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A B S T R A C T

The present study demonstrates experimental evidence of subsurface mesoscale damage initiation and evolution
in angle-ply CFRP laminates under high strain-rate loading at low temperatures using synchrotron-based X-
ray MHz radiography. A bespoke set of loading, temperature control and in-situ X-ray imaging systems were
applied to simultaneously correlate high strain-rate mechanical response with observed subsurface damage in a
time-resolved manner. The results demonstrate that independent of temperature, damage evolved following a
specific sequence; firstly intra-ply shear cracking along the fibre direction, developing into multi-layer cracking
with continued deformation, and finally culminating in inter-ply delamination and complete failure of the
specimen. The timescale for this sequence, however, was observed to strongly depend upon temperature, with
low temperatures resulting in more rapid damage evolution and loss of mechanical strength.
1. Introduction

To respond to global environmental policies, a wide range of mod-
ern transport industries, such as aerospace, automobile and maritime,
have invested heavily in the research and application of carbon-fibre
reinforced polymer (CFRP) composites due to their high stiffness and
strength-to-weight ratio over conventional metal-based alternatives [1–
3]. In such applications, CFRP components can be exposed to a multi-
tude of adverse conditions, including extremes of mechanical loading,
humidity and temperature. However, understanding of the behaviour
of CFRP under such complex and often combined conditions is incom-
plete, which is hindering CFRP composites from being more widely
used in future industrial products.

There are ample studies exploring the strain-rate sensitivity of
epoxy-based CFRP laminates at room temperature [4–7]. For extreme
temperatures, it has been found that the tensile [8–13] and bend-
ing [14] performance of CFRP is susceptible to temperature change.
In addition, thermal cycling can also lead to strength degradation
for CFRP laminates because of the generated micro-damage between
fibre and matrix as the result of their differing thermal expansion
characteristics [15].

∗ Corresponding author.
E-mail addresses: xiyao.sun@eng.ox.ac.uk (X. Sun), daniel.eakins@eng.ox.ac.uk (D. Eakins).
URL: https://shock.eng.ox.ac.uk (D. Eakins).

The failure of CFRP could be sudden and catastrophic due to its
well-known brittleness [16–19]. [0/90] cross-ply (CP) [4], [±45] angle-
ply (AP) [20], quasi-isotropic (QI) [5] and 90◦ off-axis biaxial braided
(BB) [21] CFRP laminates have been observed to fail by inter-ply
delamination under in-plane compression with different strain-rates
(confirmed via post-mortem examination using visual and computed to-
mography (CT), and in-situ examination using visible light and infrared
thermal imaging). Previous investigation of CFRP laminates tested at in-
situ extreme temperature indicates both high and low temperatures can
weaken the fibre/matrix bonding at the interface. Where, for example
under tensile loading at quasi-static (QS) and intermediate strain-
rates, more pronounced fibre debonding and laminate delamination
was observed in postmortem inspection relative to room temperature
testing [8,13]. Under flexural loading (three-point bending), damage in
CFRP specimens has been shown to propagate faster and expand wider
at lower temperatures, causing more severe delamination [14].

X-ray imaging, especially X-ray CT, has become an important tech-
nique to non-destructively investigate the internal structures of compos-
ite components and damage [22,23]. Instead of only performing post-
mortem scanning, recent developments have enabled in-situ CT scan-
ning to characterise internal structural changes under loading induced
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Table 1
Specimen pretreatment and testing conditions.
Specimen label Pretreatment condition Appx. impact velocity, m/s Testing temperature, ◦C

Dry_Room Oven dried 11.0 23 ± 2
Dry_Low Oven dried 11.0 −30 ± 2
Cycled_Room 250-time HTC cycled 15.5 23 ± 2
Cycled_Low 250-time HTC cycled 15.5 −30 ± 2

∗ HTC: hygrothermally cycled.
y tension [24], compression [25], flexure [26] and wedge indenta-
ion [27]. Apart from that, some recent research has also demonstrated
hat synchrotron-based dynamic X-ray imaging has a great potential
o probe the subsurface damage of composites under high strain-rate
HSR) loading [28,29].

While a limited number of studies have visualised the initiation and
volution of damage in CFRP laminate under HSR loading [28,29],
o studies have resolved the in-situ progression of mesoscale subsur-
ace damage at low temperatures. Direct experimental evidence would
reatly enhance both existing and future simulation models used to
redict the HSR failure of CFRP laminates. In this study, a synchrotron-
ased X-ray source, together with a bespoke set of synchronised load-
ng, temperature control, strain measurement, ultra-fast X-ray imaging
nd data acquisition system, was implemented to achieve real-time
esoscale damage probing and property measurement for tested speci-
ens at HSR loading. Synchrotron-based X-ray phase-contrast imaging

XPCI) was introduced as it facilitates the visualisation of damage and
ine features (e.g., newly generated interface) due to phase contrast
nhancement. A group of AP CFRP specimens with different ageing
onditions were prepared and tested under HSR in-plane compression
t room and low temperatures. The subsurface damage development
nd associated mechanical behaviours were characterised and analysed
ntegratively in a time-resolved manner. Finally, the failure micro-
echanics and models of tested CFRP laminates were deduced and
iscussed.

. Materials and methods

.1. Material and specimen

The material studied in this work is an aerospace-grade epoxy-based
arbon-fibre reinforced polymer composite (CFRP) that is comprised of
utoclave-cured laminates with a curing cycle of 1–2 ◦C/min heating
ate, 2–5 ◦C/min cooling rate, and 120-min duration at 180 ◦C. It was
anufactured by using the hand lay-up method with [±45]4𝑠 AP lami-
ations and cut into a size of 5 × 5 × 3 mm3 for effective environmental
geing and HSR loading. Two ageing conditions were considered in the
resent research — dry and hygrothermally cycled (see Table 1). The
ried specimens were oven-dried following ASTM standard 5229 [30]
t 70 ◦C for four weeks until no further weight could be reduced. The
ycled CFRP specimens were saturated in an environmental chamber
ollowing the same ASTM standard at 70 ◦C with a constant relative
umidity of 85% for four weeks to ensure complete saturation before
ycling. After full saturation, the CFRP specimens were subjected to 250
equential temperature cycles between −50 and 90 ◦C. Each cycle took
bout 150 min, with the 250 cycles therefore taking approximately 1
onth to complete. Specimens with a higher number of cycles were also
repared, tested and analysed. However, their differences in terms of
echanical properties and damage mechanisms were found to be trivial

ompared to 250-time cycled specimens. Thus, only the results of 250-
ime cycled specimens are presented and discussed as a representation
f cycled specimens in this work. Following controlled ageing, the
nternal configuration for each component (fibres, matrix and voids)
nd possible defects caused by manufacture and ageing were inspected
y synchrotron-based X-ray 𝜇CT (2.1 μm) at beamline ID19 at the ESRF.
2

2.2. High strain-rate loading

HSR loading was applied using a split-Hopkinson pressure bar
(SHPB) system [31]. As shown in Figs. 1 and 2, this SHPB setup
consisted of a striker, input and output bars made of titanium alloy
(Ti-6Al-4V) with a diameter of 12.7 mm. Ti-6Al-4V was adopted
considering the high strength and mechanical impedance of the CFRP
specimen studied in this work. The striker was 150 mm in length,
and the input and output bars were 1300 mm and 1100 mm long,
respectively. Before loading, two 3 mm-thick loading platens made
of the same material and diameter as the bars were attached at the
bar ends and in contact with the specimens to avoid damage to the
bars. The specimens were sandwiched between the input and output
bars with a thin layer of grease applied at the specimen/platen and
bar/platen interfaces to reduce friction. A set of strain gauges was
mounted 60 mm uprange of the specimens on the input bar and 40 mm
downrange of the specimens on the output bar to record the incident,
reflected, and transmitted strain pulses.

2.3. Test temperature control

A bespoke cryogenic chamber was designed and manufactured
to enable good temperature isolation and impact debris containment
whilst ensuring minimal X-ray beam attenuation. The chamber was
constructed of Perspex and consisted of an inner and outer cham-
ber. During the tests the temperature within the inner chamber was
controlled by injecting cooled nitrogen gas using a Cobra Nitrogen
Cooler from Oxford Cryosystems. The outer chamber was filled with
room-temperature helium gas to prevent frost from forming on the
X-ray window and introducing phase artefacts at the detector plane
perturbing the X-ray image (Figs. 1 and 2). The temperature in the
inner and outer chambers was measured and recorded from multiple
measurement points and monitored from both the experimental hutch
and control room.

2.4. High-speed X-ray imaging

Real-time visualisation of the evolution of impact initiated damage
was performed at the ID19 beamline of the ESRF [32]. The SHPB system
was aligned perpendicular to the X-ray beam path, as illustrated in
Figs. 1 and 2, allowing the X-ray pulse train to propagate through the
specimens normal to the direction of loading. In the present study,
the 4 bunch fill mode was used, and the X-ray source at ID19 was
a pair of aligned U32 undulators, producing a train of polychromatic
X-ray pulses separated in time by 704 ns (‘‘white-beam’’ with peak
in the X-ray spectrum at about 23 keV). The indirect single-bunch X-
ray imaging strategy employed in the current study is discussed in
greater detail by Escauriza et al. [33]. Briefly however, the imaging
system employed a 500 μm thick LYSO:Ce (Ce-dopped Lu1−𝑥Y𝑥SiO5,
Hilger Crystals, UK) single-crystal scintillator with 40 ns decay time,
optically relayed to a pair of Shimadzu HPV-X2 high-speed cameras as
illustrated in Figs. 1 and 2. Each optical relay consisted of a pair of
Nikon 50 mm F/1.4 lenses producing an effective 1 × magnification
with 0.34 numerical aperture. This indirect X-ray detector assembly
was placed ∼9 m downstream of the specimen to allow sufficient
propagation distance for phase-contrast to form and hence enhance the
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Fig. 1. Photos of the experimental setup, comprising the SHPB system, cryogenic impact chamber, and imaging system, at ID19, ESRF.
Fig. 2. Schematic of the experimental setup at ID19, ESRF, illustrating the key devices, components, connections, and beam paths of the SHPB and diagnostic systems.
visualisation of crack interfaces. The Shimadzu cameras were synchro-
nised to the X-ray pulse train using the methods described in [33].
The 600 ns exposure of each camera captured scintillator emission
primarily from a single X-ray bunch, and the camera triggering and
frame rate (interframe time 1410 ns) were implemented such that the
image sequences from the two cameras were interleaved in time to
capture every bunch. The Shimadzu cameras were triggered from the
voltage signals produced by the strain gauges on the input bar of the
SHPB, enabling synchronisation of the radiography to the load history
of the specimen. Finally, a fast X-ray shutter, gated open during the
dynamic event, was used to reduce the total X-ray exposure duration
3

to approximately 200 ms to minimise radiation-induced degradation of
the specimen.

2.5. Mechanical property analysis

The stress–strain response of the specimens during HSR loading was
estimated by assuming one-dimensional wave propagation [31]. The
force recorded in the input and output bars was compared to evaluate
force equilibrium. The engineering strain of the tested specimens ob-
tained by processing the strain gauge signals was checked against the
image measurements of the captured XPCI radiography. The bar energy
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Fig. 3. Internal structural characterisation and defect checking for XPCI by using X-ray CT scanning: (a) an orthogonal slice with ply lay-ups, (b) volume rendering of a small
specimen section with image segmentation, (c) fibre orientation identification on the cutting plane with the colour code performed by using OrientationJ plugin in ImageJ, and
(d) segmented voids that distribute in the glue layers between plies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.).
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Fig. 4. Stress–strain curve of dried and cycled specimens under quasi-static (3.3× 10−3

s−1) uni-axial compression at room temperature setting a baseline for high strain-rate
property analysis.

dissipated through the specimens, 𝑊 , was also analysed by integrating
the load–displacement curve, i.e.,

𝑊 = ∫

𝛿𝑖

0
𝐹𝑖(𝛿𝑖) 𝑑𝛿𝑖, (1)

where 𝐹𝑖 is the load acting on the material associated with the displace-
ment 𝛿𝑖.

2.6. Resolved damage analysis

Synchrotron-based dynamic XPCI is susceptible to fixed-pattern
noise which can arise from aging and damage of optical elements
(windows, lenses, scintillators), non-uniformities in the sensors (i.e., the
cameras in the present study) and in-homogeneities in the X-ray beam
4

f

Fig. 5. Force equilibrium demonstrated by comparing force recorded in the input
(incident and reflected wave) and output (transmitted wave) bar. Pochhammer–Chree
dispersion was recorded in the input bar because no pulse shaper was used.

[34]. In order to aid crack identification, the obtained X-ray radio-
graphs were subjected to a flat-field correction following,

𝐼𝑐 (𝑡) =
𝐼𝑟(𝑡) − 𝐼𝑑
𝐼𝑓 − 𝐼𝑑

, (2)

here 𝐼𝑐 stands for the 2D intensity of the flat-field corrected image at
mpact time 𝑡. 𝐼𝑟 is the image intensity of the recorded image. Average
latfield 𝐼𝑓 and darkfield 𝐼𝑑 images were constructed from images
aken with X-ray illumination but without objects, and images without
oth X-ray illumination and objects respectively.

Identification of the observed cracks at their initiation stage was
erformed by using a modified 2D image intensity analysis [27], while
urther details of their propagation and damage evolution was achieved
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Fig. 6. Stress–strain curve of (a) dried and (b) cycled specimens at room and low
temperatures.

using a directional image analysis method [35] facilitated by the Im-
ageJ OrientationJ plugin. Explicit explanation of these two analyses is
presented in the following section.

3. Results and discussion

3.1. Specimen microstructures

Fig. 3 presents the internal microstructure of the tested CFRP lam-
inates examined by using synchrotron-based X-ray 𝜇CT prior to the
HSR loading. It shows the tested laminates consist of 16 layers of CFRP
plies (Fig. 3a) with densely packed (around 80%) 5 μm-diameter carbon
fibres (Figs. 3b) in the orientations of ±45◦ and symmetrically arranged
about the central axis. By making a cutting plane across two adjacent
plies on either side of the symmetry axis (Figs. 3b) and applying
directional image analysis (Fig. 3c) [35], it can be seen that the +45◦
and −45◦ fibre plies were laid up in turn. Each ply is approximately
170 μm in thickness and glued by a thin layer (about 15 μm) of
the matrix material, which leads to a total thickness of ∼3000 μm.
Spherical voids with diameter in the range 5 to 20 μm are spread
evenly within the inter-ply glue layers without coalescence to each
other (Fig. 3d). No obvious defects can be identified in the dried and
cycled CFRP specimens. It should be noted that the voids are too small
to be resolved by the indirect MHz XPCI in the dynamic experiments
(1× magnification).

3.2. Mechanical properties

QS uni-axial compression tests on both dried and cycled specimens
were performed and analysed (Fig. 4) to establish a baseline for HSR
5

Fig. 7. Energy dissipated through the specimens as the function of strain: (a) dried
and (b) cycled specimens.

mechanical property analysis in the present research. An example of
force recorded from the input and output bar during HSR loading tests
is present in Fig. 5 which demonstrates equilibrium was reached during
the dynamic loading.

The obtained specimen stress 𝜎 versus strain 𝜀 curves in Fig. 6 show
that there is a significant strength increase at room temperature for
both dried and cycled specimens under HSR loading compared to the
ones tested at QS loading. For the HSR loading tests, the specimens
tested at low temperatures have noticeably higher strength (about 10%
for dried and 20% for cycled specimens) and apparent stiffness than
their room temperature counterparts, although they all reached their
maximum stress at approximately 𝜀 = 3.5%. Similar findings were
also reported by Liu et al. [9] and Wang et al. [36]. After the peak,
the flow stress in the low-temperature specimens dropped rapidly with
increasing strain, whereas the room-temperature specimens maintained
a stable flow stress. This observation is more prominent for the cycled
specimens, as shown in Fig. 6b. Regarding the cycling effect on the
specimen strength, the dried specimen at room temperature has a
higher strength than the cycled specimen, although the test strain rate
was lower for the dry specimen compared to the cycled. This agrees
with the experimental results on the tensile tests of a unidirectional-90
CFRP laminate reported by Meng et al. [15]. A similar trend can also
be observed from the QS test results shown in Fig. 4. However, the
cycling effect on the specimens tested at low temperatures (both dried
and cycled) is not very obvious in terms of strength.

This observed difference in behaviour should mainly be driven
by the thermophysical behaviour of the epoxy matrix, since the me-
chanical properties of carbon fibres are comparatively insensitive at
temperatures below 400 ◦C [14,37]. The matrix on the other hand
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Fig. 8. Mechanical response of the cycled specimens as a function of time 𝑡: (a) engineering strain at room temperature, (b) engineering strain at low temperature; (c) engineering
strain rate, and (d) engineering stress. 𝑡 is referenced to the first loading of the specimen.

Fig. 9. Subsurface failure initiation and evolution for the (a) room- and (b) low-temperature specimens under HSR loading presented by five key frames captured using synchrotron-
based MHz XPCI. The selected frames from the room- and low-temperature specimens are approximately equivalent in time and strain. Damage in the low-temperature specimen
initiated earlier and developed faster than that in the room-temperature specimen. The earliest damage that can be observed for the room-temperature specimen is in Frame C
(𝑡 = 51.47 μs, 𝜀 ≃ 11.2%), whereas that for the low-temperature specimen is in Frame B (𝑡 = 22.90 μs, 𝜀 ≃ 3.7%).
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Table 2
Summary of mechanical response and damage state for the (a) room- and (b) low-temperature specimens with impact progression. Fibre direction (FD) shown was estimated based
on the overall deformation of the specimens measured from the images in both parallel and perpendicular directions to the loading.

(a) 𝑇 = 23 ± 2 ◦C

Frame label A B C D E

Time after impact 𝑡, μs 14.81 20.45 51.47 65.57 100.82
Gauge strain 𝜀, % (Fig. 8) 2.0 3.5 11.2 14.7 –
Image strain 𝜀𝐼 , % (Fig. 8) 1.8 3.4 11.4 15.0 16.0
Gauge stress 𝜎, MPa (Fig. 8) 189.03 288.30 268.35 212.98 –
Stress state (Fig. 8) Raising Peak stress 6% strength 27% strength –

elastically lost lost
Damage state (Figs. 9, 10 and 11) No crack No crack Intra-ply Minor inter-ply Inter-ply

crack emerged delamination delamination
Fibre direction (FD) (based on 𝜀𝐼 ) ±45.5◦ ±46.0◦ ±48.1◦ ±49.0◦ ±49.2◦

Crack direction (Figs. 10 and 11) – – −47.0◦ −50.0 ± 2◦ ±51 ± 2◦

(b) 𝑇 = −30 ± 2 ◦C

Frame label A B C D E

Time after impact 𝑡, μs 15.85 22.90 52.51 66.61 101.86
Gauge strain 𝜀, % (Fig. 8) 1.9 3.7 11.1 15.0 –
Image strain 𝜀𝐼 , % (Fig. 8) 1.9 3.7 11.2 15.5 24.8
Gauge stress 𝜎, MPa (Fig. 8) 213.28 356.31 198.55 71.82 –
Stress state (Fig. 8) Raising Peak stress 50% strength 80% strength –

elastically lost lost
Damage state (Figs. 9, 10 and 11) No crack Intra-ply Intra-ply cracks Inter-ply Structure

crack emerged in both directions delamination collapsed
Fibre direction (FD) (based on 𝜀𝐼 ) ±45.5◦ ±46.0◦ ±48.4◦ ±49.8◦ ±53.0◦

Crack direction (Figs. 10 and 11) – −45.5◦ ±47.0 ± 2◦ ±50.0 ± 2◦ ±56.0 ± 5◦
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becomes stiffer at low temperatures owing to the reduced internal en-
ergy and mobility of molecule chain segments [38]. Consequently, the
interaction between fibre and matrix might be less important compared
to that at room temperature, as the increased matrix strength forms
most of the load resistance in low-temperature specimens before the
peak stress. Additionally, the absolute coefficient of thermal expansion
(CTE) of epoxy resin and ice introduced by hygrothermal cycling can
be significantly higher than that of carbon fibres [39], which will alter
the state and distribution of residual stress within the material at low
temperature, and may influence the mechanical response.

3.3. Energy dissipation

The energy dissipated through specimen deformation and damage,
𝑊 , is shown with respect to engineering strain, 𝜀, for each tested
condition in Fig. 7. In the case of the dried specimens, it can be seen
that 𝑊 exhibits a quicker rise when tested at low temperatures before
levelling off after the peak stress is achieved. This is a consequence of
the higher apparent stiffness and peak stress for the cooled specimen,
as shown in Fig. 6a. A similar behaviour is observed for the cycled
specimens, where a greater degree of strain energy is initially dissipated
at the lower temperature. A notable key difference here however is the
reversal in energy dissipation which arises due to the much steeper
drop in load-carrying capacity for the low-temperature specimen. The
testing temperature seems to have a more prominent effect in cycled
specimens indicated by the higher energy difference shown in Fig. 7b
possibly resulting from the presence of moisture. In terms of overall
energy dissipation, no significant difference can be found up to 𝜀 ≃ 9.5%
between dried and cycled specimens. Although the low specimens still
demonstrate higher energy dissipation for both ageing cases relative to
their room-temperature counterparts, the stress declines more rapidly
after the peak in the cycled specimens, suggesting room-temperature
specimens might overtake at larger strain.

Previous studies on the behaviour of CFRP during impact loading
indicate that this drop in toughness can be attributed to the reduced
ductility of the matrix at low temperature, resulting in a decreased
threshold for damage [12,40]. This effect is particularly evident in the
±45◦ CFRP laminates tested in the present study, implying that the
mechanical response and failure are dominated by the matrix mate-
rial [41]. However, the conventional strain gauge measurement cannot
7

provide further information or direct indication to elaborate damage
mechanisms associated with this behavioural difference at different
temperatures under HSR. Therefore, synchrotron-based MHz XPCI was
introduced in this study to perform in-situ observation of this impact
and subsurface failure event.

3.4. Observed damage initiation

Real-time X-ray phase contrast imaging, synchronised to the HSR
loading, was used to investigate the nature and evolution of damage
with respect to the bulk mechanical conditions measured using the
strain gauges. X-ray images of the cycled specimens were selected and
analysed in this section since they demonstrated the clearest difference
in response between low and room temperature possibly by virtue of
the moisture present. Fig. 8a and 8b show the comparison between
axial strain history as measured by the strain gauges and XPCI for
the room- and low-temperature specimens, respectively. It can be seen
that there is good agreement between the two measurement techniques
from ∼ 15–70 μs, during which time the strain-rate was stable (see
ig. 8c). Thus, all time-based damage analyses were selected within
hese regions.

Fig. 9 demonstrates the subsurface damage progression in both
oom- and low-temperature specimens with respect to time 𝑡 by pre-

senting five key XPCI frames — Frames A to E. Table 2 summarises the
main damage observation with the associated stress and strain states.
Although the similar strain development between two specimens before
𝑡 = 70 μs, the cracks in the low-temperature specimen can be clearly
dentified earlier than that in the room-temperature specimen. At the
ery early impact stage (Frame A for both specimens in Fig. 9), no
nternal structural change can be observed from the images regardless
f temperature. The first evidence of cracks in the low-temperature
pecimen can be found at approximately 𝑡 = 22.90 μs (Crack J in Frame
, Fig. 9b), at which time the specimen was near its peak stress (Fig. 8d)
t 𝜀 ≃ 3.7%. In comparison, no similar features can be recognised at a
imilar time and strain in the room-temperature specimen (Frame B,
ig. 9a), where cracks are not visible until 𝑡 = 51.47 μs and 𝜀 ≃ 11.2%
Crack I in Frame C, Fig. 9a). At Frame C (first observed crack) in
ig. 9a, the stress in the room-temperature specimen had experienced
slight drop (about 6%) relative to Frame B (peak stress), but it was

till maintained at roughly the same level.
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Fig. 10. Identifying the initiated cracks and their later stage development in obtained X-ray radiography. (a) Initiated crack identification and (b) its development for the
room-temperature specimen, and (c) initiated crack identification and (d) its development for the low-temperature specimen. By calculating the average intensity along the crack
directions, and plotting it along the perpendicular distance, the initiated narrow cracks can be visualised by sudden intensity changes, as shown in (a) and (c).
Fig. 11. Cracks highlighted on the obtained X-ray radiography based on directional features: (a) room- and (b) low-temperature specimens. For the room-temperature specimen,
cracks in −45◦ can be recognised in Frame D and E, but no clear cracks are highlighted in +45◦. Minor inter-ply delamination is shown at the upper edge in Frame D and at the
both upper and lower edges in Frame E. In comparison, both ±45◦ FD cracks can be seen starting from Frame C in the low-temperature specimen. Obvious inter-ply delamination
can be identified in Frame D and E. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
At the early impact stage, all identified crack openings were deemed
to be subpixel in size, and the crack interfaces were assumed to be
largely in contact. Thus, no measurable change in X-ray transmission
would be produced, and any intensity change at the detector would
be dominated by phase effects. To better accommodate the directional
feature of observed damage revealed by XPCI in the present study, a 2D
8

crack identification method was applied, where the average intensity
normal to the supposed crack propagation direction was determined
to reduce sensitivity to Poisson noise in the image. Fig. 10a presents
the 2D intensity analysis for the room-temperature specimen, where a
prominent drop in intensity (highlighted by a yellow–green arrow) can
be observed in Frame C (𝜀 ≃ 11.2%) with an approximate length of
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Fig. 12. Orientation distribution for the XPCI radiography: (a) room- and (b) low-temperature specimen. Vertical Edge Zone: specimen/bar vertical edge dominated zone, Negative
Crack Zone: negative crack (−45◦ FD) dominated zone, Horizontal Edge Zone: specimen horizontal edge dominated zone, Positive Crack Zone: positive crack (+45◦ FD) dominated
zone. The peaks in Vertical Edge Zones are mainly caused by the left and right edges of bars and specimens; the peaks in Horizontal Edge Zones result from the upper and
lower edges of the specimens; the peaks in Negative Crack Zones and Positive Crack Zones are the representations of generated cracks that orientates in similar directions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
0.5 mm and angle of −47.0◦. It results from local interference (phase
contrast) in the propagated X-rays when passing through the newly
generated Crack I. With further axial strain, the crack is seen to grow
in width resulting in decreased X-ray absorption as shown in Fig. 10b.

A similar analysis was conducted for the low-temperature specimen
(Fig. 10c) revealing an early-stage crack (Crack J) at Frame B (𝜀 ≃
3.7%). Two narrow crack traces with an approximate length of 2 mm
and 0.8 mm align on the same −45.5◦ line, which coincides with the
−45◦ fibre direction (FD) at this strain (see Table 2). This placement
suggests the crack had propagated along the fibres. However, at a
similar strain level when the first crack is initiated in the room-
temperature specimen (i.e., 𝜀 ≃ 11.2%), more cracks have emerged in
the central region of the low-temperature specimen, with some having
grown significantly (Frame C, Fig. 10d).

3.5. Observed damage evolution

Frame D to E in Fig. 9a and C to E in Fig. 9b present the rapid
damage evolution in the room- and low-temperature specimens, respec-
tively. At a similar strain level (refer to Table 2), the low-temperature
specimen demonstrates a noticeably higher degree of damage. Fig. 11
illustrates XPCI highlighted using the directional feature analysis
method, with the resulting orientation distributions plotted in Fig. 12.
While cracks can be seen in both +45◦ (top-left and bottom-right
corner) and −45◦ (central region) FD at Frame C in Fig. 11b, no damage
can yet be identified at Frame C in Fig. 11a. This is also reflected by the
clear peak observed in the Negative Crack Zone of Curve C in Fig. 12b,
whereas the Curve C in the Negative Crack Zone in Fig. 12a remains
relatively flat and even. 50% of the specimen strength had been lost
at this strain in the low-temperature specimen compared to only slight
strength loss (about 6%) in the room-temperature specimen.
9

For the room-temperature specimen at 𝜀 ≃ 14.7%, multiple open
cracks can be found at an angle of roughly −50.0± 2◦ to the horizontal
axis (see Frame D in Fig. 9a and Fig. 11a) and are well-aligned with
the deformed −45◦ FD indicated by the peak of Curve D at about −50◦
within the Negative Crack Zone in Fig. 12a. No clear cracks in +45◦

FD can be identified, which implies that the cracks in +45◦ fibre plies
were still very narrow at this stage. Minor inter-ply delamination can
be identified at the top-right and bottom-left corners. At the time of this
frame, the stress in the specimen had reduced by about 27% compared
to the peak stress.

However, at the nominally equivalent time (Frame D in Fig. 9b
and 11b) for the low-temperature specimen, more cracks in both FDs
appeared with triangular debris detached and flying away from the
specimen in the top-left and bottom-right corners. The orientation of
cracks is seen to shift to higher angles to the loading axis in the
Negative Crack Zone (Curve D, Fig. 12b). Multiple interfaces are clearly
visible at the lower edge of the specimen by virtue of ply delamination,
resulting in the broadening of the peak of Curve D compared to Curve
C within the Horizontal Edge Zone in Fig. 12b. The specimen has lost
more than 85% of its strength at this time. Approximately 35 μs later
(Frame E, 9b and 11b), the low-temperature specimen experienced
widespread failure. A large number of cracks and detached debris can
be observed throughout the radiograph, indicating severe ply breakage
in the specimen.

Even at the final loading stage (Frame E, Fig. 9a and 11a), high
specimen integrity was still maintained for the room-temperature spec-
imen in contrast to the low-temperature specimen (Frame E, 9b and
11b), similar to the observations by Guedes et al. [5], Sanchez-Saez
et al. [8] and Jia et al. [14]. The observable cracks were still in
−45◦ FD plies, although some dark traces (possibly narrow cracks),
which are vaguely highlighted in greenish-yellow in Frame E, Fig. 11a,
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Fig. 13. Schematic of the damage evolution mechanisms of tested CFRP laminates with ply breakdowns: (a) microscale damage in subpixel size (undetectable under XPCI); (b)
micro-cracks coalesce and broaden up, form detectable cracks in surface plies; (c) as compression continues, detectable cracks emerge in subsurface plies and in both FDs; (d)
detectable cracks grow and cause breakage of the surface plies and ply delamination.
had just started to emerge. Ply delamination is also observed, but is
less pronounced than in the low-temperature specimen. This is also
reflected by the peaks within the Horizontal Edge Zone in Fig. 12a,
which although broadening slightly, remains distinct throughout the
compression event. The degree of damage in the room-temperature
specimen is evidently lower than that of the low-temperature specimen
at a similar 𝜀 possibly by virtue of the increased matrix brittleness [13]
and residual stresses [42] at the fibre/matrix interface due to the lower
temperature.

3.6. Failure mechanism discussion

While it has been shown that damage initiates earlier and progresses
more quickly at low temperatures, all specimens appear to share a
similar sequence of failure processes, namely, intra-ply cracking at
the early stage, followed by a combination of intra-ply cracking and
inter-ply delamination at the later stage. Fig. 13 presents a proposed
mesoscale damage initiation and evolution mechanism for tested AP
CFRP laminates based on these experimental observations and analysis.
At early times, although there are no detectable cracks, the change
in slope of the stress–strain curves indicates the material might have
already undergone internal microstructural changes, possibly intra-ply
microcracks. A closer study of the early-stage microscale damage under
HSR loading and varying temperatures will be reported in future work.

As dynamic compression continues, intra-ply cracks grow and coa-
lesce, as shown in Fig. 13b and supported by Frame C in Fig. 9a and
Frame B in 9b. While large cracks might have already been created
(e.g., Frame B, Fig. 9b) possibly by stress concentration as a result of
low matrix strain tolerance at low temperatures, the higher plasticity
of the matrix at room temperature could enable a more even load
distribution in the specimens. The resulting, more-uniform, compres-
sive stress-state might have a positive effect in preventing, or at least
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delaying, the initiation and growth of cracks [20]. Thus, for CFRP
laminates tested at room temperature, cracks with observable size only
form at a considerably larger strain (e.g., about 11.2% at Frame c in
Fig. 9a) and progress slower than those tested at low temperatures.

Although the obtained X-ray radiography are projections through
the entire specimen, prior knowledge of the specimen lay-up and by
tracking the crack growth behaviour and timescale for debris gen-
eration, it is possible to suggest that the observable crack in both
room- and low-temperature specimens first appeared in the front and
back surface plies where no lateral and inter-ply shear restraints are
acting, as illustrated in Fig. 13b. This is also consistent with the failure
observed by Xiao et al. [21] for off-axis dynamic in-plane compres-
sion on BB CFRP. It is worth mentioning that the first damage in
the room-temperature specimen (intra-ply cracking) was identified at
approximately 𝜀 = 11.2% (Frame C), which is significantly earlier than
the first damage captured using visible imaging by Cui et al. [20].

With increasing specimen strain, intra-ply shear stress leads to the
increase of intra-ply shear strain and the formation of more intra-ply
cracks in both FD directions (see Fig. 13c and supported by Frame C,
Fig. 9b and 11b). As the fibres in adjacent plies are arranged perpendic-
ular to each other (+45◦ and −45◦), the intra-ply shear strains generated
within adjacent plies are also perpendicular, giving rise to inter-ply
shear stress. When the inter-ply shear stress exceeds the shear strength
of the inter-ply glue layers, delamination occurs (see Fig. 13d and
evidenced by Frame E for the room-temperature specimen and Frame
D for the low-temperature specimen), leading ultimately to complete
failure of the specimen (e.g., Frame E, Fig. 9b and 11b), as observed by
Cui et al. [20].

4. Conclusions

A series of HSR compression tests, synchronised to synchrotron-
based MHz X-ray PCI, have been performed on AP CFRP laminates at
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room and low temperature to identify the subsurface failure mecha-
nisms responsible for the loss of strength observed at the bulk scale.

Independent of temperature, inter-ply cracking and intra-ply delam-
ination were found to play important roles in the failure of all tested
AP CFRP specimens. The observable damage was initiated in the form
of intra-ply shear cracking in the surface plies along FDs as the result
of the lack of lateral restraint and inter-ply shear resistance on the
specimen surface. With continued deformation, the observable damage
propagated into sub-layers, but the cracks still remained in good align-
ment with ply FDs before the associated ply fragment detached from
the specimen bodies. Further deformation of specimens gives rise to
the subsurface intra-ply shear in different orientations (+45◦ and −45◦
D) between adjacent plies, causing the increase of inter-ply shear and
ubsequent ply delamination.
In-situ testing temperature was observed to exert notable effects

n specimens’ mechanical properties and timescale of failure. At low
emperatures, both dried and cycled CFRP laminates exhibited higher
ompressive strength and apparent stiffness, and a higher amount of
nergy was dissipated from the bar before the peak strength was
eached. The low-temperature specimens underwent a rapid strength
oss and catastrophic failure, while their room-temperature counter-
arts demonstrated a more ductile-like behaviour after the peaks. These
emperature-dependent differences in strength and energy dissipation
ere observed to be more prominent in specimens subjected to HTC

reatment.
The present research thusly identifies the subsurface mesoscale

amage mechanisms in AP CFRP laminates, and correlates this in a
ime-resolved manner with their mechanical response at low temper-
tures under HSR compressive loading. This coordinated description
f thermo-mechanical and damage response can be used to develop,
alidate and improve advanced numerical models of CFRP laminates
nder complex service conditions.
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