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ABSTRACT

This paper aims to propose a simulation procedure to predict the interlaminar
fracture toughness of stitched flax fiber composites through a virtual double
cantilever beam test. The proposed procedure is constituted of two steps. First,
the interlaminar failure of unstitched flax fiber laminate, as the parent laminate,
is modeled using cohesive elements with a nonlinear softening law in order to
model the large-scale fiber bridging occurred during delamination. The exper-
imental results are used to calibrate the parameters of the cohesive law. Second,
two-node beam elements are superposed onto the cohesive interface of the
parent laminate at a prescribed stitch density and distribution to model the
bridging stitches present in the validation samples. The stitch material behavior
and properties are obtained from the tensile test of impregnated stitch fibers.
The out-of-plane flax yarn stitching was found to generate a twofold increase in
the delamination resistance of the composite laminate at a medium stitch den-
sity. The FE analysis results agreed well with the experimental results, where a
good fit between the predicted and experimental R-curves was achieved.
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limitations [1-5]. However, recent new fiber extrac-
tion methods have been commercially developed to

Introduction

In the past decade, the use of natural fibers (NFs)
from plants as reinforcement in polymer composites
has become more popular thanks to their promising
properties such as high-specific stiffness, good
acoustic and vibration damping, and eco-friendly
characteristics. Despite the attractive properties of
natural fibers, the use of these fibers has been more or
less limited to the short fiber composites in non-
structural applications due to manufacturing
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produce long natural fibers with minimum damages
induced to the technical properties of the fibers [6, 7].

Numerous studies have confirmed that NFs (such
as hemp, flax, and jute) are the most promising
alternative of the man-made glass fibers when the
mechanical properties per cost and weight come into
consideration [8-10]. Among the commonly studied
NFs, flax fiber is recognized as one of the high-per-
formance NFs in terms of strength and stiffness per
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density, which makes it suitable for a number of
structural applications [7, 11-14]. In this regard,
similar to man-made fibers, the NFs must be used in
the form of continuous unidirectional (UD) or woven
textile (with optimally twisted yarns) in the com-
posite laminates so as to utilize the maximum load
carrying capacity of the fibers [15, 16]. However, one
of the most concerned failure modes is interlaminar
failure (namely delamination) in the laminated com-
posites since there is no reinforcement in the thick-
ness direction.

So far, investigations on the man-made composites
have come up with various techniques, such as
increasing the toughness of matrix, interleaving,
engineering the interface adhesion between fiber and
matrix, to enhance the interlaminar strength of com-
posites [17-21]. Through-the-thickness stitching of
the fiber preforms has been acknowledged as a con-
venient and cost-effective technique for improving
the interlaminar properties [22, 23]. Consequently, a
considerable amount of numerical studies have been
devoted to model the interlaminar failure of the
stitched man-made composite laminates [23-32].

Mai et al. [25] proposed two micromechanics based
models to study the effects of stitching on delami-
nation growth of laminate in double cantilever beam
(DCB) specimen. In the first model, it was assumed
that the stitches are not interconnected at the lami-
nate surfaces, and in the second one, the effect of
interconnected stitches was taken into account. The
model provided a good understanding of the influ-
ence of stitch thread size on the delamination resis-
tance. An analytical model using continuous cohesive
spring with linear elastic behavior and brittle fracture
was presented by Sankar et al. [33] to simulate crack
propagation in stitched composites. The authors
concluded that linear modeling is not adequate to
predict the interlaminar fracture toughness of the
laminates stitched by a strong thread (i.e., Kevlar),
where the inelastic behavior of the stitching thread
plays a significant role in increasing the toughness.
Chen et al. [34] investigated the use of 2-D solid
element and 3-D shell element to model parent lam-
inate and bar element to model stitch mechanism to
determine the effective Mode I and Mode II fracture
toughness of the stitched composites based on the
J-integral method. Their study showed that 3-D
model is necessary to determine the accurate stress
field as well as the stitch interactions with the parent
laminate.
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Sun et al. [27] used a two-node nonlinear rod ele-
ment with the micromechanical stitching models
introduced in [25] and studied the effect of stitch
distribution on improving the delamination resis-
tance by means of virtual crack closure technique
(VCCT). In this model, the stitch elements were
located between two sub-laminates in which their
initial length was zero (before any load was carried
by the stitches), and it was assumed that only tension
loads can be carried by the stitch elements. A com-
prehensive study on the effect of stitch distribution
has been conducted by Wood et al. [31]. In their
study, two-node beam element used in [27] and
VCCT has been employed to simulate the DCB test of
the stitched composite. Both studies revealed that
stitched distribution has significant effect on the
critical strain energy release rate (Gic).

Iwahori et al. [29] and Tan et al. [30] developed a
2-D finite element model to simulate the delamina-
tion propagation of stitched CFRP for the DCB test by
using a three-node rod element to represent a stitch
thread. The authors also developed a novel test
method to understand the mechanical progressive
damage behavior of a single stitch thread (i.e., inter-
facial deboning, slack absorption, stitch fracture, and
frictional pullout) as it is loaded in tension. The
results of this test were used as a material model for
the stitch elements. The model gave good prediction
of the experimental load-displacement curves and
critical Mode I strain energy release rates, Gic.

Generally, it is observed that the interlaminar fail-
ure of long fiber-reinforced composites happens in
the presence of in-plane fiber bridging, which leads
to a R-curve development in the fracture energy
response [35-37]. The bridging traction of in-plane
fibers across the delamination plane of the stitched
laminates using high-strength stitch threads is neg-
ligible compared to the bridging traction of the out-
of-plane stitch fibers. However, the latter has to be
taken into consideration when preform stitching is
conducted using lower strength materials, like natu-
ral fibers [38].

Thus, this study aims to experimentally and
numerically investigate the Mode 1 delamination
propagation of stitched natural fiber composite lam-
inates made from continuous UD flax fiber, epoxy
polymer, and twistless flax stitching yarns. A 3-D
finite element (FE) model of a DCB test specimen was
constructed using cohesive element with nonlinear
softening law to model fiber bridging effect and the
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two-node beam element for the stitch yarn to simu-
late the effect of bridging stitches and predict the
interlaminar fracture toughness in the stitched NF
composite.

Methodology
Experimental procedure
Double cantilever beam (DCB) test

The experiments of this study were performed on the
composite specimens made of 110 g m™~> unidirec-
tional flax fibers FlaxTapeTM (LINEO, France) and
thermoset resin system Epolam 5051 (Axson, France)
with a layup of [0l¢. The fiber preforms were
impregnated with resin by vacuum-assisted resin
infusion (VARI) technique at room temperature. As
natural fibers tend to absorb moisture due to their
hydrophilic nature, the fiber preforms were dried in a
vacuum oven for 3 h at 80 °C prior to resin infusion.
The epoxy mixture was also vacuum degassed for
30 min at room temperature. After resin infusion, the
composite was cured at room temperature for 24 h,
de-molded, and then post-cured in a convection oven
at 80 °C for 16 h.

A Tex 250 twistless flax yarn (Composites Evolu-
tion, UK) was employed to stitch the fiber preform.
Stitching was performed manually with the modified
lock stitch pattern, at stitch row spacing of 4 mm and
stitch length of 12 mm. To introduce a pre-crack, the
front section of the preform was left unstitched to
accommodate an  18-pm-thick  polytetrafluo-
roethylene (PTFE) film insert as a crack starter. A
schematic illustration of the stitched DCB specimen
and the stitch configuration are shown in Fig. 1.

The stitched and unstitched DCB test specimens
with a dimension of 20 mm by 170 mm by 4 mm
were cut from the composite panels. Three plies of
the UD glass fiber were added to both faces of the flax
fiber preform prior to resin infusion process to pre-
vent large deformation as well as failure of the
specimens’ arms. The final thickness of the glass fiber
backings (after curing) was measured to be
1 £ 0.02 mm. Aluminum load blocks were then
bonded to the arms of specimens as prescribed by
ASTM D5528 [39]. All bonding surfaces were lightly
polished, sandblasted, and wiped with acetone-
soaked cloth before application of adhesive. The
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values of elastic constants used in the modeling of
glass composite laminates are summarized in
Table 1.

The Mode I DCB tests were performed on an
Instron 4505 universal testing machine equipped
with a 1-kN load cell, at the crosshead speed of
1 mm min~’, and at least five specimens were tested
for each sample. An initial loading—unloading cycle
was preformed to propagate the crack by 3-5 mm
from the pre-crack (PTFE insert) so as to create a
naturally sharp crack tip. Then, a second loading-
unloading cycle was performed where to propagate
the crack by about 60 mm. The crack propagation
was monitored visually during the test by means of a
traveling microscope, and the crack length was
recorded for every 1 mm of crack length increment.

The data reduction method of modified beam the-
ory (MBT), outlined in ASTM D5528, was applied to
determine the critical Mode I fracture energy release
rate, Gic, as:

3Po

Gr = o
" 2b(a + |A))

(1)
where P is the opening load, ¢ is the crosshead dis-
placement of the test machine, b is the specimen
width, a is the crack length, and A is the intercept of
the plot of the cube root of the specimen compliance,
d . P71, against the crack length, a. According to the
ASTM standard, the MBT method is recommended
since it generally yields the most conservative values
of GIC~

Evaluation of tensile properties of the impregnated stitch
yarn

The stitch yarn, as a through-the-thickness rein-
forcement of the composite, will experience tensile
loading during the Mode I opening test. It was,
therefore, necessary to evaluate the tensile properties
of the stitch fibers before and after impregnated with
resin. This information is needed to understand the
stress—strain contribution of the stitch reinforcements
when bridging a crack. The impregnated test speci-
mens were prepared by infusing 25 cm-long dry flax
yarns with the same epoxy resin, Epolam 5015, via
the VARI technique. The cured, impregnated fibers
were tested at a gauge length of 10 mm and the
crosshead speed of 1 mm min~', using an Instron
5500 microtester machine with a 1-kN load cell. The
tensile tests were conducted on ten specimens to
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Stitch line
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Figure 1 Schematic of the stitched UD flax fiber composite with the stitch parameters.

Table 1 Elastic properties of UD glass composite [36]

Property Value
Longitudinal modulus, E1; (GPa) 47.79
Transverse modulus, Ey; = E33 (GPa) 13.6

Longitudinal shear modulus, G1, = G153 (GPa) 5.89
Transverse shear modulus, Go; (GPa) 5.23
Major Poisson’s ratio, v12 = v13 0.27
Minor Poisson’s ratio, vp3 0.3

assess the variation in the tensile properties of the
stitch fibers. The schematic of specimen mounting tab
and the tensile test setup for stitch fiber are shown in
Fig. 2.

Modeling strategy

The 3-D finite element (FE) model of the DCB test
specimen (Fig. 1) used to study delamination in

Figure 2 a Schematic view of
the mounting tab and b the
tensile test of stitch fiber
specimen.

(a)

Resin impregnated
flax yarn

L

Adhesive
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stitched UD flax composite was created and analyzed
using the commercial software Abaqus/Implicit. In
the FE model, each arm of the specimen consists of
two eight-node quadrilateral in-plane continuum
shell elements (SC8R) in the thickness direction to
model the UD composites of flax and glass fibers with
a layup of [0§™*/0f™] , as illustrated in Fig. 3. The
midsection interlaminar layer where the two arms are
joined is modeled by an eight-node three-dimen-
sional cohesive element with a very small thickness
of 0.01 mm. The cohesive elements are connected to
neighboring continuum shell elements by sharing
nodes.

The boundary conditions are introduced by
applying a vertical displacement on the center nodes
of the top load block and constraining the center
nodes of the bottom load block along the vertical
direction. These boundary conditions are according
to the DCB experiment where the bottom load block
of the specimen is pinned to the fixed jaw, and the

(b)

Griping area

Paper frame

after clamping
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Figure 3 3-D finite element model of the DCB test specimen
with a finer mesh at the stitched region.

top load block is pulled using displacement control.
An element size of 0.25 mm by 0.5 was used at the
stitched region, and a coarse mesh of 1 mm by 0.5
was used for the rest of the specimen. A matched
mesh was used for the both continuum element and
cohesive element. The element size was determined
based on the rule proposed by Harper [44] for the
cohesive zone length to ensure that the element is
small enough to capture the stress gradient at the
wake of crack tips.

To model the interlaminar failure behavior of the
stitched flax fiber composite, three fracture mecha-
nisms associated with delamination propagation are
considered: (1) decohesion of interlaminar interface
(resin-rich layer between the fiber plies) at delami-
nation front, (2) bridging traction of in-plane fibers in
the wake of the crack (delamination) tip, and (3)
bridging traction of stitch yarns across the delami-
nation plane. The mechanisms (1) and (2) are mod-
eled using trilinear cohesive law, and the mechanism
(3) is modeled by introducing beam elements.

The implementation of the model follows two
steps. First, the trilinear cohesive law is calibrated
using the experimental results of the unstitched UD
flax composite. Then, two-node beam element is
superposed on the cohesive element to model the
stitch fibers, following the distribution shown in
Fig. 1.
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Delamination

In this study, delamination is modeled using Abaqus
cohesive element (COH3DS8). A trilinear traction—
separation law implemented in a UMAT subroutine
is used as the cohesive law. The trilinear cohesive law
is used in order to model the R-curve effect of inter-
laminar fracture toughness of flax fiber composite.
According to the author’s previous study [38], this
R-curve effect was due to the large-scale in-plane
fiber bridging that occurs during delamination
propagation. In the presence of an R-curve, the
toughness measured during crack propagation
increases until reaching a steady-state value. Such
response is generally because of involving more than
one physical phenomenon in the fracture process,
some acting at small opening displacements and
others acting at higher opening displacements and
extending further into the crack wake. It has been
shown that the use of a traction—separation law with
a nonlinear softening law is necessary to capture the
R-curve effect [35-37, 40, 41].

In this study, the approach proposed by Davila
et al. [36, 37] is applied to the experimental R-curve to
determine the parameters of the trilinear cohesive
law, i.e., n and m. This trilinear law is obtained from
superposition of two bilinear cohesive laws, as
shown in Fig. 4. The calibration of the superposition
parameters for the UD flax fiber laminate is described
in the next section.

The cohesive tractions (o,, 65, 0,) are related to the
corresponding separations in the normal and shear
directions (dy, ds, 6y) thru Eq. (2):

A
O-C
\
I\
I\
no® ; R =
I \ G, =G+ G,
1 \
|
1 \
I \ G, = mGC
\
(1 -n)o |7 A G = (1 -m)G,
I
G
>
Sini. 651 5max

Figure 4 Superposition of two bilinear cohesive laws and
resultant trilinear cohesive law (reproduced from [36]).
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0 D (1 —d) 0
Dy(1 —4d)

S I T

0 0

in which Dy, Dy, and Dy are the penalty stiffness,
and d is the damage variable (d = 0 for when there is
no damage in the interface and d =1 once the inter-
face is completely fractured) [42]. The ( ) in Eq. (2) is
Macauley bracket operator, which is defined for
everya € Rasa = (“*2& In other words, the damage
variable does not influence the o, when crack is
closed in compression. In Eq. (2), the penalty stiff-
nesses Dy, Dy, and Dy are artificial parameters used
to constrain the separation (or interpenetration)
between the crack faces and have perfect bonding
between plies before delamination onset. Therefore,
they must be large enough compared to the stiffness
of the lamina [43—45]. Here, the formulas of Eq. (3)
are employed to calculate the minimum values of the
penalty stiffness [44]
50Ga3

50E3 min 50G13 min
nn tp ) ss tp ’ Dtl = tp ? (3)

min __

where Ej3, Gi3, and Go3 are the elastic modulus of the
lamina and t, is the thickness of a single ply. The
values of the material parameters used are given in
Table 2.

Delamination onset is modeled using the quadratic
failure criterion as:

a\> [(o\* [a\?

n S t

(ﬂﬁ) a5 o

in which ¢,, o,, and o; are the normal and shear

stresses on the interface and o7, ¢, and ¢f are the

Table 2 Material properties for UD flax fiber composite

Property Value
Longitudinal modulus, E1; (GPa) 253
Transverse modulus, Ey; = E33 (GPa) 4.1
Longitudinal shear modulus, G12 = G153 (GPa) 3.4%
Transverse shear modulus, Gp; (GPa) 2.8%
Major Poisson’s ratio, v1p = v13 0.25
Minor Poisson’s ratio, U3 0.3*
Mode I interlaminar fracture toughness, Gic (kJ m™?) 1.25
Normal strength of the interface, 6 (MPa) 35

“Estimated value
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normal and shear strengths of the interface [46]. Once
Eq. (4) is satisfied, delamination is initiated. Then,
interface damage evolution is specified based on a
fracture energy criterion and the bilinear softening
law:

/ curddar = Ge, (5)
0

in which o and 6 are the effective traction and
displacement, respectively, and Gc¢ is the fracture
energy [47]. The material properties used in the
delamination failure criterion are given in Table 2.

Modeling of stitching yarns by beam elements

According to the experimental observations, follow-
ing assumptions are made as a basis for the stitch
model [48]:

a. The stitch yarns are cylindrical with circular cross
section.

b. The stitch yarns only carry tensile load.

c. The failure of stitch yarns is brittle-like failure
(fiber failure) under tension.

d. The breakage of stitch yarns is assumed to occur
at the delamination plane.

e. No slippage occurs at the embedded stitches (i.e.,
no stitch pullout).

f. The tensile properties of the stitch yarns are
obtained from the tensile test of impregnated
stitch yarns.

The SEM of a delaminated surface of the flax yarn
stitched UD and woven flax fiber composite associ-
ated with the assumptions (D) and (E) is shown in
Fig. 5.

The crack bridging traction of through-the-thick-
ness stitch reinforcements is modeled using two-node
beam elements with a brittle fracture response,
implemented in a UMAT subroutine. A maximum
longitudinal stress failure criterion was used to
determine fiber failure under tension. The material
properties used in the modeling of the stitch fibers
are given in Table 3. In this study, the material
properties of the flax fiber laminate and its inter-
laminar fracture toughness were empirically deter-
mined from the tensile and DCB test results, and the
elastic properties of the glass fiber laminates were
adapted from literature [36].
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Figure 5 SEM of the
delaminated surface for the
DCB test specimen of a UD
and b woven flax fiber
composite, illustrating
fractured stitch (flax) yarn at
delamination surface with
minimum occurrence of
slippage and fiber pullout.

200 pm
—

100 pm A — Fractured stitch yarn

Table 3 Material properties of flax yarn as stitch fiber

Property Value
Longitudinal modulus, E; (GPa) 38.97
Longitudinal tensile strength, X" (MPa) 330
Elongation at break, € (%) 3.7
Stitch cross-sectional area, A" (mm?) 0.33

Results and discussion

Modeling of in-plane fiber bridging
by means of cohesive law

In this section, the trilinear cohesive law (Fig. 4),
which is being obtained from superposition of two
linear softening laws, is calibrated to capture the
delamination crack propagation in the presence of
fiber bridging. A semi-analytical approach proposed
[36] is applied to the DCB test results, i.e., R-curves,
of the unstitched UD flax fiber composite to deter-
mine the parameters of the superposed cohesive
laws.
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50 um

B — Flax fibers (weft)

Testing for fracture properties of unstitched composite

The Gic values obtained from the DCB tests of the
unstitched UD flax fiber composites in relation to the
change in crack length, Aa, during crack propagation
are presented in Fig. 6. In addition to the modified
beam theory (MBT) method, the Gy values deter-
mined from the compliance calibration (CC) and the

1.6
14+ Propagation G,
1.2 F
— 1 B
o
€ 8 Initiation G,
3 o8 A ]
o
O 06
04 ) )
< Visual onset A Propagation (MBT)
02k A Deviation from linearity = Propagation (CC)
O 5% offset X Propagation (MCC)
0 ! ! ! ! !
0 10 20 30 40 50 60

Change in crack length, Aa (mm)

Figure 6 Measured Gjc values of the unstitched UD flax/epoxy
composite versus crack length (R-curve).
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modified compliance calibration (MCC) methods [39]
were also plotted to check for differences in the cal-
culation of Gic values through the use of different
data reduction methods. It was observed that these
three methods, which are all based on the relation of
Irwin—Kies for strain energy release rate [49], led to a
very similar Gic values with a maximum variation of
2.5%. Since the analysis is robust and the MBT ana-
lytical corrections, as the most conservative method,
work just as well for the stitched composites, the Gc
values reported and used for simulation in this study
are all calculated based on the MBT method.

From the DCB test results of the unstitched flax
composite, it was observed that the interlaminar
fracture toughness rose steadily with increasing (de-
lamination) crack length as the crack propagated in
steady state. In general, such a response, which is
often referred to as the resistance curve or R-curve,
indicates the involvement of different physical phe-
nomena occurring in tandem during the fracture
process. The R-curve association with fiber bridging
is a well-established phenomenon [50], and the slow
rise in fracture resistance of the flax/epoxy speci-
mens up to the first peak Gic value at
Aa ~ 25-30 mm (Fig. 6) agrees with our experimen-
tal finding of a large natural fiber bridging zone that
visually measured up to 25-30 mm in length when it
was fully developed, as shown in Fig. 7. So, the
R-curve effect is attributed to the increase in apparent

AT )
¥

Figure 7 In-plane fiber bridging across the delamination plane of
UD flax fiber composite during DCB test.
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stiffness and delamination resistance of the specimen
as a result of fiber bridging.

The large-scale fiber bridging is believed to be a
unique characteristic of untwisted UD natural fiber
composites, as the preform architecture allows the
elementary natural fibers to behave in a way similar
to discontinuous aligned long fibers. The long
bridging zone could also explain why the interlami-
nar fracture toughness of the flax composite is sig-
nificantly higher than that measured for glass fiber
composites (671 ] m~?) [38]. It is therefore essential to
consider the effect of fiber bridging in the FE
delamination model for natural fiber composites, in
order to achieve a more accurate prediction of their
strength and fracture behavior.

The experimental results show that the average
initiation value of Gic for the UD flax/epoxy com-
posite is 0.771 k] m~2 and the steady-state Gic value
is 1.25 k] m~2 which is reached after approximately
25-30 mm of crack propagation. The length of crack
propagation before the steady-state phase of Mode I
critical strain energy release rate was estimated based
on the mean value of the steady-state Gjc with a 95%
confidence interval (for upper and lower limits).

Superposition of cohesive laws for modeling the effect
of fiber bridging

The trilinear cohesive law (bilinear softening) of
Fig. 4, obtained from superposition of two bilinear
cohesive laws, is employed to model the fiber
bridging effect encountered during Mode I fracture of
UD flax fiber composites. Accordingly, a semi-ana-
lytical relation for extracting the superposition
parameters of the cohesive laws from the experi-
mentally obtained R-curves is used [36]. In this
method, two bilinear cohesive laws with their own
specific characteristics are superposed to obtain a
trilinear cohesive law. The superposition parameters
of m and n (Fig. 4) are defined as follows:

G1 = H’IGC,GZ = (1 — m)GC

01 = nog, 00 = (1 —n)o.

(6)

where ¢ and G refer to the cohesive strength and Mode
I fracture toughness, respectively. According to the
experimental R-curve of the UD flax fiber composites
(Fig. 6), the average initiation value of Mode I critical
strain energy release rate (G;) was 0.771 k] m~? and
the steady-state value (G.) was 1.25 kJ m~2, which was
reached after approximately 25-30 mm of crack
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propagation. Thus, the first relation of Eq. (6) leads to
m = Gy1/G. =0.616. In order to identify the other
parameter, #, it is necessary to establish a relationship
between the characteristic length of the process zone
for the trilinear cohesive law (I._sy,) and the charac-
teristic length of each primary bilinear cohesive law,
li,i=1,2. There are special cases in the relation
between the characteristic length of the process zone
for the trilinear and the primary bilinear laws [36].
These special cases are as follows:

1. The sum of two bilinear laws is a bilinear law
when m = n.

2. If one of the two bilinear cohesive laws has no
associated fracture toughness (i.e., either m = 0 or
m = 1), the contribution of that particular cohe-
sive law is neglected.

3. If the strength of a bilinear cohesive with a
nonzero fracture toughness tends to zero (i.e.,
either n — 0 or n — 1), the superposition process
zone will tend to infinity.

4. The order of the superposition of the two bilinear
laws is irrelevant.

These special cases for the length of process zone of
the trilinear cohesive law (I._s,;) can be stated as:
lC_Sup(n7 11) =1
lc_Sup(na m = 0) = ch

lc_Sup(”a m = 1) = lcl (7)
lim [ =
n—]>(r)1(}r1 cSup o

le_sup(n,m) =1c_sup(1 —n,1—m)

The characteristic length of the process zone for the
trilinear cohesive law (I._syp), based on the superpo-
sition parameters m and n, can be calculated using
the following interaction equation [36]

m?  (1—m\> m(1—m)
lc_Sup(nam) - [ﬁ‘f’ (1 — 1’l> - 7’1(1 — 1’1) lc; (8)
in which all the conditions of Eq. (7) are satisfied. In
Eq. (8), I is the material characteristic length, which
is an intrinsic fracture property of material. The
characteristic length I is usually estimated as [37]
E'G
.= V?a 9)

C

where G and o, are the fracture toughness and
strength of the material, respectively. The modulus E’
under plane stress condition is defined as
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(10)

/Ex Ex
E' =2E 2|42 — -2
2 \/ { En Uzl] +G12)

where v;; is the in-plane Poisson’s ratio and Ej
and Gy, are the transverse Young's modulus and
shear modulus, respectively. In Eq. (9), y is a non-
dimensional parameter and depends on the dam-
age/yielding process. In general, the length of
process zone under steady-state propagation is
estimated by the characteristic length (I} ~I.).
However, the estimation is valid only when the
material characteristic length I, is smaller than the
structural dimension. This is because the value of y
in Eq. (9) is noticeably influenced by the structural
dimension. Therefore, considering the effect of
structural thickness is essential in prediction of the
steady-state process zone length. Thus, the empiri-
cal relation of Eq. (11) proposed by [36] was used
to apply thickness correction on the characteristic
length obtained from Eq. (8) for the superposed
cohesive law, I;_gsup, as

t A
s o= (—m ) L, 11
pz_Sup <tarm + lc_Sup) —Sup ( )

where t,m is the block thickness (thickness of plies
stacking with same orientation) and B is a non-di-
mensional parameter. Nonlinear Eq. (11) can be
solved for I._suyp, in which t;m =2.99mm and the

steady-state process zone length is I = 30mm

pz__Sup
(estimated form experimental R-curve). Finally, using
the calculated values of parameter m and I._s,,, the
nonlinear Eq. (8) can be solved for the parameter n

iteratively, which results n = 0.9699.

FE modeling of DCB test of unstitched composite

The trilinear cohesive law using the calculated values
of n=0.9699 and m = 0.6160 was applied to the
cohesive elements of the FE model of the DCB speci-
men. The force-displacement responses of the DCB
test specimen model of unstitched UD flax fiber com-
posite using bilinear and trilinear cohesive laws,
compared to the experimental data, are shown in
Fig. 8.1t can be clearly seen that the prediction with the
linear softening law is not suitable for modeling the
interlaminar fracture of the UD natural fiber compos-
ite. When the initiation value of Gic is used [denoted by
‘FEM-Bilinear law (Gic = 0.77)’], the delamination

@ Springer



90
AN
80 - [N
/ *,
70 b
9
60 | -
— S,
Z st \‘\..
B IS
S 40f IR Y
30 b
20 | Exp#l = =-=- FEM-Bilinear law (GIC=0.77)
Exp #2 — — FEM-Bilinear law (GIC=1.25)
10 I Exp #3 ——— FEM-Trilinear law (GIC=1.25)
0 . . . .
0 10 20 30 40 50

Cross-head displacement (mm)

Figure 8 Force—displacement response of DCB test specimen of
unstitched UD flax fiber composite; FEM and experimental
results.

onset is captured with good accuracy. However, the
model is not able to predict the force response during
delamination propagation and the overall force
response is underestimated. On the other hand, using
the steady-state Gic value [denoted by ‘FEM-Bilinear
law (Gic = 1.25)’] overestimates the failure loads in the
early period of crack growth that most likely coincides
with the development of the fiber bridging zone.
Nevertheless, it is able to capture the delamination
propagation response in the presence of fiber bridging
traction which acts over the extended damage zone in
the wake of the crack tip. These results thereby confirm
that the use of a bilinear law to model delamination in
the presence of extensive fiber bridging (Fig. 7) can
introduce severe inaccuracy to the prediction of failure
loads during DCB test.

Conversely, the use of the trilinear cohesive law
[denoted by ‘FEM-Trilinear law (Gic = 1.25)'] gave a
good approximation to the experimental load-dis-
placement curve. The nonlinear softening law is able
to predict the onset of nonlinearity of the loading
curve corresponding to the physical onset as well as
the propagation of delamination. Generally, in the
presence of fiber bridging, the damage process zone
is extended by inducing bridging traction over the
wake of the crack tip, which leads to significant
increase in the crack growth resistance of fiber-rein-
forced composites. Therefore, the use of nonlinear
softening law is necessary to differentiate decohesion
of the matrix at the crack tip from bridging traction in
the crack wake.
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The experimental R-curve is compared with the
predicted results from the FE analysis in Fig. 9.
Similar to the experimental data reduction method
(i.e., MBT), the Irwin-Kies equation was used to
calculate the Mode I critical strain energy release rate,
Gic, of the FE analysis. The numerical results indicate
that the trilinear law is able to predict the initiation
and the final steady-state values of experimental Gic
very well. However, the experimental R-curve hits a
peak Gic before reaching steady-state propagation,
which is not predicted in the FE analysis results. This
is because the trilinear cohesive law parameters of m
and n were calculated based on the average steady-
state Gjc value of 1.25 k] m 2 As discussed previ-
ously, this value was chosen so as to cover a repre-
sentative set of steady-state data points from the
experimental R-curve. It was shown [35] that the
shape of R-curve, i.e., the relation between the Gic
and the crack length, was not material property and
depended on specimen geometry once large-scale
fiber bridging occurs across the delamination plane.
However, the initiation and steady-state values of
Mode I critical strain energy release rate (Gic) were
found to be independent of specimen geometry. The
trilinear cohesive law obtained by this method was
therefore employed as the interlaminar response of
the parent laminate to model the delamination of
stitched laminates.

1.6

Gy (k1.m?)

0.6 [
A Experimental

e4r Lo FEM-Bilinear law (GIC=0.77)
— — FEM-Bilinear law (GIC=1.25)

0.2
——— FEM-Trilinear law (GIC=1.25)

0 L L L L L
0 10 20 30 40 50 60

Change in crack length, Aa (mm)

Figure 9 Experimental R-curve and FE analysis results of
bilinear and trilinear cohesive laws.



] Mater Sci (2018) 53:4173-4188

Results of FEM modeling of DCB testing
of stitched composite

The force-displacement response of the simulation of
the stitched UD flax fiber composite is plotted against
the experimental results in Fig. 10. The DCB tests of
the stitched UD composite exhibit unstable crack
growth followed by arrest, giving rise to stick—slip
response in the load-displacement curves. Here, the
experimental curves are intended to provide an
indication of the dispersion of the onset of the stick—
slip crack propagation due to variation in the prop-
erties of stitch yarns as well as the stitching
distribution.

As it can be seen, the FE model shows reasonably
good agreement with the experimental responses.
Although the first stick-slip onset fracture point is
different, the predicted response in terms of the peak
and crack arresting loads, as well as the linear
behavior of the load-displacement curve, is within
the range of the experimental results. The slope is
characteristic of DCB specimens due to the change in
arm compliance as the effective arm length increases.
The regularity of the stick-slip crack growth in both
numerical and experimental results suggests that the
behavior is intrinsically linked to the strain energy
build up and release events induced by the stitch
reinforcements.

A number of explanations can be offered for the
discrepancy between the experimental and predicted
force-displacement response. First, some variation in
thickness of the DCB specimen arms which can occur

140
--------- Exp #1
120 | " Exp #2
Exp #3
A~ Exp #4
100 | Ry AP FEM
H ¢ E
Z 80 A
g :(
3 60
40 |
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0 0 10 20 30 40 50 60

Cross-head displacement (mm)

Figure 10 Force—displacement response of DCB test specimen of
stitched UD flax fiber composite; experimental versus FEM
analysis results.
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with the resin infusion manufacturing method leads
to some variations in the initial stiffness of the spec-
imens (before crack initiation).

Second, the discrepancy in the stick-slip responses
is also attributable to the small local variations in the
stitch punching locations and distribution. In prac-
tice, actual stitch parameters (stitch length and row
spacing) do deviate from the nominal values used in
the numerical simulation (see Fig. 1) due to hand-
stitching of the fiber preform.

Third, the variation could also have arisen from the
properties assigned to the stitch elements, as the
consistency and properties of natural fibers can often
vary by up to 25-30%. A parametric sensitivity study
of tensile properties of the stitch fibers is given in next
section. However, despite these discrepancies, the
predicted response is considered to be reasonably
representative.

Figure 11 compares the predicted Mode I critical
strain energy release rate of the stitched DCB model
with the experimental values of Gjc with an identical
stitch areal fraction. It is noteworthy that the stitch
areal fraction, despite the plausible variation in the
stitch distribution caused by hand-stitching, remains
unchanged in all the test specimens.

The results of Fig. 11 indicate that the prediction of
the stick-slip initiation Gjc values by the FEM anal-
ysis do give a reasonable representation of the aver-
age of the experimental values for the stitched
composites. The virtual DCB test also exhibits the R-

curve response, ramping from initiation Gic =

1.3(k m™?) to the constant stick-slip propagation

Gy (k).m??)

Exp #1
Exp #2
Exp #3
Exp #4
—{—FEM

X oD <

05

0 L L L L
0 10 20 30 40 50

Change in crack length, Aa (mm)

Figure 11 Experimental and FE analysis R-curve of stitched UD
flax fiber composite.
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values of Gic = 2.26(kJm~2), which agree with the
average of the experimental results very well. The
Gic =
1.34(kf m™?) and Gic =2.22(K m™?) for initiation
and stick-slip propagation, respectively. It is now
confirmed experimentally and with FE prediction
that stitching with twistless flax yarn can enhance the

average  experimental values  were

average interlaminar fracture toughness from Gic =
1.25(kf m?) for unstitched laminates to Gic =

2.26(kJ m?) for the flax yarn stitched composites,
i.e.,, an improvement of 80%.

The evolution of the crack length against the
crosshead opening displacement obtained by exper-
imental and FE simulation of un/stitched DCB test
specimens is compared in Fig. 12. The model appears
to be able to give a satisfactory prediction of inter-
laminar failure of the unstitched and stitched speci-
mens. The fit between the predicted and
experimental crack lengths for the unstitched com-
posites is very good. This means that for any given
values of crack length, the numerical compliance
(P.6™") accurately matches the experimental values.

For the stitched model, despite the discrepancy
between the crack arrest lengths, the numerical
model shows that the crack growth takes place at a
similar rate to the experimental data. As discussed
above, the difference between the predicted crack
length and the experimental data, against the cross-
head opening displacement, is attributable to the
discrepancy in stitch punching locations between the
actual specimens and the numerical model as well as
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Figure 12 Change in crack length against crosshead opening
displacement for experimental and FE analysis.
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intrinsic variation in the tensile properties of the
stitch fibers. It is worth mentioning that due to stick—
slip crack growth, only the crack arrest length and the
associated maximum opening displacement are
plotted for the stitched composites.

Figure 13 compares the delamination growth
threshold markings on the numerical and experi-
mental load-displacement curves of the stitched
composites (i.e., point 1, 2 and 3). As can be seen,
there is a good agreement between the calculated and
the measured curves. The numerical model is able to
accurately predict the bilinear rise in the force in the
elastic region, the peak force as well as the force
jagged pattern due to the stick-slip crack growth.

In the DCB test, the opening force of the specimen’s
arms is linear till it reaches the point 1, as shown in
Fig. 13. This point indicates the onset of delamination
from the end of the PTFE insert (pre-crack) in the
both unstitched and stitched composites (Fig. 14a).
Beyond point 1, unlike the stable crack propagation
in the unstitched composite, the linear force rise
continues in the stitched composite while the gradi-
ent is slightly changed compared to the earlier part.
At this step, the crack passes round the stitch fiber
and is arrested behind the stitch line while the stitch
fibers are bridging the crack, as shown in the damage
evolution of the cohesive layer of the DCB test model
in Fig. 14b. The opening force then rises to a maxi-
mum value at point 2, where the failure stress of
stitch elements is reached. Finally, the stitch elements
fracture and the force drops abruptly till stops at
point 3, while the force is always above the failure
force of the unstitched composite. Releasing the
stored strain energy in the stitch elements causes the
crack to propagate at higher speeds toward the
vicinity of the next stitch line, as shown in Fig. 14c.
This progressive failure is repeated for each stitch
line and leads to the unstable stick-slip crack growth
behavior observed experimentally.

Parametric study

It was discussed in the previous section that variation
in the tensile properties of stitch yarn, i.e., flax yarn,
can explain the discrepancy between the predicted
and measured values of the Mode I interlaminar
fracture toughness of the stitched composite. It is
rather clear that the strength of the stitch material is
the most important parameter and has a significant
influence on the bridging traction and on the
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Figure 13 Three-step delamination growth marking on the load—displacement curve of DCB test of stitched composite; comparison of

a experimental results with b predicted results.
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=

Figure 14 Interlaminar damage (delamination) evolution within
the stitched UD flax fiber composite; a the cohesive interface
failure propagates and passes round the stitch elements, b the crack
then is arrested behind the stitch elements while the stitch elements

delamination resistance accordingly. In this regard, a
parametric study was performed to determine the
effect of the tensile strength, X", of the stitch yarn
on the delamination resistance of the stitched UD flax
fiber composite.

The experimental study on the tensile properties of
the flax yarn showed a coefficient of variation of 25-
30% for the tensile strength of the impregnated flax
yarn [38]. Here, we consider two extreme values for
the strength of the stitch elements in which they are
15% above and below the average value of the
strength used in FEM analysis in previous section
(e, Xich =380MPa and XM =280MPa for the
maximum and minimum values of the strength,
respectively).

The effect of variation of stitch strength on the
interlaminar fracture toughness (Gjc) is shown in
Fig. 15. A variation of 30% in the strength of stitch
elements leads to 20 and 31% change in the peak
force and the propagation value of Gjc, respectively.

Le ] () U‘?&\ﬂ:\;_
—

—

i

are stretched, c the stitch elements fracture, and the stored energy
is released to propagate the cohesive crack at higher speed until the
next row of stitch elements.
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—{}— Stitch Strength = 330 Mpa (average)

Experimental

05 - - O-- Stitch Strength = 380 Mpa (+15%)
---<---- Stitch Strength = 280 Mpa (- 15%)
0 . . . .
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Change in crack length, Aa (mm)

Figure 15 Effect of variation of stitch strength on R-curve of the
stitched UD flax fiber composite.

This is an indication of the sensitivity of Mode I
interlaminar fracture toughness to the bridging trac-
tion taking place across the delamination plane. In
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other words, any variation in the strength of the stitch
material would be reflected in the toughness adding
to the composite. It is apparent from the Fig. 15 that
the majority of the experimental data fall between the
numerically predicted upper and lower limits. As a
result, it can be said that the dispersion in the
experimentally measured values of Gic is mainly
attributable to the variation in the strength of the
stitch yarn.

Conclusion

The effect of introducing out-of-plane flax fiber stit-
ches on the Mode I interlaminar fracture toughness of
the UD flax/epoxy composites was experimentally
and numerically investigated. The DCB test results
for the unstitched flax fiber composites showed a
strong R-curve effect, which was attributed to the
large-scale in-plane fiber bridging, observed during
delamination advancement. The experimental find-
ings also showed that the use of twistless flax yarn
stitches was effective and can improve the Mode I
critical strain energy release rate at by around 78% to
over 2 k] m—2.

In the FE analysis, a cohesive element with trilinear
cohesive law obtained from the superposition of two
bilinear cohesive laws was used to model the R-curve
effect. It was shown that this approach is accurate
enough to capture the initiation and steady-state
propagation values of Gjc of the R-curve induced by
the large-scale in-plane fiber bridging. The resultant
cohesive interface was then superposed with beam
elements as the stitch fibers to simulate the delami-
nation of stitched laminate in the presence of exten-
sive in-plane fiber bridging. The stitch model was
built based on experimental observations in which
the fracture of stitches was found to occur at the
delamination plane with no slippage effect at the
embedded end. The FE results showed reasonably
good agreement with the experimental results and
the prediction of the Mode I critical strain energy
release rate for the initiation and propagation phase
of the delamination was within the range of the
measured values. Moreover, the parametric study on
the strength of the stitch yarn showed that the vari-
ation in the measured values of Gic was in line with
the dispersion of strength of the stitch yarn. The
results of this work suggest that stitching is a
promising technique to enhance the interlaminar
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fracture toughness of flax/epoxy composite lami-
nates, and it is crucial to consider the effects of in-
plane fiber bridging to have an accurate characteri-
zation of Gic values for stitched natural fiber
composites.

The results of this study can help to deepen the
understanding of the material behavior and inter-
laminar fracture mechanism of through-the-thickness
reinforced flax fiber composites, which will assist in
the development of engineering applications for the
natural fiber composites.
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