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Attempts to achieve pseudo-ductility in quasi-isotropic (QI) thin-ply laminates have traditionally relied on
stacking [LE/HE/LE] sublaminates, with LE representing low-elongation and HE high-elongation. However,
the increase in effective ply thickness led to reduced unnotched strength. Alternatively, in this study, we
define a new sublaminate configuration ([LE/HE]) to minimise the increase in ply-block thickness and
compare experimentally such hybrid QI thin-ply laminate with a conventional thin-ply QI (/7/4) laminate.
The hybrid specimens demonstrated consistent but modest pseudo-ductile properties (ultimate-to-pseudo-yield
strength ratio, o, /0,=1.1; pseudo-ductile strain, £,=0.3%). Using Digital Image Correlation (DIC) and advanced
dark-field X-ray imaging, we detected earlier and more pronounced deviations from linear strain fields in
hybrids compared to the reference laminates. The hybrid laminates showed an 11.7% reduction in unnotched
strength but a 4% increase in notched strength in Open-Hole Tension (OHT) specimens. Thus, the proposed
hybridisation introduces new damage mechanisms facilitating stress redistribution, thereby recovering more
nominal strength with a reduced impact on the unnotched strength. Our findings suggest viable approaches to
integrate pseudo-ductility into thin-ply laminates whilst preserving the inherent advantages of ply thinness.

Indeed, Czél et al. [6], Fotouhi et al. [8], and Tavares et al. [5]
report reduced notch sensitivity in hybrid laminates. However, Tavares
et al. [5] highlight the limitations of using small, single-notch speci-
mens for this assessment, observing that the notch sensitivity reduction
decreases with increasing specimen size. This may be attributed to the

1. Introduction

Thin-ply composites (t,, = 20-100 pm) exhibit less dispersion in
mechanical properties than conventional composites (t,, = 100-200
pm) due to their ability to delay/suppress sub-critical damage mech-
anisms (e.g, matrix cracking, longitudinal/off-axis splits). However,

this reduced sub-critical damage limits the stress redistribution around
notches, amplifying notch sensitivity [1,2]. Consequently, strategies to
mitigate the inherent brittleness of thin-ply laminates are of significant
interest.

Hybridisation, combining plies of different failure strains, is a
promising approach to counteract brittleness in thin-ply laminates [3,
4]. Orientation-blocked ply-by-ply hybridisation of low elongation (LE)
and high elongation (HE) plies as [HE/LE/HE] sublaminate is the most
prevalent design [3-5]. It aims to induce LE layer fragmentation and
delamination upon loading. Subsequent loading saturates this damage,
transferring the load to neighbouring HE layers and resulting in pseudo-
ductile behaviour (Fig. 1). This pseudo-ductile behaviour extends to
quasi-isotropic (QISO) laminates (orienting the HE/LE/HE sublam-
inates in the desired QISO configuration), albeit with a negligible
plateau due to varied fragmentation onset [6,7] (Fig. 1).
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size-effect — notched strength decreases with scaled-up specimens, even
with constant geometric ratios and material properties — of quasi-brittle
materials [9,10]. Thus, the notch sensitivity characterisation require
multiple size test campaign, this approach would be cumbersome.
Therefore, an alternative approach is needed to gauge notch sensitivity
reduction in pseudo-ductile laminates effectively.

The observed reduction in notch sensitivity may be attributed to
pseudo-ductility, but also to the increase in the effective ply thickness
involved in orientation-blocked designs, and their corresponding dam-
age mechanisms. Increased ply thickness has been shown to decrease
the stress concentration factor (K,) [11,12]. Therefore, this manuscript
aims to shed light in differentiating pseudo-ductile damage mechanisms
from those of conventional laminates.
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Fig. 1. Representative uni-axial tensile response of unidirectional and quasi-isotropic
pseudo-ductile composite laminates. E and H represent the elastic and “Hardening”
modulus. ¢, represent the pseudo-elastic strain at the unnotched strength, o,.

Table 1

Tested quasi-isotropic laminates and their stacking sequences. LE and HE refer to low-
elongation (HR40) and high elongation (T800) materials, respectively. The orientations
in bold represent a typical sublaminate. Note that the hybrid laminates mid-ply
sublaminate block is not repeated.

Material Stacking sequence

T800 [45/90/ = 45/04s
T800/HR40 (454 /456 /904 /90L e/ — 454/ — 4516/ Oue /OLE ls

Considering that orientation-blocked pseudo-ductile laminates may
also exhibit reduced unnotched strength due to increased ply thick-
ness [13,14], we search for a trade-off between pseudo-ductility and
unnotched strength and demonstrate it by testing a reference laminate
(HE plies of the same laminate stacking sequence), something that
was not done in [6] or [8]. Though a sublaminate-based all-carbon
laminate tested by [15] demonstrated impressive pseudo-ductility and
almost no notch-sensitivity, it suffered from a load drop at the onset of
pseudo-yield, and its ultimate strength was severely reduced.

We evaluated the hybridisation effects by means of unnotched ()
and notched strengths (oy) of both reference and hybrid laminates
and studied their strain field non-linearities with Digital Image Corre-
lation (DIC). Our approach distinguished pseudo-ductile strains from
those caused by damage. Advanced X-ray imaging analyses further
corroborated the experimental full-field DIC data. The methodology
section (Section 2) details materials, laminate design, testing, DIC and
X-ray damage characterisation. The results section (Section 3) presents
load-displacement or stress-strain curves, post-mortem OHT images,
processed DIC images, and X-ray findings.

In summary, we demonstrate how pseudo-ductility can be achieved
using an LE/HE sub-laminate design. The hybrid laminates are com-
pared to a reference laminate, revealing a slight reduction in unnotched
strength but comparable OHT strength. Additionally, we showcase the
use of DIC to characterise strain non-linearities, pseudo-ductile strains,
and damage.

2. Materials and methods
2.1. Laminate design

This study utilised T800-TP175 and HR40-TP175 thin ply carbon
pre-pregs, both produced by NTPT (Renens, Switzerland) using spread
tow technology. T800 is an intermediate modulus carbon fibre and
its UD composite has a ply thickness of 67 pm and reaches an elastic
modulus, E, of 294 GPa and a failure strain, ¢, of 1.9%. Conversely,
HR40 is a high-modulus carbon fibre and its UD composite has a ply
thickness of 20 pm and reaches an elastic modulus of 375 GPa and
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a failure strain of 1.2%. Thus, HR40-TP175 qualifies as LE material,
while T800-TP175 is a HE material. Both the prepregs are targeted to
a volume fraction (V) of 55 + 2% by the supplier.

Our primary focus in designing the hybrid laminate was to achieve
pseudo-ductility while maintaining the unnotched strength near to
that of the reference LE laminate and minimising inter-sublaminate
delamination at the HE/LE interfaces before failure. Such constraints
inevitably limit the achievable pseudo-ductility, as it depends on in-
ducing dispersed delamination to increase the ultimate failure strain.
Moreover, the pseudo-ductile laminate’s damage onset, o), must be
sufficiently higher than that of an equivalent thick-ply laminate to
retain the benefits of thin-ply laminates. Following the principles of
Jalalvand’s shear-lag model [16], we sought to satisfy these require-
ments simultaneously and was determined that grouping one 20 pm
ply of HR40 with one 68 pm ply of T800 — a [HE/LE] sublaminate
— satisfies all of the above. For detailed information, refer to [17].
Through automated tape laying, NTPT manufactured hybrid pre-preg
rolls in 0/0 or 0/90 orientations of [HE/LE], which we used to form
the hybrid QISO laminates.

Following manufacturer recommendations, we autoclave-cured
(180 °C for 6 h at 6 bar) two quasi-isotropic (I1/4) laminates (see
Table 1): a 2.19 mm thick reference laminate using T800-TP175 in
a [45/90/-45/0],5 stacking sequence, and a 2.67 mm thick hybrid
laminate with the same stacking sequence but incorporating [HE/LE]
sublaminate plies for pseudo-ductility. Both pre-pregs used the same
toughened multi-functional high-strength resin system, TP175, devel-
oped by NTPT for compatibility. The V, of the laminate was calculated
using the fibre areal weight data (provided by the supplier for each
prepreg), resin density and the cured laminate thickness. The mean
values of the calculated ¥, was 55.4 + 2% for both the laminates.

2.2. Unnotched and open-hole tests

Unnotched tensile (UNT) and open-hole tensile (OHT) tests were
performed following ASTM D3039/D3039M-17 [18]. The specimen size
was 240 mm by 24 mm (gauge length and width, respectively). UNT
samples were equipped with tapered glass-epoxy end tabs (Fig. 2a).
OHT tests followed ASTM D5766/D5766M-11(2018) [19]. The OHT
samples maintained the UNT specimens’ gauge length but differed in
width, 36 mm with a 6 mm hole diameter (conventional diameter-to-
width ratio of 1/6), see Fig. 2a. Tests were carried out on an MTS
809 hydraulic testing machine with a 100 kN load cell at a constant
loading rate of 2 mmmin~'. UNT samples were monitored with strain
gauges, while OHT specimens relied on the testing machine’s LVDT for
the displacement (u). The net-section failure stress of OHT specimens’
is,

P P

A (W=2RY W

oN =
where P, is the failure load, A,,, = (W —2R)t is the net-section area,
and W and t are the specimen’s width and thickness, respectively.

2.3. Digital Image Correlation (DIC)

A fine speckle pattern, applied with spray paint on one side of
the OHT specimens, enabled DIC visualisation through VIC-2D soft-
ware [20]. The specimens were observed with a 1.3 Mpx camera (Allied
Vision Guppy F146) in a close-up view centred on the central hole for a
typical pixel size of 0.0338 mm. The software effectively reconstructed
full-field displacement/strain across a 36 x 36 mm window surrounding
the hole. The processing parameters were a subset size of 17 pixels,
a step size of 5 pixels, and a strain filter size of 5 pixels. This full-
field strain data served as a virtual extensometer (correcting machine
compliance in OHT samples without strain gauges) and determined the
regions of strain nonlinearity.
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Fig. 2. Representative sample dimensions for both unnotched and open-hole tensile
tests. Note: The gauge lengths for unnotched and notched specimens are identical.

2.3.1. Compliance correction of OHT tests

We used DIC as a virtual extensometer to correct the load—
displacement curve of OHT tests for the machine compliance (C,,), P-u,.
DIC images and load cell data were carefully synchronised. Then, the
average strain, £,, [21], in the region of interest, is,

_ A
lDIC

£y @
where I is the distance from the topmost to the bottommost pixel in
the region of interest, and A/ signifies the relative increase in specimen
length. Al is calculated as the absolute difference in displacements
between u,,, and u,,. We consider u,,, and u,, to be the average
displacements (along the specimen width) along pixel rows at the top
and bottom. These average displacements are sufficiently distant from
the hole to not be influenced by the regions of stress concentration (the
hole). Assuming £ yy tO be equivalent to the average specimen strain, & s
the actual specimen compliance, C, can then be determined. Thus, the
displacement corrected for the machine compliance, u, is,

u=u,—PxC, 3)

where C,, = C, — C, C, is the compliance measured by the load-cell.

2.3.2. Strain deviation from linearity
When the applied load is small, all material points of the specimen
remain within the elastic regime. The stress concentration factor (K,)
indicates the stress increase at the hole edge. Then, for the material
to maintain its elastic behaviour, any applied stress must be less than
o,/K,, where o, represents the material’s elastic limit (refer to Fig. 1).
In terms of the external load:
P GyAnet

el

4

t

and then, for linear materials, the stress and strain fields remain propor-
tional. By proportionally scaling these strain fields to any load level, the
deviations between the scaled strains and those observed by DIC reveal
the regions of strain nonlinearities. Remarkably, this identification
can be done without the comprehensive knowledge of the materials’
constitutive behaviour. Such nonlinearities can arise from failure pro-
cess zones, longitudinal or off-axis splits, delamination in standard
composite laminates, and fragmentation or dispersed delamination in
hybrid materials.

Composites Science and Technology 270 (2025) 111250

The principal DIC strain in the y-direction for a load P, is the elastic
strain, €, p ; and the strain non-linearity for a load P, above P,;, &, p.,
reads,

Enl.p, = Eyp, ~ 5= X €y ®)

P, el
We represent all the full-field data using a perceptually uniform colour
map like viridis, to ensure an objective, consistent, and accessible
representation of the data [22].

2.3.3. Pseudo-ductile strain and damage from full-field DIC strains

Using the ultimate pseudo-ductile strain, £,, one can effectively
gauge the additional failure strain increase brought on by hybridis-
ation [4,6,16], as shown in Fig. 1. Essentially, ¢, is the difference
between the failure strain, €, and the strain observed in a correspond-
ing pseudo-elastic material at the unnotched strength, ¢,, = o,/E,
ie.,

Ed = €5 ~Efel (6)

Eq. (6) represents the pseudo-ductile strain at failure, as in Fig. 1.
The pseudo-ductile strain at a specific load level, o;, can also be
incrementally defined as,

eq =€ —0;/E )

where ¢; and ¢; represent the stress and strain. Further, after “yielding”,
we assume that the laminate behaves as an idealised pseudo-ductile
material with “hardening-modulus”, H, defined as,

o, -0,

H= (€)]

i T €y

where ¢, and ¢, correspond to the pseudo-yield stress and strain. By
defining h(= H/E) as the hardening modulus ratio and relating Eq.
(8) and ¢,,, = €, + (0; — 0,)/ E, the pseudo-ductile strain in the regime
o, <0; <oy is,

e, = (6 —&,) (1= h) (©)

Note that the ¢, in Eq. (9) differ to £, in Eq. (6) at every load level,
except when ¢; = €, where they are identical. Calculating ¢, using Eq.
(9) enables the extraction of pseudo-ductile strains from the full-field
DIC strains at any load level, using ¢, and & as material properties
from the UNT. Although this method aligns with the conventional
approach to computing the scalar ¢, (Eq. (6), Fig. 1), factors such as
cohesive regions, surface delamination, and longitudinal/off-axis splits
can influence the full-field strains, and hence the resulting pseudo-
ductile strain. Consequently, the pseudo-ductile strain field, £4,, CAN
only be considered as a qualitative indicator of the inelastic strain.

In a UNT, following the “yielding” (see Fig. 1), pseudo-ductility
manifests through fibre or ply fragmentation and/or dispersed delam-
ination [3,4,6,7]. Since, these damage mechanisms are irreversible,
they aptly classify as pseudo-ductile damage. Thus, the pseudo-ductile
damage, d;, can be presented as, [23,24],

E; _ %q
d,» =1- f = g_, (10)
where E; is the secant modulus. This method also facilitates the com-
parison of scalar damage variables (SDV) derived from FE models, as
detailed in [24].

2.4. X-ray imaging

We conducted X-ray imaging on the OHT samples post-testing to
reveal the internal damage mechanisms. The Talbot-Lau grating inter-
ferometer facilitated a combined deployment of three distinct X-ray
methodologies: conventional (absorption), phase contrast (refraction),
and dark field (scattering) [25]. The X-ray measurements were per-
formed at LPAC/EPFL using the phase contrast X-ray radiography
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Fig. 3. Unnotched tensile (UNT) response of the reference (T800) and hybrid (T800/HR40) quasi-isotropic laminates. (a) and (b) display the o-¢ values, with ¢ recorded by the

strain-gauges. Note that the two laminates vary in thickness.

equipment which was a product of the EVITA initiative [26]; for
further information, refer to [27]. We utilised dark-field imaging, or
small-angle scattering X-ray imaging, known for its ability to capture
high-contrast images, ideal for characterising pseudo-ductile damage
mechanisms. This method is particularly adept at highlighting intricate
details such as cracks or small heterogeneities.

A particular aspect of this phase contrast X-ray imaging technique is
that the contrast depends on the orientation of the interfaces or cracks
with respect to the grating. Thus, we subjected both a reference and a
hybrid specimen to X-ray examination across three planar orientations
(x-y plane): 0°, 45°, and 90°. After this, we equalised the grey-scale val-
ues of each orientation’s images, assigning a dedicated colour channel.
We then superimposed these images, adjusting the transparency to 50%
for the 45° and 90° images. The combined image nearly encapsulates
all the identifiable features. Note that, we captured these X-ray images
when the samples were completely broken, post-failure.

3. Results
3.1. Unnotched strength

In Fig. 3, we present the stress—strain (c-¢) curves for both QISO
laminates from the UNT tests (load—displacement curves of these lam-
inates can be found in the supplementary information). The scatter in
the ultimate load is very low for both laminates.

The hybrid laminate exhibits nonlinearity around the peak load,
whereas the reference laminates does not. To highlight the nonlinearity,
Fig. 3a and b incorporate a linear line representing the average elastic
modulus. Classical Laminate Theory (CLT) predicts elastic modulus
values of 56 GPa for T800 laminates, 69.4 GPa for HR40 laminates,
and 59.4 GPa for the hybrid (T800/HR40) laminate. Our experimental
results align closely with these predictions for both the reference and
hybrid laminates, showing 3% and 5% deviations, respectively.

Regarding the nonlinear behaviour of the hybrid T800/HR40 lam-
inates (Fig. 3b), we have defined a 0.1% strain offset as the yielding
point; thus, the pseudo-yield strain, €, is 1.35%. While ¢, typically
aligns with €, of the LE, here it surpasses the HR40 fibres’ ¢, (1.2%)
by 14%. This rise implies that the HE (T800) plies synergistically
counteract the pronounced brittleness of the LE plies. Despite that,
hybrid laminates reveal consistent nonlinearities post the pseudo-yield
strain, indicating load redistribution. Moreover, the failure strain, ¢,
= 1.75%, approaches that of T800’s £, = 1.9%. This underscores the
synergistic interaction between LE and HE materials: fragmentation in
the LE layers (HR40) does not trigger an immediate laminate failure
— a behaviour observed in certain pseudo-ductile laminates [8]. Thus,
the ultimate ¢,, as per Eq. (6) (Fig. 1), is 0.23%, a considerably lower
value in comparison to the laminates tailored for pseudo-ductility (e,

= 1%-2% [6,8]). Indeed, we designed the hybrid laminates to achieve
a high damage onset (800 MPa for a quasi-isotropic laminate) to
balance strength and pseudo-ductility. Sample d (Fig. 3b) of the hybrid
laminates is an exception due to its unusually high elastic modulus, but
its pseudo-ductile features persist.

In comparing the unnotched strengths (o) between the reference
and hybrid laminate, hybridisation results in an 11% reduction in
strength (a/-)ref/(af)Pd. The LE (HR40) plies do contribute to the ul-
timate strength. Indeed, the expected UNT strength assuming that only
the HE fibres support the load upon LE ply failure would be 808.4
MPa (V/)yg * (67)yg = 0.78%1036.4 MPa), while the experimental
strengths are 13% higher (919.36/808.4 MPa). The idealised stress—
strain curves from the average values of the experimental test results
(Fig. 3) for both the reference and hybrid laminates are presented in
the supplementary information.

3.2. Open-hole strength

Fig. 4 presents the stress—strain curves (compliance corrected ac-
cording to Section 2.3.1) for the reference and hybrid laminates. A
linear reference line, based on average slopes from the c-¢ curves,
facilitates the assessment of the point of nonlinearity. The hybrid lam-
inate initiates its nonlinearity earlier than the reference laminate, and
redistributes the stresses. Fig. 4 also presents the onset of nonlinearity,
specifically the “elastic” load level, Py (= o,/KF).

Post-mortem images (Fig. 5) consistently reveal similar failure
modes, demonstrating the repeatability of thin-ply laminates. Each
specimen experiences net-section failure from the stress concentration,
i.e., the hole. And, each laminate type exhibits a distinct failure mode:
net-section failure perpendicular to loading in the reference laminate,
and off-axis failure initiating from the notch in the hybrid laminate.
The presence of the notch causes a reduction in notched strength
(67/on) by 40% in the reference laminate and 30% in the hybrid,
see Table 2. While hybridisation decreases the unnotched strength,
o, by 11%, it enhances the nominal strength retention by 10% -
(0n/07)pd — (6N /0 )rer, S€€ Fig. 6. This is substantiated by the nearly
equal notched strengths, (o )rer/ (0 )pq Of both laminates (within 4%).
This heightened nominal strength retention is likely due to the addi-
tional damage mechanisms brought on by hybridisation, which will
be identified in the subsequent sections using both DIC and X-ray
techniques.

3.3. DIC strain fields
3.3.1. Overadll strain fields at peak-loads

To establish a benchmark, Fig. 6 presents full-field y-direction prin-
cipal strain values just before peak load for reference and hybrid
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Fig. 5. Post-mortem images of the failed quasi-isotropic open-hole specimens of the reference (T800), and hybrid (T800/HR40) laminates.

Table 2
Quasi-isotropic mechanical properties of the baseline and hybrid laminates from
unnotched and open-hole tensile tests.

Material property T800 (reference) T800/HR40 (hybrid)

Ply thickness, #,, [pm] 67 67/20

Elastic modulus (fibre)?, E;; [GPal 294 294/375
Tensile failure strain (fibre)?, r [%] 1.9 1.9/1.2
Volume fraction (ply)*, V, [%] 55+ 2 55+ 2
Laminate thickness, ¢ [mm] 2.19 2.67

Elastic modulus, E;; [GPa] 54.25 + 0.52 62.37 + 1.9
Long. tensile strength, ¢, [MPa] 1036.4 + 19.9 914.36 + 12.7
Long. failure strain, e, [%] 1.9 + 0.04 1.75 + 0.06
Pseudo-yield strength, o, [MPa] - 8319 + 14
Pseudo-yield strain, &, [%] - 1.35 + 0.03
Pseudo-ductile strain, ¢, [%] - 0.23 + 0.03
Initiation toughness®, G, [kJm~2] 61 64

Steady-state toughness®, ;. [kJm™2] 106.91 + 5.55 121.47 + 12.43
Open-hole tensile strength, o, [MPa] 617.92 + 34.91 641.96 + 24.02

2 From Cugnoni et al. [14].
b From Cugnoni et al. [17] for the same laminates.

laminates. Normalised full-field strains use average &, from the un-
notched tensile tests (Section 3.1). Regions exceeding €, ie., €;/¢; >
1, are shaded grey, highlighting highly damaged or cohesive zones.
DIC strain maps of quasi-isotropic laminates reveal that surface strain
patterns primarily reflect the surface ply orientation, while subsurface

layers shape the nuances of developed damage in the later loading
stages [28]. With similar surface plies (45°) in both QISO laminates
(see Table 1), differences in strain fields likely arise from the laminates’
intrinsic characteristics.

DIC strain fields, captured just before peak loads, hardly reveal
sub-critical damage mechanisms induced by hybridisation. This is due
to the cohesive zones (or transverse/translaminar cracks) dominating
the failure plane around peak load, making the distinction between
cohesive damage and other mechanisms difficult in small specimens —
a consequence of the size effect [9,29].

Normalised full-field strains remain consistent between samples in
both reference and hybrid laminates (Fig. 6). The hybrid laminate
exhibits larger damage patterns (grey areas), with off-axis splits, which
are absent in the reference laminate as denoted by the grey semi-
circular shape. This variation in damage mechanisms correlates with
the change in failure modes depicted in Fig. 5.

3.3.2. Strain deviation from linearity

To identify nonlinear strains, we first determine the elastic load
level (P,) as outlined in Section 2.3.3. Assuming linear-elastic material,
the elastic stress concentration factor (K,E) for the test configuration
(2R/W = 1/6) is 2.584 [24,30]. From this, the elastic loads are 26.35
kN and 25.78 kN for the reference and hybrid OHT specimens, respec-
tively — derived from [o;(W — 2R)t] /K,E, where, o; is of and o, for
the respective laminates. These elastic loads represent 65% and 50%,
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Fig. 6. Normalised full-field principal strain (e,,/e,) captured by DIC just before the peak load (P,) for both reference and hybrid laminates. Both OHT specimens, reference and
hybrid, are anticipated to fail shortly after. Principal strains are normalised using their corresponding average unnotched strains (e ).

respectively, of the average peak loads, exhibiting minimal nonlinearity
in the o-¢ curve (Fig. 4).

From P,, the incremental strain deviation to linearity (¢; — €; )
is displayed in Fig. 7 for both laminates. Areas exceeding the aver-
age pseudo-ductile strain threshold (¢, = 0.4%) are highlighted in
grey in Fig. 7A and B, likely denoting zones dominated by cohesive
mechanisms (crack formation, bridging, or delamination). Observing
the initial frame « in Fig. 74 and B shows no concentrated nonlinear
strains, validating the elastic load estimation method. From frame ¢
(0.75P,), nonlinear strain appears in both laminates. However, the
reference laminate shows limited strain redistribution and cohesive
zone development, even at 96% P, (frame e, Fig. 7A), aligning with
the characteristic behaviour of thin-ply laminates [13]. On the other
hand, the hybrid laminate, Fig. 7B, exhibits marked strain nonlin-
earities from 75% P,, with progressive expansion of nonlinear strain
regions. However, a sharp contrast between consecutive frames (e and
f) indicates that, while hybridisation enhances strain redistribution,
cohesive damage mechanisms dominate around peak load.

3.3.3. Pseudo-ductile strain and damage from strain fields from DIC

We present the incremental pseudo-ductile strains and damage,
derived from full-field strains in Fig. 8. Comparing the strain deviation
from linearity (Eq. (5) in Fig. 7B) with pseudo-ductile strains in the
hybrid laminate (Eq. (9) in Fig. 8A), reveals similar, albeit slightly nar-
rower, pseudo-ductile regions. This aligns with expectations as Eq. (5)
encompasses all nonlinearities, whereas pseudo-ductile strains before
€, are zero in Eq. (9). Purple arrows (1) highlight specific examples in
both Figs. 7B and 8A.

Pseudo-ductile strains and damage in Fig. 84 and B align closely,
as expected, since one delineates the pseudo-ductile strain while the
other quantifies it in terms of damage. Analysing Fig. 8A (frames a
and b), lower ¢, or damage (coloured regions) typically precede greyed
regions, suggesting that reduced stiffness areas caused by pseudo-
ductile damage influence crack propagation. Despite more damage
mechanisms in the hybrid laminate, the marked difference between
frames at 95% P, and P, (frames ¢ and d of Fig. 8A) emphasises the
rapid growth of the cohesive region’s role around P,. Orange arrows
(2) indicate failed cohesive zones (open cracks).

3.4. Damage mechanisms revealed by X-rays

Appendix A presents the different x-ray techniques (absorption,
refraction and scattering) of OHT specimens from an experimental
campaign on a QISO laminate ([45/90/ —45/0],5) with a 268 pm ply-
thickness [14]. It reveals that scattering (dark-field) images excel in
delineating most mechanisms, corroborating prior findings [26]. Thus,
only scattering images from the current OHT samples are presented,

supplemented with microscopic observations in Fig. 9. Composite im-
ages (coloured and stacked grey-scale images from different X-ray
orientations) provide a complete view of the observed features (see Fig.
9.

Fig. 9 reveals a predominantly flat failure plane for the reference
laminate, lacking damage mechanisms like longitudinal and off-axis
splits (conventional OHT laminates Fig. A.11), underscoring the brittle
character of thin-ply laminates. This is corroborated by microscopy,
which reveals a near-intact failure plane with minimal delamination
and pull-out. Hybridisation, however, introduces sub-critical damage,
evidenced by the increased damage features on the failure plane (white
arrows) (Fig. 9d). Indeed, X-ray imaging reveals a significantly promi-
nent cohesive fracture process zone (pull-out and multiple transverse
splits), indicating enhanced translaminar fracture toughness compared
to the reference laminate.

While DIC full-field strain data (Figs. 6 to 8) suggests secondary
perpendicular off-axis splits, they are not visible in X-ray images (red
arrow in Fig. 9d). This may be due to the secondary split closing
when the primary split reaches a critical crack-opening state. However,
this advanced x-ray analysis lacks the resolution to reveal fibre/ply
fragmentation associated with pseudo-ductility.

4. Discussion

Thin-ply laminates are inherently brittle because they limit the
development of subcritical damage mechanisms. Incorporating HR40
layers (high stiffness and low ultimate strain), increases the sublam-
inate (hybrid ply) thickness by 30%, raising elastic stiffness by 18%
but reducing ultimate strength and ultimate strain by 12% and 7.9%,
respectively. Nonetheless, the resulting 87 pm-thick hybrid laminate
(can still be considered thin [14]), delays the matrix cracking until
after HR4O0 fibre failure, yielding a limited pseudo-ductility. Despite this
modest pseudo-ductility, the open-hole strength is 15% less sensitive
to the notch, and fracture toughness increases by 14%. Consequently,
hybridisation activates additional pseudo-ductile damage mechanisms,
altering both crack nucleation and propagation.

Furthermore, comparing the o, alone of the current T800 laminate
(o = 1036.4 MPa) with various ply thicknesses of the same material
system in [14] shows that the T800/HR40 hybrid (af = 914.4 MPa)
outperforms thick (268 pm, ¢, = 462 MPa) and intermediate (132 pm,
o, = 876 MPa) laminates by +98% and +4.4%, respectively. Notably,
the hybrid laminate’s pseudo-yield strength exceed the thick laminate’s
ultimate strength and the damage onset in thick and intermediate lami-
nates. Despite an 11.7% reduction in the UNT strength compared to the
thin-ply T800 laminate, the hybrid still outperforms these traditional
composites, see Fig. 10. The above mentioned values are tabulated in
the supplementary information.
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Fig. 8. Illustration of (A) Pseudo-ductile strain as per Eq. (9), and (B) pseudo-ductile
damage as per Eq. (10) for the hybrid laminate (specimen d) derived from DIC principal
strain-fields.

Despite nearly identical laminate stacking sequences, the failure
mode of the reference and pseudo-ductile OHT specimens differ. The
reference laminate exhibits perpendicular net-section failure, contrast-
ing with the off-axis net-section failure in the pseudo-ductile laminate
(Fig. 5). This shift may primarily be attributed to two factors. Firstly,
the thicker ply blocks (or sublaminates) in the pseudo-ductile lam-
inate (87 pm vs. 67 pm in the reference laminate) likely result in
reduced failure strength due to the in-situ effect and may promote

delamination, facilitating transverse splits in off-axis plies. Secondly,
failure initiation in the pseudo-ductile laminate is marked by an off-
axis crack originating at the hole and a concurrent stiffness change
ahead of the crack (arrows in Fig. 6). The interaction between off-
axis crack propagation and the advancing pseudo-ductile region ahead
of the 45° cracks introduce mode mixity into the fracture process.
Given the 45° failure plane, this crack orientation is hypothesised to
exhibit lower mixed-mode toughness than the 90° failure plane. These
factors collectively lead to the observed change in damage mode in the
pseudo-ductile laminate.

Determining whether hybridisation confers clear benefits remains
challenging. Here, we examine it through the failure of large specimens,
where nominal strength is defined as the point where o, is reached
at the specimen’s maximum stressed location. Based on the numerical
results of [24], the nominal strength is defined as o,/K;, where the
K, values are 2.584 and 2.363 for the reference and the hybrid OH
specimens at the current pseudo-ductility levels. Relative to the corre-
sponding UNT strengths, large specimen strengths are 401 (6 /K, )yef =
1036.4/2.584) and 387 MPa ((af/K,)pd = 914.36/2.363), respectively.
Nearly equal large specimen strengths of the hybrid and reference
laminates indicate similar notch sensitivity, thus minimal benefits from
pseudo-ductility for the hybrid laminates. However, it can also be
argued that the reduction in UNT strength (-11.3%), an unavoidable
consequence of achieving pseudo-ductility, is counterbalanced by the
decrease in K, (—8.5%), see Fig. 10.

Regarding additional damage mechanisms to enhance damage tol-
erance through pseudo-ductility, Fig. 5 shows different fracture mecha-
nisms in reference and pseudo-ductile specimens. Reference specimens
exhibit limited fibre pull-out length, indicating brittle failure, consis-
tent with the small cohesive process zone observed in DIC analysis
(Fig. 6). In contrast, pseudo-ductile specimens show extensive off-axis
splitting throughout the laminate thickness (Fig. 5), leading to a 45°
fracture orientation. More significant pull-out length in pseudo-ductile
specimens corroborates the more extensive cohesive fracture region
observed through DIC (Fig. 6).
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Fig. 9. Post-mortem X-ray and microscopy of a failed reference and hybrid laminates. (a—c) Raw greyscale X-ray images of each laminate with constant brightness and contrast.
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Fig. 10. Comparison of open-hole strengths (nominal) of the reference (T800) and
hybrid (T800/HR40) quasi-isotropic laminates with unnotched strengths.

5. Conclusions

This study demonstrates that our novel sublaminate hybridisa-
tion method using thin plies can impart pseudo-ductility to quasi-
isotropic (I1/4) composite laminates. While conventional laminates
exhibited high unnotched strength (1036 MPa, approaching fibre fail-
ure strain limits), our pseudo-ductile specimens achieved consistent
pseudo-ductile behaviour (pseudo-yield-to-failure stress ratio of 1.1
and pseudo-ductile strain of 0.23% at an unnotched strength of 914
MPa). This balance between unnotched strength and pseudo-ductility
could be advantageous for applications where some damage tolerance
is desirable while maintaining a high level of unnotched strength.

The hybrid laminate showed a limited reduction in unnotched
strength (—11.3%) compared to the reference laminate. Despite this,
the hybrid laminate retained 10.2% higher notched (open-hole tension)
strength than the reference. Specifically, the reference laminate lost
—40.4% (618 MPa) of unnotched strength, while the hybrid lost only
—30.2% (642 MPa), indicating lower notch-sensitivity of the pseudo-
ductile laminates.

We combined DIC and a novel X-ray technique to analyse damage
mechanisms in both laminate types. DIC revealed significant differ-
ences in strain nonlinearities: reference laminates exhibited minimal
nonlinearity up to 95% of ultimate load, while pseudo-ductile laminates
showed early nonlinearity and broader nonlinear regions, suggesting
stress redistribution due to sub-critical damage mechanisms. We fur-
ther employed DIC to characterise full-field pseudo-ductile strains and
incremental damage evolution. For pseudo-ductile laminates, DIC cap-
tured the progression of damage mechanisms. The X-ray technique suc-
cessfully identified splits and delaminations for thicker quasi-isotropic
laminates.
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Fig. A.11. X-ray images of the failed T800-268 pm QISO laminate taken at orientations of (0°, 45°, and 90°). These angles depict the laminate’s alignment in the x-y plane prior

to X-ray grating. The stacked image is a composite of all three perspectives.
Appendix A. Comparison to conventional X-ray imaging

To explore the damage mechanisms unveiled by the novel X-ray
imaging technique developed with EVITA [26], we X-rayed a conven-
tional quasi-isotropic (same stacking sequence as the current study,
see Table 1) OHT laminate with a ply thickness of 268 pm. This
thicker sample choice aimed to uncover damage mechanisms typically
recognised in composite laminates. We used the same approach as the
current methodology (Section 2.4); both raw data and the composite
image from various orientations can be seen in Fig. A.11.

Fig. A.11 reveals that absorption imaging is consistent across orien-
tations, i.e., showing similar damage mechanisms (orientation indepen-
dent). However, with refraction and scattering displaying orientation-
dependent features, only scattering reveals previously unobserved dis-
tinct damage mechanisms, offering complementary insights (compare
Fig. A.11l to d and h). Despite its variation with orientation, refraction
fails to highlight new damage mechanisms; thus, the composite of
refraction and absorption is similar (Fig. A.11d and h).

Further analysing the revealed damage mechanisms, the red arrows
(1) highlighting vertical splits observed in absorption imaging, for
instance, are not detectable using refraction and scattering techniques
when the samples are oriented in 90°. The green arrows (2) point to
three minor off-axis splits emerging from the notch. While absorption
images (all orientations) and refraction images (0° and 90°) detect
these splits, the scattering technique identifies only one. Turning to
the white arrows (3), one observes longitudinal splits from the free
edges, likely emerging after the significant off-axis split is formed. This
formation potentially precipitated delamination, discernible solely in
the scattering technique (Fig. A.11; and /). Furthermore, the composite
scattering image furnishes richer data than absorption and refraction.
These observations (Fig. A.11) support the contention that increasing

ply thickness accentuates these damage mechanisms, as seen when
contrasting Fig. 9d of the reference and pseudo-ductile laminate with
the laminates made of thicker plies (Fig. A.11/).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.compscitech.2025.111250.

Data availability

Data will be made available on request.
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