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Abstract9

The architectural intricacy of multi-ply woven composites, caused by differences in layer align-10

ment, introduces complexity into their mesoscale response to on- and off-axis tensile loading. To11

better understand the relationship between architecture and deformation response, this work com-12

bines digital image correlation (DIC) and 3D micro-computed tomography (µCT) to examine defor-13

mation for 0◦, 15◦, 30◦ and 45◦ specimens. Tensile tests were conducted with a four-layer plain woven14

carbon/polyetheretherketone (C/PEEK) laminate. In addition to the evident variance of mechani-15

cal properties between orientations, significant mesoscale differences in topography and strain were16

observed resulting from the layer alignment of individual specimens. Alignment of the top two sur-17

face layers induced distinct topographical peaks under extension, whereas nested architectures formed18

continuous topographical ridges. Matching observed surface strains around microstructural cracks19

identified in µCT images revealed both inter-tow and intra-tow shearing during off-axis extension and20

corresponding fibre reorientation, which effectively illustrates the potential benefits from combining21

DIC and µCT.22
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1. Introduction25

Composites with woven fibre architecture and thermoplastic matrices provide manufacturers in the26

aerospace, automotive, and energy industries a lightweight and rapidly thermo-formable material [1–3].27

As a consequence of geometric complexity of manufactured parts, the load pathway is not necessarily28

aligned with the weave direction. For satisfactory performance prediction, knowledge of the deforma-29

tion behaviour under on- and off-axis loading is necessary. Moreover, a multi-scale understanding is30

needed, incorporating both global mechanical response and local mesoscale behaviour. While much31

work has focused on macroscale mechanical properties, there is also a need to study the local het-32

erogeneity of the mesoscale weave response. The increasing prevalence of advanced characterisation33

techniques, including digital image correlation (DIC) [4, 5] and micro-computed tomography (µCT)34

[6–9] provides the method for detailed study of local deformation response and allows insight into35

deformation mechanisms at the weave level.36

The study of off-axis behaviour has been motivated by the significant difference in mechanical37

properties with directional loading, with knowledge of this anisotropy an important design consid-38

eration. For woven composites under tension, increasing the off-axis loading angle from 0◦ to 45◦,39

increases the strain to failure by a factor of 1.5 to 15 times [10–18], decreases stiffness by a factor40

of 1.6 to 6.9 [12–14, 16–19] and decreases ultimate strength by a factor of 1.5 to 7.5 [10–17]. The41

degree of anisotropy in the mechanical response is influenced by the choice of fibre (glass, carbon),42

matrix (thermoset, thermoplastic), and weave (plain, satin, twill). Carbon fibre composites can have43

significant differences between on- and off-axis extension due to the low strain to failure of the fibres44

(∼1.5%) [14, 16]. The ductility of the matrix influences the ability of off-axis fibres to reorientate45

under load. The choice between thermoset or thermoplastic greatly influences ductility, with strain46

rate and temperature also influential for the ductility of viscoelastic thermoplastics [16, 17, 20–22].47

Differences in the global Poisson’s ratio are a consequence of fibre reorientation, varying from 0 to 0.148

for on-axis loading to 0.6 to 1.0 when loaded in the off-axis [12, 14, 19]. Compared to the other factors49

discussed, the weave style and degree of interlocking have a more moderate impact on the change of50

macroscopic mechanical properties [19]. However, while the global mechanical response is important51

for engineering and manufacturing design choices, the mesoscale behaviour of the weave architecture52

is crucial for understanding local deformation and damage development.53

Analysis of the full-field surface strain maps provides insight into the local strain heterogeneity of54

woven architectures. On-axis studies have found strain concentrations in resin-rich regions between55

tows and higher strain on transverse surface tows, which are pushed outwards by straightening of the56

tow under tension beneath them [23–25]. This pattern is closely linked to the weave style (plain, twill,57

and satin) and loading direction [23, 26–29]. Research into off-axis strain maps has found high strain58
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at tow edges, as shearing of the bridging matrix between them occurs with tows sliding past each other59

during reorientation [12–14, 27]. In the 45-degree off-axis case, this pattern is relatively symmetrical60

and most concentrated where both diagonals intersect [22, 26, 30]. Strain variation has been linked61

to the topographical analysis of the surface deformation for on-axis testing, with higher surface strain62

and topographical peaks occurring in surface tows transverse to the loading [23, 31]. However, the63

topographical development during loading and relation to strain map have not been studied in the64

off-axis case.65

The strain map and surface topography are closely related to the underlying weave architecture of66

the composite. For multi-layered composites, the alignment of internal layers influences the response.67

Finite element simulations and experimental testing have shown substantial differences in the mesoscale68

surface strain map [28, 31–33], internal stress and damage distribution [34–36], and more minor dif-69

ferences in macroscale strength and stiffness [32, 36–38]. A higher degree of layer-shifting (nesting)70

between the woven layers constrains the large surface strain gradients and reduces the distinct pattern71

linked to the surface tows [31, 39]. These different degrees of nesting have been linked to changes in72

local damage, including longitudinal and transverse cracking, most significantly in intra-tow regions,73

and less frequently differences in tow and layer debonding and delamination [13, 40–42]. Higher nesting74

between layers of woven reinforcement also has an influence on resin impregnation during manufacture75

by reducing the size of channels for resin flow and hence reducing the permeability [43–45]. The afore-76

mentioned studies, have typically focused on simulation or experimental analysis of on-axis properties,77

with few works concerned with reporting experimental results for off-axis behaviour. Moreover, existing78

work has commonly used microscopy slices through the material, which cannot thoroughly elucidate79

the 3D architectural morphology. The capabilities of modern micro-computed tomography (µCT) now80

provide a tool for a detailed 3D examination of weave architecture and have been effectively used to81

examine composite damage development [7, 8] and improve the accuracy of mesoscale simulations [6].82

Further experimental work is needed to link the 3D internal microstructure to observed surface strain83

and topographical development to allow the variability in surface observations to be better related to84

the underlying weave morphology.85

In this paper, the on- and off-axis strain maps of a high-performance carbon fibre polyetherether-86

ketone composite are characterised under tensile load and related to surface topographical change.87

This novel experimental investigation determines the influence of weave layer-shifts, from µCT, on88

topography and strain contour variability, from DIC, under on- and off-axis loading. The findings pre-89

sented relate variations in the internal microstructure with observed mesoscale strain and topography90

changes. These insights provide a valuable resource for predicting internal architectural alignment from91

observed surface deformation, beneficial in understanding and simulating damage and deformation of92

multi-layered woven composites.93
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Figure 1: Specimen design, (a) geometry of tensile specimen: L1 = 200, L2 = 40, L3 = 10, W1 = 20, W2 = 25.4, R1

= 464.31 (in mm, L = length, W = width, R = radius), (b) specimen orientations 0◦, 15◦, 30◦ and 45◦, (c) painted

specimen with region of interest for DIC and µCT imaging, and (d) DIC overlapping pixel subsets with painted pattern.

2. Experimental method94

2.1. Material95

The material used in this study is a four-layer plain woven carbon fibre / polyetheretherketone96

matrix (C/PEEK) laminate. It is made from Pipreg® from Porcher Industries with powder impreg-97

nation and a double belt press for consolidation. Tow spacing is ∼2 mm, and the laminate has a98

thickness of 1 mm with a 50% fibre volume fraction. The microstructure of the material varies as the99

random shifting between pairs of layers during manufacture can result in aligned, nested or balanced100

architecture for each sheet consolidated.101

2.2. Specimen design102

The specimen design in Figure 1a is commonly used for tensile testing of woven composites [46–48].103

It has a maximum width of 25.4 mm, to suit the grips, and a length of 200 mm, with the additional104

dimensions specified in Figure 1a. Specimens were cut using a waterjet at 15◦ angle increments from the105

primary 0◦ direction up to 45◦. Figure 1b illustrates specimen orientations, but individual specimens of106

different orientations were cut from separate sheets to have independent microstructures. The curved107

specimen design is advantageous in concentrating strain and damage in a small region for observation,108

and the wider end sections prevent failure in the grips, eliminating the need for gluing additional tabs109

to the specimen. However, for characterising mechanical properties which required a constant cross-110

sectional area throughout the specimen length, additional rectangular specimens of constant 20 mm111

width for the 200 mm length were used for testing.112
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2.3. Tensile testing113

Tensile testing was conducted on a hydraulic 25 kN INSTRON® (model 8874) at a rate of 2114

mm/min until failure. The ends of the specimens were clamped using hydraulic wedge action grips115

(model 8260C) with serrated 25.4 mm by 40 mm faces (model 2703-801), as shown by the hatched116

region in Figure 1a. A stereo DIC system (ARAMIS® version 6.3) was positioned facing the tested117

specimen to capture surface displacement and strains. Figure 1c shows the random black and white118

paint pattern covering the gauge region sprayed onto the specimens before testing. The measuring119

volume was set to 45 mm by 40 mm with a depth of 25 mm, providing high accuracy displacement120

and strain measurement while capturing multiple unit cells of the weave.121

The cameras have sensors of 2448 by 2048 pixels, which results in a magnification of approximately122

51 pixels/mm. Points were found by correlating 15 by 15 pixels (290 µm) subsets and points were123

generated every 5 pixels (95 µm), illustrated in Figure 1d. The random error in the displacements124

was determined from an initial series of unloaded images for each specimen, as described in previous125

works [23, 49], and was found to be on average ±0.29 µm for in-plane and ±1.35 µm for out-of-126

plane displacements respectively. The local strain accuracy was similarly determined and was found127

to be ±0.17% for εx and εy and ±0.14% for εxy. Data points were then exported to MATLAB®
128

for visualisation and topographical analysis. Additionally, a central region of each specimen, 8 mm129

high, was cut using a diamond saw (Leco VC50) across the whole specimen width, for µCT imaging130

(Figure 1c).131

2.4. Topographical analysis132

The local surface topography of woven composites changes when specimens are extended and can be133

quantified from DIC data. The topographical change is caused by straightening of fibres in the direction134

of loading under applied extension, which forces transverse fibre bundles above them out of the surface135

and generates topographic peaks, as shown for specimen S10 in Figure 2a. A previously developed136

technique [23] is used in this work to isolate the local change in weave height, Zchange, from the global137

specimen motion. The technique uses fitted surfaces to remove the global out-of-plane motion and leave138

the small local out-of-plane deformation for each point compared to the fitted surface (Figure 2b). The139

95% interval peak to valley topographical height provides a single metric representing the extent of the140

topographical change. This metric is used to compare individual specimens and results from different141

directions of extension, limiting the influence of outliers from variation in the DIC measurements.142

2.5. X-ray CT analysis143

X-ray micro-computed tomography (µCT) enabled the layer alignment of the internal weave ar-144

chitecture to be characterised in 3D. Scanned volumes were acquired from a horizontal cut central145
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Figure 2: Architectural mechanism of topographical change, (a) straightening of fibre tows under applied extension (red)

cause transverse tows (grey) to be pushed outward from the surface, (b) Zchange topography on the surface corresponding

to architectural change from extension.

section of each specimen, rotated vertically for imaging. Specimens were imaged using a HeliScanTM
146

micro-CT instrument hosted at the ANU CTLab, equipped with a micro-focus X-ray source of 60 kV147

[50]. Specimens, scanned in stacked pairs, were mounted on a rotating stage with 3600 radioscope148

projections acquired during each 360-degree rotation interval of the helical imaging path, with a to-149

tal 14000-18000 projections for the complete imaged helix of each specimen pair. The corresponding150

acquisition time for each specimen pair was between 21 and 25 hours. The acquired 2D projections,151

each with a size of 3040 by 3040 pixels, were then reconstructed into 3D grey-scale 16-bit volumes, see152

Figure 3a, at a scanning resolution of 4.2 µm/voxel using a proprietary ANU reconstruction algorithm153

[51].154

The tomograms then underwent additional image processing for qualitative and quantitative anal-155

ysis and 3D visualisation, including image segmentation of fibres bundles and matrix using the Mango156

software tool [52]. Before segmentation, the low intensity contrast between carbon fibre and PEEK157

matrix was enhanced by applying a proprietary denoise filter on the original tomogram image based158

on the Non-Local Means algorithm, which resulted in distinct peaks for the two phases, as shown in159

Figure 3b. Image segmentation was subsequently carried out in Mango using the technique described160

in [52]. The segmentation method combines grey-scale intensity, gradient, and surface morphology,161

and uses a bottom-up watershed filling scheme [53]. The resulting segmentation was used to mask162

the matrix and voids of the original image, see Figure 3c, while preserving the original texture for163

subsequent fibre analysis. Fibre orientation analysis and visualisation were conducted using the Fiji164

(ImageJ) plugin OrientationJ [54]. OrientationJ relies on the gradient structure tensor in a local neigh-165
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Figure 3: Architectural characterisation, (a) µCT tomogram image for a woven unit cell (4.2 x 4.2 x 1 mm) (top) and

with matrix and voids masked and in-plane fibre directions identified, (b) grey-scale histograms for a small volume,

original and denoised, demonstrating that fibre and matrix grey levels become more distinct in the denoised image, (c)

i. original volume slice, ii. denoised slice for segmentation, iii. original slice with segmented matrix masked, iv. masked

slice with overlaid fibre orientations, (d) illustration of types of layer shifts, expressed in terms of λ, between the top

two layers.

bourhood and can therefore detect the fibre orientation within the tows even when fibres cannot be166

tracked individually, as is evident in Figure 3c. A local window of 5 voxels (21 µm) and a cubic spline167

gradient were used for the structure tensor.168

Fibre orientation for the 3D volume, as shown in Figure 3a, then allowed for analysis of woven169

architecture, including layer alignment. Previous work indicates that the alignment of the top two170

layers is most influential on surface topography and strain, with lower layers having a greatly diminished171
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influence [29, 31]. Therefore, the focus of this work is on the alignment of these two layers, which can be172

classified as either aligned, nested, or balanced depending on the shifting between them as illustrated173

in Figure 3d. Layer shifts in the two weave directions are specified in terms of a fraction of the weave174

wavelength (λ).175

3. Results and discussion176

3.1. Tensile properties177

The mechanical properties of the specimens, determining the behaviour under loading, show signif-178

icant variation under off-axis tensile loading. The load extension curves in Figure 4a show decreasing179

maximum load and increasing extension with increasing off-axis loading angle. This trend is mir-180

rored by the stress-strain plots in Figure 4b of the central region of the specimen. There is increasing181

non-linearity prior to failure for off-axis loading, with literature suggesting this non-linearity starts182

between 5◦ and 10◦ [10]. The non-linearity is evident for 15◦ and becomes more pronounced in the183

30◦ and 45◦ specimens with a shallow slope during the shear dominated deformation. The differences184

with increasing loading angle translate into differences in multiple tensile properties in Table 1 with185

a decrease of maximum stress of 2 times, an elastic modulus decrease of almost 4 times, an increase186

in absorbed energy by 5 times, and an almost 12 times increase in failure strain. This behaviour is187

intrinsic to off-axis loading of woven composites and is driven by fibre reorientation, with these results188

characteristic of the findings for woven composites (see ranges of mechanical properties in section 1).189

A consequence of this increasing fibre reorientation for off-axis specimens is that the ratio of transverse190

strain (εx) to strain aligned with the loading direction (εy) increases. Surface strain aligned with the191

fibre direction has been investigated as a failure metric in the past for other woven thermoplastic192

composites [29, 55]. These results for C/PEEK similarly show that with significant shear, as is the193

case for off-axis specimens, fibre strain decreases, meaning that shear must be taken into account when194

developing any metric based on surface fibre strain.195

3.2. Fibre orientation196

In-plane fibre orientation provides insight into fibre distribution and reorientation caused by spec-197

imen extension. Fibre orientation obtained from µCT image analysis in Figure 5a shows two distinct198

peaks corresponding to the four specimen loading orientations. DIC results of these specimens under199

maximum extension before failure show increasing angular change between warp and weft tows with200

off-axis loading. While the average angle of all 0◦ specimens is 90.02 ± 0.05◦ indicating no detectable201

change, off-axis specimens show greater transformation: 15◦ specimens average is 83.71 ± 0.76◦, 30◦202

is 77.62 ± 0.55◦, and 45◦ is 75.13 ± 1.28◦. These differences in orientation remain visible after testing,203
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Figure 4: Load response, (a) Load-extension plots for 0◦, 15◦, 30◦ and 45◦ with errorbars based on maximum load and

corresponding extension of repeat specimens from INSTRON data, (b) Stress-strain plots at the narrowest region of the

specimen using INSTRON load data and DIC strain data from a gauge length of 10 mm.

Table 1: Tensile properties of laminate under directional loading

Loading angle 0◦ 15◦ 30◦ 45◦

Maximum stress (MPa)a 526 ± 19.5 344 ± 17.3 279 ± 8.04 273 ± 14.1

Elastic modulus E (GPa)a 46.8 ± 1.37 25.8 ± 1.11 14.6 ± 0.38 12.1 ± 0.59

Absorbed energy (Nm)a 12.9 ± 0.98 23.9 ± 3.26 52.4 ± 2.72 65.9 ± 7.56

Failure strain (εf ) (%)b 1.098 ± 0.092 3.436 ± 0.421 9.671 ± 0.648 12.892 ± 1.039

Ratio −εx/εyb 0.085 ± 0.029 0.796 ± 0.018 1.037 ± 0.057 1.083 ± 0.030

Surface fibre strain (%)b,c 1.098 ± 0.092 0.617 ± 0.152 0.443 ± 0.306 0.364 ± 0.103

a Mechanical property measured from rectangular specimen geometry, b Mechanical property mea-

sured from central region of specified specimen design in Figure 1, c Measurements from gauge

length of approximately 15 mm aligned with fibre angle, noting that for 0 degrees this corresponds

to the global direction.
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X-Y tomogram images with fibre orientation for 4.2 by 4.2 mm regions.

despite a partial deformation recovery from unloading and cutting the specimens for imaging. µCT204

images and surface orientation measurements show that the 0◦ specimen has orthogonal fibres at ∼90◦,205

whereas 15◦ specimens have ∼88◦ fibres, 30◦ specimens have ∼84◦ fibres and 45◦ specimens have ∼82◦206

fibres. The angle changes for the off-axis specimens after loading are about half that of the DIC re-207

sults during maximum extension, indicating significant recovery driven by the thermoplastic matrix.208

2D visualisation of representative µCT slices in Figure 5b shows the local detected fibre orientations209

for each loading direction. Image artefacts caused by the high density paint results in some noise in210

the form of speckling within the fibre orientation measurements, but this does not obscure the clear211

distinction between warp and weft tows and the subsequent 3D visualisation of layer alignment.212

3.3. Loading angle topography and strain213

Tests for 0◦, 15◦, 30◦ and 45◦ extension directions show different behaviour of the mesoscale strain214

map and local topography. Significantly, individual specimens also differ based on the alignment of215

the layers of the weave. These differences are highlighted by the coupled µCT and DIC investigation216

for three different specimens of each loading orientation. Figure 6 illustrates the relative layer shifts217

between layer pairs for all specimens. The unique pattern of direction 1 and 2 shifts for each specimen218

is a consequence of layer shifts varying between the independent consolidate sheets from which every219
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Figure 6: Relative layer shifts between layers for unit cell, (a) layer shift as fraction of wavelength (λ) in direction 1,

(b) layer shift as fraction of wavelength (λ) in direction 2. Directions 1 and 2 correspond to X and Y direction for 0◦

orientation and are rotated counterclockwise in increments of 15◦ to align with other weave orientations. Negative values

indicate that the smallest total unit cell shift is opposite to the direction in the figure.

specimen was cut. The layer shifts between the top two layers greatly influence the full-field strain220

and topography and are the focus of the following discussion.221

The on-axis 0◦ specimens during extension, Figure 7a, shows the influence of weave alignment. For222

S10, the top two layers are closely aligned < 0.1λ shift in both 1 and 2 directions. For S20 the top223

two layers are balanced, and S30 is also approaching balanced architecture but has partial nesting224

(see Figure 6). However, the architecture behaves differently under loading. For S10, as the fibres in225

the Y direction (red) straighten, the transverse fibres (blue) are pushed upwards with the weave layer226

below moving in conjunction, hence providing little resistance. In contrast, the balanced architecture227

of S20, means that the layer below directly resists the outward motion of the top weave layer. The228

slight direction 1 nesting of the top two layers of S30, reduces the resistance of the weave to motion229

but not to the extent of S20. The results of this architecture are evident in the topography contours230

(Figure 7b), with the peak to valley height 29.1 µm, 13.0 µm, and 15.2 µm for S1 to S3, respectively.231

Whilst the mean values of strain remain fairly similar (Figure 7c), the standard deviation varies with232

the same trend as the topography S1 1.18 ± 0.52, S2 1.04 ± 0.24, and S3 1.08 ± 0.27. The primary233

contributor to the overall major principal strain is εy, in comparison to εx and εxy, and the highest234

strain is associated with the high topographical regions as they are pushed upwards and spread out235

(Supplementary figure 1).236

Off-axis 15◦ extension similarly shows differences in both the topography and strain, which have237

links to the internal architecture shown in Figure 8. The alignment of the top two layers is approaching238
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Figure 7: On-axis 0◦ orientation, (a) fibre orientation architecture for specimens S10, S20, and S30 showing volumetric

view (4.2 x 4.2 x 1 mm), XZ, and YZ cross-sections (resin masked to black) of µCT volume, (b) surface topography

(Zchange) from DIC, (c) major principal strain (εmajor) for region corresponding to topography and architecture; black

box in (b) and (c) shows location of corresponding µCT volume. Additional strain plots in Supplementary figure 1.

balanced for S115, clearly nested for S215, and nearly aligned for S315 (see Figure 6). The topography239

of S115 and S315 shows discrete topographical peaks compared to the long ridges of the nested S215.240

The ridges are caused by the second layer pushing upwards in locations where there would otherwise241

be gaps between the top weave layer peaks. The more significant deformation of the off-axis loading,242

and underlying fibre reorientation, also results in a greater topographical change with a mean peak243

to valley height of 33.2 µm compared to 18.7 µm for on-axis. Differences in strains are also evidently244

linked to architecture. The nesting of S215 contributes to the most uniform strain map, 6.81 ± 0.89%,245
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while the most aligned S315 has the most variation, 5.61 ± 1.88%, and the balanced S115 is in between246

the two extremes, 5.92 ± 1.11%. The primary contributors to the difference in major principal strain247

are differences in the concentration of εxy (Supplementary figure 2). Shear strain is a product of tow248

intra- and inter-tow fibre sliding under off-axis extension. For 15◦ specimens, nesting suppresses inter-249

tow shear concentration, leading to more shear within the tows themselves. These results show that250

differences in the mesoscale architecture influence the mechanism of off-axis extension, and may be of251

interest for more detailed study and modelling of microscale and mesoscale damage mechanisms.252

S115 S215 S315(a)

(b)

(c)

Zchange

εmajor

Y

Z

X

Z

X

Y

Z

Figure 8: Off-axis 15◦ orientation, (a) fibre orientation architecture for specimens S115, S215, and S315 showing volu-

metric view (4.2 x 4.2 x 1 mm), XZ, and YZ cross-sections (resin masked to black) of µCT volume, (b) surface topography

(Zchange) from DIC, (c) major principal strain (εmajor) for region corresponding to topography and architecture; black

box in (b) and (c) shows location of corresponding µCT volume. Additional strain plots in Supplementary figure 2.
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Off-axis 30◦ testing, Figure 9, shows variation between specimens and also within a single specimen253

in terms of consistency of topographical and strain features. This inconsistency is a consequence of the254

larger deformation and fibre reorientation than the 0◦ and 15◦ specimens, but it can still be related255

to the internal microstructure. S130 shows a high degree of alignment of the top two layers, whereas256

S230 and S330 have significant layer nesting and approaching balanced architecture, respectively (see257

Figure 6). The aligned S130 has individual topographical peaks corresponding to the synchronous258

motion of the 60◦ transverse tows. In contrast, the nesting of S230 and S330 causes irregularity of the259

surface. A greater degree of local damage and hence more localised topographical variation is evident260

in S230 compared to the more gradual change in S330. The average peak to valley height is 39.1 µm261

which, like the 15◦ specimens, is greater than for on-axis testing. Along with topography, variance in262

strain, caused by larger deformation and greater reorientation, is more than in 0◦ and 15◦ specimens.263

This variance is highest for S230 (11.81 ± 3.65 %), but also present for S130 (13.44 ± 1.93 %) and S330264

(10.61 ± 2.13 %). The regions of higher major strain visible in Figure 9c are contributed primarily by265

concentration of εy and εxy between tows (Supplementary figure 3).266

Off-axis 45◦ specimens, in Figure 10, are similar to 30◦ specimens in showing variation within267

single specimens as well as between them. Under load, they have the greatest fibre reorientation,268

and consequently, local variations in the structure have a pronounced influence on the strain and269

topographical response. The architecture of S145 is close to aligned, while S245 is nested, and S345 is270

partially nested approaching balanced (see Figure 6). In contrast to the 0◦ and 15◦ specimens, high271

topographical features are associated with high strains and tow edges. Due to the large deformation,272

matrix extrusion occurs between tows, which has been previously observed in 45◦ testing [12, 14] but273

until now, not quantified for the full field surface. Deeper isolated resin pockets for the aligned S145274

cause localised matrix extrusion compared to the ridges for the nested S245 and S345. As with other275

off-axis extensions, fibre reorientation results in a high mean value of topography, 31.5 µm. The strain276

also exhibits a high degree of variation within the specimens, S145 11.81 ± 2.94 %, S245 12.66 ± 2.01277

% and S345 14.39 ± 3.81 %. Strain concentrations between tows are evident, in the case of S245 and278

S345 predominantly on the perpendicular diagonal to topography (see also Supplementary figures 4).279

This orientation suggests that more of the shifting and extension is in this direction, causing the tow280

gaps, transverse to it, to have greater deformation and, hence, topographic change.281

The results presented in this section for the mesoscale topography and strain at different loading282

orientations are useful, considering the increase of engineered structural, semi-structural and interior283

composite parts in the aerospace and automotive sectors [1, 6]. A better understanding of the rela-284

tionship between architecture and mesoscale deformation is not only useful for predicting the loaded285

response but also the behaviour during thermo-forming. For example, woven fibre-reinforced ther-286

moplastic composites are used in commercial aerospace interiors for complex shapes such as overhead287
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Figure 9: Off-axis 30◦ orientation, (a) fibre orientation architecture for specimens S130, S230, and S330 showing volu-

metric view (4.2 x 4.2 x 1 mm), XZ, and YZ cross-sections (resin masked to black) of µCT volume, (b) surface topography

(Zchange) from DIC, (c) major principal strain (εmajor) for region corresponding to topography and architecture; black

box in (b) and (c) shows location of corresponding µCT volume. Additional strain plots in Supplementary figure 3.

luggage bins, interior walls or seat structures [56].The improved understanding of weave layer alignment288

influence on surface topography may allow more optimal material selection and manufacture by better289

controlling the surface smoothness and reducing the need for post-forming coating, improving weight290

and durability. Moreover, the insights provided by the characterisation of strain and topography for291

manufacture can be further complemented by a simultaneous investigation of damage.292
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Figure 10: Off-axis 45◦ orientation, (a) fibre orientation architecture for specimens S145, S245, and S345 showing volu-

metric view (4.2 x 4.2 x 1 mm), XZ, and YZ cross-sections (resin masked to black) of µCT volume, (b) surface topography

(Zchange) from DIC, (c) major principal strain (εmajor) for region corresponding to topography and architecture; black

box in (b) and (c) shows location of corresponding µCT volume. Additional strain plots in Supplementary figure 4.

3.4. Damage development293

Damage was identified in µCT images of specimens in the form of matrix cracks. These cracks294

mainly occur within fibre tows and are aligned with the fibre direction. Inspection of the two middle295

layers shows that cracks infrequently occur for 0◦ and 15◦ specimens, see Figure 11a,b, and when they296

do, they are generally short. Meanwhile, cracks for 30◦ and 45◦ specimens, see Figure 11c,d, are more297

common and substantially longer and extend to tow edges. Cracks for 30◦ specimens are primarily298

in the 30◦ orientation, while for the 45◦ specimens, they tend to be in one primary orientation. It is299
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Figure 11: Internal tow matrix cracking for representative X-Y tomogram images of, (a) 0◦, (b) 15◦, (c) 30◦, and (d)

45◦ specimens, showing more frequent and longer cracks for 30◦ and 45◦ specimens. Cracks identified via grey level

threshold and then manually traced in red for visualisation clarity (see also Figure 12).

likely that these cracks are a consequence of intra-tow shear deformation. This intra-tow deformation300

is further evidenced by surface DIC, which can be matched with underlying cracks beneath the paint301

layer that are often not visible on the surface. This is illustrated in Figure 12a for a 30◦ specimen, where302

the µCT tomogram shows frequent cracking, primarily in the 30◦ off-axis tows. The corresponding303

region of surface DIC in Figure 12b shows high strain in the matrix region between tows, but also in304

regions corresponding to tow cracks in the 30◦ and occasionally in the 60◦ tows. The crack width is305

often insufficient to break the surface paint, but the shearing deformation is sufficient to detect with306

DIC. These experimental results are a clear demonstration of the existence of intra-tow deformation for307

off-axis loading of woven composites, in addition to the more widely reported inter-tow deformation,308

[12, 14, 27]. Without the benefit of high-resolution DIC ideally coupled with µCT 3D image analysis,309

intra-tow deformation is hard to detect and classify. Our results now enable better interpretation of310

these DIC features, even for test setups without the benefit of the underlying x-ray µCT imaging of311

internal damage.312

The µCT based analysis also appears to indicate a lesser degree of damage, specifically intra-313

tow cracking, compared to studies of woven thermoset composites [10, 13]. Similarly, evidence of314

differences in local damage induced by variations in layer alignment is not found, as has previously315
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(b)

0.20.1 0.15

30° tow 

crack

60° tow 
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2 mm

Figure 12: Surface weave layer cracks correspondence with strain for a 30◦ specimen, (a) beneath surface paint tomogram

image with cracks marked in red for clarity, and (b) DIC of the major principal strain of the corresponding region showing

the location of high inter-tow strain (blue and green arrows) and intra-tow cracks. Note, distortion of the matching DIC

region is due to deformation under load; fine 3 pixel steps and high contrast colour map used to better expose cracks.

been observed for thermosets [40, 41]. Despite architectural variations inducing different local strain316

and topographical deformation, the deformation is often insufficient to induce damage in the ductile317

PEEK matrix, as may be the case for more brittle thermosets. The approach described in this paper can318

be used for similar investigations of off-axis tensile loading and failure behaviour of woven composites319

with different fibre reinforcement and ductile thermoplastic matrices.320

The coupled DIC and µCT approach is also helpful for developing and refining finite element321

models for mesoscale deformation and damage progression analysis. Segmented µCT microstructure322

provides authentic geometry, which improves the accuracy of the model. Models based on the scanned323

architecture, named digital material twins, are of increasing interest [6, 8, 57]. Moreover, the DIC324

results would allow validation and optimisation of these models, using the measured displacement325

around the selected volume as boundary conditions and the heterogeneity of the mesoscale strain and326

topography for behaviour comparison. Therefore, compared to experimental findings, failure criteria327

can be tested numerically on the authentic architecture and the progressive mesoscale strain and328

topographical response. Once developed for a representative volume, the modelling approach can be329
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repeated for the different layer-alignments to use statistical or multiscale approaches for macroscale330

approximations and engineering design criteria. Hence, there is significant potential for using this331

experimental approach in conjunction with numerical models for enhanced understanding of failure332

behaviour.333

4. Conclusions334

The close link between internal weave architecture and surface topography and strain has been335

demonstrated for both on- and off-axis extension. This relationship increases the value of the mesoscale336

surface data captured with DIC, as it can signal features of the internal structure of woven composites.337

These insights may help improve understanding of local behaviour during testing, as inputs for refining338

mesoscale weave simulations and as criteria for quality control comparison during manufacture. Specific339

insights for both tensile properties and mesoscale behaviour are as follows for the tested plain weave340

C/PEEK composite:341

• Tensile properties changed significantly for an increasingly off-axis direction with decreasing342

stress (factor of 2), elastic modulus (factor of 4), increasing absorbed energy (5 times) and strain343

to failure (12 times).344

• A fibre failure metric from surface fibre strain is shown to be inadequate for failure prediction in345

scenarios of high shear strain, as is the case for the off-axis loading.346

• Fibre reorientation within the composite increases with off-axis direction, up to 15◦ reorientation347

during bias extension observed with DIC. µCT images show a ∼50% recovery of fibre reorientation348

after unloading for all off-axis specimens.349

• Nested alignment of the top two weave layers results in continuous topographical ridges and350

valleys, while aligned layers have distinct topographical peaks. Balanced layers can also produce351

distinct topographical peaks, but their height is less than aligned layers for on-axis loading.352

• Increased topographical height is seen with off-axis specimens due to greater fibre reorientation,353

with mean peak to valley heights > 30 µm compared to 18.7 µm for on-axis.354

• The highest strain occurs in transverse tows for on-axis specimens and increasingly in matrix355

rich inter-tow regions with greater off-axis loading.356

• Intra-tow matrix cracks align with the fibre direction, with increasing crack lengths evident in the357

30◦ and 45◦ specimens. Furthermore, the 3D visualisation provided by µCT imaging of cracks358

near the surface can be matched with surface strain, showing that they contribute to deformation359
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during off-axis extension. This illustrates the benefit of combining DIC and µCT observations360

to understand deformation and damage mechanisms.361

• Coupled DIC and µCT results have the potential to improve off-axis deformation and dam-362

age simulations by using accurate 3D architecture and validating simulated behaviour against363

measured mesoscale strain and topography.364
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