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Abstract: The benefit of fiber-reinforced composites originates from the interaction between the
fiber reinforcement and the matrix. This interplay controls many of its mechanical properties and
is of utmost importance to enable its unique performance as a lightweight material. However,
measuring the fiber−matrix interphase strength with micromechanical tests, like the Broutman test,
is challenging, due to the many, often unknown boundary conditions. Therefore, this study uses
state-of-the-art, high-resolution X-ray computed microtomography (XRM) as a tool to investigate post
mortem the failure mechanisms of single carbon fibers within an epoxy matrix. This was conducted at
the example of single carbon fiber Broutman test specimens. The capabilities of today’s XRM analysis
were shown in comparison to classically obtained light microscopy. A simple finite element model
was used to enhance the understanding of the observed fracture patterns. In total, this research reveals
the possibilities and limitations of XRM to visualize and assess compression-induced single fiber
fracture patterns. Furthermore, comparing two different matrix systems with each other illustrates
that the failure mechanisms originate from differences in the fiber−matrix interphases. The carbon
fiber seems to fail due to brittleness under compression stress. Observation of the fiber slippage and
deformed small fracture pieces between the fragments suggests a nonzero stress state at the fragment
ends after fiber failure. Even more, these results demonstrate the usefulness of XRM as an additional
tool for the characterization of the fiber−matrix interphase.

Keywords: interphase/interface; X-ray computed microtomography; damage mechanics; finite
element analysis

1. Introduction

Carbon fiber reinforced polymers (CFRP) possess a key role in lightweight structural
design. Thereby, especially the mechanical properties of a CFRP strongly depend on the
interaction between fiber and matrix. The force transfer from matrix to fiber occurs through
the so-called interphase: a three-dimensional individual phase, in which the properties
gradually change from matrix to fiber. Hence, it is influenced by both the properties of the
matrix and the fiber [1,2] and formed by the interaction of the fiber surface with the matrix
during processing [2,3]. However, its spatial dimensions are often not known or are often
simply neglected. Therefore, in contrast to the interphase, an interface is understood as
a geometrically well-defined 2D contact area between distinct phases such as the matrix
and/or the fiber [4–6].

In the loaded case, additional to sufficient adhesive strength between fiber and ma-
trix, also high cohesive strength in the matrix needs to prevail at every point along the
fiber−matrix interphase to achieve a maximum stress transfer [4]. Therefore, the failure
mechanisms of the fiber under mechanical loading depend strongly on the adhesive and
cohesive interphase properties, which are geometrically, and in terms of mechanical proper-
ties, not well defined [1,7]. The discrepancy between actually measured and theoretically ex-
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pected fiber−matrix interaction can be attributed to imperfections (pores/voids/difference
in bulk elastic properties) either at the interface, in the interphase or of the constituents.
Understanding the fiber−matrix interaction is of utmost importance [2,4,7] and many ex-
amples show that controlling the interphase leads to improved mechanical properties of the
whole CFRP composites [8–10]. Describing the interphase in a composite material requires
reliable and reproducible methods for characterization, but due to the small dimensions
and the gradual transition to the volume properties of the matrix, its properties are difficult
to measure [1]. The challenge for quantitative characterization of the interphase is not
only specimen preparation itself but also the entire experimental procedure. There is no
micromechanical test standard to reproducibly determine the interphase quality, e.g., by de-
termining the force transfer between a single fiber and the surrounding matrix. Moreover,
the various methods are not comparable with each other, due to differences in introduced
stress states either caused by the nature of the test itself or the specific specimen dimensions,
as the force can be applied either fiber-sided, as in the pull-out test and the microbond test,
or matrix-sided, as in the Broutman test and the fragmentation test. The interpretation
of their results is often difficult because boundary conditions such as the extension of
the interphase itself or its adhesion to the fiber surface cannot be controlled reliably by
the experiment or accurately modeled in such detail. For example, in the pull-out test,
edge effects must be taken into account, which result in an increase in shear stress at the
fiber’s entry into the matrix resin. In the microbond test, the influence of the geometry of
the matrix droplet and the position of the cutting edges on the resulting stress state has
been demonstrated successfully [11]. All tests mentioned above are based on a description
of the shear stress in the interface instead of the normal stress as the Broutman test [12,13].

Most importantly, the resulting stress distribution in the specimen is often complex
and difficult to assess. Today, it is not possible to measure only adhesive properties
without the influences of the specimen’s geometry and boundary conditions, but since
these quantities cannot be quantified, the real stress distribution in the interphase cannot
be described. Instead, simplifications must be adopted to enable the description of the
stress state to be approximated. Therefore, the properties of fiber and matrix have to be
quantified. Quantifying the first failure at the interphase is a challenging task, after the first
failure friction (slipping) affects the measured quantities, this complicates the interpretation
of the results [14]. Optical investigation methods, such as stress-induced birefringence
used during a pull-out or Broutman test are helpful for describing the micromechanical
failure processes because they visualize the stress distribution along the interface at any
time. However, optical evaluation of micromechanical failure processes are limited to
transparent specimens. Other limitations include limited, region of interest (ROI) depth of
field and resolution.

On the other hand, test methods like nondestructive imaging of the internal struc-
ture of a preloaded specimen via X-ray microscopy (XRM) are capable of supporting the
identification of those stress distributions by the investigation of the fracture pattern post
mortem in great detail. High-resolution 3D X-ray imaging of composite materials, espe-
cially for the analysis of structurally dependent mechanical properties has experienced
significant growth over the last decade, due to enhancements in spatial resolution [15].
However, the application as an additional tool for characterizing CFRP interphases is a
recently evolving topic [15,16]. The 3D visualization of failure, induced by mechanical
loading can help to better understand the complex stress distribution in micromechanical
tests, by combining them with a simulation-based analysis that reproduces the observed
fracture pattern [4,17]. X-ray investigations of CFRP are especially challenging because of
(I) the small diameter of the fibers and (II) the low contrast between carbon-based materials
caused by similar atomic numbers. However, state-of-the-art microfocussed XRM enables
in-line phase contrast and leads to very high-resolution at a distance by using optical and
geometrical magnification.

The potential of the combination of micromechanical interphase testing with high-
resolution XRM analysis for polymeric matrix composites was shown in [16], perform-
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ing fragmentation tests on epoxy and vinylester matrix reinforced flax fiber composites.
The authors observed fiber fragments inside failure zones, which were not detectable
using classical, optical light microscopy. They showed that matrix failure can be observed
at various locations, where fiber fracture occurred in all systems with a good adhesion
between the constituents. In addition, many studies have shown the great potential in
correlating nondestructive structural analyses with mechanical testing to achieve a deeper
insight of the macro-mechanical fiber−matrix interaction [15,18,19].

Understanding the interface interactions between fiber and matrix, based on finite
element (FE) simulations has still not been fully explored. Several authors use cohesive-
zone-modeling to simulate the interface behavior via push-out/push-in tests in comparison
to the experimentally assessed interphase behavior (friction and cohesive interaction of
fiber and matrix). In [20] a cohesive/volumetric FE model, which includes an augmented
Lagrangian treatment of the frictional contact between spontaneously created fracture
surfaces was used. It was able to simulate the spontaneous initiation and propagation
of the debonding crack front. In [21] a parametric FE simulation study of a push-in test
illustrated load separation in two regimes. First, the cohesive fiber−matrix interaction was
investigated and then, with increasing load, a frictional contact between the debonded
part of the fiber and the matrix was simulated. Jäger et al. [22] accomplished an FE model
to verify the data of cyclical loading push-out tests that allowed the determination of
the contributions of elastic, plastic and frictional energy. Therefore, a model of several
fibers to simulate the crack initiation and progress in a specific fiber−matrix interface
was used. It was shown that the plastic deformation of the matrix had a huge impact
on the crack initiation in the interface. However, the FE simulation of crack initiation in
the fiber after debonding takes place, and the effects of matrix detachment are not yet
sufficiently evaluated. The influence of fiber sizing on the fiber−matrix debonding via a
unit-cell cohesive damage model for the pull-out test was shown by [23]. With the stress
distribution model the debonding mechanism of the interface could be explained in a way
that the interface debonded first from the matrix.

The present paper describes an in-depth 3D XRM analysis of single carbon fiber—
epoxy matrix-based—delamination failure after a micromechanical compression test (Brout-
man test). The compressive stress applied to a tail-shaped Broutman specimen, with a
single fiber embedded, generates a complex stress distribution within the interphase;
shear stresses are superimposed by normal stresses [17,24]. This promotes an off-axis
delamination between the fiber and the matrix. However, small variations in the geometry,
e.g., caused by specimen preparation, can have large effects on the stress distribution within
the specimen and cause unpredictable failure of the composite. The complexity of the stress
state in the Broutman test specimen has been emphasized by various authors [17,24,25].
Furthermore, the toughness and stiffness of a matrix affect the deformation and failure
behavior of FRPs [26], and thus the stress state under mechanical loading. Thereby, es-
pecially epoxy-based matrices suffer from high brittleness and low ductility, due to their
highly cross-linked molecular network structure. To investigate the full potential of post
mortem high-resolution XRM imaging for a better understanding of interphase failure,
two different matrix systems were compared. The change from a more elastic to a more
brittle matrix affected the failure mechanisms within the Broutman specimen. The tough-
ness as well as the stiffness of the epoxy matrix was altered using a core-shell rubber
nanoparticle modified epoxy resin.

In the present study the challenges and the benefits of XRM as a powerful tool to
analyze single fiber failure on the microscale are demonstrated, using the example of a
brittle and tough epoxy matrix. This should allow a better understanding of (i) the failure
behavior of single carbon fibers within epoxy matrices under compressive loads and (ii)
an assessment of the stress distribution within the Broutman test specimen. The gained
experimental knowledge was then transferred to a simulation-based analysis.
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2. Materials and Methods
2.1. Materials

The study focused on a neat DGEBA-based epoxy resin (Biresin CR144, Sika Deutsch-
land GmbH, Stuttgart, Germany) that was cured by an anhydride curing agent (Aradur
917 from Huntsman Advanced Materials GmbH, Basel, Switzerland [27]) and a toughened
cycloaliphatic epoxy resin. The latter one being toughened with 16 wt.% (final system
concentration) of core-shell rubber nanoparticles (KaneAce MX553 from Kaneka Belgium
N.V., Westerlo-Oevel, Belgium [28]). The reactivity was in both cases adjusted by using a
1-methylimidazol accelerator (DY070 from Huntsman Advanced Materials GmbH, Basel,
Switzerland [29]). Resin and curing agent were stoichiometrically mixed at 40 ◦C and
cured in a three-step curing cycle: (1) 90 ◦C for 4 h, (2) 105 ◦C for 2 h, and (3) 140 ◦C
for 4 h. The neat DGEBA-based epoxy matrix has a fracture toughness of 0.58 MPa

√
m,

the toughened matrix of 1.4 MPa
√

m, which allows large scale energy dissipation via the
activation of toughening mechanisms.

For the single carbon fiber (C-fiber) embedded in the specimen, a HTA40E13 (5131) [30]
C-fiber from Toho Tenax (Tokyo, Japan) was used. The fiber was a high tenacity type one,
having a diameter of 7 µm. The C-fiber was coated with an epoxy sizing. Material prop-
erties can be seen in Table 1. For better comparability with results obtained by light
microscopy, the selected resin systems were transparent.

Table 1. Material data from the epoxy resin matrix and HTA40 E13 C-fiber, also used for the simplified
debonding FE simulation.

Epoxy Resin Matrix

E [MPa] ν [−]

2150 0.343 Toughened
2940 0.342 Data derived from tensile tests according to DEN EN ISO 527

HTA40 E13 C-fiber
E1 [MPa] E2 = E3 ν12 = ν13 ν23 G12 = G23 G13
240,000 * 28,000 ** 0.23 ** 0.3 *** 50,000 ** 28,000 ***

* Datasheet [27,30,31]. ** Literature [32]. *** Assumed.

2.2. Specimen Preparation

In this investigation, nonloaded (as prepared) as well as preloaded Broutman test
specimens were post mortem analyzed via high-resolution 3D XRM. For X-ray imaging,
the specimen size was reduced in several successive steps to achieve a specimen size
suitable for acquisition of the internal structure. (Figure 1). The acquisition of the single
fiber via XRM in the specimen having its original size was not possible (left, grey) due to
the poor contrast of the constituents and the small fiber diameter relative to the specimen
dimensions. Consequently, different specimen geometries and sizes were tested, until it
was possible to visualize the embedded fiber. In a rotationally symmetric specimen (shown
in the red box) the path length for the X-rays remained constant during rotation (between
0.95 and 1.2 mm), the latter resulting in an optimized imaging contrast. Two specimens
were measured for each in Section 2.1 described system.
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Figure 1. Schematic illustration of the Broutman test specimen geometry (grey), the prepared
specimen geometry for X-ray scanning (red) (a) front and (b) side view. Visualization of the operating
force, visualization of the expected resulting failure mechanism.

2.3. Broutman Test

The Broutman test [4,24] is based on a compressive load being applied along the
direction of the embedded fiber (y-direction, cf. Figure 1). Because of the concave shape
of the specimen, the highest compressive stress occurs in the smallest cross-section of the
specimen. Due to the differences in the Poisson ratios of fiber and matrix, especially in the
transverse direction, a debonding at the interphase is promoted (a brief model description
of the test is given in Equation (1) in Supplementary Materials S1). The specimens were
tested in a universal testing machine Zwick RetroLine with a 10 kN load cell. The crosshead
speed was 1 mm/min. The performance of the Broutman test itself with the additional
measurement set-up, were already described in [33]. Five specimens per configuration
(C-Fiber with toughened polymeric matrix, C-Fiber with non-toughened polymeric ma-
trix) were tested. During the test acoustic emission (AE) was applied to determine the
fiber−matrix debonding force. Based on these results, the modelling parameters were
selected. The fiber−matrix debonding force measured for the toughened matrix system
was 5000 N and for the non-toughened matrix system 6500 N (more details are given in
Figures S1 and S2 in S2 and the description in S3).

2.4. Optical Investigation of Specimen

An optical investigation of the Broutman test specimens preloaded and nonloaded was
conducted. Transparent specimens were analyzed with an optical microscope (Leica DM
6000, Wetzlar, Germany), with and without polarized light and with different magnifica-
tions. For the analysis of the internal structure via computed tomography (CT), the contrast
between the substituents must be high enough to identify all phases (matrix, fiber and
interphase) in the specimen and the introduced fracture pattern. Standard CT relies on
the absorption contrast for imaging of the different phases in a material. The attenuation
depends on the density of the respective material, its atomic number and the energy of the
incident photon [15]. Absorption contrast alone is not sufficient to distinguish between
the C-fibers and carbon-based polymeric matrix [34]. With optical high-resolution 3D
XRM, an additional contrast-mechanism, so called in-line phase contrast, can be utilized:
depending on the material tested, the type of X-ray source and energy, the phase differ-
ence between X-ray waves traveling through different materials, a birefringence pattern
in the Fresnel-regime manifests itself, leading to an increased feature detectability com-
pared to simple absorption contrast, allowing for the detection of C-fibers in a polymeric
matrix [15,19].

For nondestructive 3D imaging of the preloaded specimen, a high-resolution XRM
(Zeiss Versa 520, Oberkochen, Germany) was used. Important details of this set-up are the
small spot-size X-ray source, the specimen stage, enabling 360◦ rotation of the specimen,
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and the optical magnification unit, consisting of a scintillator screen, a microscope lens and
the detector.

Due to the optical magnification in front of the detector, high-resolution at a distance
can be achieved at a specified maximum resolution of 500 nm. The X-ray device has an accel-
eration voltage range of 40–160 kV within a maximum power of 10 W. A 1000 × 1000-pixel
detector was used. The configuration of X-ray accelerating voltage, exposure time, geo-
metrical and optical magnification, filtering and number of projections used is given in
Table 2. As the diameter of the specimens varied slightly over the height in the specified
range due to specimen preparation, the exposure time had to be adapted slightly to achieve
the same number of counts to ensure a constant contrast. The exposure time used for the
nonloaded specimen is marked with an (n), for the preloaded specimen with an (l). Hence,
the settings for preloaded and nonloaded specimens can still be considered as identical.
For the reconstruction, the software tool “Scout-and-Scan Control System Reconstructor”
(Zeiss, Oberkochen, Germany) was used. The analysis of the volume was performed using
VGSTUDIO Max 3.2.2.

Table 2. Different settings used for 3D X-ray microscopy analysis.

Settings Config. 1 Config. 2 Config. 3 Config. 4 Config. 5

Accelerating Voltage [kV] 90 90 160 70 40

Exposure Time [s] 3 8 (n)
9 (l) 20 3 (n)

5 (l) 10

Objective 20x 40x 4x 20x 20x
Filter Air Air HE6 Air Air

Specimen-detector distance [mm] 22, 8 29 230 12, 3 12, 3
Resolution [nm] 560 281 570 650 650

Number of projections 3001 3001 3601 3001 3001

2.5. Modeling

To investigate the influence of a stochastically occurring debonding failure in the inter-
face between fiber and matrix on the stress distribution within a single C-fiber, a simplified
FE model was used. Boundary conditions in the fiber−matrix interface were changed
to reflect different debonding scenarios, which led to different stress distributions in the
C-fiber. Due to the brittle fracture behavior of the C-fiber these stress concentrations could
imply fracture planes and explain the experimentally observed fracture pattern. As FEM
software, Abaqus 2020 (SIMULIA) was used.

The simplified FE model is presented in Figure 2. Herein, only a section of a C-fiber
embedded in epoxy resin was investigated. The HTA40E13 C-fiber with diameter of 7 µm
was surrounded by epoxy resin matrix with a cylindrical shape, 100 µm in diameter. On the
bottom surface boundary conditions constrained any rotations as well as an out-of-plane
displacement. In-plane displacements were allowed to enable deformations due to the
Poisson ratios of the materials, which is a key effect within the Broutman test setup. The top
surface was constrained via a reference point on which the same boundary conditions
applied, except that the top surface was pushed down by 3 µm. The interface as a 2D contact
zone in between the C-fiber and the matrix was assumed as ideal bonding and realized
with rough and hard contact conditions. Simulating the interface as a contact allowed the
identification of contact stresses in normal and shear directions later on. The material data
used for the simulation is presented in Table 1 (toughened), where the C-fiber data either
were taken from the datasheet of the supplier, from literature or partially were assumed,
as noted. To avoid misunderstandings, the effects of the interphase on material properties
of the matrix as they would appear in between C-fiber and matrix were neglected in the
FE model. The data for the matrix were measured, according to DIN EN ISO 527. The C-
fiber was simulated anisotropic, the epoxy resin matrix isotropic, both with linear elastic
material behavior.
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Figure 2. FE model for investigation of debonding on internal fiber stresses, setup with boundary
conditions (left), top view with dimensions of the matrix (top right) and surrounded C-fiber with
depicted mesh and fiber diameter (bottom right).

Debonding failure as it would appear during the Broutman test was realized by
disabling certain elements in the contact surface from the C-fiber to the matrix. Thereby,
a so-called cluster defect was assumed (see also Figure 3). Disabling these interface
elements allowed no force transmission in between the C-fiber and matrix and led to
stress concentrations around and within the thus debonded area. Some aspects have to be
taken into account, such that the deactivation of elements leads to discontinuities at the
edges, especially in corners. These discontinuities cannot be avoided due to the singularity
effect caused by the change from not bonded to perfectly bonded. To minimize these
discontinuities, which affect the overall results, certain measures can be used, such as the
reduction of the element size or the element type itself. In our case, the element dimensions
within the center of the defect were 0.25 µm in height and 0.34 µm in width, outside of
the central section 0.50 µm in height with same width. The central section of the defect
had a height of 2 µm (marked in Figure 3) and linear hexahedral elements were used (type
C3D8) to allow for a reasonable short computing time of the FE simulation. This enabled
the systematic investigation of different debonding scenarios and their influence on the
stress distribution inside of the C-fiber. The results presented here have been verified by
calculation with a quadratic element type, which exhibited a smaller zone being influenced
by the singularities but showed higher stress peaks at these areas.

The geometry of the debonded area was chosen by a qualitative assumption of the
stress distribution within the Broutman test specimen [4]. The concave shape of the Brout-
man test specimen leads to a concentration on opposite edges of the C-fiber. In consequence,
circumferential stresses lead to two peaks at these edges, whereas in the axial direction the
stresses are comparably high [17]. With the FE simulation setup though, several aspects, i.e.,
the different circumferential stresses, as well as a possible debonding on the opposite side,
were in the first step neglected, due to the simplicity of the FE model and its interpretation.
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Figure 3. Depiction of the investigated debonding scenario of a cluster defect in the fiber−matrix
interface with shown center section of 2 µm (only the C-fiber is shown).

3. Results
3.1. X-ray Imaging of as-Prepared Loaded and Nonloaded Broutman Test Specimen

In Figure 4, two X-ray projections of two Broutman test specimens are shown; a non-
loaded specimen (a) and a preloaded specimen (b). The images were taken under identical
imaging settings (Config. 4, Table 2), as described in Section 3.2 and schematically depicted
in Figure 1b. The single C-fiber can be clearly distinguished with high contrast from
the surrounding polymeric matrix. The as described machine settings led to an acquisi-
tion resolution of 650 nm. The mean diameter of the C-fiber can be estimated from the
projections as approximately 7.5 µm, which is well in the range of the expected C-Fiber
diameter, considering the resolution. Using high magnification and in-line phase contrast
in the Fresnel-regime to enhance the overall contrast in the projection led to an excessive
edge-contrast in the resulting projection, which appeared as a distinct black line between
the C-fiber and surrounding matrix. Although the intensity of this artefact depended
among other things on the acceleration voltage and magnification [15], it was not possible
to completely eliminate it. Therefore, conclusions about the interface spatial dimensions
between C-fiber and matrix are somehow speculative. However, the projection on the
preloaded specimen in Figure 4b clearly showed four locations of fiber fracture (A, B, C
and D) along the C-fiber with fracture sections of approximately 25.6 µm in length as a
mean value. A characteristic fracture pattern could be seen with two fracture planes and
a small fracture piece of approximately 2–8 µm in length in between. Figure 5 shows a
high-resolution image of one of these C-fiber fracture sections of the projection shown in
Figure 4. The volume view enabled a 3D representation of that region. This allowed the
determination of the inclination angle of the fracture plane, which was in all observed cases
about ±45◦ to the load direction.
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Figure 6 shows the comparison of differently acquired failure zones extracted from
the middle of preloaded Broutman specimens (toughened matrix) one projection taken
with XRM (a) and two images taken using optical light microscopy, with (b) and without (c)
polarized light. The X-ray projection (Figure 6a) was taken with a magnification of 200 times,
with the settings described in Config. 4 in Table 2. The image, taken with polarized light
(Figure 6b), also shown at 200 times magnification and Figure 6c was taken with light
microscopy with a magnification of 500 times. Due to prevailing residual stresses in the
matrix, either induced by the manufacturing process, i.e., shrinkage phenomena, or the
applied loads, the polarized light revealed the areas on the C-fiber surface, where the matrix
was debonded during testing, but the fracture point itself was not resolved in sufficient
detail, so the measurement of the exact fragment length or the inclination angle of the
fracture plane was not possible. The images taken with light microscopy did not visualize
the observed fracture pattern, due to limited magnification and depth resolution. The X-ray
imaging however revealed the most details in high resolution, offered the possibility of
a volumetric visualization and enabled the examination of nontransparent specimens.
Therefore, a quantitative assessment of the fracture in the C-fiber in terms of fragment
length and inclination angle of the fracture plane was easily possible. In our case, the mean
fragment length (L) was 176 µm, measured with the light microscope without polarized
light considering five fragments of two different images taken from the same specimen.
The mean fragment length measured with XRM was 146 µm, considering five fragments of
two different scans taken from the same specimen. Measuring the exact fragment length is
important for correlation of the fragment length and the stress distribution as Park et al. did,
by comparing the results of the Fragmentation test with those gained with the Broutman
test [25]. Furthermore, only X-ray imaging can visualize those small fracture pieces which
are pushed into the matrix. At some locations this induced a local cohesive matrix failure
mechanism. (Figure 6, blue circle) The orange arrows mark the probably debonded areas.
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Figure 6. Comparison between visualization of the same preloaded toughened Broutman test
specimen using (a) XRM, (b) polarized light microscopy and (c) light microscopy. The measured
mean fragment length L for the respective ROI is shown for comparison. The probably debonded
areas are marked by the orange arrows.

Figure 7 presents a projection of the toughened (a) and the non-toughened (b) spec-
imen configuration for two specimens each. The fracture pattern of the non-toughened
specimen was in most cases similar to the already described fracture pattern of the tough-
ened specimen. The fracture section of the non-toughened specimens was approximately
22 µm in length as a mean value. The mean fragment length (L) was 183 µm, which was al-
most similar to the toughened system. The size of the small fracture pieces varied. The main
visible difference between Figure 7a,b is the degree of fracture. In the toughened specimens,
C-fiber slipping occurred. Additionally the small fracture pieces were pushed into the
matrix, including cohesive matrix failure. The non-toughened specimens showed a smaller
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degree of fracture. After failure under compression, no further load seemed to be applied
to the small fracture pieces. This can also be confirmed by the volume representation of
individual fracture points of both systems, which is shown in Figure 8. A comprehensive
interpretation of the results shown here will be given in Section 3.3. A comparison between
the polarized light microscopy images of the toughened and non-toughened system is
shown in the supplementary information (Figure S3 in S4).
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Figure 8. Example of one 3D image in high-resolution of a representative fiber fracture of each
tested specimen, (a) with toughened matrix and (b) with non-toughened matrix, taken by XRM,
allowing the measurement of the inclination angle of the fracture plane and the size of the small
fracture pieces between single fragments.

3.2. FE Simulation of the Stress Distribution in the Partially Debonded Fiber−Matrix Interface
and the C-Fiber

With the help of the FE model, described above in Section 2.5, characteristic changes
of the stress distribution in the fiber can be observed as consequences of the localized
debonding of the fiber−matrix interface. In the present case of a cluster defect in the
fiber−matrix interface, this stress distribution is presented in Figure 9 by means of a
cylindrical coordinate system in a frontal and a cut view from the edge of the defect to the
center line. The cut view was chosen to better visualize the stress distribution in the C-fiber.
The left part of Figure 9 presents the axial stress component S33, where a stress distribution
with tensional and compressive stress fields relative to the overall compressive load on
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the C-fiber can be observed. In the middle of the debonded area, a compressive stress
concentration was present, whereas in the upper and lower boundary of the debonded
area, tensional stress appeared. The difference between relative compression and tension
however was within single MPa values.
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The radial stress component S11 is depicted in the left part of Figure 9, showing a
compression field in the middle of the debonded area, where no stress was transmitted
to the matrix. Regarding the front view, singularities at the edge of the debonding can be
observed, resulting in a peaked pattern of positive radial stresses. Nevertheless, the affected
area of these singularities was small and only appearing at these edges, not influencing
internal or superficial fiber stresses away from the singularities. In the cut view further
positive stress concentrations can be observed leading to a radial expansion of the fiber.

In the middle section of Figure 9, the combined shear stress component S31 in radial-
axial direction is shown. Distinctive maxima and minima can be seen, especially in the cut
view. This distribution of S31 might explain the inclination angle of the fracture plane of
±45◦ relative to the surface of the C-fiber. By having two fracture planes, a separation of
the C-fiber would lead to the fracture pattern as it can be observed in the X-ray projection
in Figure 4. Accounting for the overall debonding stress, being present in the Broutman test
specimen under compressive load would amplify the effects of the observed distributions
of the stress components S33, S11 and S31, especially at the edges of the debonded area.

3.3. Discussion

The results shown in Section 3.1 revealed a regular fracture pattern, which raises some
questions. For example, how the small fracture pieces between the fragment ends occur.
The experimentally observed fracture pattern can be interpreted in several ways. The small
fracture pieces between fragment ends could be an effect of secondary failure, initiated by
the fragment ends remaining in contact during the test, due to the increasing compressive
force and slip and crush against each other. This would imply that during fragmentation the
normal stress at the fragment ends is nonzero. Several researchers have already assumed
the slippage of fragment ends [24,25,35]. However, comparison of the different systems
(toughened and non-toughened) shown in Figures 7 and 8 shows that the small fracture
pieces in the fracture section are probably not a secondary failure effect. Rather, they appear
to be part of the fracture pattern that occurs during compressive loading. The strength
and the time period during which the fragment ends remain in contact and compress
the small fracture pieces (or pushed them into the matrix) after C-fiber failure seems to
have a correlation with the fiber−matrix interaction. In [24,25] a correlation between the
inclination angle of the fracture plane and the resulting stress distribution was assumed,
while [25] additionally observed that slippage of the broken fragment ends was caused by
the high load bearing of the matrix during compression which resulted in yield phenomena
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which prevented matrix failure. Both assumed a nonzero normal stress at the fragment
ends due to stress discontinuity caused by fiber fracture. The visible fracture pattern with
the small fracture pieces in between assume a fracture plane not perpendicular to the
fiber plane but influenced by the fiber fracture itself. The Broutman test itself can only
be analyzed by determining the inclination angle of the fracture plane in the analytical
modelling of interphase failure. The C-fiber failed in most visible fracture locations brittle,
with an inclination angle of the fracture plane of ±45◦ but also fiber slipping could be
observed. The visible fiber slippage could be attributed to transverse tensile stresses in the
interphase according to [25]. Consequently, measuring the inclination angle of the fracture
plane is of great importance for evaluation of the resulting stress distributions.

The inclination angle of the fracture plane was measured as ±45◦ at almost every
fracture point in our investigation, this indicated a brittle C-fiber failure due to ductile
shear failure under compression as proposed in [36].

By comparing the results of high-resolution XRM with polarized microscopy im-
ages a non-uniform delamination behavior between C-fiber and matrix can be supposed.
This means that stress discontinuities along the C-fiber have to be considered, caused by a
sequence of bonding and nonbonding regions, as stated in [32]. Observing C-fiber failure
due to compression in several planes is an indication of a very good adhesion between
the substituents [36,37]. Hence, for the considered specimens, a good adhesion can be
assumed. Many authors conflict with each other with the expected stress distribution
during the Broutman test and no consistent description could be found so far. In [24]
it was shown that two different failure mechanisms compete during the Broutman test,
fiber failure and fiber−matrix debonding. Fiber−matrix structures with a good interfacial
adhesion always showed fiber failure due to the compressive stress before debonding
occurred. They assumed that the shear properties of the interphase were determined
during Broutman test.

Using high-resolution XRM can help as a post mortem tool to prevent misinterpreta-
tion of measured data. Using the Broutman equation (Equation (1) in S1), the calculated
normal stress is 6.8 MPa (force at first detected failure 5000 N) for the toughened and
8.7 MPa (force at first failure detected 6500 N) for the non-toughened system. In [26]
the macro-mechanical interphase behavior for the same fiber−matrix systems were al-
ready characterized in detail. From qualitative observation of SEM images it was deduced
that toughening the polymeric matrix system resulted in better fiber−matrix adhesion.
These qualitative findings are contradictory to the interfacial strength quantitatively de-
termined by the Broutman test. This might indicate that the calculated debonding stress
based on test data results misleads the understanding of the experimental results if no
further analysis of the system is performed. Reasons for this ambiguity are manifold,
such as geometric inaccuracies leading to different stress states. An alternative explanation
would be that the toughened matrix system failure is more ductile, with a larger overall
deformation than the non-toughened system. This causes an increase in the overall stress
stored elastically in the system, which is then suddenly released leading to more damage
to the C-fiber, which can be seen in the XRM images. However, since the force of the first
failure, determined by AE, was higher in the non-toughened system, this could indicate
that failure occurs gradually, whereas in the toughened system global failure (both cohesive
and adhesive) occurs more or less simultaneously, starting from the center. These would
correlate with the results shown in [25].

C-fiber buckling and C-fiber crushing are all time-dependent processes due to instabil-
ities in the system. The failure mechanism analysis in our research does not depend on a
dynamic process as our purely static FE simulation is well in line with the experimentally
observed fracture pattern. The occurrence of a localized delamination alone leads to the
observed fracture pattern.
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4. Conclusions

Careful analysis of simple X-ray projections, together with high-resolution 3D XRM
images of a Broutman specimen after mechanical loading allow the accurate description of
important details of the observed fracture patterns of the single C-fiber. It was possible to
assess the fragment length, the angle of inclination of the fracture plane and even the size
of small fracture pieces between the broken fragments.

In comparison to classical light microscopy, the analysis via XRM is not limited by
resolution depth and the optical transparency of the specimen. However, in the case
of transparent specimens, polarized light microscopy provides additional information
regarding the location and size of the debonded area of the interphase. To the authors’ best
knowledge, it is the first time a single carbon fiber within a matrix has been visualized via
XRM in such a detailed manner.

With the combination of the presented techniques with regard to the single C-fiber
failure mechanisms, a more profound interpretation of the failure process was possible,
without assuming dynamic effects like a back-slippage of the C-fiber ends or other time-
dependent failure mechanisms.

The C-fiber exhibited shear failure with an almost constant ±45◦ inclination angle of
the fracture plane. The comparison between a toughened and a non-toughened matrix
system indicated how the compression-introduced failure mechanism was influenced by
the properties of the matrix system and the resulting fiber−matrix interaction. The degree
of C-fiber fracture in the matrix gathered visually in the toughened system was higher than
in the non-toughened. This could be an indication that the compression stress is stored in
the matrix and suddenly released to the C-fiber, which leads to a higher degree of fracture
in the toughened system.

Using a simple FE model, the stress distribution, prior to debonding, within the C-fiber
was approximated. The FE simulation gave a first hint that a small debonded area in the
fiber−matrix interface could be sufficient to introduce a stress distribution, which resulted
in fiber failure with the observed fracture pattern. However, the limitation of the ROI
during XRM analysis, the duration of the single exposure, and the phase contrast that
provided further information about the interface are open issues that need further work.
The combination of high-resolution 3D X-ray analysis of a micromechanical test, such as
the Broutman test, together with a more refined simulation model shows a very promising
approach to obtain a deeper understanding of the failure relevant processes in the interface
and the fiber−matrix interphase itself.

5. Outlook

The results presented serve as a starting point for many further investigations. The FE
model can be modified to investigate different debonding and failure mechanisms with
more material-specific values and with additional improvements. The effect of a distributed
debonding, i.e., two debonding locations on opposite sides on the C-fiber, were not consid-
ered here, as well as the effect of plasticity of the matrix or a cohesive zone modelling of
the interphase instead of the simple representation of an infinitesimal interface.

In future activities, the variation of fiber or matrix properties or even the resulting
interphase could be experimentally assessed, e.g., with high-resolution XRM. Therefore,
different C-fiber types should be tested and the resulting failure patterns should be compared.

Most ambitious would be a redesign of the Broutman test specimen tail-shape to
enable real 4D investigations of the interphase, by in situ testing in the XRM. With that,
a better understanding of this micromechanical test could be achieved.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcs5050121/s1, S1: Micromechanical description of stress state according to Broutman, S2:
Failure mechanism during Broutman test analyzed with additional methods: Figure S1: Post mortem
polarized light microscopy images of the same Broutman test specimens (non-toughened) taken
after different loading steps (4000 N and 6000 N). Figure S2: The cumulative number of Events of

https://www.mdpi.com/article/10.3390/jcs5050121/s1
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class 1, which describes a class of AE events which can be correlated (frequency dependent) with
the fiber and the compression force applied in N for the toughened system, the non-toughened and
two different reference systems. The further results of the tested systems and the test itself will be
published elsewhere. S3: Supporting information about the Broutman test configurations and the
test set-up; S4: Comparision between toughened and non-toughened matrix systems via polarized
light microscopy: Figure S3: Post mortem polarized light microscopy image of the toughened and
the non-toughened matrix system, indicating no visible difference in the degree of fracture.
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