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Here we present the first real-time three dimensional (3D) observations of damage evolution in a carbon fibre
reinforced polymer (CFRP) composite tube under torsion. An in-situ torsion test of 1/1 45� (diamond) braided
carbon fibre-epoxy circular composite tube was performed and the damage process was characterised by syn
chrotron X-ray computed tomography (CT). A number of damage modes and their damage sequence has been
identified and monitored globally and in more detail within a representative region of interest. In particular,
intra-tow cracks and inter-tow debonding have been found to occur almost simultaneously at low shear strains
(1.5%). It is noteworthy that inter-tow debonding was initially constrained within repeated braid units before
propagating and connecting with other damage modes in 3D. The area fraction of inter-tow debonds was
quantified at different stages and it was found to dramatically increase with increasing shear strain beyond 1.5%.
The total volume fraction of the observed intra-tow cracks of various forms was seen to grow rapidly beyond
shear strain of 2.0%. Beyond the peak shear stress (at a shear strain of 2.5%), fibre micro-buckling and kink
bands occur in the tows subjected to torsion induced axial compression at crimped regions close to tow cross
overs. Tow crossovers control many aspects of damage propagation under torsion, positively by localising intertow debonds and negatively by initiating fibre micro-buckling.

1. Introduction
Braided composite tubes, owing to their superior specific strength,
high corrosion resistance and high design flexibility, are becoming
increasingly used in industrial applications to replace traditional metal
or polymer tubes in both functional and structural components, such as
drive shafts, drone frames, jet engine fan cases and even hockey sticks
[1]. A traditional bi-axial braid preform consists of bias fibre tows in
terlaced at a braid angle of �θ� with reference to the axial direction. The
interlacement between bias tows in a braid is similar to that in woven
fabrics; however, the difference lies in that the fibre/tow path in a braid
is continuous in a helix. This together with the capability of braiding to
be fabricated directly into complex net-shape composite component
gives rise to reinforcement continuity at component edges and around
branches [2]. Moreover, there is considerable scope for tailoring braid
structure to suit specific service requirements. This flexibility also
challenges the design and manufacturing process of braided composites.

The tow geometry and fibre volume fraction have a complex relation
ship with parameters such as braid angle, mandrel geometry and take-up
tensions [3].
In general, the tensile and compressive strengths of braided com
posites are generally lower than those of the equivalent laminates [4].
This can be explained partly by the fibre/tow undulation (crimp), which
gives rise to local off-axis stress, and partly by defective fibres resulted
from the braiding process. However, compared with conventional
laminated or filament-wound composites, the inter-lacing of the fibre
tows in the through-thickness direction in braided composites increases
the splitting toughness and largely avoids gross delamination [5], which
is a detrimental damage mode to composites. This advantage has made
braided composites suitable for applications that require high shear and
torsional strength and damage tolerance [6]. Many load-bearing com
ponents, such as automotive steering columns and drive shafts, are
subjected to torsional loads in operation, thus it is important to under
stand the performance of braided composites under torsion. Potluri et al.
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Fig. 1. Photograph of the experimental set-up on the I13-2 beamline at Diamond Light Source, showing the in-situ torsional loading of the composite by the open
frame rig positioned on the sample table, the rotating grips can be seen in the magnified insert.

[7] performed a series of torsion tests on bi-axial and tri-axial (rein
forced with biased and 0� tows) braided glass fibre/epoxy composite
tubes with braid angles of 31� , 45� and 60� , and found that the differ
ence in shear modulus is marginal between bi-axial and tri-axial braided
composites. The shear modulus and shear strength of the braided com
posites was observed to decrease with increasing braid angle, which was
attributed to the difference in fibre volume fraction and the sensitivity to
tube diameter variation in the used testing configuration. Harte and
Fleck [8] tested bi-axial braided glass fibre/epoxy composite tubes with
braid angles of 23� , 40� and 55� , where the shear strength was found to
increase with increasing braid angle, in contrast to that reported in
Ref. [7]. They also identified micro-buckling as the dominating torsional
failure mode of braided glass fibre/epoxy composite tube based on vi
sual inspection. Perhaps surprisingly, to date there have been no reports
on the accumulation of damage leading to the torsional failure of
braided composite tubes. This is partly because damage evolution in
fibre reinforced composites is a complex process containing competing
damage modes and mechanisms in the fibres, matrix and at the interface
[9], and partly because of limitations in advanced characterisation
techniques to assess complex shaped structures like braided composite
tubes.
Conventional non-destructive characterisation techniques, such as Xray radiography [10], acoustic emission [10], infrared thermography
[11,12] and digital image correlation [3,13] can provide insights into
composite damage but each is limited in the level of three dimensional
(3D) information. X-ray computed tomography (CT) can provide
detailed information on the internal microstructure of braided com
posites. Melenka et al. [14] used X-ray CT to assess the 3D braid struc
ture and defects in as-manufactured braided Kevlar fibre/epoxy
composite tube, where the actual interlacing paths of individual braid
tows were extracted in 3D. Potentially, the measured tow trajectories
can replace the idealised braid geometries used in numerical models to
predict the mechanical properties of braided composites [15]. More
over, time-lapse X-ray CT imaging can track microstructural changes in
3D as a function of time/load/environment through the use of in-situ
loading rigs [16]. With regards to the application of time-lapse X-ray
CT on braided composites, to date, it has been used to monitor the
tensile failure of braided SiC/SiC ceramic matrix composite tube [17].
The accumulation of circumferential and in-plane cracks was monitored
and damage initiation was found to occur preferentially close to
macro-pores at the tow interface. However, studies on the damage
evolution mechanisms of braided fibre reinforced polymer composites

under in-situ loading have not been reported before.
In this paper, 1/1 (diamond pattern) 45� braided carbon fibre/epoxy
composite tubes were prepared for torsion testing. Time-lapse syn
chrotron X-ray CT imaging was performed during a torsion test to assess
the extent of damage as a function of torsional strain. The sequence of
events leading to failure under increasing twist angle/shear strain was
tracked through the time-lapse sequence. This project aims to bridge the
gap in knowledge between the macro-mechanical behaviour and the
micro-mechanical damage mechanisms so as to correlate the braid
structure with the damage mechanisms.
2. Materials and methods
2.1. Preparation of CFRP tube samples
The carbon fibre reinforced polymer (CFRP) tubes studied in this
paper were manufactured from preforms braided utilising 24 bobbins on
a 48 carrier maypole braiding machine (Cobra Braiding Machinery Ltd).
T700SC-12K-60E carbon fibre tows were braided onto a 10 mm-diam
eter steel mandrel (pre-treated with release agent to aid demoulding) at
a braid angle of 45� in the diamond pattern. The crimp value of this
braid structure measured from the CT images is 6.3 � 0.5%. The com
posite tubes were manufactured by infusing IN2/AT30 epoxy resin into
the braid by vacuum assisted resin infusion followed by curing at 100 � C
for 3 h. The resulting single-layer braid CFRP tube had an inner radius,
rID , of 5 mm and a wall thickness of ~1.3 mm ðrOD ¼ 6:3 mmÞ. The fibre
volume fraction measured from the X-ray CT images is about 40.6% (the
relatively low fibre volume fraction is because of the resin rich areas at
the outer circumference of the tube, which is there in order to obtain a
uniform wall thickness). The composite tubes were cut into test-pieces
with a diamond cutter and end tabs were applied by gluing the tube
ends with epoxy adhesive (3M™ Scotch-Weld™ EC-9323 B/A) between
a steel insert and an outer sleeve. With this arrangement the gauge
length, L, was 15 mm and the total length of the samples was 55 mm
including the end tabs.
2.2. Torsional testing
The in-situ tests were performed on the Deben-Manchester Open
Frame (tension-torsion) Rig (OFR) having a torque capacity of 100 Nm
and an axial load capacity of �10 kN. Before the in-situ experiment,
torsion tests of the braided composite tubes were performed on an
2
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Fig. 2. Torsional shear stress – strain plot of the
braided CFRP the black symbols denoting the points
at which the test was interrupted, the load relaxed
(marked in black) and the X-ray CT scans were un
dertaken. The levels of inter-tow debonding (blue)
and intra-tow cracking (red) damage were quantified
by CT as a function of shear strain. The torsional
shear stress-strain curves for samples with the same
geometry obtained from an Instron test (green) and a
repeat in-situ test (orange) are also plotted here. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Instron 8802 to confirm the repeatability of the observed behaviour and
a typical Instron tested shear stress-strain curve is shown in Fig. 2 (green
line). The OFR is noteworthy in that the two grips can be rotated inde
pendently, to apply torsion, or in concert, so as to rotate the sample for
X-ray scanning without having to rotate the whole rig. This means that
the support arms remain stationary and so do not interrupt the X-ray

beam during the rotation. Fig. 1 shows the experimental set-up mounted
on the synchrotron beamline. The tabbed sample was fixed in the grips
by four M4 bolts, and the whole fixture then bolted on the OFR. The
sample was loaded under torsion by rotating the top grip relative to the
bottom grip while maintaining zero axial load under load control. The
torsion test was interrupted at eight stages to perform X-ray CT imaging

Fig. 3. X-ray CT images of the CFRP tube at γ ¼ 3.2% (S6). 3D volume rendering illustrating the positions of the (a) XY and (e) XZ sections. (b–d) Virtual
(circumferential) XY sections and (f–h), virtual XZ (longitudinal) sections with þ45� tows shaded in yellow and 45� in green, showing the interlacing tow
arrangement and typical damage modes observed. (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. X-ray CT virtual slices parallel to (a) þ45� and (b)

45� tows with increasing shear strain from 0 to 4.9% (S0–S8), showing the damage sequence.

(see Fig. 2). The composite mean shear stress, τ, and shear strain, γ, were
inferred from the torque, T, and the rotation angle of the top grip relative
to the bottom, ϕrad using Equations (2) and (3). Equation (2) was
calculated from Equation (1), where the sum moment caused by the
mean shear stress equals the torque applied on the specimen. In Equa
tion (1), r is the radius of the annular element on the cross-section of the
specimen, dA is the area of the annular element, dr and dθ are the
thickness and angle of the annular element, respectively.
ZZ
Z 2π Z rOD
T¼
rτdA ¼
τr2 drdθ
(1)
A

0

centre-of-rotation axis was deliberately located off-centre to double the
lateral field-of-view (FoV) [18]. As a result the whole width of the
composite tube could be imaged at the designated pixel size (2.3 μm). In
each CT scan, 9000 projections were taken at an exposure time of 0.1 s
over 360� rotation in fly-scan mode. The acquired projections were
reconstructed into 2D slices using a python code [19]. The
pre-processing pipeline incorporated the following elements [20]: 1)
distortion correction; 2) converting 0–360� sinograms to 0–180� sino
grams; 3) zinger removal; 4) blob removal; 5) ring removal. Then the
GRIDEC algorithm was used for reconstruction [21]. 3D image analysis,
including image filtering, segmentation and 3D visualisation of the
reconstructed volumes was performed using Avizo 9.5 software. The
sample was scanned in the unstrained (S0) state and at 8 levels of
torsional strain (S1–S8) as represented in Fig. 2. To further validate the
representativeness of the scanned in-situ sample, a repeat sample was
also tested on the OFR rig, as shown in Fig. 2 (orange line). The observed
mechanical performance and damage behaviour of the repeat sample
resembles that of the sample presented in this paper.

rID

τ¼

3T
2π ðr3OD r3ID Þ

(2)

γ¼

r � ϕrad
L

(3)

Here, the torque is applied to the CFRP tube via the steel end tabs. As
a result the rotation recorded by the grips is likely to be an overestimate
of that applied to the gauge length. Moreover, the small diameter and
short gauge length of the specimen geometry make it infeasible to attach
strain gauges to measure the strain accurately. Since the primary aim of
this study is not to precisely measure the torsional or shear stress-strain
response, but rather to study the damage sequence thus incurred, the
shear stress-strain response was corrected based on our ex-situ testing
results obtained on an Instron 8802 testing frame so as to be indicative of
the actual stress/strain experienced by the gauge section of the braided
composite tube.

3. Results
The sequence (S0–S8) of high-resolution X-ray CT volumes enables
the changes in microstructure and the accumulation of damage in the
braided CFRP tube to be visualised under torsion in 3D nondestructively. Fig. 3 shows typical virtual XY (circumferential) and XZ
(longitudinal) cross-sections for the CFRP tube at γ ¼ 3.2% (S6). For
clarity the �45� braided tows are colour-coded with the þ45� tows
rendered in yellow and the 45� tows in green. The interlaced þ45� and
45� tows give rise to the three characteristic sections in the circum
ferential and longitudinal orientations, with the þ45� tows lying to
wards the exterior, the 45� tows towards the exterior and a section
where both tows weave from exterior to interior as shown in Fig. 3(b–d)
and 3(f–h). Under torsional load, it has been observed that the braided
tube wall deforms into a wavy profile, and this waviness is more severe

2.3. Time-lapse synchrotron radiation X-ray CT
Time-lapse X-ray CT was performed on the Diamond-Manchester
Imaging Beamline I13-2 at the Diamond Light Source (DLS). A parallel
polychromatic ‘pink’ (20–24 keV) beam was used for imaging. The
4
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Fig. 5. 3D volume rendering showing initiation and propagation of inter-tow debonding (blue) and intra-tow cracking (red) as the shear strain is increased from 0 to
3.2%. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

in the circumferential sections than in the longitudinal sections. In the Xray CT scans cracks appear as dark regions because of the low X-ray
attenuation through air. Typical damage modes, including intra-tow
cracking, inter-tow debonding and fibre micro-buckling are evident at
this loading stage.
Of course both the þ45� and 45� tows intersect the circumferential
and longitudinal sections at approximately 45� and so these sections

may therefore not be the best slices to view the behaviour of the fibres.
X-ray CT provides the benefit of enabling virtual slices to be viewed by
‘cutting’ at any desired angle non-destructively. This enables us to select
and view virtual sections that run parallel and perpendicular to the þ45�
and 45� tows. Fig. 4(a) shows the evolution of a slice parallel to a þ45�
(yellow, tow 1) tow and perpendicular to three 45� (green) tows with
increasing levels of torsional strain, while Fig. 4(b) shows the evolution

Fig. 6. Evolution of inter-tow debonding with increasing shear strains measured from the segmented X-ray CT images.
5
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Fig. 7. Schematic diagrams highlighting the different types of damage corresponding to Fig. 4(a and b), respectively.

of a slice parallel to a 45� (green, tow 2) tow and perpendicular to four
þ45� (yellow) tows. Due to the applied torsion/shear, the former plane
is also approximately in a state of in-plane tension and out-of-plane
compression, whereas the latter is in in-plane compression and out-ofplane tension (shown schematically in Fig. 4(a) with red and blue ar
rows). While these two sections cannot fully express the 3D nature of the
damage mechanisms, they do highlight many important key features.
Perhaps the most prominent is the inter-tow debonding (see feature A in
Fig. 4 for example) and various types of intra-tow cracking (for example,
see features B, C and D in Fig. 4) as well as fibre micro-buckling (see for
example feature E in Fig. 4). The debonding cracks widen with
increasing shear strain, and attain half of the tow thickness after γ ¼
4.9%.
To better appreciate the 3D nature of the inter-tow and intra-tow
damage mechanisms these have been segmented and extracted in 3D
and are shown in Fig. 5. No damage was observed below a shear strain of
1.5% (perhaps due to the resolution limit of the X-ray CT image), from
where onwards the shear stress-strain curve starts to plateau. Although
only intra-tow cracking is evident in Fig. 4 at γ ¼ 1.5%, it can be seen
from Fig. 5(b) that some inter-tow debonding also initiated at this strain.
The inter-tow debonding is more widely and uniformly distributed being
the dominant damage mode below a shear strain of 2.5%. At this point
most of the regions across the tube having the 45� tow on the exterior
side have fully debonded. Furthermore most of the intra-tow cracking
lies in the vicinity of inter-tow debonds. Beyond 2.5%, the inter-tow
debonding has essentially saturated and further shear straining is
accompanied by a further opening of these cracks as the 45� tows pop/
buckle outwards and this gives rise to extensive intra-tow cracking, as
shown in Fig. 5(e).
The evolution of these two damage modes has been quantified based
on the segmented X-ray CT images at different stages, as presented in
Fig. 2. As inter-tow debonding only occurs at the interfacial area be
tween �45� tows, the fraction of inter-tow debonding area with respect

to the total interfacial area has been used to quantify the severity of this
damage mode. This is calculated by unwrapping the tube to a flat panel
(with height equal to the imaged tube height, thickness equal to the wall
thickness and width equal to the mean circumference of the tube) in Fiji
ImageJ, followed by projecting the segmented inter-tow debonding
damage throughout the wall thickness onto one image as shown in
Fig. 6. For damage within tows, cracks were seen to occur both trans
verse and along the tube radius, meaning that area fraction is not a
useful parameter in this case. Therefore, the fraction of the intra-tow
cracking damage volume with respect to the total volume of fibre
tows was measured to assess the evolution of this damage mode. In
addition, to better appreciate the distribution of intra-tow cracking
across the tube, the number of damaged (with intra-tow cracking)
repeating units has also been counted. In total, the imaged FoV captured
19 repeating units and the number of damaged repeating units at
different steps was measured to be 0 unit up to γ ¼ 1.5%, 1 unit at γ ¼
1.5%, 4 units at γ ¼ 2.0%, 10 units at γ ¼ 2.5% and 15 at γ ¼ 3.2%. All
the above values were measured up to shear strain of 3.2%, because
beyond this strain level the 45� tows deformed severely and interfacial
regions contracted transversely, as can be seen in Fig. 4(b). At the shear
strain of 3.2%, the area fraction of inter-tow debonding was measured to
be 29.1% and the volume fraction of intra-tow cracking 2.8%.
Overall the extent of damage shows a distinct periodicity according
to the repeating unit of the braided architecture. The inter-tow
debonding cracks are arrested by the tow cross-over points while the
local constraint at these crimps initiates fibre micro-buckling [22] under
the increasing compressive stress in the 45� tows. Slight irregularities
in the progress of the cracking around the ring may be due to slight
differences in composite architecture around the tube introduced during
manufacturing [7] or due to some degree of unintentional axial
loading/bending.
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Fig. 8. 3D volume rendering of the damage at γ ¼ 3.2% showing the relative spatial distribution of inter-tow debonding as well as different types of intra-tow cracks.

4. Discussion

less than 50%.
Intra-tow cracks: Radial intra-tow cracks tend to initiate in the
45� (green) tows in the exterior locations due to transverse tension
(feature B in Figs. 4(a) and Fig. 7(a)). These are analogous to transverse
cracks in traditional cross-ply laminate tests [24]. Their geometry in 3D
is shown by the darker purple cracks in Fig. 8. Upon further torsional
strain, in-plane intra-tow cracks form in the 45� tows induced by shear
stress (feature C in Figs. 4 and 7. They tend to initiate under the shear
imposed by the neighbouring þ45� (yellow) tows and do not penetrate
as far as the centre of the tow (see the lighter purple crack in Fig. 8). In
addition in-plane cracks also form in the þ45� tows (feature D in Figs. 4
and 7) and their 3D morphology can be seen in Fig. 8 (salmon coloured).
These cracks form at the later stages of the torsion test, and are caused by
the transverse compression imposed by the largely deformed neigh
bouring 45� tows. It can also be seen that intra-tow cracks tend to form
preferably in the 45� tows in the early stages; while in the later stages
intra-tow cracks in þ45� tows dominate the significant increase in
intra-tow crack density. This also resulted in the increase in the volume
fraction of all intra-tow cracking once the shear strain reached 2.5% as
shown in Fig. 2, but still the damaged volume fraction is relatively small.
Nevertheless, 15 out of 19 repeating units were observed to have been
damaged with intra-tow cracking when the shear strain approached
3.2% indicating that this damage mode is well distributed across the
tube instead of being localised. It is worth noting that changes in the
crack volume arises both from both further opening and growth of
existing cracks as well as the formation of new intra-tow cracks.
Fibre micro-buckling/kinking: During the later stages of the tor
sion testing the straightening (de-crimping) of the tensile strained þ45�
(yellow) tows and the increased crimping of the compressively strained
45� (green) tows causes fibre micro-buckling of the 45� tows in the
vicinity of the tow cross-over regions as well as multiple splitting (intratow crack coloured gold in Fig. 8) along the fibres in the 45� tows. As
discussed above, the intra-tow cracks in the þ45� tows caused by
transverse compression imposed from the 45� tows widen with

The sequence and morphology of cracking are shown schematically
in Fig. 7 for the X-ray CT sections in Fig. 4 and the 3D rendered
segmented damage for a region of interest is shown in Fig. 8.
Inter-tow debonding It is evident in Figs. 4(a) and Fig. 3(b) and (d)
that inter-tow debonding (feature A in Figs. 4(a) and Fig. 7(a)) tends to
initiate in regions where the 45� (green) tows lie outside the þ45� tows
(yellow) and is in agreement with the photograph of a torsion tested
composite tube in Ref. [23]. This is not surprising, because were the
45� tows (green) not constrained by the þ45� tows they would in
crease their coil radius under the imposed shear (which also gives rise to
compressive stress parallel to the tow (see Fig. 7(a)); the þ45� tows on
the other hand would have a tendency to decrease their coil radius under
the imposed shear (which also gives rise to a tensile stress parallel to the
tow (see Fig. 7(b)). Consequently, the compressed 45� tows tend to pop
outwards where they are located on the exterior (see Fig. 4(b)), while
the tensile tows tend to straighten and move inwards where they are
located on the inside. It is evident that the debonding cracks are con
strained to the (approximately square) patches where the 45� tows lie
on the outside (blue patch in Fig. 8). Generally, these cracks are widest
at the centre of these patches and narrowest down the boundary where
they weave under the þ45� tows.
The area fraction of inter-tow debonding was quantified and plotted
with respect to the shear strain level in Fig. 2. The debonded area
fraction reached 1.0% at γ ¼ 1.5%, when this damage mode was first
observed in this sample. As can be seen in Fig. 2, this value dramatically
increases to 29.1% after γ attains 3.2%. At this stage, the debonding
damage mode has propagated across almost every interfacial region
where the compressed - 45� tows are on the outside. It is noteworthy that
in principle the maximum debonded area fraction should be 50%, as
inter-tow debonding only occurred at the interfaces where - 45� tows are
on the outside, which accounts for 50% of the total interfacial area be
tween tows. Considering the tow crossover points, this value should be
7
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Fig. 9. Magnified views of a virtual section along 45� tows with increasing shear strain showing the formation a kink band caused by axial compression and intratow cracking in the þ45 tows caused by transverse compression.

increased torsional strain. Moreover, the highly micro-buckled 45�
fibres start to fracture resulting in the formation of kink bands (see
Fig. 9). As reported in studies of the axial compressive failure of unidi
rectional composites, the formation of kink bands means the full loss of
strength of the kinked fibres [25,26]. Micro-buckling was also identified
as the torsional failure mode of glass fibre/epoxy braided composite
tubes of various braid angles [8].
Damage sequence under torsion: The following damage sequence
is identified based on the observations in the tested 1/1 45� braided
composite tube. Damage initiates in the form of intra-tow cracks in the
45� tows (under torsion induced axial compression) and inter-tow
debonding between the bias tows. The two damage modes occurred
almost simultaneously at an early stage (γ ¼ 1.5%). Due to the temporal
resolution limit in this interrupted in-situ study (each X-ray CT scan
takes ~1 h), the sequence between the above two damage modes was
not captured. Inter-tow debonding propagates across the braided tube
and saturates (below a shear strain of 2.5%) before the extensive
occurrence of intra-tow cracking in both �45� tows. This is followed by
fibre micro-buckling and kink-band formation of 45� fibres close to
tow cross-over points due to compression parallel to the fibres.

progressive damage evolution under torsion initiates in the form of
inter-tow debonding and intra-tow matrix cracking, followed by fibre
micro-buckling and kink-band formation at tow cross-over points. The
evolution of inter-tow debonding and intra-tow cracking have been
quantified from our X-ray CT results. Once the shear strain reached
1.5%, the area fraction of inter-tow debonding was found to increase
significantly. At a shear strain of 3.2%, the debonded area fraction
attained 29.1%. For intra-tow cracks, although the volume fraction of
this damage mode was relatively small (2.8%), it was found to be well
distributed across the composite tube. Overall the extent of damage
shows a distinct periodicity according to the repeating pattern of the
braided architecture. The interlacing structure of braided composite is
beneficial in that inter-tow debonding damage zones tend to be arrested
between the tow cross-over points, which helps to avoid large-scale
damage propagation and potentially delays the detrimental failure.
However, under further torsional strain, the crimp at tow cross-over
points acts as a weak point for the occurrence of fibre micro-buckling
due to the compressive stress along fibres in 45� tows. Therefore,
tow cross-over is identified as a key structural feature under torsion that
on the one hand delays the propagation of gross debonding, while on the
other hand initiates the fibre micro-buckling damage mode that ulti
mately causes significant structural degradation in the set of 45� tows
in the braided tube. The current work focused on diamond 45� braided
composite. The influence of different braid architectures on torsional
damage evolution will be reported in a future paper. Furthermore, going
forwards it would be worthwhile to extend the current work to look at
multi-ply braided composite tubes to establish how the damage accu
mulation is affected by the interaction between multiple plies.

5. Conclusions
With the aid of time-lapse synchrotron X-ray CT and in-situ loading,
the real-time damage evolution in braided CFRP under torsion has been
reported for the first time. The 3D damage morphology and distribution
within a representative region of interest and also across the 1/1(dia
mond) 45� braided composite tube have been assessed based on a timeseries of 2D and 3D images. The various damage modes together with
the damage sequence have been analysed in relation to the braid
structure. Under the applied torque, the resulting shear stress gives rise
to tensile stress parallel to the fibres in þ45� tows, whereas compressive
stress is induced along the fibres in 45� tows. We found that
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