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A B S T R A C T

This paper presents the first synchrotron micro-Computed Tomography (micro-CT) study on in-situ pure
compressive kink-band failure in Uni-Directional Carbon Fibre-Reinforced Polymer composites (UD-CFRPs)
with a notch. The study compares the failure behaviour of baseline samples under standard conditions with
defect-rich samples containing micro-defects such as voids and fibre misalignment. Quantitative image-based
analysis using the structure tensor technique and Digital Volume Correlation (DVC) reveals changes in fibre
orientation and localised strain, respectively, at each increment load. A large 400 μm kink-band inclined at
30◦ with a half-cosine wave fibre orientation is observed in the baseline samples, while the defect-rich samples
form narrower conjugate kink bands (ranging from 77 μm 25 μm) inclined at 45◦. Development of kink-band
formations/failure of both samples is discussed and compared with literature, providing key implications for
the design and safe use of this type of composite layup.
1. Introduction

Carbon fibre-reinforced polymer (CFRP) composites are increas-
ingly used in high-performance applications due to their exceptional
combination of high stiffness and low density. For example, CFRP
components have demonstrated significant performance improvements
and are helping to reduce fuel consumption / CO2 emissions in many
sectors in pursuit of Net Zero emissions [1]. Despite these benefits,
many composite parts are currently over-engineered due to poor failure
load predictions which are driven by incomplete understanding of their
complex damage mechanisms.

One such failure mechanism is kink-band formation, which is the
primary compressive failure mode of Unidirectional (UD)-CFRP compo-
nents. UD-CFRPs are predominantly used in systems with a preferred
load orientation. Previous studies have suggested that this failure mode
may be driven by fibre misalignment/waviness during layup or the
shear yield strength of the matrix [2]. When the material is compressed,
it locally deforms within a band which can be described in terms of
a kink-band inclination angle (𝛽) with respect to the transverse load
direction, a band width (𝑤) and fibre rotated angle (𝛼) relative to the
global longitudinal direction. The formation and evolution of a kink-
band can be split into three phases: (i.) initiation, in which a few fibres
begin to kink within a band; (ii.) propagation, in which the band grows

Abbreviations: DVC, Digital Volume Correlation; FE, Finite Element
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transversely and increases its width along the inclination angle 𝛽, and
(iii.) broadening — in which the band grows axially, increasing its
width along the fibre rotated angle 𝛼.

The presence of microdefects is known to generate distinct kink-
band failure modes [3]. One defect which is known to increase the
severity of fibre kinking is voiding. These microdefects arise from
incomplete consolidation during the curing process and can lead to a
significant reduction in mechanical performance [4]. This is important
as an average void content of 3% to 5% of matrix volume can be
found in prepreg material which can lead to a compressive strength
reduction of up to 40% [5]. Elastic modulus also shows a significant
dependence on the void content, with a reduction of up to 12% [6].
Previous studies have assumed that the weakest point of a CFRPs under
compression is where load-bearing layers contain the void with the
longest unsupported neighbouring fibre [7]. This is believed to lead
to stress concentration and fibre misalignment which are both known
to promote kinking [8]. There is, however, very little experimental
evidence of how CFRPs fails via kink-band formation. Therefore, the
principal goal of this study is to characterise the formation of this band
via in-situ high resolution analysis of representative CFRPs containing
intentionally induced microdefects and compare that response to that
observed under standard conditions.
vailable online 10 October 2023
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The aim of this work is to address this challenge by investigating
the development of fibre kinking and the impact of microdefects on
this phenomenon during in-situ compression of notched samples via
Synchrotron X-ray Computed tomography (CT). This builds on the
pioneering work of Wang et al. and other authors [9–14] who have
studied alternative, un-notched geometries using Synchrotron CT. Ad-
ditionally, this study will be the first to assess the local 3D strain in
the microstructure using Digital Volume Correlation (DVC). This has
been achieved by performing high resolution X-ray micro-CT of CFRP
such that the fibres can be used as a tracking pattern. Particular focus
has been placed on the different deformation response of the differing
CRFP samples examined in this study.

2. Background

2.1. Experimental

Conventionally, kink-band formation can be generated by uni-axial
compression. However, the unstable and rapid nature of this failure
mode make the comprehension of the damage scenario/chronology
challenging. Different sample geometries have been proposed in the
literature in attempt to promote a stable fibre kinking failure mode
such as a cylindrical rod specimen [9], a composite ring [15] and a
rectangular sample with a notch [16,17]. However, a sudden and un-
stable fibre kinking failure were still observed in these experiments. In
order to overcome this, and produce stable kink-band formation in a UD
laminate, Volger and Kyriakides [17] applied combined compression
and shear loading via a custom bi-axial testing device. This approach
was extended by Pimenta et al. [18] who proposed a similar method to
provoke stable kinking without the use of a custom device, but instead
by the sample’s geometry. In this arrangement, in-plane shear stress is
generated in a notched sample by introducing a small fibre offset angle
(from 𝜑 = 0◦ to 4◦) to the direction of compression, as shown in Fig. 1

This approach was found to be particularly powerful in monitoring
ink-band formation, although large amounts of misalignment were
ound to induce fibre splitting instead of kink-band formation [19]. This
eometry effectively subdues the unstable failure and will therefore
e used to incrementally study the formation of this response in the
ubsequent analysis.

The advancement of X-ray and detector technology has led to the
outine use of micro-CT for the non-destructive reconstruction of the
hree-dimensional (3D) micro-structures of materials. However, micro-
T characterisation of CFRP remains challenging due to low phase
ontrast between fibre and epoxy matrix, which arises from the sim-
larities in density and attenuation coefficients in the two phases [20].
reliminary characterisation of the kink-band samples revealed that
ab-based CT does not have sufficient phase contrast or spatial resolu-
ion to precisely identify individual fibres in a sample of representative
ize. However, synchrotron micro-CT of these samples offers significant
otential to improve current understanding of kink-band formation.
he associated phase-contrast analysis allows the interaction between
oids, fibres and the matrix materials to be recorded, and the short
xposure times mean that incremental time-resolved loading can be
erformed.

A powerful example of this approach was pioneered by Wang et al.
ho performed four-point testing of CFRP samples using Synchrotron
icro-CT [9,10,13]. In this study, the evolution of fibre kinking was

aptured by micro-CT during in-situ loading. Although this method was
ble to resolve the internal structure, and provide unique insights into
he formation of kink-bands in a qualitative manner, the four-point
est geometry is challenging to scan with micro-CT, as during rotation
he largest dimension of the sample is aligned with the incoming
eam. This induces significant changes in the X-ray path length and
ttenuation, which influences the quality of the reconstruction and
eans that quantitative interpretation of the results via methods such
2

s DVC are challenging.
In order to overcome this limitation and gain improved insights
into the development of fibre kinking, a different geometry based on
the work of Pimenta et al. [18,19] has instead been used in this study
to capture CT images during in-situ loading. Importantly, the symme-
try of the sample allows higher resolution, phase-contrast enhanced
imaging to be performed during stable fibre kinking to be formed.
Accordingly the high resolution, and high-contrast 3D reconstructions
can be post-processed via image processing analysis such as Digital
Volume Correlation (DVC) to study the internal behaviour of the parts
and strain field development, as outlined below.

2.2. Digital volume correlation

DVC is a powerful analysis method to quantify the internal dis-
placement field from high-resolution reconstructed micro-CT images,
and thereby determine the strain induced between load increments.
In this study the open-source DVC package kintsugi1 was used. This
DVC implementation is based on a global approach [21] in which the
entire Volume-of-Interest (VOI) is considered and a shared set of pa-
rameters is used for displacement interpolation via a finite element (FE)
mesh [22]. This ensures continuity in the resulting displacement field
and overcomes the challenges associated with the use of multiple local
VOIs, which can be difficult to reliably integrate into a final result when
using a local approach [23,24]. Accordingly, despite sometimes being
more processor intensive, the accuracy of the global DVC approach is
typically much higher than a local equivalent [25–27].

In addition to local strain analysis, DVC can be used to characterise
damage events such as cracks and fibre–matrix debonding which induce
displacement field discontinuities in the deformed image that can be
identified through the study of local residuals [28]. The use of a
FE mesh also facilitates the comparison of the DVC results with FE
simulations, which opens the way for the DVC to be used for validation
or identification purposes [28–31].

3. Methodology

3.1. Sample preparation

All tests were conducted on 22 ply Hexcel UD AS4/8852 prepreg
laminates with a stacking sequence of

[

02∕90∕08
]

𝑠. One batch of sam-
les was made using the manufacturer’s recommended autoclave curing
ycle (at 180 ◦C and 7 bar for 2 h), and a second batch was made at a

lower pressure (∼ 2 bar) to deliberately induce defects, such as voids
and fibre misalignment, in the sample. This approach has previously
been successfully used by Hapke et al. [8,32] to study void induced
strength changes in a UD CFRP laminate. Samples were sectioned into
∼ 3mm strips from a cured laminate plate of 15mm × 3mm × 4.4mm.

The nature of low pressure consolidation of the laminate means that
the generation of voids is random (not uniformly distributed across the
laminate). However in order to study the impact of this phenomenon
on the generation of kink-bands, precise determination of these features
was required before the samples were machined in order to ensure the
features were located in the region of interest. Therefore, lab-based CT
was performed on the plates, which had sufficient contrast to identify
the locations of the voids. These locations were subsequently used to
choose where to cut samples to place the voids within FOV. Prior to
the synchrotron experiment a second CT scan was performed on the
sectioned samples to confirm that the voids were located within the
VOI.

As outlined above, the focus of this study is on the influence of
voiding in kink-band formation in UD composites. However, in order
to reliably produce representative UD, it was necessary to add 90◦ plies
on either surface to mitigate thermal warping during the consolidation

1 https://gitlab.com/gcouegnat/kintsugi

https://gitlab.com/gcouegnat/kintsugi
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Fig. 1. Off-axis compression test (mm). The global out-of-plane reinforcements are
shown in blue and the FOV is highlighted in red. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

process. Once these samples had been manufactured, it was therefore
necessary to remove these outer plies in order to leave a purely UD
region for characterisation. Therefore, the central 3mm × 3mm of each
laminate were subsequently machined on either surface to remove ∼ 3
plies and leave a thickness of ∼ 3.2mm as shown in Fig. 1. It should
be noted that this kink-band geometry was pioneered by Pimenta
et al. [18] and is designed for the assessment of structures with a cross
sectional ratio approximately equal to 1. The kink-band behaviour of
this geometry differs to that of large aspect ratio, plate type structures
in which the kink-band response is typically dominated by out-of-plane
buckling [33]. As outlined above, the geometry used in this study
preferentially induces in-plane buckling which has the added practical
benefit of ensuring the VOI remains within the limited field of view
offered by high resolution synchrotron CT. This is critical in ensuring
that the deformation of the sample can be reliably captured, as required
by the DVC characterisation performed.

In order to minimise the impact of this machining process on the
kink-band response of the samples, the lab-based CT used to identify the
voids within the samples was also used to assess the machining process.
It was found that the tolerances of this process were within a few 10’s
of microns of each other and that in general a good quality machined
surface had been achieved. The outliers of these samples were tested to
determine the likely impact of machining on the kink-band response,
and it was found that the surface roughness and amount of material
removed had no perceivable impact on the failure load or mode. The
samples used for the synchrotron study were then carefully selected to
be those that were most precisely machined in order to minimise the
influence of sample preparation on the results. It should be noted that
sample preparation at the microscale is challenging and therefore minor
differences are to be expected. However, despite this, it is noted that the
chosen samples showed consistent and comparable effects, suggesting
that these variations did not substantially impact the results obtained.

A length of 15mm was selected as the nominal sample length, taking
into account the need to avoid both Euler buckling and edge effects, as
well as to ensure sufficient gauge area. In order to further isolate the
location of the buckling response within the micro-CT VOI, a diamond
wire saw with a ∼ 0.5mm diameter wire was used to cut a ∼ 2mm deep
notch transverse to the fibre direction. Careful selection of this cutting
depth was required to guarantee failure occurs gradually and within
the loadcell capacity. Therefore preliminary FE simulations and testing
were used to optimise this length.

As outlined above, fibre kinking is an unstable failure mode which
can be controlled and gradually developed by offsetting the fibre direc-
tion with respect to the compressive load [18]. Recommendations for
3

𝜑 are between 1◦ to 5◦. In this case, 𝜑 = 4◦ offset was selected based on
the FE simulation which had the broadest non-linearity before failure.
This offset angle was controlled by attaching EL2 epoxy/AT30 hardener
resin blocks at the ends of the sample and polishing the sample ends
at the designed angle using a specially produced in-house rig. This
approach also ensured the boundaries were reliably clamped to avoid
point loads and brooming at the ends [34].

3.2. Experimental setup

Micro-CT image acquisition was performed at the I13-2 beamline
at Diamond Light Source. A pink beam of peak energy 19 keV was
obtained through a series of Pyrolytic graphite filters and an aluminium
filter, and the beam was collimated to 10mm × 10mm using beam-
defining slits. The PCO.edge high speed 5.5 X-ray camera was used to
capture radiographs at each load increment at a resolution of 2560 ×
2560 px. Micro-CT data was collected via a flyscan over 180◦ at an
increment of 0.01◦ (18,000 projections) with an exposure time of
50 ms. A ×2 objective lens was selected in addition to the detectors
×2 predefined magnification (×4 total magnification), resulting in a
FOV of 4.2mm × 3.5mm with an effective pixel size of ∼ 1.625 μm. This
pixel size is sufficient to distinguish individual fibres with 𝜙𝑓 = ∼ 7μm
in diameter. To enhance the phase contrast between the fibres and
matrix, an in-line phase propagation study was employed by collecting
micro-CT data sets at a range of sample to detector distances [35]. The
reconstructions were then analysed to determine an optimised sample-
to-detector distance of 580 mm. A schematic representation of the
synchrotron experiment is shown in Fig. 2.

A Deben CT5000 5kN load cell, co-axially fixed onto a tomography
tower, was used to perform in-situ compressive testing of baseline
and defect-rich samples. The tower was composed of an Aerotech go-
niometer, along with multiple Huber and Newport motors, to facilitate
sample rotation and the translation required for synchrotron micro-CT
at the location of interest. A compressive load was applied at a rate of
0.1 mm/min along the primary fibre axis of the sample. Micro-CT data
were collected at each increment load while the motors held stationary,
and the increment was reduced close to the expected failure loads for all
samples until they failed. This ensured that the initiation of failure and
subsequent failure (e.g. fibre kinking, matrix shear and fibre fracture)
were captured during the experiment. The samples were held using
steel grips that were able to load the sample via the resin blocks on
either end. Estimates of the expected failure load were obtained by
loading 10 nominally identical samples of each type before the start
of the synchrotron experiment. These results were used to determine
the load increments applied to the sample during the micro-CT study.

3.3. Image processing

3.3.1. Image reconstruction
The parallel-beam tomography data collected at the synchrotron

was reconstructed via a back projection algorithm implemented within
Savu [37], which included dark- and flat-field correction. Ring artefact
correction was performed to minimise artefacts in the micro-CT scans.
The centre of rotation (COR) of the image was determined manually
from an iterative process by processing a single slice in which the COR
was iteratively shifted by 0.5 px. This allowed a visual determination
of optimal COR, which overcomes some of the limitations of the
automated process.

3.3.2. Fibre orientation determination
Structure-tensor analysis was implemented on the micro-CT datasets

collected at different load increments in order to estimate the fibre’s
orientation distributions and changes. The structure tensor can be
defined as a product of ∇𝑓⨂

∇𝑓 at each voxel, where ∇𝑓 is the image
gradient computed from an optimal kernel for the fibres [26,38,39].
In order to determine the first order estimate of this structure tensor,
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Fig. 2. Schematic setup of micro-CT at beamline I13-2 [36].
Fig. 3. Stress–strain plots of (a) baseline sample #1 and (b) defect-rich sample #1 along with its evolution of fibre orientation at initial loading, before and after failure. Incremental
loading was performed to facilitate collect of micro-CT at the locations shown in red squares.
neighbouring voxels are convoluted with a Gaussian kernel to reduce
noise and other artefacts which can significantly impact the estimates
obtained. Optimisation of the kernel size was incrementally performed
on the data set, in order to determine a value that effectively suppressed
noise whilst not over smoothing the underlying data. From this analysis
the optimal window size was determined to be 9 × 9 × 9 voxels.
For a given voxel, the local orientation of the fibre corresponds to
the eigenvector of the convoluted structure tensor with the smallest
eigenvalue represented as a unit vector, 𝑣 =

(

𝑣𝑥, 𝑣𝑦, 𝑣𝑧
)

. In other words,
the direction of the smallest change in image gradient.

Two primary orientations were defined relative to the sample’s
coordinate system: the in-plane (xy) direction, perpendicular to the
laminate stacking, and the out-of-plane (xz) direction, parallel to the
stacking, as illustrated in Fig. 1. The fibre deflection angles, 𝜃𝑥𝑦 and
𝜃𝑥𝑧, were computed in terms of a relative angle between the fibre
orientation vector 𝑣 and the predefined fibre orientation used during
manufacture, 𝑅̂. As outlined above, the angular offset of 𝑅̂ relative to
the global coordinate system is 𝜑 = 4◦ and 𝜓 = 0◦ for the xy and
xz planes, respectively as shown in Appendix. The evolutions of fibre
orientation at different loading stages of the baseline and defect-rich
sample are shown in Fig. 3. A beam hardening artefact was induced in
the micro-CT images by the notch, which led to increase noise at the
crack tip, however the length scale of this phenomenon was found to be
a few pixels and therefore had a minor influence on the reconstruction.
Note: Stress, 𝜎, is determined via 𝜎 = 𝑃

𝐴𝑟
, where 𝑃 is applied load and

𝐴𝑟 is the reduced cross-sectional area estimated from micro-CT image
at the unloaded state. 𝑋𝑐 is maximum compressive stress achieved.

3.3.3. Void segmentation
The voids in the defect-rich sample were segmented via the im-

ageJ [40] Plugin, MorphoLibJ [41]. This is a powerful and well-
established approach for void identification [42,43] however, pre-
processing is required to use this approach. In particular, a Gaussian
4

filter was required to prevent misidentifying of fibres as a void, along
with adjustment of the brightness range bounds. This allowed identifi-
cation of the precise location, size and shape of each of the voids, and to
compute the void volume fraction in the images. To determine the posi-
tions of the voids in 3D space, segmentation analysis was performed on
the micro-CT images collected prior to loading and overlaid with fibre
misalignment angles as shown in Fig. 4(a) and Fig. 4(b), respectively.

3.3.4. Digital volume correlation
The strain results were analysed to gain insights into the develop-

ment of the kink-band prior to failure. Given that the combination of
in-plane shear (𝜖𝑥𝑦) and compressive strain (𝜖𝑥𝑥) is expected to cause
the fibre kink, these strains were selectively analysed and presented for
both sample types. To perform the analysis, the DVC package kintsugi1
was used to implement a global approach, which is summarised in
Fig. 5. The unloaded micro-CT reconstructions of both samples were
used as reference images, in which the grey-scale value at each voxel
was denoted as 𝑓 (𝐱). In order to reduce processing time and focus on
the region of interest, a cuboidal VOI was cropped from this reconstruc-
tion. The subsequent deformed micro-CT reconstructions of the samples
were denoted as 𝑔(𝐱), and the same regions of interest were obtained
via cropping.

The dimensions of the VOI cuboids were defined to be 1300 ×
1800 × 1200 voxels (2.0 × 2.7 × 1.8 mm3) and 1000 × 2150 × 1200
voxels (1.5 × 3.2 × 1.8 mm3) for the baseline and defect-rich samples,
respectively. To facilitate the convergence of the DVC algorithm, a
rough estimate of the displacement field was obtained from the load
cell’s motor travel distance. This estimate was further improved by
computing a rigid body registration using a phase correlation approach
in the Fourier space [44,45]. The FE meshes of the VOI are obtained
thanks to an image-based Delaunay refinement algorithm available in
CGAL [46]. A binary mask of the VOI is obtained by thresholding
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Fig. 4. (a) Positions and shapes of voids in the defect-rich sample #1. The total void volume fraction was estimated to be 0.2% from micro-CT image within the VOI. Individual
voids were colour-coded to indicate disconnectedness from neighbouring voids. (b) Illustration of a cross-sectional slice showing fibre misalignment due to presence of voids:
in-plane direction, xy, and out-of-plane direction, xz.
Fig. 5. Overview of global DVC approach.
the micro-CT in the reference state and excluding the notch region.
A further 50 px (∼ 80 μm) were removed from the edges of the VOI
to accommodate the anticipated displacement of the specimen. This
binary representation was subsequently converted to a 3D unstructured
tetrahedral mesh using CGAL. The selection of mesh size, 𝑙𝑚𝑒𝑠ℎ, is also
crucial as large elements will be less subjected to noises because of large
number of voxels involved in each element, but it is unable to capture
complex displacement fields. On the other hands, a small 𝑙𝑚𝑒𝑠ℎ will be
flexible enough to follow large displacement gradients, but it will be
more subjected to the noises. The 𝑙𝑚𝑒𝑠ℎ is recommended to be at least 3
to 5 times larger than the 𝑙𝑐 to have enough texture within each element
allowing the DVC to converge. As a result, the smallest 𝑙𝑚𝑒𝑠ℎ used in this
study is 32 px.

After the rigid body motion has been corrected, the DVC algorithm
computes the displacements at each vertex of the tetrahedral mesh. One
of the most challenging aspects of DVC analysis is to deal with the
5

ill-posedness/conditioned nature of image correlation. In the present
study, a ‘‘mechanical’’ regularisation approach [47] was used to help
with the convergence of the Newton–Raphson iteration process and to
ensure smoothness of the solution. The weight of the regularisation is
introduced through the choice of a so-called regularisation length 𝑙𝑟𝑒𝑔 .
As a rule of thumb, 𝑙𝑟𝑒𝑔 , should be at least twice the 𝑙𝑚𝑒𝑠ℎ [47] and much
larger than the correlation length of the image, 𝑙𝑐 , to achieve a reliable
solution. In this study, the 𝑙𝑐 or texture pattern for DVC analysis is the
random distribution of individual fibre diameter 𝜙𝑓 = 7μm, determined
to be ∼ 5 px. Thus, the sensitivity will be studied by adjusting 𝑙𝑚𝑒𝑠ℎ and
𝑙𝑟𝑒𝑔 in the following. Fig. 6 illustrates the sensitivity analysis of both
sample types with different 𝑙𝑚𝑒𝑠ℎ and 𝑙𝑟𝑒𝑔 values, namely as (a) localised,
(b) intermediate and (c) global deformation. It should be noted that
the smoothness of the strain field increases with higher 𝑙𝑟𝑒𝑔 , as well as
decreasing the image noises dependency to the computed result.
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Fig. 6. Illustration of shear strain, 𝜖𝑥𝑦 sensitivity and measured strain uncertainty, 𝜎𝜖 , obtained from DVC analysis of the baseline and defect-rich sample. The continuity of the
𝜖𝑥𝑦 increases while 𝜎𝜖 decreases from left to right as the regularisation value, 𝑙𝑟𝑒𝑔 , is increased. The 𝑙𝑟𝑒𝑔 of 64 px, 128 px and 256 px were defined as small, medium and large
regularisation to capture localised, intermediate and global deformation of the materials.
It is important to note that as well as changing the length scales
over which the DVC is sensitive, changing the values of 𝑙𝑚𝑒𝑠ℎ and 𝑙𝑟𝑒𝑔
influences the uncertainty of the results. The degree of measured strain
uncertainty, 𝜎𝜖 , was determined to be 0.028%, 0.011% and 0.004%
for the localised, intermediate and global deformations respectively.
These levels are well within the uncertainty expected of this type of
analysis [21]. Accordingly, it is clear that the localised analysis, 𝑙𝑟𝑒𝑔
of 64 px, is suitable for examining small scale effects, at the cost of
having low confidence in bulk behaviour. In contrast, there is more
confidence in the global response at a 𝑙𝑟𝑒𝑔 of 256 px but this is unable
to detect localised effects. However, these displacement fields are still
essential to determine the overall kinking response and input boundary
conditions for FE simulations [48].

Careful interpretation of the DVC can, in some cases, be used to
determine an incremental estimate of the bulk strain of the sample
and correct for factors such as compliance of a load rig. The key
requirement for this type of correction is the analysis of a VOI that
is representative of the sample as a whole. In the case of this study,
preference was given to maximising the resolution of the CT to ensure
that reliable tracking of the fibres was possible and explore the localised
effects induced by kinking. Given that the number of pixels on a
given detector is limited, this naturally leads to a smaller VOI which
was highly localised to the notch. This in turn meant that the strain
estimates from the VOI were found to be representative of the global
response for the first few loading states. After this point, the impact of
the notch and formation of the kink-band dominated the strain measure
and therefore this approach could not be used to reliably correct for
load cell compliance. Accordingly, a decision was made to present
strain values obtained from the load cell, with the caveat that this
is likely to be influenced by compliance as shown in Fig. 3(a) and
Fig. 3(b).

4. Results and discussion

A different failure mechanism was observed between the baseline
and defect-rich samples. The main coincident damage features in both
sample types were characterised in Fig. 7 and are summarised in
Table 1. It should be noted that no voids were detected inside the
baseline samples at the resolution achieved in this study.
6

Table 1
Kink-band parameters measured from the baseline and defect-rich
samples; ⋆ was measured between the upper and lower kink-edges,
and † was measured between adjacent kink-edges (as shown in Fig. 7).
Parameters Baseline Defect-rich

Band angle (𝛽) - ◦ 30 45
Band width (𝑤) - μm 400⋆/55† 77 to 25
Fibre rotation (𝛼) - ◦ 25–60 85

4.1. Baseline sample

Prior to the loading of the baseline sample, the fibres were found
to have a minor misorientation with respect to the direction of the
prescribed 𝜑 angle, as shown in Fig. 3(a). This is due to the positional
settling of the sample and the compliance of the loadcell. After the
load is applied and this compliance is accounted for, the fibres be-
gan to align with the 𝜑 at a load 0.05𝑋𝑐 and elastic deformation is
observed. This linear relationship is observed up to a point where a
small region of material behind the notch begins to deform inelastically
(at a load of between 0.3 - 0.4𝑋𝑐). As outlined by Moran et al. [16]
this is likely associated with local fibres bending towards the notch
(positive angle) which leads to a significant increase of shear strain
within the band. The matrix becomes stiffer which locks the fibres in
place and determines the band angle 𝛽. This concentrated localised
shear strain is clearly indicated by the DVC analysis and is the first
experimental evidence to support this formation route. These deflected
fibres lead to fibre instability and provoke the early stages of kink
band formation. This early inelastic deformation was referred to as
‘‘incipient kinking’’ by Moran et al. [16]. Following continued loading,
fibre rotation continues up to ∼ +5◦ at a load of 0.94𝑋𝑐 . This lays the
foundations for the subsequent failure and means that band broadening
becomes the easiest deformation mode to accommodate the overall
end-shortening of the sample. The bent fibres at the kink-edge spread
outward into the unkinked area which remains soft in shear, resulting
in near instantaneous propagation into the kink-band. Unfortunately,
the rapid nature of this failure mode means that micro-CT could not
be collected between 0.94𝑋𝑐 and 𝑋𝑐 . However, the scans prior to this
point reveal progressive fibre reorientation towards a kink-band which
validates the mechanism of formation proposed by Moran et al..
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Fig. 7. Example of micro-CT slices showing kink-bands after failure in the two samples. (a) Section view A-A of baseline sample shows the following features 1⃝ - 2⃝: lower/upper
boundary of kink-band 3⃝: Long fibre–matrix debonding, 4⃝: multiple kink-bands 5⃝: fibre splitting due to notch sensitivity 6⃝: Pre-existing damage. (b) Section view B-B of
defect-rich sample: 1⃝ - 2⃝: convergence kink-bands, 3⃝: micro kink-band 4⃝: crushed wedge-shaped kink-band, 5⃝: matrix cracking and/or fibre–matrix debonding, 6⃝: fibre
bridging. (c) Section view C–C of the baseline sample with fibre buckling out-of-plane visible on free surfaces. (d) Section view D-D of the defect-rich sample with matrix cracking
and a reduced amount of out-of-plane fibre buckling on free surfaces.
After failure, fibres inside the large kink-band bent uniformly up to
∼ +60◦ and formed a half cosine-wave, while fibres outside the band
remained straight along the original 4◦ angle at the fracture plane. The
unbroken fibre was deflected up to ∼ +25◦. As depicted in Fig. 7(a),
a macro kink-band with a uniform width of (𝑤 ∼ 400 μm) propagates
across the width of the sample at an average angle of 𝛽 ∼ 30◦. The band
width after failure was found to be larger than that previously observed
in compression tests, however it is within the range observed in kink-
band shear studies (up to ∼ 2030 μm with a bi-axial device) [17,19].
This suggests that the application of shearing increases the band width
and confirms the conclusions of Pimenta et al. [19]. It should be
noted that the width of this kink-band was measured following strain
localisation and the load maximum.

It should be noted that quantification of the magnitude of these
analytical forces remains challenging, and therefore the precise rela-
tionship between shear force and band width remains unclear. The
7

primary reason for this is that analytical methods are unable to reliably
capture the relaxation induced by the incipient damage prior to failure,
which reduces the magnitude of the shear force prior to kink band
formation by an amount that, as of yet, has not been determined. One
route to quantify this effect is the use of DVC guided FEA of the sample,
however this analysis requires an assessment of the entire structure. As
outlined above the focus of this study was enhancing understanding of
the microstructure of kink-band formation so we prioritised resolution
over the size of the field of view. Accordingly quantifying the global
shear strain and impact of this on the band formation was not possible
due to the localised effects within the region captured. Despite this,
a subsequent study in which the external shear force magnitude is
recorded and the entire sample is tracked using enhanced contrast DVC
is planned, which would be able to quantify the relationship between
shear force and kink-band in an effective manner.

Partial fibre fracture (label 1⃝) formed at the lower edge of the
kink-band and propagated across the sample. Fibres bending without
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Fig. 8. Comparison between the localised DVC strain mapping in the initial half thickness at the final two increments, 0.89𝑋𝑐 and 0.94𝑋𝑐 and micro-CT after failure in the
baseline sample. Please see the loading plot in Fig. 3(a) for reference.
Fig. 9. Schematic diagrams of local strain concentrations and transition of kink-band
development before and after failure in baseline sample. Note that the compression
and shear concentration are approximately from Fig. 8.

failure was observed on the upper kink-edge on the surfaces along with
numerous incidences of fibre–matrix debonding (label 2⃝). However,
micro-CT revealed that this partial fibre fracture only occurred in the
sub-surface regions. At the tips of the fractures, fibre–matrix debonding
was observed, creating a potential area for the fibre to bend or rotate,
leading to the formation of a kink-band. A long region of fibre–matrix
debonding (label 3⃝) located below the notch was also observed. Close
examination of the micro-CT reconstructions at unloaded state shows
a small step in the sample surface opposite to the notch which could
have acted as a secondary notch in the sample. Multiple small kink-
bands (label 4⃝) were observed in this region with partial fibre fractures
propagated across the sample. Unlike the above macro kink-bands,
these kink-bands widths 𝑤 were determined to be ∼ 55 μm.

Label 5⃝ shows imperfections around the vicinity of the notch that
resulted in fibre splitting during loading which is related to the notch
sensitivity observed in UD composites. Pre-delamination was found to
8

already exist from the cutting the notch, as shown by label 6⃝. Out-
of-plane fibre buckling was also observed at edges of the sample on
the top cross-sectional slice of the micro-CT, as shown in Fig. 7(c).
The average maximum out-of-plane deformation was determined to
be ∼ 60 μm accounting to be 1.7% of the sample thickness. However,
the geometrical constraints present within the centre of the sample,
prevented this effect from occurring in this region.

A non-uniform distribution of in-plane strain can be observed be-
hind the notch in the baseline sample. This corresponds to a stress
concentration which varies in the through-thickness direction, such that
one side of the sample is strained more than the other, as shown by
the DVC results in Fig. 8. This could also be correlated with the out-of-
plane deformation which can be observed in Fig. 7(c). It is important
to note that the magnitude of this response is substantially smaller than
that which would be expected during out-of-plane buckling and is a
localised deformation response which has previously been observed in
the literature [49]. As outlined above, sample preparation led to minor
changes in the geometry of the sample and therefore small variations in
strains are expected. However, a noticeable compressive local extreme
of strain is also observed above the notch. This is related to a existing
pre-crack that opens continuously during the loading, but does not
interfere with the kink band formation.

Although DVC analysis was performed at each load increment, the
inhomogeneous strain distribution was not observed until 300 N had
been applied (corresponding to 100 MPa in Fig. 3(a)). This indicates
that below this force, the compliance of the rig dominates strain accom-
modation. A focal point of strain concentration was detected behind
the notch that propagated within the sample during the application of
load. It should be noted that the DVC prior to failure was sufficient to
predict the inclination angle of the kink 𝛽, based on prior models, and
throughout this process the compressive strain intensified and remained
confined to the area around the notch. The combination of maximum
shear strains and fibre deflection ahead of the notch pre-defined the
upper surface of the kink. Compressive strain concentrations were also
observed on the opposite side of the sample to the notch, at which the
lower edge of the kink band was generated.

A combined schematic view of the localised strain mapping and
fibre deflection results for the baseline sample is shown in Fig. 9. At
the point where the fibres bend the most, highly compressive strain
is induced on one side of the individual fibres [50], in addition to the
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Fig. 10. Comparison between the localised DVC strain mapping in the initial half thickness at the final two increments, 0.80𝑋𝑐 and 0.90𝑋𝑐 and micro-CT after failure in the
baseline sample. Please see the loading plot in Fig. 3(b) for reference.
existing axial compressive strain [51,52]. These results in fibre fracture
which propagated along the kink-edge. Fibre–matrix debonding is also
observed above the fracture, allowing the fibres to bend even further,
generating another kink-edge. The position of the lower kink-edge
could be considered as independent from the upper-kink edge as both
originate from locations of strain concentration prior to failure; 1⃝ one
at the notch and 2⃝ one at the free edge in Fig. 9. This fracture on the
lower kink-edge disturbs the fibre orientation on the upper kink-edge
and results in a large half cosine-wave which has not been observed
elsewhere. Once the fibres are relieved from this strain concentration,
they remained locked in position, meaning that the fracture plane
would not occur at the position expected prior to failure as shown in
Fig. 9 1⃝. Therefore, the resulting shape of the kink-band suggests that

the lower kink-edge likely initiated prior to the upper kink-edge.
It is interesting to note that multiple kink-bands were also observed

on the surface of a kink-band sample by [53] using SEM. This suggests
that fibre fracture and the formation of a small wedge leads to two
zones of tensile and compressive stress on the fibre surface and that
fibre bending failure originated from instability. The broadening mul-
tiple kink-bands, shown in Fig. 9 2⃝, have also been previously reported
to be necessary to accommodate the time-dependent behaviour of the
polymer matrix and are believed to be energetically more favourable in
terms of generate new kink-bands in the soften regions of the sample,
in preference to the existing band [8].

4.2. Defect-rich sample

Fibre orientation and void segmentation analysis enable the quanti-
tative assessment of microscale fibre misalignment due to the existing
voids in the CFRP sample, see Fig. 3(b) and Fig. 4. This analysis
reveals that micro-voids impose severe fibre misalignment, deviating
fibres by up to ± 5◦ from 𝜑 prior to the loading, 0.00𝑋𝑐 . These fibres
were deviated by voids kept their orientation tangent to the voids’
end caps shape. This created a propagation of misalignment in the
distant vicinity of the voids, resulting in global fibre misalignment in
the defect-rich sample. Furthermore, these deviated fibres generated
localised densely packed of fibres regions, which lead to stress het-
erogeneity. Through an examination of fibre misalignment density in
in-plane (xy) and out-of-plane (xz), it was found that the misalignment
distribution in the xy plane was likely to be greater than that in the
9

Fig. 11. Schematic diagrams of local strain concentrations and transition of kink-band
development before and after failure in defect-rich sample in vicinity of notch. Note
that the compression and shear concentration are approximately from Fig. 10.

xz plane. The voids were observed to have an oval shape, flattened
in the lamina plane elongating in fibre direction. This suggested that
voids are likely to grow transversely to the external pressure application
during the consolidation and that the void arose from existing resin
rich pockets in the laminate. The severity of the fibre misalignment
increased at locations where multiple voids were present as shown
in Fig. 4(b). The void volume fraction of the defect-rich sample was
calculated from the micro-CT of the VOI and was determined to be
∼ 0.2%. It is important to note that the resolution of the scan places a
lower limit on the resolution of voids which can be detected at 625 nm,
and therefore nanovoids may be present within the system which have
not been included in this estimate. Comparisons between this measure
and macroscale equivalents of void fraction are also challenging due
to the substantially different size of the gauge volumes associated with
these measures.
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Fig. 12. Illustration of (a) stress-relative strain plot of two baseline and defect-rich samples repeated under in-situ loading; Incremental loading was performed at each of the
locations of square boxes to facilitate micro-CT shown. (b) - (c) micro-CT images of kink-band formation of the repeated samples showing one ply below the surfaces and the
mid-thickness of the sample.
As was observed in the baseline sample, Fig. 3(b) reveals that for
the defect-rich sample, linear elastic deformation occurs after accom-
modation of the compliance load (at approximately 0.2𝑋𝑐). In contrast
to the baseline sample the first non-linearity is observed close to the
failure point at approximately 0.80𝑋𝑐 . At this point, the DVC reveals
the generation of two distinct fibre deflection regions above and below
the notch, rather than behind the notch (as in the baseline sample). The
10
rotation and localised strain at these locations increase in magnitude
up to a load of 0.90𝑋𝑐 . Upon reaching the critical failure load 𝑋𝑐 these
two regions of localised strain connect via a kink-band. The severity of
the fibre deflection after failure was found to be as high as ∼ 10◦ in
the upper region, whereas below the notch deflections were observed
up to ∼ −4◦. This contradicts the kinking kinematic assumptions of
Budiansky and Fleck (1993) [54], which assume no fibre rotation
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outside the band. However, the relationship between the inclination
angle (𝛽) and the fibre rotated angle (𝛼) follows the usual pattern, such
hat 𝛼 = 2𝛽 [16,55]. It is important to note that in this experiment,
he upper region of the sample experiences significant deformation and
otation prior to crack appearance and therefore the assumption on
hich this analytical model was developed are no longer relevant. In

ontrast, this assumption remains valid for a baseline sample in which
o deformation or rotation was observed in either end of the sample.

The micro-CT image of the defect-rich sample is shown in Fig. 7(b).
ithin this image labels 1⃝ - 2⃝ indicate fully defined kink-edges which

onverged 𝑤 from 77 μm to 25 μm with 𝛽 ∼ 45◦. This convergent band
idth has been also described in terms of a pair of conjugate kink-bands
ith inclined fracture planes form in opposite directions [13,56]. These
roken fibres were observed to be 0◦ to 35◦ out-of-plane, depending on
he localised area. A small and narrow kink-band was identified behind
he fibre–matrix debonding which inclined in the same angle as the
revious dominant band, see label 3⃝. This kink-band also propagated
o another existing void/crack in other section view #1 in Fig. 7(b).

edge-shaped kink-bands were observed at the notch tip where the
ibres were buckled and crushed as shown in label 4⃝. In addition
o kink-bands, matrix cracking and/or fibre–matrix debonding (label
5 ) along with fibre bridging within the crack (label 6⃝) were also
bserved. This crack propagated across the sample thickness and is
ikely to have originated from the existing void near the surface, as
hown in Fig. 7(d).

Due to the sudden failure of the materials, it remains challenging to
etermine precisely the initial mode of failure using solely the micro-CT
mage observation. For instance, one cannot conclude whether failure
riginates from fibre kinking or matrix cracking and/or fibre–matrix
ebonding. In order to establish more confidence in the likely failure
equence, DVC analysis was subsequently conducted on the data set to
bserve the strain evolution prior to failure.

In contrast to the baseline sample, Fig. 10 indicates that shear
train was concentrated above the notch of the defect-rich sample at a
ocation where matrix cracking and fibre–matrix debonding occurred.
urther strain concentrations were observed around the longest unsup-
orted region, which was above the locations of voids. In comparison,
he magnitude of strain concentration behind the notch was found to be
uch less significant than that compared to the baseline sample. This
VC result suggests that the origin of failure in the defect-rich sample
as matrix cracking and fibre–matrix debonding. Following this initial

ailure, a reduction in cross sectional area led to a increased concentra-
ion of stress. The resulting bending triggered kink-band formation at
stress/strain magnitude smaller than the baseline sample with 26%
aterial strength reduction based on sample #1 for both types.

Following the first initiation failure (matrix cracking), it is believed
hat kink-band formation was induced by the deflection of the fibres
rom the tip of the splitting area to the traction free space where the
aminate was still intact and acting as a stress concentration point.
his led to a loss of fibre stability and induced a transverse tensile
train in the matrix leading to fibre–matrix debonding. Eventually the
ending angle reached a threshold value which caused the fibre to
reak [7,57] as shown in Fig. 11 2⃝. Deformation of a single fibre
ith and without a laterally supported region, due to the existing
oids or matrix cracking. The narrower kink-band in this sample oc-
urs at an angle of 45◦ suggesting that the fibres close to the voids
ere compressed and bent along a shear crack (shear-dominant) as
reviously observed by [50,58]. However, these voids and associated
ongitudinal splitting are also believed to stop the growth of the fibre
icro-buckling by absorbing energy and delaying failure [13]. For

xample, Hapke et al. [8] found that the presence of a void arrested
ink-band propagation by bringing the inner surfaces of the void into
ontact. However, confirmation of this behaviour remains challenging
s it depends on the precise size/position of the void and localised
tress.
11
4.3. Repeatability of compressive testing

During the synchrotron experiment two baseline and two defect-rich
samples were studied. As outlined above during the initial stages of
loading a degree of compliance was observed as the samples ‘settled in’.
The displacement associated with this differed between samples, how-
ever the magnitude at which sample loading was initiated and a distinct
change of gradient was observed was consistent at approximately 100
N for all samples. Accordingly, in order to facilitate more effective
comparison between the samples a relative strain (𝜖′) was determined
by setting the displacement to zero at 100N. The stress-relative strain
plots are shown in Fig. 12(a). the point at which the samples began
to bear the load, with respect to sample nominal length for an ease
of comparison between samples. In all samples, the unstable failure
mechanisms were not fully suppressed, as demonstrated by the sudden
load drops. These plots show a minor decrease in stress (10–30 MPa)
when the sample was held stationary for the collection of the micro-
CT data. This effect was particularly prevalent at larger loads and was
likely to be evidence of geometric softening of the material due to the
viscoelastic response of the matrix [8].

Due to the time limitations associated with the synchrotron experi-
ment, the repeat baseline and defect-rich samples could not be scanned
at as many load increments as the initial iterations. This difference in
the number and therefore total duration of the holding period led to
increased geometric softening of these samples due to the viscoelastic
nature of CFRPs, as has previously been observed in the literature [8].
This resulted in some discrepancy in the apparent stiffness of the
two baseline samples. However, the same macro kink-bands with a
half-cosine wave can still be observed (Fig. 12(b)). For the defect-
rich sample, the stress–strain plot (Fig. 12(a)) and micro-CT images
(Fig. 12(c)) showed stronger similarities, due to the lower loads and
reduced relaxation induced. Once again, for these samples nominally
identical results were observed in terms of the failure mechanisms,
albeit with minor variations due to void size / location and boundary
conditions.

5. Conclusion

The internal deformation and damage mechanisms associated with
UD-CFRP kink-band formation under in-situ pure compression were
successfully recorded and analysed in 3D to reveal the internal local
strain development for the first time. Both standard (baseline) and
non-standard curing pressures (defect-rich) were studied to ascertain
the effect of micro-defects, such as voids and fibre misalignment, on
this compressive failure responses. It has been shown that the in-situ
micro-CT is able to overcome the limitations associated with surface
observation and post-mortem analysis of this failure mode, which have
been found to be unrepresentative of the bulk material. Detailed dam-
age characteristics and a failure sequence have been determined and
corroborated via previous observations in the literature. For example
the quantitative image-based DVC performed was able to identify the
development of kink-band formation through-thickness in the CFRP.
Based on this, it can be concluded that the formation of kink bands
in CFRPs can happen in two distinct scenarios, case 1 is prevalent in a
efect-free system and case 2 occurs when voids and fibre misalignment
re present within the gauge volume

Case 1: the application of compressive and shear loads cause the
ibres to bend towards the notch and generate significant shear strain.
his results in an increase in shear stiffening resistance in the matrix,
aused fibre lock-up and thereby established the band inclination angle.
he bent fibres then propagated into the neighbouring unkinked region,
ltimately leading to fibre fracture when the maximum bending stress
as achieved. This approach serves as the first experimental validation
f Moran’s kinematic theory [16] in terms of strain analysis, and the
ibre rotations required to form a kink band. Fibre–matrix debonding
as also observed at the fibre fracture plane, creating a potential area
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Fig. A.1. Definition of (a) in-plane, 𝜃𝑥𝑦, and (b) out-of-plane, 𝜃𝑥𝑧, fibre deflections in a two dimensional Cartesian coordinate system. A unit vector, 𝑅̂, represents a prescribe angle
in each orientation while 𝜑 = 4◦ in the xy-plane and 𝜓 = 0◦ in the xz-plane. The 𝜃𝑥𝑦 and 𝜃𝑥𝑧 are determined as the difference between the prescribed angles (𝜑 or 𝜓) and the
fibre orientation vector, 𝑣 =

(

𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧
)

, from the structure tensor analysis.
for the fibre to bend or rotate, leading to the formation of a kink-band.
A uniform through-thickness kink-band (roughly ∼ 400 μm band width
inclined at 30◦) were determined in this sample. It appears that the fibre
orientation formed a half-cosine wave within the band which suggested
two independent fibre kinking area and fracture planes that occurred
after fibre lock-up during shear stiffening.

Case 2: microdefects can have a substantial impact on the global
response of the sample. In this study, the defect-rich sample largely
deformed and induced matrix cracking as an initiation failure at the
existing void near surface, and propagated across the sample thickness
before leading to the early kink-band formation. Fibres lost lateral
support due to the preformed crack or existing voids leading to severe
fibre instabilities, in addition to the fibre misalignment (up to ± 5◦)
due to voids. This in turn leads to the formation of kink bands at
substantially lower stresses with 26% material strength reduction under
0.2% void volume faction of the sample. Conjugate kink-bands were
formed with a band width ranging from ∼ 77 μm to 25 μm and inclined
at 45◦. A wedge-shaped kink-bands was also observed at the notch
tip. The sequential kink initiation location could not be determined as
it could initiate at several different locations such as a void, matrix
cracking and notch which then converged rapidly upon failure.

Accordingly, these two scenarios resulted in distinct failure mech-
anisms in the two sample types in this study. The results of this
study therefore provide key insights into understanding the kink-band
formation in CFRPs with and without microdefects. This is crucial
in developing more accurate kink damage criteria and facilitating
more accurate modelling in the future. Further, the application of this
methodology to samples of this type provide a powerful new method-
ology to facilitate future study in this area. Ultimately, both outcomes
will lead to the powerful new insights and capabilities required to more
reliably predict CFRP performance and thereby reduce over engineering
of this widely used material class.
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Appendix. Fibre orientation definition

Fig. A.1(a) illustrates the definition of fibre deflection in the in-
plane, 𝜃𝑥𝑦, and Fig. A.1(b) out-of-plane, 𝜃𝑥𝑧, directions. Unit vectors
denoted as 𝑅̂ refer to the predefined fibre orientations during manu-
facture. This is associated with an offset of 𝜑 = 4◦ in the xy-plane in
accordance with the offset loading geometry and 𝜓 = 0◦ in the xz-plane.
For each fibre the offsets 𝜃𝑥𝑦 and 𝜃𝑥𝑧 were determined by the mismatch
between the prescribed angles (𝜑 or 𝜓) and the fibre orientation vector,
𝑣 =

(

𝑣𝑥, 𝑣𝑦, 𝑣𝑧
)

, which was obtained from the structure tensor analysis
in each direction.
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