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A B S T R A C T   

Natural structures such as nacre show an outstanding balance of strength and toughness, despite comprising 
mainly brittle constituents; this is a highly desirable combination of properties scarcely seen in synthetic com
posites. In this study, carbon fibre-reinforced polymer (CFRP) laminates mimicking the structure of nacre (‘brick- 
and-mortar’) were manufactured using the automated tape laying (ATL) technique, as a means of enhancing their 
interlaminar properties and fracture toughness. The interlaminar fracture toughness of the bio-inspired CFRP 
laminates was measured via double cantilever beam (DCB) and three-point bending end-notched flexure (3ENF) 
tests. The results indicated increments of up to 32% and 92%, respectively, in the interlaminar fracture toughness 
when compared with that of conventional continuous CFRP samples. In addition, the translaminar fracture 
toughness of the developed nacre-inspired CFRPs was measured through a compact tension (CT) test, which 
revealed increments of up to 30%. Finally, different reinforcement mechanisms were analysed to understand the 
effect of the ‘brick-and-mortar’ structure.   

1. Introduction 

The intrinsic layered nature of carbon fibre reinforced polymers 
(CFRPs) makes them prone to delamination failure and low fracture 
toughness, and these limit the full exploitation of these materials. 
Several strategies have been examined to improve the interlaminar 
properties and to reduce the sudden failure of CFRPs. These include the 
introduction of 3D fabrics [1], stitching [2], Z-pinning [3], adding 
micro/nanofillers to the interlaminar space of the composite material [4, 
5], and bio-inspiration [6]. 

Among the different strategies, mimicking biomaterials such as 
nacre, has emerged as an effective approach to enhance the mechanical 
behaviour of CFRP materials [7,8]. Nacre is composed of brittle arago
nite platelets (95 wt %) embedded in an organic matrix in a structure 
also known as ‘brick-and-mortar’. Nacre shows an outstanding fracture 
strength (3000 times greater) and toughness (20–30 times greater) than 
those of its main constituent [7–10]. This mechanical behaviour results 
from several toughening mechanisms, ranging from the nanoscale to the 
macroscale (multi-level hierarchy), acting in a cooperative manner [7, 

11,12]. The main energy dissipation mechanisms are platelet sliding [7, 
10,13,14], strain hardening [9,15], crack deflection and twisting [7,13, 
16], and platelet/brick pull-out [7,13,15]. 

To exploit these toughening mechanisms, the ‘brick-and-mortar’ 
structure of nacre has been replicated in a variety of constituent mate
rials [7,8,10,11,13]. It has been shown that ‘brick-and-mortar’ CFRPs, 
with pseudo-ductile behaviour [6] and nonlinear response with warning 
before failure [17,18], can be obtained by introducing discontinuities in 
the CFRPs. Furthermore, the hierarchy levels can be optimised to tune 
the nonlinear mechanical response [19]. On the other hand, crack 
deflection and damage diffusion mechanisms have been exploited by 
introducing bio-inspired tiled-microstructures into CFRPs, thereby 
improving the fracture behaviour [15,20,21]. Different patterns of 
micro-cuts have also been implemented in CFRPs to enhance their 
translaminar fracture behaviour [22]. In addition, more complex bio
mimetic structures have been introduced in CFRPs. These include a 
crossed-lamellar microstructure similar to that of shells [23], or Bouli
gand structures found in the dactyl club of the mantis shrimp (stoma
pods); these reduce the impact damage in CFRPs [24–26]. 
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As reported in most of the studies on bio-inspired CFRP 
manufacturing, the main drawbacks are that the process is carried out 
manually [6,17,18,21–23], and it is extremely time-consuming to pro
duce large-scale composites for comprehensive mechanical characteri
sation of bio-inspired composites. Nevertheless, in a recent study, the 
authors developed a manufacturing technique for producing 
bio-inspired CFRP. It involves mimicking the structure of nacre, in a 
two-dimensional (2D) version, using automated tape laying (ATL) at 
100% speed (12 m/min); the produced CFRP exhibits nonlinear 
behaviour when subjected to tensile tests [27]. 

In this study, the fracture toughness of bio-inspired nacre-like CFRPs 
manufactured using commercial materials and processes already 
implemented in the aerospace and automotive industries, such as ATL, 
was studied [27]. The double cantilever beam (DCB) and three-point 
bending end-notched flexure (3ENF) tests were carried out to analyse 
their interlaminar properties. In addition, a compact tension test was 
performed to study the translaminar fracture toughness of the CFRPs 
produced. 

2. Materials and methods 

2.1. Materials 

The material used in this study is HexPly® 8552 unidirectional 
carbon fibre (AS4) prepreg from Hexcel (AS4 fibre density of 1.79 g/ 
cm3, 8552 resin density of 1.30 g/cm3, fibre volume fraction of 59%, and 
nominal cured ply thickness of 0.184 mm) [28]. 

2.2. Manufacturing of bio-inspired laminates 

A gantry ATL machine (MTorres; Figure 1 of the supplementary in
formation (SI)) was used to manufacture ‘brick-and-mortar’ laminates 
(300 mm × 300 mm) with different fibre lengths (Fig. 1): 50, 25, and 10 
mm (referred to in this article as ‘Length50’, ‘Length25’, and ‘Length10’ 
laminates, respectively). The ATL machine contains two knives that 
make controlled and continuous cuts perpendicular to the fibre direction 
following the ‘brick-and-mortar’ design (Fig. 1). At the same time, the 
ATL machine lays-up the cut plies over a flat metallic tool according to 
the selected stacking sequence [27]. The distance between the cuts was 
constant (fibre length, FL), and an overlapping region with a length of 
FL/2 between the even and odd plies was maintained (Fig. 1). Laminates 
without cuts were also made and used as a reference (‘Continuous’). 

Following the lay-up process, the laminates were placed in a flat steel 
tool, and a vacuum bag was used (Fig. 2 of the SI) to cure them. Type-K 
thermocouples were placed on both the laminates and the tool to 
monitor the temperature. Finally, the laminates were cured in an auto
clave according to the manufacturer’s instructions (2 ◦C/min up to 
180 ◦C followed by a plateau of 180 min at 180 ◦C and 100 psi). Details 
of the manufacturing process are described in a previous study [27]. 

For each configuration (‘Length50’, ‘Length25’, ‘Length10’, and 
‘Continuous’), several laminates with different stack-up sequences were 
manufactured, as can be observed in Fig. 3 of the SI (the sequence was 
defined according to test standards). Laminates with a stacking sequence 
of [(0)8/(0)8] were produced to obtain DCB specimens. A 63 mm release 
film insert (25 μm thick) was carefully placed by hand in the midplane of 
the laminate. This release film served as the delamination initiator 
necessary for conducting the interlaminar fracture toughness test 
(Fig. 3a of the SI). Similarly, laminates with a stack-up sequence of 
[(0)9/(0)9] and a 50 mm release film were manufactured for the 3ENF 
interlaminar fracture toughness test (Fig. 3b of the SI). In addition, 
laminates with a stack-up sequence of [90(0/90)10]s, in which 90◦ plies 
are continuous (without cuts), were manufactured to prepare CT spec
imens (Fig. 3c of the SI). To evaluate the quality of the manufacturing 
process, all laminates were inspected using ultrasonic immersion scan
ning (Tecnitest). Furthermore, the fibre void volume, fibre length, and 
gap length between the fibres for the [(0)8/(0)8] and [(0)9/(0)9] lami
nates were determined (Table 1 of the SI). Details of the process are 
described in section 1.2 of the SI and in another study [27]. 

2.3. Double cantilever beam test 

DCB samples were manufactured and tested according to the ASTM 
D5528–01 standard [29]. Five samples were machined (25 mm × 150 
mm, Fig. 3a of the SI) and piano hinges were bonded (Loctite 496) [29]. 
To follow crack growth during the test, the lateral sides of the specimens 
were sprayed with white paint, and every millimetre (up to 55 mm from 
the end of the insert) was marked with a black pen (Fig. 4 of the SI) [29]. 
The specimens were then mounted on a universal testing machine 
(Z01OTH from Zwick, load cell of 10 kN), and a precrack of 3–5 mm was 
created (1 mm/min). Subsequently, the machine was unloaded at a 
controlled velocity, and the test was carried out at 1 mm/min. Data were 
taken at the visual onset of the crack and every millimetre thereafter 
using a magnifying glass. The load, crack length, and arm displacement 
were recorded as a function of time [29,30]. This experimental 

Fig. 1. ‘Brick-and-mortar’ arrangement of aragonite nanoplatelets found in the structure of nacre and biomimetic implementation in CFRP laminates. T stands for ply 
thickness and FL for fibre length. 
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procedure has an associated considerable error, which has been calcu
lated considering a precision of 0.2 mm when measuring crack growth. 
The tests were stopped when the crack reached approximately 50 mm 
from the end of the precrack [29]. The singular structure of the samples 
will lead to crack migration out of the midplane during the test and, thus 
resulting in different thicknesses of the arms of the specimens. Hence, it 
was not possible to use the calculation methods indicated in the standard 
procedure. Details regarding the calculation method are provided in the 
Experimental section. 

The surfaces of the broken specimens were analysed using scanning 
electron microscopy (SEM, EVO MA 15 by ZEISS at an accelerating 

Fig. 2. Scheme of a compact tension (CT) specimen with a stack-up sequence of [90/(0/90)10]s and an image of its first four plies. Even plies in the 90◦ direction are 
continuous plies, while odd plies in the 0◦ direction follow the ‘brick-and-mortar’ design. Dotted blue lines in the 0◦ plies indicate the location of the resin gap, where 
FL is the fibre length of the carbon fibre ‘brick’. 

Fig. 3. Simplified scheme and optical picture of a ‘Length10’ specimen tested using (a) DCB, (b) End-notched flexure (ENF), and (c) CT tests. Dotted red lines indicate 
the crack path and the red arrows indicate the tip of the crack. Each painted mark on all of the specimens equals 1 mm. Schemes are not to scale and the numbers 
indicate the ply numbering used in this study, with the lower ply being considered to be the first. 

Table 1 
Average thickness (mm) and total interlaminar fracture toughness GDCB (kJ/m2) 
measured in ‘Length50’, ‘Length25’, ‘Length10’, and ‘Continuous’ laminates 
subjected to the DCB test for 50 mm of the crack length.   

Thickness 
(mm) 

Initial location of the crack tip (# 
interply) 

GDCB (kJ/ 
m2) 

Continuous 3.13 ± 0.04 8–9 0.27 ± 0.03 
Length50 3.13 ± 0.02 8–9 0.300 ±

0.006 
Length25 3.12 ± 0.02 8–9 0.329 ±

0.015 
Length10* 3.12 ± 0.02 9–10 0.36 ± 0.03 

* For ‘Length10’ samples, the test started with the crack tip at the 9th–10th 
interply. For rest of the samples, the crack tip was located at the midplane of the 
coupon (8th–9th interply) at the beginning of the test. 

Fig. 4. Representative R-curve obtained from DCB tests on ‘Length50’, 
‘Length25’, ‘Length10’ and ‘Continuous’ laminates. Bars indicate the error, 
considering a precision of 0.2 mm in the measurement of crack growth. The 
coloured regions indicate the deviation of the R-curves obtained for each 
configuration. 
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voltage of 15 kV), and the samples were sputtered with a thin layer of 
gold for 60 s at 35 mA (Quorum Q150 Rotary-Pump Sputter). 

2.4. Three-point end-notched flexure test 

Three-point end-notched flexure tests were performed based on the 
ASTM D7905 standard [31]. Four samples per laminate were machined 
(180 mm × 25 mm, Fig. 3b of the SI), painted, and marked using the 
same methodology as previously described for the DCB test (Fig. 5 of the 
SI). In this case, a 3–5 mm precrack was carefully cut by hand using a 
sharp knife. The samples were then mounted onto an Instron 3384 
testing machine with a load cell of 2 kN. The precrack tip was placed 15 
mm from the loading roller (Fig. 5 of the SI), and the tests were per
formed at 0.5 mm/min. Once the crack had progressed to a range of 
10–15 mm, the sample was unloaded at 5 mm/min. After each 
load-unload cycle, the sample was shifted, leaving 15 mm between the 
crack tip and the roller to be loaded [32,33]. This load-unload process 
was repeated four times [34,35] (Fig. 6 of the SI). Data were collected at 
the visual onset of the crack for every millimetre of crack growth using a 
magnifying glass. The load, crack length, and arm displacement were 
recorded as a function of time [30,35]. Owing to the crack plane 
deflection during the test, the calculation method (details provided in 
the experimental section) differs from that of the method specified in the 
standard. Similar to the DCB coupons, the fracture surfaces of the 
samples tested were sputtered with a thin layer of gold and examined 
using a Helios Nanolab 600i SEM at 5 kV and 21 pA. 

2.5. Compact tension test 

In this study, the CT tests were performed on rectangular specimens 
(60 mm × 65 mm) with a stack-up sequence of [90(0/90)10]s, as defined 
by Pinho et al. [36,37]. A 30 mm long × 4 mm wide notch and two 
load-bearing holes (with 8 mm diameters) were machined in each 
specimen (Fig. 2). At the end of each notch, a 10 mm slit was machined 
using a standard wire-cutting machine (0.2 mm filament). The distance 
between the notch and the resin gap is FL/4 (Fig. 2). That is, for all 
‘Length50’ coupons, the distance between the notch and the cut was 
12.5 mm; for ‘Length25’ coupons this distance was 6.25 mm; and for 
‘Length10’ the distance was 2.5 mm. According to these measurements, 
the Length50 specimens contain only one cut in each 0-ply, thus leading 
to a less representative volume of the microstructure. However, the 
critical length calculation shows that this microstructure should not lead 
to pull-out, even if a larger specimen is used (section 3.4). 

A speckled pattern was created on the surface of the specimen to 

identify any surface damage or highly deformed regions produced dur
ing the test. For each laminate, five specimens were tested using an 
Instron 3384 testing machine (load cell of 10 kN, 0.5 mm/min) (Fig. 7 of 
the SI) to reach a crack growth of approximately 25 mm. A high- 
resolution charge-coupled device (CCD) camera was used to record 
the results. Digital image correlation (DIC) was used to analyse the 
surface of the sample by counting pixels [37]. Details of the calculation 
method are provided in the experimental section. 

3. Results and discussion 

All the ultrasonic C-scan images showed no voids, ply delamination, 
or defects. In Fig. 8 of the SI, it can be appreciated how the gaps created 
during the manufacturing process, between the cut fibres, were filled 
with resin, thus producing resin pockets [27]. Furthermore, the fibre and 
gap length distribution results are shown in section 2.1 of the SI. 
Regarding FL, a deviation of approximately 2 mm was observed in all the 
‘brick-and-mortar’ laminates, and this is related to the precision of the 
ATL [27] (Fig. 9a of the SI). The average gap length for all the ‘brick-
and-mortar’ laminates was 34–90 μm (Fig. 9b of the SI), which is similar 
that reported in a previous study conducted using the same ATL machine 
[27]. No significant differences in fibre (standard deviation, 1.5%) or 
void volume (ca. 0%) were found among the laminates manufactured 
(Table 1 of the SI). 

3.1. Calculation method 

The tested ‘brick-and-mortar’ specimens were not symmetrical with 
respect to the crack plane because of crack migration during the fracture 
process. The tested DCB specimens showed two arms with different 
thicknesses along the longitudinal direction of the specimen. In addi
tion, the cracks observed in the 3ENF specimens were deflected to the 
upper layers during their propagation. Regarding the CT samples, 
several cracks appeared in the outer ply, as shown in Fig. 3. 

The standard calculation methods [29,31] indicated that symmetri
cal specimens with a single crack front could not be applied to our 
‘brick-and-mortar’ test. In addition, the DCB [38–40] and end-notched 
flexure (ENF) [41–43] methods developed for asymmetrical specimens 
could not be applied to these ‘brick-and-mortar’ specimens, as the po
sition of the crack plane varied during the test. Regarding the CT test, the 
usual data reduction methods for the translaminar fracture toughness 
[37,44–46] require the observation of a single crack. However, several 
crack fronts were present in the specimens during the tests performed in 
this study; thus, these methods could not be applied as well. 

Fig. 5. (a) Representative force vs displacement curves; (b) cross section of resin pockets; (c) association of the force vs displacement curve obtained for a ‘Length50’ 
coupon when subjected to a Mode I interlaminar fracture toughness test with (d) the broken specimen load drops match with resin pockets created in the gaps 
between the cut fibres. 
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The area method, based on the calculation of the area of the load- 
displacement curve divided by the area of the crack created, permitted 
the toughness of conventional bio-inspired composites to be quantita
tively measured [47–50]. This was also the same for the CFRPs in Mode I 
[51–54], Mode II [32,53,55], and CT [37,45,46] tests. In this study, the 
area method was used to estimate the interlaminar fracture toughness of 
the samples subjected to the DCB and 3ENF tests and the translaminar 
fracture toughness of the samples subjected to the CT tests (denoted as 
GDCB, G3ENF, and GCT, respectively) for both continuous and discontin
uous specimens. For GDCB, a crack length of approximately 50 mm was 
analysed. In addition, the R-curve of DCB samples was obtained using 
this method and by assuming a linear-elastic behaviour (straight unload 
and zero offset) to calculate the area between each crack increment of 
the R-curve [56,57] for the first 30 mm of crack growth. It is assumed 

that this method has an associated error that is calculated as it neglects 
any plastic or friction effects. This same assumption was applied to 
calculate the GCT [37]. Details of the method are shown in Fig. 10 of the 
SI. 

3.2. Double cantilever beam test 

The results of the DCB tests are shown in Table 1. Specimens 
‘Length50’, ‘Length25’, and ‘Length10’ exhibited 10%, 20%, and 32% 
higher GDCB, respectively, compared to that of the ‘Continuous’ samples. 
In all the samples, the crack growth reached approximately 50 mm. It 
should be noted that during the precracking process of the ‘Length10’ 
laminates, the crack tip deflected from the midplane (8th–9th interply, 
Fig. 3) to the 9th–10th interply (Fig. 3) owing to the short overlap length 
(5 mm, FL/2). Because several crack deflections were produced in each 
sample, the initial effect mentioned with respect to sample ‘Length10’ 
may not influence the toughness of the material significantly. 

In contrast, the R-curves (Fig. 4) showed higher fracture toughness 
values for the ’brick-and-mortar’ coupons along the propagation of the 
entire crack. The GI error was calculated and included in the R-curve, 
and it was observed that this measurement was reliable for the propa
gation area of the curve (Fig. 4). As shown in Fig. 5, the gap between the 
cut fibres was filled with resin during the manufacturing process, 
thereby creating resin pockets [27]. 

The results showed that the increase in fracture toughness increased 
with the increasing number of resin pockets met by the crack. 

With respect to the force and displacement curves, ‘Continuous’ 
coupons showed a typical CFRP Mode I curve (Fig. 5a), which indicates 

Fig. 6. Scanning electron microscopy (SEM) images of the fracture surfaces, (a) ‘Continuous’ ( × 1000), and (b) ‘Length10’ ( × 500) laminates, when subjected to 
DCB tests. Arrows labelled with: the number 1 show the fibre imprint; number 2 arrows the riverlines; and number 3 arrows the shallow cusps. 

Fig. 7. (a) Mixed mode ratio vs. relative vertical offset of the cracking plane, and overview of an FE model with (b) Δy/h = 0.63 and (c) Δy/ h = 0.  

Fig. 8. Detailed failure mode of ‘Length10’ laminates. Dotted lines indicate the 
crack fronts. 
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stable and continuous crack growth along the specimen [29]. The 
typical features of a Mode I fracture, such as fibre imprint, broken fibres 
[58,59], and riverlines [58–60], were observed using SEM (Fig. 6a). 
Fibre bridging was scarcely observed in either the continuous or 
discontinuous samples. 

Additionally, the ‘brick-and-mortar’ coupons showed stick-slip-type 
curves (Fig. 5a) [52]. It has been reported that resin pockets arrest 
crack propagation by crack blunting, which leads to enhanced fracture 
toughness [61]. The resin pockets located between the cut fibres acted as 
crack arresters, thus increasing the load necessary for crack propagation. 
This was followed by sudden crack propagation and a subsequent load 
drop [20,60,62] (Fig. 5b, c, and d). This produces consistent stick-slip 
type curves (Fig. 11 of the SI) in the ‘Length50’ and ‘Length25’ lami
nates. The ‘Length10’ laminates show less consistent load drops asso
ciated with the less precise location of the cuts due to machine precision 
(Fig. 9 of the SI). 

It was also possible for the crack to be deflected upward to the next 
interply when it reached a resin pocket (Fig. 6b). This process was 
observed throughout the different plies as the crack tip progressed 

(Fig. 5c and d). The crack deflection mechanism produced a tortuous 
path and a reduction in the stress intensity field locally experienced at 
the crack tip [63–65]; this also resulted in greater sample toughness. 

Finally, during the tests, the thicknesses of the arms of the specimens 
varied as the cracks propagated and deflected, thus resulting in an 
asymmetric test (Fig. 3). The asymmetry in the DCB test produced a 
mixed-mode (Mode I and II) state at the crack tip while maintaining 
predominantly Mode I [38,66–68]. Within this asymmetrical condition, 
the failure mode varied during the test and increased the contribution of 
Mode II when the difference between the thicknesses of the arms 
increased [39,67]. Because of this contribution, shallow cusps were 
present on the fracture surface of the ‘brick-and-mortar’ specimens 
(Fig. 6b) [58,69]. Furthermore, there was a localised increase in the 
amount of matrix fracture per unit surface area, and this increased the 
overall toughness of the specimens [58,59,70]. 

The contribution of Mode II in the DCB tests was numerically esti
mated using the finite element (FE) model developed in Abaqus. The 
fracture surface observed in the experiments, following a stair-like 
pattern due to successive crack migrations, was explicitly represented 
in the numerical model to ascertain the effect of the geometrical fea
tures. The whole coupon was modelled using a homogenised single- 
material linear elastic solid, neglecting the local variability of the 
microstructure. Thus, the resin-rich regions were not represented. The 

mode mixity, defined as φ =
K2

II
K2

I +K2
II
, was calculated at the crack tip based 

on the computation of the stress intensity factors KI and KII according to 
the global axis directions. The crack tip is located at a distance FL/2 from 
the latest crack migration, as shown in Fig. 7b, and is assumed to 
propagate in the horizontal direction (also detailed in Fig. 16b of the SI). 
A batch of FE models with increasing distance between the plane of the 
crack tip and the midplane of the coupon, Δy, were analysed, and the 
results are shown in Fig. 7. Here, the increment of mode mixity (φ) is 
evidenced by increasing Δy/h, where 2h is the coupon thickness and Δy 
is the distance in the through-the-thickness direction from the crack tip 
to the midplane of the coupon, as illustrated in Fig. 16 of the SI. As 
expected, when there was no offset from the midplane, Δy = 0; the DCB 
test exerted a pure opening fracture mode at the crack tip, and φ = 0. In 
contrast, when the delamination plane was away from the coupon 

Fig. 9. The tested (a) ‘Continuous’ and (b) ‘Length10’ samples subjected to four load-unload cycles and their representative load vs displacement curves obtained by 
applying the 3ENF test. White dotted lines indicate the beginning and end of each load cycle performed on that sample with the corresponding crack length indicated. 
‘Length10’ picture shows cuts mainly located between starting and ending points of the loading cycle, thus leading to a more progressive damage process. However, it 
can be seen that the beginning third load cycle coincides with a cut, and this leads to a more abrupt load drop. 

Fig. 10. Average maximum load obtained in Mode II tests for each load step 
and for each of the laminates: ‘Continuous’, ‘Length50’, ‘Length25’, 
and ‘Length10’. 
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midplane, the mismatching bending stiffness of the DCB arms intro
duced a non-negligible fracture Mode II contribution along the crack 
propagation. 

A detailed description of the FE model (i.e., mesh, boundary condi
tions, material properties, etc.) can be found in section 3 of the SI. 

Finally, as can be observed in Figs. 8 and 12 of the SI, for the 
‘Length25’ and ‘Length10’ laminates, several crack fronts were created. 
The observed decomposition of the fracture process in several planes can 
also lead to an increase in resistance to crack growth [70]. 

These toughening mechanisms (resin pockets acting as crack ar
resters, crack deflection, mixed mode, and fracture decomposition) are 
in good agreement with the observed results (Table 1). The shorter the 
length of the fibre along the ply, the larger the number of cuts within the 
laminate. Therefore, more resin pockets tended to arrest the fracture 
process by increasing the tortuosity of the crack path (Fig. 12 of the SI). 
This, in turn, resulted in greater asymmetry and Mode II contribution, 
and thus a higher R-curve plateau [64] in comparison to the flat R-curve 
observed for the ‘Continuous’ plies (Fig. 4). 

3.3. Three-point end-notched flexure test 

The resulting curves of the specimens subjected to four load-unload 
cycles during the 3ENF tests [32,33] are presented in Fig. 9. The average 
maximum force reached during the test (Fig. 10) increased with the 
number of resin pockets. In general, higher values were observed for 
those ‘brick-and-mortar’ laminates with shorter fibre lengths: 18% and 
60% increments were obtained between the first and the fourth cycle, 
for ‘Length25’ and ‘Length10’ laminates, respectively. 

Regarding the GENF determined in each load cycle, the values also 
increased with the number of resin pockets contained in the coupon 
(Table 2). Furthermore, while the GENF values remained constant for the 
‘Continuous’ samples along the four load cycles, the GENF values ob
tained for the ‘brick-and-mortar’ laminates increased with the number 
of load cycles. For example, for the ‘Length10’ laminates, an increment 
of 69% was observed between the 1st and 3rd load cycles. 

Similar to the DCB coupons, the resin pockets acted as crack arresters 
in the ‘brick-and-mortar’ specimens. Once the crack reached a resin 
pocket, it deflected to the upper layer (Fig. 3). These crack arrester and 

Fig. 11. (a) GENF vs Ply number in which each load cycle starts for each coupon tested. Since the crack is located between two plies, the crack ply is indicated as the 
carbon layer placed on the bottom of the crack (#ply). (b) GENF vs Number of resin pockets contained within the area analysed in the corresponding load cycle for 
each coupon tested. With respect to the ply numbering, ply 1 is considered to be the one touching the rollers while ply 18 is the one touching the load point, with the 
stacking sequence [09/09]. 

Fig. 12. SEM pictures ( × 500) of the fracture surfaces obtained in the first cycle load in (a) ‘Continuous’ and (b) ‘Length10’ laminates subjected to a 3ENF test. 
Resin-rich areas in ‘Length10’ coupon correspond to the resin gap created between the cut fibres, where the crack deflected (the ply in the upper part of the picture is 
a different ply than the ply in the bottom part of the picture). 
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crack deflection effects led to increased interlaminar fracture toughness 
[61,64,67,71]. 

Moreover, owing to the deflection process, the crack tip was not 
located in the sample ply at the beginning of each load cycle (Fig. 11a). 
Moreover, these toughening mechanisms depend on the number of resin 
pockets reached by the crack during the test. The laminates with shorter 
fibre lengths (higher number of resin pockets) presented higher GENF 
values, as shown in Fig. 11b. However, since the crack only grew 10–15 
mm in each test cycle, for coupons ‘Length50’ and ‘Length25’ the crack 
either did not pass through a resin pocket or only passed through one 
(Fig. 11a). Therefore, since just a few resin pockets were reached by the 
crack tip, slight increments were only produced in the ‘Length50’ lam
inates. A similar behaviour was found in the first and second load cycle 
for the ‘Length25’ laminates. In contrast, in the ‘Length10’ laminates, 
the crack propagated across several resin pockets, thus leading to greater 
toughness, as can be seen in Fig. 11b. 

Crack deflection can be observed in the fracture surfaces of ‘brick- 
and-mortar’ specimens (Figs. 9, 12b and 14 of the SI), in contrast to the 
conventional delamination failure along the midplane of the ‘Contin
uous’ coupons (Figs. 9 and 12a). The contribution of Mode II was clearly 
observed in all the fracture surfaces in the form of shallow cusps [42] 
(Fig. 12). 

Once the crack tip had migrated from the midplane to the upper 
layers of the specimen (Fig. 11a), the critical load for continuing crack 
propagation progressively increased, as shown in Fig. 10. A numerical 
FE model was built in Abaqus to study the influence of the relative po
sition of the delamination plane along the coupon thickness on the stress 
intensity factors (KI and KII) at the crack tip in the 3ENF tests. The results 
from this model were compared with a reference configuration whose 

crack tip was located at the midplane of the coupon thickness (reference 
in Fig. 13). The results showed that the stress intensity factor KII 
decreased as Δy increased when compared to the reference for the same 
applied load. This could be explained by the larger bending stiffness of 
the arms of the 3ENF coupon when Δy/h increases. The minimum 
bending stiffness of the arms occurs for Δy = 0, with It = I1 + I2 = 1

6 bh3. 
In contrast, as the delamination plane moved further away from the 
midplane of the coupon, the bending stiffness of the arms was higher: 
lim

Δy→h
It = 2

3 bh3, which was four times larger than that of Δy = 0 (see 

section 2.4 and Fig. 13 of the SI). Although these estimates of the mo
ments of inertia assume the sections of the arms to be uniform and do not 
follow a progressive stair-like fashion, these results explain the higher 
loads required for crack propagation after successive load cycles, as 
previously shown in Fig. 9. Moreover, mode mixity φ, was found to be 
independent of the position of the delamination plane (Fig. 13). 
Therefore, pure Mode II fracture was reported, regardless of Δy/h. 

A detailed description of the FE model (i.e., mesh, boundary condi
tions, material properties, etc.) can be found in section 3 of the SI. 

3.4. Compact tension test 

The representative load vs. displacement curves obtained via the CT 
tests are shown in Fig. 14a. ‘Continuous’, ‘Length50’, and ‘Length25’ 
laminates show typical ‘stick and slip’-type curves associated with un
stable crack propagation [37,45]. However, the curves of ‘Length10’ 
laminates show a smoother curve, indicating that the crack growth 
behaviour was stable. 

The translaminar fracture toughness (GCT) results are shown in 
Fig. 14b. ‘Length50’, ‘Length25’, and ‘Length10’ laminates showed in
crements of 19%, 13%, and 29%, respectively, compared to that of the 
‘Continuous’ laminates. Owing to the fibre configuration of the speci
mens, these fracture toughness values can be interpreted as Mode I 
critical energy release rate for fibre fractures in the 0◦ plies (parallel to 
the load direction) and the critical energy release rate for matrix crack 
propagation in the 90◦ plies (perpendicular to the load direction) [36]. 
In this study, since the 90◦ plies are continuous in all the laminates, any 
increment observed would be associated with the difference in the 
coupons with 0◦ discontinuous carbon fibre plies (the ones containing 
cuts, Fig. 2). 

Fig. 15 shows the fracture surfaces of the specimens tested. 
‘Continuous’ and ‘Length50’ samples showed small fibre bundles pull- 
out in the 0◦ plies (Figs. 15a and 12b). This is probably caused by 
translaminar fibre tensile failure of the continuous plies [46]. This 
behaviour is in good agreement with the ‘stick and slip’-type curves 
observed in the ‘Continuous’ and ‘Length50’ samples, since large load 
drops correspond to an increase in crack propagation [37]. The 
Length25′ fracture surfaces also showed a few fibre bundles (Fig. 15c). 
However, ‘Length25’ specimens showed pull-out at ply-level in some of 
the fragments, approximately 6.2 mm long (which, in turn, is approxi
mately FL/4, Fig. 2), and ply thickness. Pull-out at ply-level can be also 
clearly observed for ‘Length10’ laminates, with several 2.5 and 7.5 mm 
long fragments, which correspond to FL/4 and 3FL/4, respectively 
(Fig. 15d). 

The following simple analytical model can be used to determine the 
critical ply length (LCT) that prompts either fibre tensile failure or ply 
pull-out: 

σUT− fibre ⋅ w ⋅ T = 2τ ⋅ (w+ t)⋅LCT ,

where σUT− fibre is the ultimate tensile strength of the fibre (ca. 1850 MPa 
[72]), τ is the interface shear strength (ca. 85 MPa [73]), w is the 
characteristic distance in the direction of the crack propagation, and t 
represents the ply thickness (0.184 mm). If w≫t the expression is written 
as: 

σUT− fibre ⋅ T ≈ 2τ⋅LCT .

Table 2 
Average thickness (mm) and average fracture toughness (kJ/m2) obtained after 
each load-unload cycle (GENF-1st load, GENF-2nd load, GENF-3rd load, and GENF-4th load) 
for the four types of laminates subjected to the 3ENF test: ‘Continuous’, 
‘Length50’, ‘Length25’, and ‘Length10’.   

Thickness 
(mm) 

GENF- 1st 

load (kJ/ 
m2) 

GENF- 2nd 

load (kJ/ 
m2) 

GENF-3rd 

load (kJ/ 
m2) 

GENF4th load 

(kJ/m2) 

Continuous 3.13 ± 0.04 1.13 ±
0.06 

1.0 ± 0.2 0.9 ± 0.2 0.89 ±
0.09 

Length50 3.13 ± 0.02 1.3 ± 0.3 0.9 ± 0.2 1.0 ± 0.4 1.2 ± 0.2 
Length25 3.12 ± 0.02 1.14 ±

0.09 
1.19 ±
0.05 

1.33 ±
0.05 

1.41 ±
0.04 

Length10 3.121 ±
0.011 

1.3 ± 0.2 1.46 ±
0.08 

2.2 ± 0.2 1.5 ± 0.1a  

a Data from two coupons. The other two coupons broke during the fourth load 
cycle. 

Fig. 13. Influence of the relative position of the delaminating plane: relative 
stress intensity factor in Mode II in the numerical model of the ENF test for the 
same applied load (solid black line), and mixed mode ratio (dashed red line). 
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Therefore, the critical length is obtained as: 

LCT ≈
σUT − fibre⋅T

2τ = 2 mm.

Considering this value, it was shown that the shorter distance be
tween the resin gap and the notch in ‘Length10’ coupons (FL/4 = 2.5 
mm, Fig. 2), which is of the order of LCT, caused the crack to deflect, thus 
resulting in a higher amount of ply pull-out (‘brick’ pull-out). The ‘brick’ 
pull-out of the carbon fibre plies led to an increment in the toughness 
GCT (Mode I fracture toughness in the in-plane direction) by the energy 
dissipation resulting from debonding and friction [74,75]. 

Simultaneously, this resulted in a more stable crack propagation, as 
shown in Fig. 14a [22,75]. Finally, the load in ‘Length10’ coupons 
(Fig. 14a) does not fall to zero as the pull-out process of the 7.5 mm long 
fragments cannot be completed, thereby transferring some stresses 
through friction. 

In contrast, the carbon fibres for ‘Continuous’, ‘Length50’ and 
‘Length25’ laminates were long enough to transfer stress from the matrix 
to the fibre via the interface, and this resulted in fibre tensile failure 
(Fig. 15). Due to this different behaviour, the load-extension curves 
(Fig. 14) and failure mode of these three samples (Fig. 15) are clearly 
different from those of the ‘Length10’ samples. 

Fig. 14. (a) Representative Load vs Extension curve and (b) average translaminar fracture toughness values obtained from the CT tests using ‘Continuous’, 
‘Length50’, ‘Length25’, and ‘Length10’ laminates. 

Fig. 15. Representative failure modes obtained when (a) ‘Continuous’, (b) ‘Length50’, (c) ‘Length25’ and, (d) ‘Length10’ laminates were subjected to the CT test.  
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The DIC analysis performed during the CT tests showed varying 
strain distributions for the different laminates studied and a larger 
damaged area for the ‘brick-and-mortar’ laminates. Fig. 16 shows the 
longitudinal strains (εyy) at the point of maximum load (immediately 
before crack growth). It can be observed that the areas near the resin 
pockets in the ‘brick-and-mortar’ laminates were under a greater 
amount of strain, which led to the formation of multiple crack fronts in 
the outer layer (Figs. 3c and 15 of the SI). 

Based on the above results, it has been shown that several mecha
nisms are at play in the ‘brick-and-mortar’ laminates. Apart from the 
fibre breakage and pull-out mechanisms of a conventional laminate, 
‘brick-and-mortar’ laminates exhibit delamination of the fibre fragments 
cut by the ATL. In addition, several cracks were present during the 
mechanical tests but were only visible in the outer layer. 

4. Conclusions 

Bio-inspired CFRP laminates, mimicking the structure of nacre in a 
2D version with different stacking sequences, were manufactured using 
ATL and autoclave curing to enhance their delamination properties. 
Interlaminar fracture toughness was determined by conducting DCB and 
3ENF tests, and the translaminar fracture toughness was characterised 

using the compact tension test. All values were estimated using the area 
method. 

The results of the DCB and 3ENF tests revealed that the interlaminar 
fracture toughness increased by 24% and 92% in the ‘Length25’ and 
‘Length10’ laminates, respectively. In the DCB and 3ENF coupons, resin 
pockets act as crack arresters, and crack deflection produces a shielding 
effect that augments the fracture toughness. In addition, for the DCB 
coupons, the asymmetry produced due to crack deflection led to a Mode 
II contribution. 

In this study, we have shown that the translaminar fracture tough
ness in the ‘Length10’ laminates was increased by up to 29% and that 
‘Brick’ pull-out was observed in laminates ‘Length25’ and ‘Length10’, 
whose fracture toughness was greater due to energy dissipation caused 
by debonding and friction. In addition, this study has shed light on how 
the length and shape of the cuts can be optimised [22]. However, these 
processes cannot be implemented using an ATL machine. 

In summary, this study has provided promising results, where the 
properties of fracture behaviour and fracture toughness have been 
enhanced by introducing a ‘brick-and-mortar’ structure into CFRPs 
produced using processes, materials and standards, such as ATL, that are 
currently being implemented in the aerospace industry. 

Fig. 16. Using digital image correlation (DIC), the longitudinal distribution of the strain (εyy) at the point of maximum load observed in ‘Continuous’, ‘Length50’, 
‘Length25’, and ‘Length10’ laminates subjected to the CT test. 
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