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Abstract
Although the initial stage of fatigue failure accounts for failure in mechanical structures, this has not
been thoroughly clari�ed for Carbon Fiber Reinforced Plastics (CFRPs), thereby prompting the need to
develop innovative fatigue tests. In this study, interfacial debonding between a single carbon �ber and the
epoxy matrix was observed using synchrotron radiation (SR) X-ray computed tomography (CT). A single
carbon �ber was embedded perpendicular to the loading direction in a dumbbell-shaped epoxy sample. A
tabletop fatigue testing machine driven by a piezoelectric actuator was developed to apply static and
cyclic loads along the beamline for the in situ observation. The SR X-ray multiscale CT imaging was
conducted by switching between an absorption-contrast projection method (micro-CT) and a phase-
contrast imaging type X-ray microscopic CT (nano-CT). Micro-CT had insu�cient resolution in detecting
interfacial debonding, whereas nano-CT clearly visualized it under a static tensile load of 30 MPa. A
gradual increase in the debonding length was detected until a static load of 50 MPa with nanovoid
formation along the interface. Under cyclic loading, the debonding length increase along the interface
was captured under a sinusoidal stress of 8–40 MPa after 10,000 cycles, whereas it did not propagate
under a stress below 30 MPa.

1. Introduction
Carbon �ber reinforced plastics (CFRPs) are innovative structural materials because of their tunable
mechanical properties, and excellent speci�c strength and rigidity owing to their �ber orientations.
However, it is di�cult to assess the failure progress because of the inhomogeneity of the material, which
causes complicated fracture behaviors, such as �ber breakage and delamination1. In particular, although
fatigue failure accounts for 80% of the causes of mechanical failures, the fatigue crack initiation has not
been clari�ed for CFRP structures. Thus, fatigue tests must be conducted individually with different �ber
orientations and applied stress levels, despite the huge costs of the experiments. Several failure
assessments based on phenomenological approaches have been proposed2–5. However, they have not
been speci�cally related to the mechanical properties of the carbon �ber, matrix resin, and their interface.
Therefore, a general mechanism of the initiation and propagation of the fatigue crack in CFRP structures
should be clari�ed to develop a versatile evaluation method.

One key aspect of fatigue failure is the transverse crack generated in the 90° layers, where carbon �bers
do not directly affect the strength in the loading direction. The generation of the transverse crack is
considered to be the �rst process of fatigue failure because it gradually increases during the early stage
of the loading cycles6–9. Although transverse cracks do not immediately reduce the rigidity and strength
of CFRP laminates, they eventually cause delamination along the interface between layers with different
�ber orientations. Hosoi et al. proposed an estimation method for the remaining fatigue life based on the
accumulation of transverse cracks in 90° layers10–12. However, the prediction of the initiation of a
transverse crack remains a challenge because it strongly depends on the stacking sequence of the
laminates.
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The origin of transverse crack has been focused on the interfacial debonding between the carbon �ber
and matrix resin13, as shown in Fig. 1. The scanning electron microscope observation at the site of the
transverse crack implies that it propagates along the interface of the carbon �bers, and the remaining
interfacial debonding is con�rmed near the transverse crack10. However, it is extremely di�cult to detect
the nanoscale opening gap of the interfacial debonding among the innumerable carbon �bers in the
CFRP laminate before propagating to be a transverse crack owing to the small diameter of the carbon
�ber, which is only 7 µm. Even though �nite element analysis has been utilized to investigate the failure
progress in the 90° layer considering the interfacial debonding in addition to the yielding of the matrix
resin, they usually require many parameters to represent the experimental results14–17.

To focus on the interfacial debonding of a speci�c carbon �ber, a single �ber fragmentation test has been
widely used to estimate the interfacial shear strength by embedding a single carbon �ber along the
loading direction18–20. The interfacial debonding in the transverse direction can be characterized by a
cruciform specimen method21. However, the interfacial debonding initiated from the interior of the matrix
resin may not correspond to those initiated from the CFRP laminates because the transverse cracks are
generally initiated from the free surface. Martyniuk et al. prepared an epoxy sample embedding a
relatively large single glass �ber with a diameter of 50 µm, and observed it using in situ synchrotron
radiation (SR) X-ray computed tomography (CT)22. They succeeded in capturing the three-dimensional
(3D) debonding behavior of the �ber from the free surface toward the interior of the sample. This implies
that the interfacial debonding of a carbon �ber with a diameter of approximately 7 µm can be observed if
X-ray CT can be realized with a higher magni�cation and resolution. The sensitivity to the difference in
the densities needs to be also improved because the density of the matrix resin is closer to that of carbon
�ber than that of the glass �ber.

In this study, an epoxy sample with a single carbon �ber embedded in the transverse direction was
prepared to capture the interfacial debonding between the carbon �ber and epoxy matrix. Interfacial
debonding was generated under static and cyclic loading, and was observed using SR X-ray CT at the
large synchrotron radiation facility SPring-8 (Hyogo, Japan). To realize the in situ SR X-ray CT, a
piezoelectric actuator-driven desktop fatigue testing machine was developed to apply static and cyclic
loads directly along the beamline.

2. Experimental

2.1 Sample Preparation and Preliminary Experiment
The epoxy resin used in this study was composed of jER828 and the curing agent jER Cure 113
(Mitsubishi Chemical) with the weight ratio of 100:32. A relatively hard curing agent was used to
minimize the viscoelastic effect during loading. They were mixed using a vacuum defoaming stirrer VDS-
1 (ASONE) under a vacuum environment for 5 min and placed in a vacuum oven DRV320DB (Advantech
Toyo) preheated at 80°C for 15 min to completely degas the matrix. Subsequently, a single carbon �ber
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T700SC (Toray) was placed across the parallel portion of the silicon mold, as illustrated in Fig. 2. Weights
of 1 g were attached to both ends to prevent �ber waviness due to the curing shrinkage of the epoxy
resin. The vacuum-defoamed epoxy resin was then poured into the silicon mold. The curing cycle was
carried out at 80°C for 1 h, followed by 150°C for 3 h. The surfaces of the cured samples were carefully
polished with emery paper in the order of #1000, #1500, and #2000, and then mirror-�nished with a liquid
compound with grain sizes in the order of 7, 1, and 0.2 µm.

The tensile tests were conducted to obtain the stress–strain curve of the sample. A random speckle
pattern was applied to the sample surface using an airbrush to apply the digital image correlation
method for strain measurement using a digital two-dimensional correlation system VIC-2D (Laser
Measurement Co., Ltd.). Tensile loading was applied to the epoxy sample without the carbon �ber at 10
µm/s using a small tensile testing machine developed in our laboratory (Fig. 3) for the in situ observation
under a digital microscope MS-300 (Asahi Kougakuki Manuf.Co.,Ltd ). The yield stress (0.5% proof
stress), tensile strength, and elastic modulus of the neat epoxy sample were 60.4 MPa, 106.3 MPa, and
3.12 GPa, respectively.

The tensile stress required to cause interfacial debonding between the carbon �ber and epoxy resin was
investigated by the stepwise increase of the tensile load under repeated loading and unloading. The same
tensile testing machine and microscope were used to observe a single carbon �ber embedded in the
epoxy sample. The sample was loaded to 10 MPa and unloaded to 5 MPa at a tensile velocity of 10
µm/s. The sample was again loaded at 20 MPa and unloaded to 5 MPa. The same process was repeated
by increasing the maximum load to 10 MPa until fracture.

The stress–displacement curve obtained from the loading–unloading test is shown in Fig. 4(a). The
vertical axis represents the nominal stress obtained by dividing the tensile load by the cross-sectional
area, and the horizontal axis represents the displacement between the grips. The observed image around
the carbon �ber at loads of 40 MPa, 80 MPa, and fracture are shown in Fig. 4(b). The loading and
unloading curves almost overlapped until the load of 50 MPa; however, a slight hysteresis was con�rmed
during unloading from 60 MPa. A large hysteresis and residual displacement were con�rmed during
unloading from 80 MPa. Comparing the images at 40 and 80 MPa (Fig. 4(b) and Fig. 4(c), respectively) to
those before loading (Fig. 2), the dark area around the boundary of the carbon �ber became slightly
thicker. However, it was di�cult to con�rm the initiation of interfacial debonding. The sample was
fractured before reaching 90 MPa through the interface between the carbon �ber and matrix (Fig. 4(d)).
Although the interfacial debonding between the single carbon �ber and epoxy resin cannot be detected by
our high-magni�cation digital microscope, it may initiated under a load of less than 60 MPa based on the
hysteresis and residual displacement of the loading–unloading process.

2.2 Synchrotron Radiation X-Ray Multiscale CT
Non-destructive inspection using SR X-ray CT has been applied to visualize matrix cracking and �ber
breakage; however, existing studies are at a sub-microscale, and could not su�ciently visualize the
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interfacial debonding between carbon �bers and matrix resins23–27. Fig. 5(a) shows a schematic of the
absorption contrast projection method called “micro-CT”28. In detail, a sample is placed on a rotating
stage and irradiated with monochromatic X-rays. The X-ray detected by the image detector is then
converted into a visible-light image captured by a charged-coupled device or complementary metal oxide
semiconductor camera with an optical lens. Therefore, the spatial resolution depends on the detector
speci�cations.

In recent years, a phase-contrast imaging-type X-ray microscopic CT, called “nano-CT”, has been
developed to further improve the spatial and density resolutions of conventional X-ray CT methods29.
Fig. 5(b) shows a schematic of the nano-CT system. The X-ray image transmitted through the sample is
magni�ed by the Fresnel zone plate, which is an objective lens for X-rays, to achieve the image on the
detector with higher spatial resolution. In addition, introducing the phase-contrast method emphasizes
the slight differences in the density to distinguish the carbon �ber from the polymer resin30,31.

At the large synchrotron radiation facility SPring-8, micro-CT and nano-CT systems are available along
the beamline BL20XU. These systems can be easily switched by maintaining the sample in the rotational
stage. In detail, micro-CT can be conducted �rst to specify the area of interest, and then switch to nano-
CT to focus on the obtained area with a higher resolution. This multiscale CT system is particularly
bene�cial for the nondestructive inspection of tiny damages. The �eld of view and pixel size of the micro-
CT and nano-CT systems are 1 mm2 with 495 nm/pixel and 62.5 µm2 with 42 nm/pixel, respectively. In
this study, the X-ray energy was set to 20 keV, and the exposure time per irradiation was 0.1 s for micro-CT
and 0.5 s for nano-CT. The sample was rotated from 0° to 180° in 0.1° increments during the X-ray
irradiation, which took approximately 3 and 15 min for micro-CT and nano-CT, respectively.

Examples of the micro-CT and nano-CT images of a single carbon �ber embedded at the center of the
epoxy sample are shown in Fig. 6(a) and (b), respectively. Almost all the cross-section of the sample was
captured using micro-CT imaging. The tip of the carbon �ber was magni�ed by nano-CT, which
corresponds to the red square region in the micro-CT image. These are the resliced views along the �ber
diameter from the 3D constructed image. The slight difference in the density between the carbon �ber
and epoxy resin can be distinguished by both micro-CT and nano-CT. Although the micro-CT image has
insu�cient resolution to detect interfacial debonding along the carbon �ber, the nano-CT image at the
end of the carbon �ber clearly speci�es the boundary from the epoxy resin. The image before loading
con�rmed that the carbon �ber and epoxy matrix are closely bonded to each other.

2.3 Piezoelectric actuator-driven tabletop fatigue testing
machine
To conduct the in situ observations by SR X-ray CT under tensile loading, we developed a tabletop fatigue
testing machine that also allows the application of cyclic loads on the beamline32. The number of
loading cycles can be e�ciently increased with the imaging process. The fatigue test used to be



Page 6/16

conducted using a hydraulic testing machine and away from the beamline owing to the concerns in the
vibration during the operation. Our testing machine allows small increments of loading cycles to capture
the gradual progress of the interfacial debonding because the sample does not have to be removed and
replaced from the fatigue testing machine to the beamline during CT imaging. This also has the
advantages of preventing accidental damage to the sample during the replacement process and time
e�ciency to address the limited user time at the synchrotron facility.

The testing machine mounted on the rotation stage of the beamline is shown in Fig. 7(a), and a
magni�ed view of the sample is shown in Fig. 7(b). The cramped sample was surrounded by an acrylic
cylinder with a thickness of 2 mm through which the X-rays were transmitted. The total weight was only
2.6 kg by employing a custom-ordered piezoelectric actuator produced by Shouei System Co., Ltd. The
piezoelectric elements were su�ciently stacked to realize a displacement of 300 µm. A load cell was
connected to a clamp �xed to the bottom of the testing machine. The load capacity was 500 N under
static conditions. As this machine was originally developed for hourglass-shape specimens, adaptors
were created to �x our dumbbell-shaped plate sample.

3. Results And Discussion

3.1 Static tensile test
Micro-CT and nano-CT imaging were conducted under applied tensile loadings of 30, 40, and 50 MPa.
Considering the damage to the epoxy matrix due to X-ray irradiation, samples were separately prepared
for each stress condition. Fig. 8(a) shows the result of the micro-CT imaging, which is a re-sliced view
observed in the same direction as that in Fig. 6(a) at a tensile load of 50 MPa. Only the image around the
carbon �ber is presented. The voids were distributed randomly along the carbon �ber; however, it was
di�cult to specify the interfacial debonding. The volume of the carbon �ber was then extracted from the
constructed 3D image using binarization. The volume of the empty space was also extracted separately
and then uni�ed with the carbon �ber, as shown in Fig. 8(b). The location and size of the voids,
represented in red, can be clearly related to the carbon �ber; however, there was still no indication of
interfacial debonding. Hence, micro-CT did not have su�cient imaging resolution to detect interfacial
debonding.

The nano-CT images obtained under stresses of 30, 40, and 50 MPa are shown in Fig. 9(a)–(c),
respectively. The re-sliced views observed from the same direction as that in Fig. 6(b) are shown on the
left; the black arrow indicates the sample surface. The volume of the carbon �ber was then extracted
from the 3D constructed image by binarization and uni�ed with the empty space in the epoxy matrix (in
red). The boundary of the carbon �ber was signi�cantly clearer than that of the micro-CT images. Thus,
the interfacial debonding can be distinguished as the black region along the upper and lower interfaces
even under a stress of 30 MPa (Fig. 9(a) and 9(b)). The carbon �ber was debonded from the epoxy matrix
only near the sample surface but was still connected to the epoxy resin without any voids. The interfacial
debonding length observed under a stress of 40 MPa was slightly longer for a larger opening, as shown in
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Fig. 9(c) and 9(d). Local debonding isolated from the sample surface was also observed, as indicated by
the red arrows. In addition, a crack was generated from the void that were trapped during the curing
process. These short debonding and the crack were found only near the sample surface within a �eld of
view of 60 µm. When a stress of 50 MPa was applied, larger debonding was observed in the �eld of view,
particularly along the lower interface, as shown in Fig. 9(e)–(f). From the 3D view in Fig. 9(f), the lower
half of the carbon �ber was almost entirely separated from the epoxy matrix. The debonding length was
shorter than the �ber diameter on the upper side and small voids were distributed along the carbon �ber.
As the size and appearance of these voids were different from that in Fig. 9(c), these are said to be
initiated from the boundary, which indicates the lower strength of the epoxy resin in the vicinity of the
interface. In addition, the debonded surface with dimple-like texture of the epoxy matrix on the lower side
exhibited void formation before debonding from the carbon �ber. These results suggest that the
interfacial debonding along the carbon �ber was caused by the yielding of the epoxy resin. Further, nano-
CT has su�cient resolution and magni�cation to detect the interfacial debonding between the carbon
�ber and epoxy matrix, and void formation during the debonding process.

3.2 Fatigue test
In the fatigue test, it is necessary to conduct repeated nano-imaging using the same sample to track the
propagation of the interfacial debonding; however, excessive exposure to high-energy X-rays may damage
the matrix resin. Therefore, the sample was �xed at a position on the stage where the tip of the carbon
�bers could be observed in the same direction as that in Fig. 6(b), and only the X-ray transmission image
was obtained without rotating the sample. Thus, only one pulse of X-ray exposure was required for the
imaging. A transmission image used for the construction of the 3D image from the same angle in
Fig. 9(a) is shown in Fig. 10. The transmission image was not as clear as the re-sliced 3D constructed
image. However, the debonding length can still be determined. Therefore, the propagation of interfacial
debonding can be tracked by increasing the number of loading cycles.

Based on the results of the static tensile test, cyclic loading with a maximum stress of 30 or 40 MPa was
applied. The displacement of the piezoelectric actuator was controlled such that the stress ratio R = 0.2.
The frequency of the cyclic loading was set to 10 Hz for up to 10,000 cycles and 20 Hz thereafter. The
tensile loading was paused and maintained at the mean displacement when the vicinity of the sample
surface was observed by an X-ray transmission nano-CT.

Figures 11(a)–(d) show the transmission images observed under a maximum stress of 30 MPa at 1,
10,000, 30,000, and 100,000 loading cycles, respectively. Although short debonding length was observed
on the upper side of the carbon �ber in Fig. 11(a), similar to that in Fig. 9(a), the debonding surface did
not propagate until 100,000 loading cycles, as shown in Figures 11(b)–(d). Under a maximum stress of
40 MPa, the debonding length caused by the �rst cycle, shown in Fig. 11(e), was slightly longer than that
in Fig. 9(b), and it did not propagate until 10,000 loading cycles, as shown in Fig. 11(f). After 30,000
loading cycles, a slight increase in debonding length was �nally observed, as shown in Fig. 11(g). The
debonding length continued to increase until 100,000 loading cycles, as shown in Fig. 11(h). However,
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debonding was not detected on the lower side of the carbon �ber in the transmission image. As it is
possible to measure the debonding lengths of the upper and lower sides on both the left and right
surfaces of the sample, they were measured and summarized in Fig. 12. The debonding length on the
upper side of the carbon �ber was longer on the left side, whereas that on the lower side was longer on
the right side. This implies that the sample was not tensioned perfectly straight and was slightly bent.
Although further improvement of the tension axis is required for a more detailed investigation, it
effectively followed the debonding length by transmission nanoimaging.

4. Conclusion
In this study, dumbbell-shaped epoxy samples embedded with a single carbon �ber in the transverse
direction were prepared to detect the initiation of interfacial debonding. The summary of our �ndings is
as follows.

Interfacial debonding was not detected in the preliminary experiment of the in situ observation under
a high-magni�cation digital microscope but was implied to occur at a stress below 60 MPa by a
hysteresis loop during unloading.

The in situ observation under synchrotron radiation X-ray CT was realized by developing a tabletop
fatigue testing machine, which allows the application of cyclic loadings on the beamline.

Micro-CT can clearly distinguish the carbon �ber from the epoxy matrix and detect small voids
distributed along the interface; however, it cannot detect interfacial debonding.

Nano-CT successfully detected interfacial debonding, and the indication of yielding of the epoxy
resin along the interface from the distribution of the nano-voids.

Transmission nano-imaging was proposed to follow the propagation of interfacial debonding under
cyclic loadings to prevent damage to the epoxy matrix due to X-ray irradiation.

The propagation of the interfacial debonding between a carbon �ber and epoxy matrix by cyclic
loading was quantitatively measured for the �rst time.
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Figures

Figure 1

Schematic of a transverse crack in the 90° layer initiated from the interfacial debonding between the
carbon �ber and epoxy matrix of a cross-ply laminate.

Figure 2

Sample dimensions. An observed image of a single carbon �ber under a high-magni�cation digital
microscope.
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Figure 3

Tabletop tensile testing machine for the in situ observation of the sample under an optical microscope.

Figure 4

(a) Loading–unloading curve of the epoxy sample embedding a single carbon �ber. High-magni�cation
image under a stress of (b) 40 MPa and (c) 80 MPa, and (d) at fracture.



Page 13/16

Figure 5

Schematic of (a) micro-CT and (b) nano-CT as synchrotron radiation multiscale X-ray CT available at
beamline 20XU of SPring-828.

Figure 6

Images 3D constructed by (a) micro-CT and (b) nano-CT.
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Figure 7

(a) Tabletop fatigue testing machine driven by a piezoelectric actuator installed on the beamline 20XU at
SPring-8 and (b) magni�ed image around the cramped sample.

Figure 8

(a) Image obtained by micro-CT under a stress of 50 MPa and (b) 3D constructed image of the carbon
�ber extracted by binarization. The empty spaces in the epoxy matrix are in red. 
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Figure 9

Images taken by nano-CT imaging under stress of (a, b) 30 MPa, (c, d) 40 MPa, and (e, f) 50 MPa (left)
with their 3D constructed image of the carbon �ber extracted by binarization (right). The empty spaces in
the epoxy matrix are in red.

Figure 10

Transmission image obtained nano-CT imaging from the same angle of Fig. 9(a).

Figure 11
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Transmission nano-CT images obtained under cyclic loadings with the maximum stress of 30 and 40
MPa at (a, e) 1, (b, f) 10,000, (c, g) 30,000, and (d, h) 100,000 cycles, respectively.

Figure 12

Measured lengths of interfacial debonding observed by transmission nano-CT imaging near the left and
right sample surfaces under cyclic loadings with the maximum stress of 40 MPa.


