load
step, as shown by onmax in Table 1, Fig. 5 e) shows the damaged
microstructure close before fracture.Fig. 6 a) illustrates the reference
volume Vg¢s. The crack volume fraction p, after each load step is pre-
sented in Fig. 7 and listed in Table 1. Although the cracks are properly
segmented, as shown in Fig. 6b)-e), the initial p, value is slightly above
zero. This is caused by image noise and initially existing cracks. After the



Fig. 4. Four cyclic load steps are applied. Initially and after each load step the specimen is screened by means of pCT scanning. In a) the displacement u and b) the
nominal stress oy distribution through the in-situ test process are plotted. Additionally, the maximum nominal stress oy max and the nominal stress difference Aoy of

each load step are labeled.

Fig. 5. The SMC microstructure within the enlarge sections shows the propagation of an initial single crack, through the interrupted in-situ test. In a) the initial and

b) to e) the enlarged microstructure after the load steps are illustrated.

Fig. 6. In a) the reference volume V¢ and b) to e) the segmented cracks (white) within uCT image series are illustrated.

crack initiation during the first load step (cf. Fig. 5 b)), there is low crack
propagation during the second and third load step, as shown in Fig. 5c)
and d). As a result, the crack volume fraction p, distribution in Fig. 7
grows low as well, which indicates that there is stable crack propagation
between the initial and third load step. However, after the fourth load
step p, increases dramatically, which implicates unstable crack propa-
gation during the fourth load step.In Fig. 8 the segmented cracks within
the volumetric images acquired after fourth load step are three-
dimensionally visualizes by red regions. Since Fig. 6b)-e) shows the
segmented cracks detailed within the enlarged image section, Fig. 8
spatially illustrates the segmented cracks within the whole specimen.

The fiber architecture on the microstructural level fundamentally affects
the strength properties and crack propagation behavior. Due to the stress
concentration within the notch center and the matrix rich region crack
initiation starts here. Although, there is a dominant crack, further cracks
are initiated in the fourth load step, as shown in Figs. 5e) and Fig. 8. In
contrast to the damage modeling approaches based on crack density
[14-17], in this contribution microstructural cracks are spatially char-
acterized. In addition, compared to Ref. [11,20-22] the microstructural
damage condition is quantified by the introduced crack volume fraction
p.. In contrast to SRCT as used by the authors of [9,10], X-ray cone-beam
BCT scans require considerably more time and the obtained volumetric
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Fig. 8. 3D-visualization of the segmented cracks (red), matrix (light gray) and
fibers (dark gray) within Ve after the fourth load step. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

image resolution is larger. However, X-ray cone-beam pCT systems are
more available than SRCT systems. Facing the conflict between image
quality and scan duration, the pCT parameters in this contribution are
selected to acquire high-quality volumetric images at acceptable scan
duration.

6. Conclusions

Investigating and characterizing of microstructural cracks is essen-
tial for better understanding of fiber-reinforced polymer fracture
behavior and enabling novel damage prediction models. This contri-
bution introduces an in-situ test setup for applying displacement-
controlled cyclic load combined with a lab-based micro-computed to-
mography system (pCT). The interrupted in-situ setup enables acquiring
volumetric images initial and after specific load steps. As a result, the
microstructure damage propagation caused by the cyclic load is
observed through high-resolution volumetric images. Subsequently,
cracks are segmented and characterized three-dimensionally. Since cy-
clic load is applied, crack propagation is investigated in a controlled
manner. Due to the lean in-situ setup design made of carbon fiber-
reinforced polymers, despite using a X-ray cone-beam pCT high-
resolution images with low noise are acquired. Cracks are segmented
within the volumetric images by using the seed region growing

approach. Based on the segmented cracks, the introduced crack volume
fraction is determined. In this contribution, the presented in-situ test
setup and microstructural crack characterization methods are applied on
a glass fiber-reinforced sheet molding compound specimen.
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