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ARTICLE INFO ABSTRACT

The mixed mode I/1I/1II translaminar fracture of a natural fiber reinforced composites system was investigated in
this paper. The specimens were made of epoxy resin and fabric cotton fibers. Compact shear tension (CTS) test
configuration was utilized to determine a full range of mixed mode I/II/III translaminar critical strain energy
release rate (CSERR). The CTS specimens were loaded by a novel test setup. In addition to pure modes I, IT and III
CSERR of cotton/epoxy system, a full series of mixed mode tests were conducted. Finite element analysis was
also carried out to calculate the calibration factors related to the CSERR formulations. The pure mode I, II and III
CSERR of cotton/epoxy laminates were obtained as 48.1, 57.8 and 1528.5 kJ/m?, respectively. The investigation
confirms that the translaminar CSERR of cotton/epoxy laminated composites is considerable as compared to the
mode I translaminar CSERR of artificial fiber reinforced epoxy systems. Hence, due to this property and some
other advantages such as biodegradability, biocompatibility and sustainability of the cotton/epoxy fiber lami-
nated composites material can be a strong candidate to use in the place of different types of wood and synthesis
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fiber reinforced laminates.

1. Introduction

Natural fibers have been used in the fabrication of various products
for many centuries due to their advantages such as high strength, re-
newability, recyclability, simple manufacturing process and low cost. In
the recent years, the use of these fibers as reinforcement of polymer-
based laminate composites has been considered. The application of
natural laminated composites as a replacement of the wood and the
artificial fiber reinforced laminated composites such as glass fiber re-
inforced plastic (GFRP), carbon fiber reinforced polymer (CFRP) and so
on has been investigated and significant results have been obtained
[1-4]. Composite sheets reinforced with the natural fibers are widely
used in automotive, aviation, marine and construction industries.
Under loading, different damage modes are occurred in the natural
fiber laminated composites. The dominant failure modes in the lami-
nated composites are inter-laminar and translaminar fracture [5-7].
Numerous investigations have been conducted on the inter-laminar
fracture (delamination) in the natural and artificial fiber reinforcement
laminated composites [5]. Literature review displayed that a few works
have been performed on the translaminar fracture toughness (TFT) of
natural fiber composites. While, some studies have been carried out to
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measure the translaminar fracture toughness of carbon/epoxy [8-16],
glass/epoxy [17-24] and some other artificial [25,26] laminated
composites. One of the first works on the translaminar fracture in
carbon/epoxy laminated composites was published by Underwood and
Kortschot [8]. Then, Gigliotti and Pinho [10] investigated the pure
mode I translaminar fracture toughness of a carbon/epoxy composites
system. The translaminar fracture response of carbon/epoxy laminates
was studied by Laffan et al. [11]. They performed mixed mode 1/II
loading on cross-ply fiber reinforced specimens. Teixeira et al. [12]
evaluated the effect of ply thickness on the mode I TFT of unidirectional
carbon/epoxy laminated composites. It was concluded that by in-
creasing the ply thickness from 0.03 to 0.12 mm, the TFT is enhanced
from 46 to 104 kJ/m> The dependency of mode I TFT on the sample
thickness of carbon/epoxy material was studied by Xu et al. [14]. The
results manifested that as the specimen thickness varies between 1 and
8 mm, the mode I TFT is not significantly changed. Boyina et al. [18]
studied the influence of fracture mode mixity on the TFT of woven glass
fiber reinforced epoxy composites subjected to mixed mode I/1I loading
states. Arun et al. [20] explored the effect of particles, i.e. silicon car-
bide and graphite, on the mode I TFT of glass/epoxy laminates system.
The results manifested that in the presence of graphite powder, the
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Table 1
Mechanical and physical properties of the cotton fiber reinforced
laminated composites.

Property Value
Tensile stiffness, E;; (GPa) 4.00
Flexural stiffness, Ex (GPa) 3.80
In-plane shear stiffness, G, (GPa) 3.39
Tensile strength, Sy (MPa) 73.98
Flexural strength, Sp (MPa) 114.63
Shear strength, S5 (MPa) 45.60
Density, p (kg/m?) 1126

mode I TFT of laminated composites is greater than the samples con-
sisting of silicon carbide particles. Hou and Hong [24] studied the mode
I TFT of a glass/epoxy system. The resistance curve (R-curve) of the
system was obtained using digital image correlation. Syed Abdullah
et al. [25] determined the TFT of Vectran/epoxy laminates under pure
mode I loading conditions. The mode I TFT of Vectran/epoxy is re-
markably higher than the TFT of carbon and glass fibers reinforced
laminated composites. Liu et al. [26] explored the mode I TFT of woven
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flax fiber reinforced epoxy laminated composites. These researchers
evaluated the effect of the reinforcement architecture and its volume
fraction on the TFT. It was found that TFT is dominated by the flax fiber
volume fraction, rather than its architecture.

Various test configurations have been proposed to determine the
translaminar fracture toughness of laminated composites [27]. To
measure the mode I TFT, ASTM E1922 [28] is usually utilized. A
modified version of Compact Tension (CT) sample was used by Syed
Abdullah et al. [25] to characterize the mode I TFT. In order to study
the fracture behaviors under shear-opening crack condition, different
mixed mode fracture specimens were suggested [7]. Laffan et al. [11]
and Jamali et al. [19] utilized a mixed mode CT specimen to obtain the
TFT of the laminated composites under mixed mode I/1I loading states.
Boyina et al. [18] presented a modified CT sample loaded by an Arcan
fixture for calculating the mixed mode I/II TFT. Recently, a novel fix-
ture [29] was proposed to measure the mixed mode I/II/III fracture
properties of brittle materials.

To the best knowledge of the authors, no research has been pub-
lished on the mixed mode I/II/III translaminar fracture toughness of
natural fiber reinforced laminated composites. Therefore, the transla-
minar fracture toughness of a cotton/epoxy laminated composites

30

CTS specimen

Fig. 1. The 3D fixture and the samples used to measure the translaminar fracture toughness of cotton/fiber laminated composites (all dimensions are in mm).
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Fig. 2. The CTS specimen tested under (a) mixed mode I/II, (b) mixed mode I/1II, (c) mixed mode II/III and (d) mixed mode 1/1I/III loading conditions.

Load cell

Fig. 3. The requirement setup for measuring the translaminar fracture tough-
ness of the cotton/epoxy laminated composites samples.

system was investigated. A full range of mixed mode I/II/III loading
conditions was regarded to apply on the cotton reinforced epoxy
system. The CTS sample, a version of Arcan fixture and an out-of-plane
fixture proposed by Zeinedini [29] was used to obtain the laminated
composites response under various loading states. At the end, the mixed
mode I/II/III TFT of the cotton/epoxy laminates was computed using
the experimental results and a finite element analysis. The results ob-
tained in this investigation are used to predict the out-of-plane crack
growth initiation in the sheets made of cotton/epoxy laminates under
any loading condition.

2. Experimental study
2.1. Specimen preparation

2.1.1. Materials selection

In the current research, the matrix of laminated composites has been
considered to be consisted of an epoxy resin (LY5052) with a density of
1.11 g/cm?® and a hardener (HY 5052) with the mixing ratio of 100:38.
These materials were supplied by Momentive Specialty Chemicals, Inc.
(Ohio, U.S.). Besides, plain weave fabric cotton fiber with the surface
density of 171 g/m? was chosen as the reinforcement.

2.1.2. Mechanical properties

In order to compute the translaminar fracture toughness, the elastic
properties of the samples must be determined at the first step.
Furthermore, based on ASTM D3039 [30], ASTM D3518 [31], ASTM
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Fig. 4. The CTS sample under different mixed mode loading conditions.

U1=U3=Uri=Ur2=Ur3z=0

Ui1=Uz=U3=Up1=Up2=Ur3=0

Fig. 5. The simulated fixture and CTS specimen. The displacement (U;) and
rotation (Ug;) boundary conditions have been shown.

D790 [32], tensile, shear and flexural testing were done, respectively.
The samples dimensions and the loading conditions were considered
according to the corresponding standards. The mechanical properties of
the cotton/epoxy system have been tabulated in Table 1.

2.1.3. Fracture samples

A plate consisting of 12 cotton/epoxy plies was manufactured by
hand lay-up method. Some investigators [8] have evaluated the effect
of sample thickness on the translaminar fracture toughness of laminated
composites. It was proved that specimen thickness has not significant
influence on the translaminar fracture toughness. Since small thickness
of CTS sample may cause out-of-plane buckling [28], the thickness of
CTS samples was considered as 5 mm. Some other researchers [11,18]
considered the same values (see Fig. 1) for measuring the TFT of dif-
ferent materials. The specimens with the dimensions of
60 mm X 37.5mm x 5mm were cut from the manufactured plate by a
laser machine. The sample dimensions were selected according to Ref.

[29]. Moreover, a through thickness notch of 2 mm span was cut. Fi-
nally, a sharp razor blade was used to create a pre-crack length of 1 mm
at the notch tip [18].

2.2. Test procedure

As mentioned, in this study, the test configuration proposed by
Zeinedini [29] was applied to determine the mixed mode I/II/III
translaminar fracture toughness of cotton/epoxy laminated composites
(see Fig. 1). As observed in Fig. 2, in addition to pure modes I, II and III,
the CTS samples were loaded under mixed mode I/1I loading conditions
with in-plane loading angles («) of 30° and 60°, mixed mode I/III and
II/11I loading rates with out-of-plane loading angles () of 30° and 60°.
Under mixed modes I/IIl and II/III loading conditions ashould be 0°
and 90°, respectively. At the end, to observe the effect of mode mixity
on the translaminar fracture behavior of the cotton/epoxy system, the
samples were loaded under two mixed mode I/II/III loading conditions
with loading angles of @ = 30°and 8 = 60° anda = 60°and f = 30°
(see Fig. 2d). It must be noted that at least three samples were manu-
factured to compute each value of translaminar fracture toughness.

The experiment setup used to measure the translaminar fracture
toughness of the cotton/epoxy samples has been displayed in Fig. 3. A
universal testing machine (Santam STM-20) was utilized for testing the
samples under displacement control condition. In addition, quasi-static
condition was ensured by a crosshead speed of 0.25 mm/min. For re-
cording the load, a load cell with the capacity of 20,000 N was used.
The load (P) versus the displacement (§) curves obtained by the Santam
machine were the primary results. Some of the samples tested under a
certain loading condition have been represented in Fig. 4.

3. Fracture properties calculation

The lack of any data reduction method for computing the transla-
minar CSERR or TFT of the CTS sample required that a finite element
(FE) analysis be carried out. According to Refs. [11,12,25], in order to
calculate the translaminar CSERR under any loading condition, a
compliance calibration curve can be illustrated. Based on this method, a
specimen with the thickness of 1 mm subjected to an applied load of
P = 1 N must be simulated as shown in Fig. 5. Hence, the CTS sample
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Fig. 6. The compliance calibration curves for different fracture modes obtained using finite element modeling.
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Fig. 7. The parameters in the load—displacement curves used to compute the
upper bound value of translaminar CSERR.
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Fig. 8. The influence of in-plane loading angle («) on the representative load vs
displacement curves obtained from the testing of CTS samples as § = 0°. The
circles represent the first non-linear load points.

and the fixture were simulated in ABAQUS/standard software. Based on
Modified Compliance Calibration (MCC) method [11,12,25], in order to
calculate the translaminar CSERR of each loading condition, many
different simulations with ten crack lengths were performed. Contact
between the CTS specimen, Arcan fixture, novel fixture and connecting
pins were presumed to be frictionless. The specimen was gripped in the
simulated fixture by pins similar to the experimental study. The
boundary conditions have been also considered based on the practical
work. The CTS sample was meshed using a total number of 17,230
C3D20R solid elements. As shown in Fig. 5, the elements were refined
around the pre-crack tip of CTS specimen. It must be mentioned that the
smallest mesh size was regarded as 0.1 mm in this region.

As displayed in Fig. 6, a compliance-crack length curve for each
loading conditions can be plotted through the FE analysis. According to
MCC method [11,12,25], a relation can be derived for each compliance
calibration curve by fitting a function as follows:
C = ye’t (@]

Where y andd can be determined to best fit the primary results. In
addition, t is the CTS sample thickness and a is its crack length. The
translaminar CSERR of laminated composites tested under a certain
loading condition can be determined as follows [11]:
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Fig. 9. The effect of out-of-plane loading angle () on the representative load vs
displacement curves obtained from testing of the CTS samples as (a) ¢ = 0° and

(b) @ = 90°. The circles represent the first non-linear load points.
p2
Gc = idic
2t da (2

where C and P, are the compliance and the critical load of the system
under a specific loading conditions, respectively. Finally, the transla-
minar CSERR of laminated composites can be computed by replacing
Eq. (1) into Eq. (2) as:

P2
G, = —Syde®
3 Zty

a=ag

3)

where ay is the crack length and it is equal to 19.75 mm in this study.
The change of compliance of the simulated cotton/epoxy system under
different loading conditions versus the crack length has been displayed
in Fig. 6. According to the FE analysis, the compliance of system under
mixed mode II/III loading condition is greater than the other fracture
modes at a certain crack length.

The mode I, II and III translaminar strain intensity factor for a
transverse isotropic material with the crack line parallel to the principal
direction is determined from the following equation [25,33,34]:

K; = JGrE ()]
Ky = JGnEy 5)
Ky = \/m (6)

where E; and Ej; are the effective tensile moduli and u is the shear
stiffness of the system. For transverse isotropic plates under generalized
plane stress conditions, E;, E;; and u are defined as [33,34]:

E = \/2/(011022)/\/\/022/011 + {2ayz + ae)/(2a1)} ()
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where a;; are expressed in terms of the following engineering elastic
constants of the laminate [35]:

M = 2/(ass + ags)

_ 1 _ 1 1 _ 1 _ 1 _ 1
an = B’ U = 55 033 = 5’ Q44 = Gy’ ass = Gy 966 = G0
— _ Yy Y _ _ _Uxzx _ _ Y
Qo =0an = —3 "= T 3 =01 = =5 = "§>
— _ bz _ Y
I3 = A3 = - B

(10)

According to the references related to the fracture mechanics of
laminated composites in the presence of fiber bridging phenomenon
[28,36-39], three points, i.e., deviation from linearity (NL), Visual
Observation (VIS) and Maximum Load, can be assumed as the critical
load point which the crack initiates to growth. The first critical load
value for determining the fracture toughness can be considered from
the load-displacement curve at the point of deviation from linearity, or
onset of nonlinearity (NL). It can be stated that the NL value represents
a lower bound value for the fracture toughness. For brittle matrix
composite materials, this is typically the same point at which the crack
growth initiation is observed [36,40]. In addition to the load—displa-
cement curves, since the crack deflection in the cotton/epoxy CTS
samples is similar to the brittle fracture in materials such as pure epoxy
[29], it is concluded that the translaminar fracture in cotton/epoxy
system has brittle behavoiur. Thus, the NL value can be considered as
one of the point related to the crack growth initiation and can be used
to calculate the translaminar fracture toughness.

Because of the structure of test fixture, the Visual Observation

0 N N N
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8.0

— —Mixed mode VIVIIL a=90, B=0

Mixed mode IVIVIIL, a=0, B=90

0 L L L L L
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6.0

Fig. 11. The effect of changing the loading angle from the in-plane condition to
out-of-plane when (a) @, 8 = 30 or 60° and (b) @, 8 = 0 or 90°. The circles
represent the first non-linear load points.

cannot be applied to compute the CSERR.

In the other side, regarding this comment, the upper bound value of
translaminar fracture toughness was also determined according to
ASTM E1922 [28]. Even though this standard was presented for the
pure mode I loading condition, it was used to the other loading con-
dition in the current study. Based on this standard, to compute the
translaminar fracture toughness, the following procedure must be used:

— Determine the maximum applied G value as Gy, which corre-
sponds to the maximum load during the test, Py,qx-

— Determine the deviation from the linear trend fraction (AV,/V,_,) by
obtaining the values of AV, and V,, from the load versus dis-
placement plot, using the procedure shown in Fig. 7.

- If AV,/Vyo = 0.3, then the upper bound value can be computed
using this method.

4. Results and discussion

Representative load—displacement curves for each mixed mode I/11/
III translaminar fracture test have been shown in Figs. 8-11. It is de-
monstrated that for some of the load—displacement curves, three re-
gions can be considered (see Fig. 8). In the region I, the load is linearly
increased versus the load point displacement until the first nonlinear
point. This response is observed for all the tested specimens. In the
region II, the load—-displacement curve becomes non-linear. This region
is related to the crack propagation. Similar behavior was observed by
the other researchers [11,18]. It is observed that the curve has as-
cending behavior between the first nonlinear and the maximum load
points. After the peak load, the load drops rapidly. It means that the
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The fitting parameters for different loading conditions defined in Eq. (1) and obtained from the FE analysis, the NL load and the related CSERR (the lower bound

value)of the cotton/epoxy system under different loading states.

Loading condition y 5 Py (N) Gen (kJ/m?)
Pure mode I 0.1309 0.0969 1059.2 * 46.7 48.1 * 0.093
Mixed mode I/I, & = 30° 0.0192 0.2303 1355.3 + 70.2 380.9 + 1.022
Mixed mode I/I, & = 60° 0.0203 0.2129 1454.8 + 68.0 304.4 + 0.665
Pure mode II 0.1009 0.0839 1616.4 + 45.1 57.8 + 0.045
Mixed mode I/, & = 30° 6.9089 0.0614 1270.8 + 67.0 1149.5 + 3.195
Mixed mode I/III, & = 60° 11.885 0.0617 1094.6 + 28.3 1483.0 + 0.991
Pure mode III 13.702 0.0618 1033.1 * 42.3 1528.5 + 2.562
Mixed mode II/III, « = 90°, 8 = 30° 2.8431 0.1538 1301.3 + 55.2 7683.9 + 13.826
Mixed mode II/III, &« = 90°, 8 = 60° 4.8081 0.1545 870.1 + 29.1 5917.2 * 6.619
Mixed mode II/IIL, « = 30°, 8 = 60° 6.3574 0.1283 1272.8 + 63.5 8293.4 + 20.642
Mixed mode II/III, « = 60°, B = 30° 1.3738 0.1671 1264.0 + 50.2 4947.4 + 7.803

Table 3

The deviation fraction (AV,/V,.,) defined in section 3 and obtained from the
load-displacement curve for different loading conditions. The maximum load
and the related CSERR (the upper bound value) of the cotton/epoxy system
under different loading states.

Loading condition AVy/Vio  Pyax (N) Ge.max (kJ/m?)

Pure mode I 0.16 1312 + 63.4 73.78 = 0.17

Mixed mode I/II, « = 30° 0.12 1536 = 74.9 489.32 = 1.16

Mixed mode I/II, « = 60° 0.08 1548 + 84.3 344.68 * 1.02

Pure mode II 0.04 1725 = 70.5 65.87 = 0.11

Mixed mode I/III, « = 30° 0.04 1460 = 67.0 1517.29 * 3.19

Mixed mode I/1Il, « = 60° 0.21 1441 = 41.5 2570.21 *= 2.13

Pure mode IIT 0.15 1377 + 58.2 2715.52 = 4.85

Mixed mode II/III, « = 90°, 0.06 1554 = 75.3 10958.00 * 25.73
B = 30°

Mixed mode II/II, « = 90°, 0.14 1075 = 32.6 9032.23 * 8.31
B = 60°

Mixed mode II/1II, « = 30°, 0.11 1420 = 69.1 10322.6 = 24.44
B = 60°

Mixed mode II/1I, « = 60°, 0.03 1478 = 63.8 6764.39 + 12.60
B = 30°

Table 4

The effective moduli and translaminar fracture toughness of cotton/epoxy
system under various loading states.

Loading E; (GPa) Ep (GPa) pu(GPa) Kcar Kc.max
condition (MPavm) (MPavm)
Mode I 4.1 - - 14.05 17.40
Mode I - 4.1 - 15.41 16.44
Mode III - - 2.0 78.19 104.22

crack propagation has an unstable behavior like brittle material. For the
other loading conditions, a distinctive behavior was revealed. For these
plots, three regions can be also considered as displayed in Fig. 9a. It is
shown that these regions are; (I) linear behavior, (II) a non-linear re-
sponse up to the peak load and (III) a steady state crack propagation.
The steady state crack propagation can be induced by the fiber-bridging
phenomenon [25].

In addition, the effect of in-plane and out-of-plane loading angles on
the load-displacement curves can be exhibited in Figs. 8-11. Fig. 8
displays the influence of in-plane loading angle (&) on the load vs
displacement curves of CTS samples tested under mixed mode I/II
loading conditions. It is clear that the loading condition (mode mixity)
has a significant effect on the translaminar fracture response of the
cotton/epoxy laminates. Similar behavior was also reported by Laffan
et al. [11] and Boyina et al. [18] for carbon/epoxy and glass/epoxy
material systems, respectively. Fig. 9a and b shows the influence of out-
of-plane loading angle (3) value on the translaminar fracture response
of cotton/epoxy system when a is equal to 0° and 90°, respectively. In
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Fig. 12. The translaminar fracture envelopes obtained for the cotton fiber re-
inforced composites under (a) mixed mode I/1I, (b) mixed mode I/III and (c)
mixed mode II/III loading conditions.
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Table 5
The comparison of the translaminar CSERR of cotton/epoxy material with some other systems.
Material Gient (kJ/m?) Reference Kic.nr (MPa/Vvm) Reference
Woven cotton/epoxy 48.1 Present work 14.05 Present work
Pure epoxy 0.192-0.212 Supplier data sheet 0.77-0.83 Supplier data sheet
Woven carbon/epoxy 28.9 [37] - -
Woven glass/epoxy 50.0 [18] - -
Unidirectional carbon/epoxy with a stacking sequence of [904/0/904].s 95.50 [11] - -
Unidirectional carbon/epoxy 91.6 [35] - -
Unidirectional carbon/epoxy 56.1 [38] - -
Unidirectional carbon/epoxy 97.8 [39] - -
Table 6 of CSERR for pure mode II and mixed mode I/II translaminar fracture

Comparison of interlaminar and translaminar CSERR of the cotton/epoxy
system under different loading states.

Loading condition Translaminar CSERR (kJ/ Inter-laminar CSERR

m?) (kJ/m®)
Pure mode I 48.1 0.127
Mixed mode I/1I, « = 30° 380.9 0.145
Mixed mode I/II, « = 60° 304.4 0.213

Pure mode II 57.8 0.430

Mixed mode I/IIl, « = 30° 1149.5 0.165

Mixed mode I/1II, « = 60° 1483.0 0.238

Pure mode IIT 1528.5 0.818

Mixed mode II/IIl, « = 90°, 7683.9 0.719
B = 30°

Mixed mode II/III, « = 90°, 5917.2 0.843
B = 60°

Fig. 9a, it is observed that by increasing the out-of-plane loading angle
or the mode III fracture contribution, the slope of linear response (re-
gion I) of the curve drops. In other words the stiffness of the cotton/
epoxy system consisting of a notch decreases as the contribution of
mode III translaminar fracture is enhanced. In Fig. 9b, it is well ob-
served that as @ = 90°, the response of cotton/epoxy laminated com-
posites is strongly dependent on the out-of-plane loading angle. Fig. 10a
displays the effect of in-plane loading angle on the load—displacement
curve of the cotton/epoxy laminated composites as § = 30°. As a result,
the in-plane loading angle has negligible effect on the non-linear load
point of the system. However, by increasing the in-plane loading angle
(the mode II contribution), the slope of linear elastic region of the
sample is decreased. Also in Fig. 10b, representative load—displacement
curves for the cotton/epoxy system tested under mixed mode I/II/III
loading condition as 8 = 60°and a changed from 0 to 90°were shown. It
is observed that the effect of the in-plane loading on the material re-
sponse is not significant. The influence of changing the loading angle
from in-plane to the out-of-plane state is shown in Fig. 11a and b. It can
be concluded that by changing the loading angle condition from in-
plane to out-of-plane and vice versa, the behavior of material is clearly
changed as depicted in Fig. 11a and b. In the other words, the para-
meters such as the linear region slope, the first nonlinear and peak
loads, and the steady state crack propagation are significantly affected
by the loading angle condition.

4.1. CSERR results

The results obtained for the lower and upper bound values of
translaminar CSERR of cotton/epoxy system under different loading
conditions have been listed in Tables 2 and 3, respectively. It must be
mentioned that the fraction of AV,/V,., is smaller than 0.3 for all
loading condition (see Table 3); therefore the translaminar fracture
toughness under any loading condition can be determined using the
procedure explained in Section 3. It is well observed that for a certain
loading condition, there is a considerable difference between the lower
and upper bound values of translaminar CSERR. The measured values

are more than pure mode I CSERR. This difference can be originated
from fiber pull-out, fiber breakage, fiber-matrix debonding and matrix
cracking. It is demonstrated in the next section that the damaged area
under mode III loading condition to be much greater than that under
mode I'loading condition. It was also observed by Boyina et al. [18] that
under pure mode I loading condition, the extent of fiber-matrix de-
bonding as well as fiber pull-out is remarkably lesser in comparison
with mode II loading condition. On the other hand, under out-of-plane
loading condition (in the presence of mode III fracture), a non-linear
behavior was observed in the load-displacement curves owing to the
progressive energy dissipation using matrix cracking and fiber-matrix
debonding mechanisms before unsteady final failure.

4.2. Translaminar fracture toughness

Using Egs. (4)-(6) and Tables 2 and 3, the lower and upper bound
values of mode [, II and III translaminar fracture toughness can be de-
termined. The results have been summarized in Table 4. It is observed
that the mode I translaminar fracture toughness of cotton/epoxy ma-
terial is equal to 14.05 MPavm and it is smaller than the mode II and III
translaminar fracture toughness. As a result, the translaminar fracture
toughness of the tested material is strongly dependent on the loading
conditions.

4.3. Fracture envelopes

Some criteria have been proposed to investigate the mixed mode
behavior of composite materials. Mixed-Mode Fracture Envelope
(MMEFE) is extensively used to evaluate the experimental data [41]. This
criterion is written as follows:

(T (2] (2]
Kic Kne Kme an
Fig. 12 illustrates the translaminar fracture envelope for the cotton/
epoxy composites subjected to the different mixed mode loading con-
ditions. It was obtained that the form of m = 2 and n = 1.8 is properly
estimated the mixed mode I/II translaminar fracture behavior of the
system (see Fig. 12a). Similar behavior was reported for the inter-la-
minar fracture toughness of the cotton/epoxy and some other laminated
composites [29]. For the mixed mode I/1II and II/1II loading conditions,
m, n and o were determined as 2, 1.8 and 1.8, respectively (see Fig. 12b
and ¢).

4.4. Results comparison

The translaminar CSERR of cotton fiber reinforced epoxy-based la-
minated composites obtained in the current study have been compared
with the translaminar CSERR of other systems in Table 5. It is well
demonstrated that the translaminar CSERR of cotton/epoxy composites
under pure fracture modes is remarkable as compared to the other la-
minated composite systems. The lower bound value of mode I transla-
minar CSERR of cotton/epoxy composites was obtained as 48.1 kJ/m?.



A. Zeinedini, et al.

Theoretical and Applied Fracture Mechanics 109 (2020) 102760

Fig. 13. Typical fracture profile of the CTS specimens made of cotton/epoxy system under different loading angles.

Fig. 14. Schematic of crack deflection of brittle materials under different
loading conditions.

It is observed that the woven cotton/epoxy system has a significant
value of mode I translaminar CSERR as compared to the woven glass/
epoxy [18,42], woven carbon/epoxy [42], unidirectional carbon/epoxy
[11,35,43,44]. Besides, the mode I translaminar fracture toughness of
the cotton fiber reinforced composites has been compared with the pure
epoxy. It was tabulated in Table 2 that the lower bound value of mixed
mode I/II translaminar CSERR of the tested composite is around

10

300 kJ/m?. Whereas, Laffan et al. [11] obtained a value of 11 kJ/m? for
the mixed mode I/1I translaminar CSERR of the unidirectional carbon/
epoxy system.

In Ref. [5], the inter-laminar CSERR and fracture toughness of the
cotton/epoxy system under mixed mode I/II/III loading condition have
been reported. Table 6 compares the inter-laminar and translaminar
fracture responses of this material. It is well observed that the crack
direction has a strong effect on the fracture response of the cotton/
epoxy material. According to Table 6, by increasing the mode III con-
tribution, both inter-laminar and translaminar fracture toughness va-
lues are significantly increased.

4.5. Crack growth direction

The crack growth direction is one of the main reasons that lead to
increase the mode II CSERR of the sample in comparison with the mode
I loading state [29,45]. Hence, this section investigates the crack
growth direction of CTS samples tested under different loading angles.
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A protractor was used in order to measure the observed crack propa-
gation angle of the cotton/epoxy system. The arrows in Fig. 13 indicate

the

crack propagation direction for the fractured specimens. For mixed

mode I/II loading condition, it is clearly shown that the magnitude of
crack deflection angle increases for the higher contribution of mode II
fracture. It is also concluded that in the presence of mode III fracture,

the

fracture surface is remarkably enhanced as compared to the other

loading conditions.

As the crack deflection in the cotton/epoxy CTS samples compared

to the brittle fracture in materials such as pure epoxy [29] (see Fig. 14),

the
Thi

translaminar fracture in cotton/epoxy system has brittle behavior.
s behavior can be proved by the load—displacement curve observed

in Section 2.3. Besides, the curves for mixed mode I/II fracture of
cotton/epoxy material show a semi brittle behavior (see Fig. 8).

5.

Conclusion

In this work, a combined practical study and FE analysis was per-

formed in order to characterize the mixed mode I/II/III translaminar
CSERR of cotton fiber reinforced laminated composites. The laminated
composites samples were loaded by Arcan and out-of-plane fixtures.
The translaminar CSERR of the natural laminated composites under a

full

range of mixed mode I/II/III loading conditions was calculated.

Some important results can be expressed as follows:

The results manifested that the translaminar CSERR of cotton/epoxy
laminates are remarkably affected by the mode mixity.

The lowest and highest translaminar fracture toughness values are
related to the mode I and mixed mode II/III fracture tests, respec-
tively.

Under mixed mode I/IIl loading, by increasing the mode III con-
tribution translaminar fracture, the value of CSERR is also increased.
The criterion of Mixed-Mode Fracture Envelope was used to predict
the mixed mode I/II/III translaminar fracture behavior of cotton/
epoxy system. An appropriate relation was obtained in this case.
As a result, the crack deflection of cotton/epoxy system is similar to
the brittle materials.

The mode I translaminar CSERR of cotton/epoxy laminates is re-
markable as compared to the mode I translaminar CSERR of the
other systems. Thus, in the presence of an out-of-plane crack in a
sheet, the cotton fiber reinforced composites can be utilized.

It must be noted that in order to design and simulate a structure, the
values such as translaminar CSERR and fracture toughness are re-
quired to be determined. Hence, the results of this study are usable
when the simulation of a structure is necessary to be performed.
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