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Mode II delamination properties of Vectran stitched composites were investigated, and tabbed

end notch flexural specimen testing was used to prevent premature failure. The effects of stitch

density and stitch thread thickness were explored, and fibre compaction due to the stitching

process was also verified. The results show that, in moderately stitched laminates (low stitch

density), the improvement in GIIC was negligible. Crack bridging by the stitch threads at the crack

zone were mostly compensated for the effect of fibre compaction, which reduced the GIIC values.

Conversely, in densely stitched laminates (high stitch density), GIIC values were improved

significantly (2?4 times higher than those of unstitched laminates). The effects of stitch thread

thickness appeared to be negligible in moderately stitched laminates. For densely stitched

laminates, thicker stitch thread (500 denier) possessed GIIC values that were 45?7% higher than

thinner stitch thread (200 denier).
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Introduction
In the last decade, use of carbon fibre reinforced polymers
(CFRPs) in lightweight structures has increased signifi-
cantly, especially in aerospace applications. For example,
CFRPs make up more than 50% of the total weight of
Boeing 787 and Airbus A350 XWB. In automotive
applications, the use of CFRPs is rising in parallel with
the manufacture of electric cars. Carbon fibre reinforced
polymers comprise most of the internal structure and
body of the BMW i3.

Although there are many advantages of using CFRPs,
they are subject to interlaminar strength debilities that
can cause delamination. To overcome the issue, three-
dimensional (3D) fibre reinforced polymer composites
have been developed since the mid-1980s.1 The techni-
ques for 3D reinforcement include braiding,2,3 knitting,3

weaving,3–5 z-pinning6 and stitching.7 Stitching is one of
the most promising methods. The existence of stitch
threads in composite laminates increases mode I (open-
ing mode) delamination through a stitch bridging
mechanism and reduces the size of the crack propaga-
tion zone.8–11 The mode I energy release rate in stitched
laminates could reach 15 times that of unstitched
laminates, depending on the type and diameter of the
stitch thread, stitch density and stitch distribution.

Furthermore, in many real cases, such as in composite
plates under low velocity impact, delamination propagates

mainly via a mode II (shear mode) process.12 The first
experimental work on stitched composites undergoing
mode II delamination was reported by Sankar and
Sharma.13 Kevlar and glass fibres were used as stitch
threads in unidirectional CFRPs, and the existence of
stitch threads increased the energy release rates GIIC by
between five and eight times. Generally, GIIC values
increased with increasing stitch density, except for Glass-
750 stitch thread, where optimum stitch density was
probably achieved at the level 2?48 stitches/cm2. The area
method with compliance of the unloading curve was
applied to calculate GIIC. Jain et al.14 reported that the
GIIC values were improved by up to 3?3 times when
Kevlar and carbon T-900 were used as stitch threads.
Stitch density and stitch thread thickness did not affect
GIIRi (initial energy release rate) but had considerable
effects on GIIRs (steady state energy release rate). It was
also reported that, in some specimens, compression
failure occurred at the stitch lines closest to the central
loading pin. To avoid premature failure, Wood et al.15

used tabbed end notch flexural (TENF) specimens,
embedding aluminium 2024 T3 sheets of 2 mm thickness
at both the upper and lower surfaces of specimens. In
their experiment, liquid crystal polymers (1500 denier)
were stitched on satin weave carbon fibres with epoxy
matrixes. They reported that the energy release rates of
stitched composites were 2?25 times those of unstitched
composites and were negligibly affected by stitch
distribution.

Type of stitch thread has a significant effect on the
properties of stitched composites. A previous study of
our group on mode I interlaminar properties16 con-
cluded that Vectran has better reinforcement compared
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to Kevlar and carbon fibres. Additionally, Vectran also
has a lower propensity to absorb moisture.

To the best of our knowledge, this article is the first to
investigate the effects of stitch thread thickness and
stitch density on mode II delamination properties of
quasi-isotropic CFRP laminates with Vectran as the
stitch thread. The work also proposes to complement
the delamination behaviour of the same materials that
have been reported by our group (on mode I delamina-
tion testing).11,16 Furthermore, to enhance the analysis,
the effects of fibre compaction during stitching processes
have also been originally investigated.

Experimental methods

Material and sample preparation
Both unstitched and stitched composite laminates used
in this test were made with T800SC-24K (Toray
Industry) and follow the same lay-up as our group’s

previous work on mode I delamination testing11 [24-ply
quasi-isotropic (z45/0/245/90)3S]. Toyota Industries
Corporation fabricated the stitched composite laminates
using their patented modified lock stitching process.17

Multidirectional stitched laminates prepared using this
typical process exhibit minimal fibre waviness compared
to unidirectional ones. The multidirectional preformed
fibres can be stretched in many directions during the
stitching process to restrain the fibre waviness. It
is worth minimising the fibre waviness in mode II
delamination test specimens because it affects the results
by slip locking18 and emerging mode I processes.
Therefore, quasi-isotropic laminates were used in this
experimental work.

To investigate the effect of stitch thread thickness, two
fibre linear densities were used (200 and 500 denier,
equal to 0?0158 and 0?0394 mm2 cross-sectional areas
respectively). Meanwhile, the effects of stitch density
were evaluated by manufacturing different types of
specimens: so called moderately and densely stitched
laminates. Both types have different stitch spacing Ss

and stitch pitch Sp, as illustrated in Fig. 1a. These
moderately and densely stitched laminates had Ss6Sp

values of 666 mm and 363 mm respectively. The stitch
density SD of the laminates can be calculated using the
following expression

SD~
1

Ss|Sp

(1)

Kapton film was inserted between the middle layers of
the laminates to facilitate the initial crack, and stitching
did not occur in the specimen area where the film was
inserted (Fig. 1b).

After the stitching process, XNR/H6813 Denatite
resin (Nagase Chemtex Corp.) was used to consolidate
the composite laminates using a vacuum assisted resin
transfer moulding technique. The same process was used
to manufacture the unstitched laminates, but a wider
area was left unstitched, so that the total thickness
remained similar between the stitched and unstitched
laminates. The average thickness of the laminate plates
was 5?16 mm.

The specimens were cut from the plates using a water
cooled cutting machine (AC-400CF, Maruto) and were
22?4 mm wide and 150 mm long. Five types of speci-
mens were prepared (Table 1).

Test method
Until now, international consensus on the standard
procedure of mode II delamination testing has not been
achieved, even though collaborative work has been
conducted by the European Structural Integrity Society,

1 a modified lock stitching pattern and b 363 mm

stitched composite laminate with ENF specimen cutting

position

Table 1 Types of test specimens

Specimen type Unstitched
Stitched 666
200 denier

Stitched 666
500 denier

Stitched 363
200 denier

Stitched 363
500 denier

Code Unstitched 6D2 6D5 3D2 3D5
Stitch pitch/mm … 6 6 3 3
Stitch spacing/mm 6 6 3 3
Stitch density/cm22 … 2.78 2.78 11.11 11.11
Stitch thread thickness/denier … 200 500 200 500
Fibre volume fraction/% 53.9 53.7 54.2 54.4 54.9
Number of needle thread lines in width direction … 4 4 8 8
Number of specimens 6 6 6 6 6
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Japan Industrial Standards (JIS) group and ASTM.19 A
review on prospective standard procedures has been
reported by Brunner et al.20 However, a local standard
method already existed (Japanese Industrial Standard
JIS K7086),21 and a draft European Standard EN 6034
has been proposed.

In this experimental work, the ENF test adopted
refers to JIS K7086, mainly for the test fixtures and
specimen sizes. Modifications have been conducted to
overcome many problems on stitched composites. Based
on our preliminary test and those of many other
reported works,14,15 stitched composite laminates are
prone to failure before crack propagation during ENF
testing. To avoid this, aluminium tabs were embedded at
the upper and bottom surfaces of the specimen using
high strength epoxy (Hysol EA 9309?3NA from Henkel
Corporation).22 This type of epoxy contains 0?13 mm
glass beads for bond line thickness control, so that the
total thickness of TENF specimens can be kept constant
at 7?39¡0?03 mm. In this work, Al-7075 T6 was
selected as the tab material because it possesses the
highest yield strength among the aluminium alloys. A
relatively thin aluminium tab (thickness51 mm) was
also selected to minimise the shear stress at the interface
between the composite laminate and aluminium tab so
that delamination at the bonded joint could be avoided.
A detailed description of the TENF specimen set-up is
given in Fig. 2.

Additionally, the crack tip was developed using a
precracking process. Precracks greatly influence the
energy release rates of composite laminates.23,24 They
remove resin pockets at the ends of the inserted film.
These resin pockets create a blunt crack tip and increase
the crack’s propagation resistance. Before ENF testing,
a crack opening that was a few millimetres long was
created using a sharp, thin razor blade. Then, three-
point bend loading was used to propagate the crack to a
position between 1 and 3 mm beyond the end of the
Kapton film. This pre-ENF test was conducted with a

half-span length of 40–45 mm, and the loading point
was placed exactly in between the first and second stitch
row. Because this pre-ENF test was conducted in the
unstitched region, unstable crack propagation occurred
and stopped exactly at the loading point. The greatest
advantage of using this precracking process was that the
crack tip position was located at the same region for all
specimens (between the first and second stitch row), as
shown in Fig. 2. Furthermore, to enhance the contrast
of the crack tip, brittle white paint was applied to both
edges of the specimens.

Subsequently, TENF tests were conducted using a
4505 series Instron machine with a 10 kN load cell over
a total span of 100 mm (Fig. 3). The specimens were
loaded at a constant crosshead speed of 0?5 mm min21

until 1 kN was reached, then the crosshead speed was
reduced to 0?1 mm min21 to enable slow crack propa-
gation. After unloading, the new crack length was
measured using a travelling microscope at 625 magni-
fication and 0?01 mm reading accuracy.

Data reduction
The energy release rate GII was calculated using
the compliance calibration method of Carlsson and
Gillespie23 and Carlsson et al.25 This method was
selected because it can accommodate tabs being on the
specimen without any modifications to the basic GII

calculation.26 The energy release rate can be evaluated
by differentiation of compliances with respect to crack
lengths when there is no plastic deformation and no
damage except for interlaminar fracture. Before TENF
testing, the specimen compliance was measured for five
crack lengths (0, 10, 20, 30 and 40 mm) by applying
small loadings until between 600 and 700 N was reached
(0?1 mm min21 crosshead speed). Similar procedures
were repeated at each specific point where the energy
release rate was being measured. Placement of the
specimens was adjusted to obtain a new compliance
data, depending on the available space. For example, to
measure GIIC at a typical crack length of 45 mm, the
compliances were measured at crack tip positions of 37,
41, 45 and 49 mm from the right supporting pin. Then,
compliance values were plotted in terms of C/Co versus
(a/L)3, and the slope m of the curve was measured.

Energy release rates were calculated as follows

GII~
3mP2a2Co

2wL3
(2)

where Co is the compliance of the specimen without any
crack along the span, a is the crack length and P is the
peak load at which the crack starts to propagate.
Parameters w and L are the width of the specimen and
half-length of the span respectively. It is important to

2 Tabbed end notch flexure (TENF) specimen set-up with specific crack tip position

3 Mode II delamination test set-up
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note that the slope m in equation (2) is specific for each
crack length on the specimen to be tested.

To investigate the effects of stitch thread thickness
and stitch density, GIIC values were determined for crack
lengths of 25 and 45 mm for all specimens. These crack
lengths were close to the initial and steady state points
given by Jain et al.14 In the present work, steady states
(flat portions of R curves) were not achieved in some
type of specimens; therefore, a crack length of 45 mm
was chosen. In between the two crack lengths, only one
or two other GIIC values could be measured for each
specimen due to the limited space available. However,
the R curve (GII versus crack length) could still be
determined for each type of specimen.

Measurement of local fibre volume fraction
This subtopic was added into the experimental work
based on preliminary results of TENF tests and related
references,27,28 which raised queries about correlations
between fibre volume fraction and GIIC values. To
address this issue, the explanation is separated as
detailed in the following.

Fibre compaction due to stitching process

It has been reported that fibre compaction during
the stitching process increased the local fibre volume
fraction Vfl through numerous steps.29 First, the insertion
of the stitch fibre moves the preformed fibres laterally.
The fibres between the two stitch lines are then deflected,
causing a local increase in the volume fraction. Second,
the tension forces created during the stitching process
enhance fibre compaction. Finally, the pressure applied to
stitched fibres during laminate consolidation also
increases Vfl, especially in the area under the stitched
threads. These three factors are inevitable characteristics
of stitched composite laminates.7

Effect of local fibre volume fraction on energy release rate

The effects of Vfl on mode I and II delamination
properties of five harness satin woven carbon fibre/
epoxy resin composites have been investigated.27

However, it was difficult to measure these effects in
mode II delamination testing due to the serious influence
of friction and interlocking between delamination

surfaces. Work on similar case was carried out by
Feret et al.28 using a mixed mode delamination test.
They concluded that at the high mode II ratio, the total
crack propagation energy was decreased by increasing
Vfl.

The above reported works used fabric/woven carbon
fibres. To enhance the hypothesis on non-fabric
composites, a mode II static fracture mechanism may
be the best approach. Hojo et al.30 reported that, during
static ENF testing, microcracks initiated first at the
fibre/matrix interfaces, followed by matrix cracking
between the fibres. These microcracks appeared when
the shear stress at the fibre/matrix interface near the
crack tip reached a certain value (called the critical shear
stress).31 Furthermore, in relation to the maximum shear
stress at fibre/matrix interfaces, multifibres pullout study
at different Vfl (Ref. 32) was adopted. Quantitatively,
this numerical study explained that the maximum shear
stress at the interface will increase with increasing Vfl,
following the curve shown in Fig. 4.

Measurement method of local fibre volume fraction

JIS K7075-199133 was referred to when conducting
burnoff tests to measure fibre volume fraction. The
measurement was performed as follows:

(i) the sample mass was measured

(ii) the sample was burned with a gas torch

(iii) the mass of the burned sample was remeasured

(iv) the fibre volume fraction was calculated.

Before burning, the masses of each specimen were
measured in open air and under water so that the
densities of the samples could be calculated.

To measure local volume fraction at the position
where it increases as a result of the stitching process, the
specimens were cut as shown in Fig. 5. This cutting
position mostly excluded the resin rich region, and the
three main factors related to fibre compaction (discussed
above) were encountered. For the stitched laminates of

4 Plot showing normalised maximum interface shear

stress at loaded fibres end of pullout test simulation

(data from Fu et al.32)

5 Schematic of cutting method used for sample burnoff

tests
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666 mm, the length a and width b were 10 and 4 mm
respectively. For the unstitched and stitched laminates
of 363 mm, the dimensions were 1062 mm. After
cutting was complete and before the burnoff tests, the
remaining needle thread was sanded off using emery
paper. The average thickness t of all specimens was
4?88 mm. Five to six burnoff specimens from each type
of laminate were investigated.

Results and discussion

Load–displacement curves
Typical load–displacement curves for all types of speci-
mens that resulted from TENF tests are displayed in
Fig. 6. In the case of unstitched and moderately stitched
specimens, it is evident in Fig. 6a–c that the cracks
suddenly propagated to the centre of the loading pin.

6 Typical load–displacement curves for unstitched and stitched specimens
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The densely stitched laminates (Fig. 6d and e) could
detain crack propagation, and their load–displacement
curves consist of two or three steps until the cracks reach
the centre of the loading pin.

After completion of the TENF tests, all specimens
were visually inspected to determine whether any plastic
deformation of the specimens or delamination occurred
at the interfaces between the composite laminates and
the aluminium tabs. Neither plastic deformation nor
delamination was observed (Fig. 7), guaranteeing that
the energy lost during the tests was only due to
interlaminar crack extension.

Additionally, Fig. 7 also reveals that the crack shifted
from the centre (between the 90/90u layer) to the interface
between the 245/0u layer. This occurred during the
precracking process, which used either a sharp razor
blade (at the beginning) or the three-point bending
fixture, as described previously. This behaviour appeared
on all types of specimens as demonstrated in Fig. 8. Other
researchers have also reported that cracks shift to the
closest 0u layer on the compressive side.34–36

During the TENF tests, the cracks propagated at the
interface between 245/0u layers without crack shifting
(Figs. 7 and 8). Some comparison studies have been
proposed to address these issues. Polaha et al.36

investigated carbon/epoxy laminates with h/2h delami-
nated interfaces where h50, 15 and 30u. They concluded
that the effect of h on GIIC was negligible. However,
De Morais37 conducted numerical analysis on several
multidirectional laminates and reported that, in the case
of the 0/45u delamination interface, mode III and I
processes arose by 3 and 1% of the total energy release
rate respectively. Additionally, related to asymmetry
crack plane, Mollón et al.38 concluded that it has no
significant effects on GII. Therefore, the results obtained
in this experimental work are quite reasonable. All of the
specimen types show similar crack behaviours (Fig. 8),
and the disadvantages of delaminated interfaces and
crack planes were universal to all specimens and should
not affect the comparative study.

Energy release rates
Each point of the GII data has a specific value of slope m,
as mentioned in equation (2). A typical C/Co versus (a/
L)3 curve is plotted in Fig. 9, and the slope m was
calculated from this curve. Furthermore, GII values were
calculated, and R curves were plotted as shown in
Fig. 10. In general, the unstitched and moderately
stitched specimens presented similar R curves. The
steady state regions (the flat regions) appeared for
both unstitched and stitched laminates of 666 mm,
200 denier. To support this evidence, stitched specimens
were cut into small pieces in between two stitched rows,
so that one stitched row was present on each part, then
separated slowly by hand. It was found that in the
stitched sample of 666 mm 200 denier, the first and
second rows of stitch threads were broken, as illustrated
in Fig. 8. The maximum energy bridged by the stitch
fibre was achieved, after which the energy release rate
did not increase with further increases in the crack
length. In stitched specimens of 666 mm 500 denier, no
stitch fibre was broken, and the steady state zone was
not obviously observed.

Furthermore, the densely stitched specimens showed
desirable mode II delamination properties. Based on the
cutting results described in Fig. 8, the stitch fibres were

7 Tested specimen of stitched 666 mm and 500 denier thread thickness

8 Crack propagation planes of all specimen types at pre-

crack regions

9 Typical specimen compliance curve in terms of C/Co

versus (a/L)3
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not broken during the test, so steady state regions were
not attained.

To quantitatively evaluate the effect of stitching, the
GIIC values at the crack lengths a of 25 and 45 mm from
each type of specimen are plotted in Fig. 11. It is worth
noting that at a crack length of 25 mm, only one stitched
row was present in the crack region, and it represented
the crack tip was placed in the stitching environment

(Fig. 2). Conversely, at a crack length of 45 mm, the
crack region was fully stitched and the left overhang on
Fig. 2 is only about 9–13 mm. There were, on average,
eight and fifteen stitch rows in the crack zone for stitched
specimens of 666 mm and 363 mm respectively.

At a crack length of 25 mm, all types of stitched
specimens yielded lower GIIC values (by ,13?4%)
compared to the unstitched ones. One plausible reason

10 R curves for unstitched and stitched specimens
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why these GIIC values were lower is that fibre compac-
tion during the stitching process increased the local fibre
volume fraction. A detailed explanation will be pre-
sented in the next section.

At a crack length of 45 mm, the moderately stitched
specimens showed negligible increases in GIIC compared
to the unstitched ones (1?3 and 3?8% for specimens with
stitched thread thicknesses of 200 and 500 denier
respectively). Even though a certain amount of energy
was absorbed by the stitch threads, GIIC values were
most affected by the stitching process itself, which
reduced the GIIC values as discussed above.

On the other hand, the densely stitched specimens
underwent a significant improvement in GIIC compared
to the unstitched ones (64?8 and 140?3% increases for
the specimens with stitch thread thicknesses of 200
and 500 denier respectively). In this case, the energy
absorbed by the existence of the stitch threads sig-
nificantly increased the GIIC values.

Based on the above GIIC data at crack lengths of 25
and 45 mm, particularly for densely stitched specimens,
we recognise that the number of stitch threads at the
crack area significantly determines the effectivity of
delamination growth suppression. The GIIC values at a
crack length of 25 mm could be higher if more stitch
threads are in the crack area. This issue could not be
verified in more detail in this work due to the limited
space available in the specimens. However, our group’s
previous work on damage progression of stitched
composites under out of plane loading39 could explain
the delamination growth rate after small damage was
initiated. In this case, the crack area was fully stitched
(unlike in mode II specimens). It was observed that
delamination growth in moderately stitched specimens
was slightly slower than in unstitched ones, and
delamination growth was suppressed significantly in
densely stitched specimens.

The effect of stitch thread thickness is relatively small
in the case of moderately stitched specimens (3%). In
densely stitched specimens, thicker stitch threads
(500 denier) exhibited GIIC values that were 1?46 times
those of thinner stitch threads (200 denier). This clearly
showed that thicker stitch threads could absorb more
energy during the test.

Fibre compaction effects
Local fibre volume fractions were plotted for each type
of specimen (Fig. 12). Fibre compaction during the
stitching process increased local fibre volume fractions
by averages of 3 and 3?8% for moderately and densely

stitched laminates respectively. These increments gen-
erate higher levels of maximum shear stress at the crack
tip during ENF testing. Quantitatively, using the trend
line in Fig. 4, these higher local fibre volume fractions
could increase the maximum shear stress at the fibre/
matrix interface around the crack tip by up to 9?9%.
Furthermore, higher shear stresses around the crack tips
allow for easier crack propagation and alleviate the
values for GIIC as reported previously.

Conclusions
Tabbed end notch flexural specimens exhibited a strong
capability to prevent compression failure around a
loading pin during mode II delamination tests. Thin
aluminium tabs (1 mm in thickness) were enough to
avoid plastic deformation and created a low shear stress
at the tabs/laminate interface; hence, there was no tab
debonding.

The test results revealed that low SD (2?78 cm22)
affected GIIC insignificantly. In this case, the energy
absorbed by the stitch threads at the crack area was
almost equal to the decreasing GIIC values due to fibre
compaction. Crack bridging due to stitch threads was
significantly perceived for densely stitched specimens
(SD, 11?11 cm22) with the increment of GIIC reaching
2?4 times that of unstitched specimens. The effect of SD
also could be observed from load–displacement curves,
where in the unstitched and moderately stitched
laminates, the load dropped drastically, but it did not
drop in densely stitched laminates.

The effect of stitch thread thickness for moderately
stitched specimens was relatively small (3%). However,
for densely stitched laminates, specimens with a stitch
thread thickness of 500 denier presented GIIC values that
were 1?5 times those of specimens with a stitch thread
thickness of 200 denier.
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