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Abstract

Utilizing resistive strain gauges for V-notch shear tests in fiber reinforced lami-

nates is usually limited to low strain values due to technical uncertainties

imposed by the measurement technique and also the progressive damage devel-

opment in the notched region of the composite. Therefore, this study investigates

an alternative approach by using digital image correlation system and further

comparison with resistive strain gauge to identify the effect of heterogenous

nature of damage development on measurement results. Moreover, glass/carbon

fiber hybrid and non-hybrid laminates are tested in two major directions through

the same approach to determine the effect of stacking sequence in spatial

microdamage accumulation. It is shown that tailoring appropriate region of inter-

est for full field strain measurement at various stages of loading enables proper

monitoring of microdamage accumulation and thereby delivers a precise stress–
strain behavior for hybrid and non-hybrid laminates. Comparison of the strain

maps for hybrid laminates tested in 0� direction, shows that the presence of car-

bon plies at the surface results in uniform strain distribution between the notches

of the test sample. In contrast, a non-homogeneous strain map with separate

regions of high strain gradient are observed for hybrid specimens with glass plies

at surface, which can cause underestimation of average shear strain by resistive

strain gauges. On the other hand, it is shown that strain maps for hybrid samples

tested at 90� configuration is analogous regardless of the stacking sequence, and

damage accumulation in these samples is most likely related to relative volume

fraction of various fibers in hybrid laminate.
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1 | INTRODUCTION

Carbon fiber reinforced polymers (CFRP) are used as
engineering materials due to their high specific strength.

However, they are known to suffer from limited damage
tolerance. To address this major issue, several approaches
have been proposed through the employment of multi-
scale reinforcements or interface modifications of fibers
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in CFRP laminates.[1–5] Despite the relative success of
these methods, their industrial applicability is under
question due to the complex and expensive processing
procedures. Alternatively, fiber hybridization is emerged
to be a simple approach with promising results regarding
extending the reliability of CFRP. In this method, a part
of carbon fibers in CFRP laminate is replaced by another
type of fiber reinforcement with higher elongation strain.
Therefore, the total failure strain of hybrid fiber laminate
is increased as compared to CFRP, that is, the hybrid
effect which improves the damage tolerance of CFRPs.[6]

The hybrid effect comes in an expense of a small reduc-
tion in the strength of material which might be compen-
sated by the increase in safety factor. However, the
addition of other fiber types with different behavior than
carbon fibers into the CFRP structure brings about com-
plexities to its mechanical responses. Thus, understand-
ing the mechanical behavior of fiber hybrid laminates is
an important task that deserves attention.

There are comprehensive and recent reviews about
the fiber hybridization of polymer laminates in[7–9] where
the mechanical and physical aspect of such laminates are
discussed thoroughly. Therefore, herein, only some
recent and most relevant efforts about fiber hybridization
of CFRPs are reviewed briefly. Biswas et al. showed that
the magnitude of load for first ply failure in glass/carbon
fiber hybrid laminates under a transverse static load is
more than non-hybrid glass fiber reinforced polymer
(GFRP) samples.[10] Wang et al. investigated the mechan-
ical behavior of woven fabric hybrid carbon/aramid lami-
nates under various loading conditions and showed the
importance of stacking sequence on the flexural proper-
ties of hybrid samples.[11] Authors in their previous inves-
tigation obtained similar results for the flexural loading
of glass/carbon fiber hybrid laminates.[12] Moreover, they
determined the source of major damage initiation by the
combined usage of acoustic emission and a theoretical
model based on refined zigzag theory in these laminates.
Naito et al. analyzed tensile behavior of glass/carbon
reinforced thermoplastic laminates at various tempera-
tures and used a Curtin-type global load-sharing model
to predict the mechanical behavior of these compos-
ites.[13] Meng et al. analyzed the damage behavior of
hybrid glass/carbon composites under high-velocity
impact and showed that increase in the thickness of glass
plies improved impact behavior.[14] Czél et al. investigated
the effect of thickness of a thin-ply carbon layer in glass
epoxy laminates to observe pseudo-ductility in hybrid
fiber composites.[15] It is clear that there are numerous
investigations on analysis of glass/carbon fiber hybrid
laminates under tensile, flexural, interlaminar shear and
impact loads. However, in these concisely summarized
investigations, the main focus has been on the abrupt

global failure of composite material or its transition to the
pseudo-ductile state after elastic deformation. Besides,
investigators are usually concerned about the effect of
fibers on the mechanical response of hybrid fiber lami-
nates, while the details of matrix-dominant response in
hybrid fiber laminates are not explored yet. When loaded
under in-plane shear condition, fiber reinforced laminates
exhibit an initial linear behavior followed by a nonlinear
response. Such a nonlinear matrix-dominant behavior is
usually accompanied by damage development.

One of the promising methods for in-plane shear
analysis of fiber reinforced laminates is V-notch
(Iosipescu) shear test whereby the shear strain, stress,
and modulus of the composites can be determined. The
presence of almost uniform shear stress throughout the -
V-notch section and zero bending moment in this
method allows for the determination of shear modulus
under pure shear stress/strain state.[16] Depending on
orthotropy of the material and the loading condition, the
shear stress between the notches might be nonuniform.
Therefore, the selection of a conventional resistive strain
gauge with appropriate size becomes particularly impor-
tant to capture the strain field accurately across the
V-notch region.[17] An alternative solution to local strain
measurement can be the usage of full-field strain mea-
surement techniques such as digital image correlation
(DIC), where the region of analysis can be selected in
accordance with requirement of the investigation. Bru
et al. used DIC for the Iosipescu test of unidirectional
weave non-crimp fabric polymer reinforced laminates
and showed that the measured shear strain maps were
uniform between notches even after the premature fail-
ure of samples due to multiple splitting at the notched
region.[18] Choi et al. used DIC technique and finite ele-
ment method (FEM) together to confirm the uniformity
of shear strain between the notches and defined a correc-
tion factor for the calculation of shear modulus at lower
strain levels.[19] Diayan et al. used DIC and numerical
simulation to assess triaxiality ratio in shear tests of
polypropylene-based materials and employed this ratio as
a factor indicating the deviations from shear states
throughout the test procedure.[20] Qin et al. utilized DIC
for analysis of local nonuniformity of shear strains in 3D
orthogonal woven carbon/carbon composites, and
revealed the effect of zone size on the shear strain calcu-
lation and on preventing the local strain alternations.[21]

So far, the investigations on the in-plane shear test of
polymer materials and composite laminates specifically
have been dedicated to finding out the shear strain distri-
bution at the V-notch zone through using a DIC method.
To the best of the author's knowledge, no study has been
conducted for determining the effect of stacking sequence
in interply glass/carbon fiber hybrid laminates on the
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strain distribution corresponding to nonlinear region in
the shear stress-shear strain curve between the notches.
Furthermore, the strain values obtained by global and
local strain measurements under shear test have not been
contrasted to reveal significance of full field measure-
ment technique for reliably monitoring the damage accu-
mulation at nonlinear region of in-plane shear tests.

In the current study, details for manufacturing and
processing of hybrid and non-hybrid laminates are given.
The experimental evaluation method, that is, the DIC
method used for the characterization of shear behavior,
is introduced. Then, a detailed discussion for construing
results is presented as follows. Initially, the comparison is
provided for the in-plane shear stress–strain curves based
on strain measurements made through DIC and resistive
strain gauge and the selection of appropriate size for the
region of interest in DIC technique is discussed. Subse-
quently, the effect of stacking sequence on the nonlinear
shear behavior of interply hybrid fiber laminates is eluci-
dated based on the DIC-driven shear strain maps for two
different test configurations. Finally, the concluding
remarks about the effect of stacking sequence, monitor-
ing damage development in the nonlinear region using
full-field strain measurement are laid out concisely.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials and manufacturing
procedure

Unidirectional carbon fibers with the areal weight of
300 g/m2 density of 1.78 g/cm3 and tensile modulus
of 240 GPa, and unidirectional glass fibers with 330 g/m2

(283 g/m2-1200 Tex along the 0� direction, 37 g/m2-68
Tex E-Glass stitching fibers along the 90� direction and
stitch with 10 g/m2–76 Dtex) and a tensile elastic modu-
lus of 80 GPa were used as reinforcing fibers. Araldite LY
564 resin and Hardener XB 3403 were used as the resin
for the matrix purchased from Hunstman (USA). The
glass transition temperature of the matrix material was
70 �C according to the manufacturer. Fabrics were cut
with the size of 600 mm � 300 mm in a way that primary
reinforcing fibers were aligned in the length of the cured
and cut laminates. Six different stacking configurations
as seen in Table 1 were prepared on the heating table,

that is, mold. By using vacuum-assisted resin transfer
molding process, fibers were impregnated with the mixed
components of the matrix material. The curing process of
the set fibers was conducted according to the manufac-
turer's recommendation and the details of this process can
be found in.[12] Furthermore, the fiber volume fraction of
each laminate is also determined and reported in the previ-
ous study[12] where the relative volume fraction of glass to
carbon fiber is determined experimentally for 13C, 1C, 2C,
and 3C laminates as 0.59, 1.19, 1.22, and 1.23, respectively.

Two sets of V-notched beam shear test samples were
cut from the cured laminates at 0� and 90� configura-
tions, respectively. ZÜND G3-L3200 machine was used to
cut samples according to ASTM D5379 as seen in
Figure 1. During the machining process, no delamination
occurred, and the edges of the samples were grinded
using sandpapers to achieve a smooth peripheral.

2.2 | V-notch shear test

To calculate the shear stress, the width (w) and the thick-
ness (h) of the samples at the root section were measured
prior to test initiation. Strain gauges with product code of
C2A-XX-062LV-350 supplied from Vishay group were
adhered to the back of the samples in between notches to
collect the shear strain values in the middle of the speci-
mens during shear deformation. According to the data
sheet provided by the producer of this strain gauge type,
the shear strain measurement range for this product is
±3% (total of 6% engineering shear strain), which is also
consistent with the limits (5% engineering shear strain)
recommended by ASTM D5379 for reliable shear strain
measurements. Shear tests were conducted using
INSTRON 8853 universal testing machine with a load cell
of 250 kN, at a constant displacement-controlled speed of
2 mm/min. The samples were set in an Iosipescu shear
fixture, thus, the test load was applied through the root of
the V-notched cross-section. The presence of vertically
sliding parts in this fixture assured negligible friction;
moreover, out-of-plane displacements were prevented by
using fastening pins. The value of the load (P) at each
moment was transferred as an analog voltage to the full-
field displacement measurement system, that is, DIC.
Therefore, the corresponding amount of load for any
image taken through cameras was recorded

TABLE 1 Stacking sequence of

laminates and their designation
Stacking sequence Laminate label Stacking sequence Laminate label

[C/C/C/C/C/C] AC [G/C/G/G/C/G] 2C

[C/G/C/C/G/C] 13C [G/G/C/C/G/G] 3C

[C/G/G/G/G/C] 1C [G/G/G/G/G/G] AG
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simultaneously. The amount of the load was converted to
shear stress (τ) using τ = P/whrelationship.

2.3 | DIC system

The local strains were acquired using a 12 M digital
image correlation system manufactured by GOM GmbH
with two cameras, that is, 3D stereo set up. To conduct
the full-field displacement analysis, calibration of cam-
eras and deformation sensor was conducted by means of
a calibration panel of size 55 mm � 44 mm in the single
snap mode, therefore visibility of the surface of the test
coupon under shear deformation was assured. The dis-
tance between cameras was set to 436 mm and the
distance between the center point of sensors and the
material surface was 560 mm. The results of calibration
showed a calibration deviation of 0.026 pixels and a scale
deviation of 0.00 mm, which were under the limits of
0.050 pixels and 0.005 mm, respectively, as indicated by
the system manufacturer. A random black and white
speckle pattern was applied on the surface of test mate-
rials to enable grayscale contrast; therefore, each local set
of pixels were distinguishable from their neighborhood
pixels. A reference image of the surface of the samples
was taken which indicated the undeformed state of the
material for the measuring sensor. Thereafter, a virtual
surface element was defined for the sample in the DIC
software by using the reference image. Small subsets
(facets) with a certain distance (Steps) in between them
were used as the identification points to define the sur-
face element. During the deformation of the material,
sequence of images were taken from the surface of the
material. An adaptive algorithm provided by the DIC sys-
tem manufacturer was used to follow-up the facets and
their step to redefine the surface element for each image.
Accordingly, the displacement values are calculated at
each point on the surface element and converted to local
strains. Three different regions of interest (ROI), that is,
surface elements, were defined for calculation and

presentation of strains for each laminate as seen in
Figure 2(A). The first region is the area between the load-
ing tips of the test fixture. The second region of interest is
the small band area between the notches of the samples
and the third area has the same size as resistive strain
gauge just adhered to the opposite side of the specimen.
The image seen from DIC cameras is shown in Figure 2
(B) for better illustration of test set up.

2.4 | Shear strain calculation
through DIC

DIC system uses the deformation gradient tensor F = ∂xk/
∂XKto map the material point in an undeformed state den-
oted by XKto the deformed state indicated by xk assuming
that there is one to one correspondence between two
states. Here, the subscripts Kand k correspond to the
undeformed and deformed states, respectively, and take
the values of 1–3 in Cartesian coordinates. The F tensor
can be decomposed as a polar product of a stretch tensor,
Uand a rotation tensorRas F = RU where the stretch ten-
sor can be calculated using Cauchy-Green strain
tensorC = FTF = UTRTRU. Since R is an orthogonal ten-
sor, that is, RTR = I, then Cauchy-Green strain tensor can
be rewritten as C = UTU. Thus, by using the materials
tensor, DIC system can implement local coordinates on
each point of the surface of the material to get the stretch
ratios or respective strains in each point. For a pure shear
stress case as seen herein for the V-notch cross section of
test samples, no rotation is assumed and for each point on
the surface, one can write coordinates of each deformed
state as: x1 = X1+ kX2, x2 = kX1+X2, x3 = X3, which
leads to the deformation gradient in the form of F ¼
1 k 0

k 1 0

0 0 1

2
64

3
75¼RU ¼ I

1 k 0

k 1 0

0 0 1

2
64

3
75¼U. Stretch tensor consists

of the elements of stretch ratios (Z) which can be readily
related to the engineering strain values. Thus, the stretch
tensor can be rewritten in following form based on the

FIGURE 1 Schematic of V-notch beam test samples in (A) 0�, (B) 90� configurations
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values of strain: U ¼
1þ εx εxy 0

εyx 1þ εy 0

0 0 1

2
64

3
75. So, DIC can eas-

ily get the strain values εx, εy,εxy on the surface of the
material if the stretch values of each points are known.
Considering the symmetry of the tensor, εyx = εxy and
approximation of εx! 0, εy! 0 for an infinitesimally
small deformation, shear strain will be given as
γxy = 2εxy, which is equivalent to the term indicated in
the standard ASTM D5379 for obtaining shear strain
using strain gauge γxy ¼ ε45�

�� ��þ ε�45
�

�� ��.

3 | RESULTS AND DISCUSSION

3.1 | Advantage of using DIC for in-plane
shear characterization

Results of shear strains measured through DIC and resis-
tive strain gauge foil are presented in Figure 3 and Figure 4
for hybrid and non-hybrid samples at two different in-
plane directions, that is, 0� and 90� as demonstrated in
Figure 1. In each plot, three different curves related to DIC
measurements are given which correspond to various
regions of interests as mentioned in Figure 2(A); moreover,
the curves related to strain gauges are overlaid on these
plots. In Figure 3 and Figure 4, the shear stress–strain cur-
ves for DIC are plotted via calculation of arithmetic mean
of shear strain map of the ROI at different stress levels. The
highest strain values were obtained for ROI 3, while lower
values were seen for ROI 2 and ROI 1, respectively, at any
stress level. Lower values of strain for ROI 1 were related
to inclusion of areas on the surface of sample which did

not experience shear deformation. At the beginning of the
test, these regions were under negligible shear stress due to
inherent geometry of the shear sample, loading condition,
and consequently their location which was relatively far
from the area in between the notches. As a result, the
apparent slope of linear region, that is, shear modulus,
obtained using ROI 1 was higher as compared to ROI
2 and ROI 3, respectively, for each sample. The results of
strain collected by strain gauge in linear section of curves
were perfectly matching with the values obtained by ROI
3 for all the specimens. This observation reveals that for
laminates with symmetric layups, regions with the same
size but in opposite sides of the sample would present anal-
ogous elastic behavior before start of the nonlinear
response. Transition of the mechanical behavior from lin-
ear to nonlinear for each laminate was identified from a
knee appearing in the curves. According to a previous
research by the authors, the start of nonlinearity at in-
plane shear test of the glass fiber reinforced epoxy matrix
laminates indicated accumulation and further saturation of
microdamage such as transverse cracks, delamination, and
fiber rupture/breakage in the V-notch region.[22–24] As seen
in Figure 3(F), such a transition is well presented by draw-
ing two fitting lines at the linear and nonlinear sections of
the curve and attributing the stress level of the intercept
point between the two lines as the microdamage initiation
stress. As seen in the inset plot of Figure 3(F), intercept
points for all curves showed the same stress level. Hence, it
was concluded that the stress level for microdamage accu-
mulation in a laminate can be determined successfully
regardless of the size of the selected measurement surface
in DIC method and/or strain measurement technique.
Comparison of ROI 3 with strain gauge in nonlinear region
revealed that the good consistency of measured data by

FIGURE 2 (A) Schematic of surface

areas under investigation by DIC, (B)

actual sample surface seen from DIC

cameras at fixture [Color figure can be

viewed at wileyonlinelibrary.com]
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these systems up to 5% strain. By choosing 5% shear strain
as the appropriate limit for consistency of data for DIC-
ROI3 and strain gauge, the authors have already complied
with the technical limits recommended by ASTM D5379
standard and the reliability range given by strain gauge
manufacturer. For strains above 5%, the discrepancy in the
strain data measured by the strain gauge and DIC is related
with the fact that the strain gauge has a reduced reliability
beyond this strain range as described in the material and
methods section. Another reason for the authors to con-
sider 5% shear strain for comparison is the observations in
their previous published paper.[24] The results of this study
accompanied by thermal camera observations showed that
at about 5% shear strain, microdamage saturates in V-notch

region and in turn start transcending V-notch section.
Thus, above 5% shear strain, the data obtained from strain
gauge would be less reliable. In other words, our previous
observation is actually being confirmed in current investi-
gation which suggests using big ROI in DIC measurements
if the damage develops beyond v-notch region of the sam-
ple. Moreover, due to different damage accumulation rate
and microcrack initiation at various plies through the
thickness of the test samples, the initial symmetrical layup
was probably affected in terms of volume fraction of voids
inside the specimens, therefore, the strain measurement
results in opposite surfaces of sample altered. The other
area of interest used for DIC measurements was ROI
2 which consisted of the surface area between notched

FIGURE 3 Shear stress–strain curves obtained for various ROIs and strain gauge for (A) 3C-90�, (B) 3C-0�, (C) 2C-90�, (D) 2C-0�,
(E) 1C-90�, (F)1C-0� [Color figure can be viewed at wileyonlinelibrary.com]
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regions of sample. This area was basically under pure shear
stress from the beginning of the test up to failure point at
high shear strain levels, and therefore, damage progress
due to shear was monitored comprehensively. On the other
hand, the performance of strain gauges as discussed earlier
was limited and early failure of strain gauges happened as
seen in Figures 4(A),(B),(E) for some samples. Moreover,
the region monitored as ROI 3 was small and did not con-
sider the development of failure beyond its designated area
at high strain levels while ROI 2 overcame this issue due to
its larger monitoring area. Also, the slope of linear region
for ROI 2 had negligible difference with ROI 3 and strain
gauge measurements. Therefore, two major properties of
the shear behavior, namely, shear modulus and shear

failure point, were best represented by ROI 2, in other
words it could be concluded that ROI 2 gave better descrip-
tion for shear behavior for all samples up to a level where
damage is mainly located in shear region of samples. Over-
all, using ROI 2 is more appropriate for monitoring the
shear stress–strain behavior as compared to ROI 3 and
strain gauge.

Comparison of shear behavior for 1C, 2C, and 3C
hybrid samples in Figure 3 showed that failure strains and
maximum stresses in 90� direction were lower than 0�

configuration. Early failure of samples in 90� configura-
tions as well as their lower stress values was related to
rapid damage development in matrix/fiber interface under
shear loading condition. On the other hand, higher failure

FIGURE 4 Shear stress–strain curves obtained for various ROIs and strain gauge for (A) AG-90�, (B) AG-0�, (C) AC-90�, (D) AC-0�,
(E) 13C-90�, (F) 13C-0� [Color figure can be viewed at wileyonlinelibrary.com]
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strain for laminates in 0� direction was related to gradual
damage accumulation at matrix/fiber interface and growth
of shear cracks.[18] It was seen that for samples tested in
90� direction strain gauges showed highest failure strain
while for specimens in 0� direction ROI 3 presented
highest failure strains. These observations were related to
the disability of full field measurement system, since the
DIC instrument was unable to sustain defined surface ele-
ment for software measurements at regions with extreme
shear strain values, in other words, the regions where
matrix/fiber interfacial cracks grew instantaneously, DIC
did not follow-up the facets required for in-plane displace-
ment calculations. For specimens tested in 0� direction
shear cracks developed gradually at several locations in
between the notches and also near the notch root. These
shear cracks developed beyond the notched region which
were not covered by strain gauge grid. Thus, ROI 2 and
strain gauge were able to record shear strains up to a level
where cracks were concentrated inside V notch region.
Further damage growth was perfectly covered by ROI
3 and thus gave better presentation of the failure stages of
samples in 0� direction.

Figure 4 shows the shear behavior of AG, AC, and
13C samples in 0� and 90� directions. For AG-0� and
13C-90� samples, strain gauge failed earlier than expected
in the nonlinear region, therefore, final failure stages
were not recorded. However, based on previous state-
ments, we could assume that data obtained from ROI
3 was consistent with nonlinear region obtained with
strain gauge. Therefore, it could be concluded that using
DIC system is a good method for characterizing
nonlinear behavior of fiber reinforced laminates as com-
pared to resistive strain gauges due to its capability to
capture the full development of damages. Failure strain
of AC-90� was very low as compared to all other non-
hybrid and hybrid laminates. This low failure strain was
related to big difference between elastic modulus of car-
bon fibers and epoxy resin matrix which contributed to
easier crack development as interfacial debonding due
to shear and consequent failure. Moreover, since the
crack growth path within the fiber and the matrix inter-
face of AC-90� specimen is parallel to compressive
stresses at the vicinity of notched area due to the applied
load, the failure development in AC-90� occurs easier
than the interface failure of AC-0�. When compared to
AC-90� sample, incorporation of glass fiber in matrix
increased failure strain of 13C, 1C, 2C, and 3C samples as
seen in Figure 3(A),(C),(E), and Figure 4(E), respectively,
that is, hybrid effect. Since the glass fibers were more
ductile as compared to the carbon fibers, they provided
less reinforcing effect, and consequently, stress concen-
tration at their interface with matrix was lower and crack
development from carbon layers to adjacent glass layers

could be delayed.[25] Comparison of hybrid samples in 0�

direction with AC-0� specimen showed no significant
hybrid effect which could be attributed to failure devel-
opment as shear cracks rather sudden development of
interfacial cracks aligned with loading direction. Initia-
tion of failure in 0� direction was mainly due to fiber
deformation, matrix cracking and fiber/matrix interface
failure.[26] The cracks originated due to these failures
usually propagated in horizontal direction and were
arrested due to excessive compressive forces away from
v-notch region. Therefore, abrupt failure of samples in
0� direction was not observed due to limited size of sam-
ple and fixture of the test. Effect of interfacial bonding
becomes less significant as compared to samples tested
in 90� direction and hybrid effect was not seen for
hybrid samples. In summary, using a bigger region of
interest for monitoring the nonlinear behavior in in-
plane shear test was advantageous, therefore, compari-
son of damage development at nonlinear region among
various laminates was conducted using ROI 1 at the
coming section.

3.2 | Effect of stacking sequence on
development of damage at nonlinear
region

As stated in previous section, ROI2 can represent the dam-
age accumulation at gauge length of the shear samples bet-
ter than the other ROIs. Therefore, Strain distribution for
ROI 2 for various laminates at 0� configurations was ana-
lyzed and compared using DIC-εxy maps at 5%, 10%, 15%,
and 20% average strain in Figure 5. For all of the laminates,
a narrow band with high strain values was observed
between the notches that corresponded to concentration of
pure shear stress in that region. Initial nonlinearity of
stress–strain behavior for all laminates appeared with crea-
tion of regions reaching εxy=0.02, that is, yellow color in
strain maps for 5% shear strain maps. Considering the simi-
larity of matrix system in all laminates, the analogous value
of strain for initiation of nonlinear shear behavior could be
attributed to microdamage initiation inside matrix constitu-
ent of the composite materials. Further accumulation of
damage inside the laminates appeared as transverse strain
gradients which developed normal to the loading direction
as seen in DIC images of Figure 5. Due to the orientation
of fibers in 0� configuration with respect to the loading
direction, it was presumable that transverse advance of
microdamage was mainly related to interfacial failure
between fibers and matrix material. These interfacial fail-
ures later on showed up as inclined macro cracks in
between the notches of the samples visible by naked eye.
These types of macro cracks had also been reported for
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FIGURE 5 Strain maps for various

laminates in 0� direction at 5, 10, 15, and 20%

εxy strain [Color figure can be viewed at

wileyonlinelibrary.com]
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uni-weave non-crimp fabric composites and glass fiber
reinforced laminates.[18,24] The damage initiation and
growth had similar sequence for all laminates, however,
the extent of their development and consequent strain dis-
tribution appeared to be distinct, as seen in the results of
Figure 5. In the following paragraphs, differences of shear
strain maps are discussed between two groups of laminates
based on the type of ply on the surface, namely, carbon
plies and glass plies. Moreover, the effect of stacking
sequence on strain distribution is discussed for a group of
laminates with similar fiber volume fractions, that is, 1C,
2C, 3C.

As seen in Figure 5, for all samples the shear strain
maps related to 5% average strain showed a high
strain gradient region adjacent to notch roots. This observa-
tion is consistent with previous study of the authors
wherein thermal camera was used to indicate initial
microdamage accumulation near notches.[24] These high
strain regions near the notches promoted multiple trans-
verse splitting as the load increased and finally caused loss
of DIC data at v-notch region as seen for 20% shear strain
images in all samples. It is interesting to note that unlike a
previous report[18] these splitting events did not cause any
visible stress drops in shear stress–strain curve which could
be associated with relatively smaller size of splitting in this
investigation. After the formation of high strain regions
near the notch roots, auxiliary high strain regions due to
shear stress appeared uniformly in between the notches
which indicated gradual microdamage accumulation. As
mentioned earlier, transverse strain gradients were related
to interfacial debonding between the fibers and matrix.
The carbon fibers and resin epoxy have larger interface
area and smaller interphase volume in between,[27] there-
fore, the load transfer from matrix to the fiber is more effi-
cient as compared to that of glass fibers and matrix. Thus,
better interaction of fiber and matrix resulted in homoge-
nous failure development inside the carbon plies, and
therefore, uniform strain distribution was observed at the
surface of samples with carbon plies at the surface. As seen
in Figure 5, at various shear strain levels the samples with
carbon ply at the surface, namely, 1C, 13C, and AC showed
a quite uniform strain distribution at the region between
the notches. Such a uniformity of strain remained consis-
tent from 5 to 20% average shear strain level despite the
presence of higher shear strain values adjacent to the notch
roots. On the other hand, the DIC results for 2C, 3C, and
AG samples which had glass layers located at the surface
showed that the damage initiation and propagation was
different as compared to the previous group which had car-
bon plies at their surface. In these samples, the transverse
strain gradients did not develop uniformly but grew in dis-
crete locations in between the notches. These discrete
regions had distinctively high strain values which were

close to the values seen at v-notch roots for samples with
carbon plies at their surface. For instance, as seen in
Figure 5 the isolated high strain gradient regions between
the notches for 2C, 3C, and AG specimens had values as
high as the ones seen at the notch roots for 1C sample at
each average shear strain level. These high strain regions
corresponded to transverse cracks that appeared due to
easy growth of failures at weak fiber/matrix interfaces. On
the contrary to the carbon fibers, the glass fibers had
smaller interface and thicker interphase volume, which
resulted in inefficient transfer of load from matrix to fibers
and consequently promoted rapid growth of any interfacial
failure. Thus, for the samples with glass layers at their sur-
face, strain distribution between the notches was non-
uniform as seen in Figure 5 and persistent growth of the
interfacial failure promoted appearance of discrete high
strain gradient from low shear strain level, that is, 5% to
high strain level, 20%. These high strain regions later on
appeared as inclined shear macro cracks which did not
coalesce even up to maximum stress level. After the crea-
tion of the localized high strain regions, splitting at the
notch roots was observed for all of the samples at strain
level of 20% which caused loss of DIC data as seen in
Figure 5. Further comparison of 1C, 2C, and 3C laminates
was used to show the effect of stacking sequence on strain
maps observed on the surface of these sample. Since these
three hybrid laminates have different stacking sequence
but a similar carbon to glass fiber fraction, their damage
progress under in plane loading was assumed to be analo-
gous. It must be noted that the 3C laminate did not show a
shear strain map at 20% average strain level due to loss of
speckle pattern at notch regions and consequent inability
of the DIC system to provide a comprehensive surface
strain map. As seen in Figure 5, the strain map between
the notches (not at notch roots) for 1C laminate was rela-
tively uniform as compared to the distribution seen for 3C
and 2C samples up to 10%strain. On the other hand, the
values seen at discrete high strain gradient locations for 2C
and 3C samples are comparable to the strain levels
observed at notch roots for 1C specimen at 10% strain level.
Thus, the apparent damage development was observed as
high strain gradient regions between the notches for 2C
and 3C specimens, and localized notch root failures for
1C laminate. In short, the observations through DIC
measurements indicated that stacking sequence of inter-
ply hybrid fiber laminates influenced the patterns in
damage development through the gauge length of v-
notch shear sample. DIC maps also confirm the finding
in previous section regarding the usage of an appropriate
region of interest for shear strain measurements to
ensure encompassing the whole gauge length rather than
a small region with localized failure that can result in an
overestimation of shear properties.
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Figure 6 shows the εxy strain map for different laminates
tested at 90� configurations, at maximum corresponding
stress level based on ROI 1. It must be noted that compari-
son based on ROI 2 has not been used in Figure 6 due to
the fact that failure during in-plane shear test for 90� sam-
ples occurred abruptly without a significant transverse dam-
age development, and for the sake of comparison of
damage development patterns, ROI 1 would give the similar
remarks as ROI 2. In all samples, nonlinear behavior started
as soon as the strain level at some areas in between the
notches exceeded 0.02, that is, γxy=0.04. These localized
high shear strain regions started to grow in loading direc-
tion and coalesced to form a narrow shear band all between
roots of the notches. It could be assumed that shear bands
corresponded mainly to development of debonding between
the matrix and fibers interface. As seen in Figure 6(A)–(C)
the maximum shear values reached to 0.24 between the
notches for 1C, 2C, and 3C laminates, respectively, and no
significant difference in distribution of strain fields was
observed. This result was contrary to the conclusion of
shear tests in Figure 5 where stacking sequence influenced
the apparent distribution of shear strains between the
notches. As seen in Figure 6(D), the 13C sample presented
two narrow bands with high shear strain concentration dur-
ing loading which were indicated by two dashed ovals. One
of the shear bands appeared earlier and developed further
than the other one in length; therefore, it caused global fail-
ure of sample when it reached to the roots of the notches.
The reason behind second shear band seemed to be the

formation of a vertical splitting at upper notch and com-
pressive failure of the lower notch of the sample as indi-
cated by dashed circles. It must be noted that due to the
creation of a vertical crack at the top edge of the notched
region a little far from the root, an in-plane moment in the
sample is created as the load increases, which causes minor
tensile loading at top and compressive stresses at bottom.
Therefore, as the crack develops toward bottom of the
notch, the surfaces of the crack are compressively loaded
with respect to each other. Strain distribution of AC non-
hybrid specimen in Figure 6(E) showed a wide shear band
in between notches with small shear strain values as com-
pared to hybrid laminates, that is, 1C, 2C, and 3C. Shear
strain map of this non-hybrid sample showed that shear
load was distributed in bigger volume of material which
could be due to higher interface strength between carbon
fibers and matrix material. On the contrary, the response
of AG laminate was alike 1C, 2C, and 3C samples, that is,
narrow shear band between the notches with akin strain
values up to 0.3. High strain values in shear band for AG
specimen could be related to lower interface strength for
this sample which caused easier localization of shear
stress and growth of a narrow band due to the
microdamage accumulation. Overall, in plane shear
response of hybrid fiber laminates in 90� configurations
was mainly controlled by volume fraction of present fibers
rather than stacking sequence. For 1C, 2C, and 3C hybrid
specimens which had higher glass fiber content than car-
bon fiber, shear strain map response before failure was

FIGURE 6 DIC shear strain maps for 90� configurations for (A) 1C, (B) 2C, (C) 3C, (D) 13C, (E) AC, (F) AG laminates at maximum

load level [Color figure can be viewed at wileyonlinelibrary.com]
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similar to AG laminate. As seen in Figure 6 these samples
showed a narrow shear band between the notches. In con-
trast for 13C sample which had higher volume fraction of
carbon fibers, the shear behavior was comparable to the
AC sample, which had wider shear strain bands and
smaller strain values.

4 | EQUIVALENT VON-MISES
STRAIN MAPS AS AN INDICATOR
OF DEFORMATION PROGRESS

Considering the pure shear stress field between the
notches of the laminate during deformation, one can eas-
ily assume that the related strain tensor consists of only
shear strain and no dilatation term. Therefore, the failure
in fiber reinforced polymer material can be explained by
the second strain invariant also known as von-Mises
equivalent shear strain.[28] Such an equivalent shear
strain can be related to principal strains, namely, ε1, ε2,

and ε3, by using the following equation: φvM ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1� ε2ð Þ2þ ε1� ε3ð Þ2þ ε2� ε3ð Þ2=2

q
. The conversion of

strain fields in DIC data to equivalent von-Mises shear
strains can provide more details about the regions of

material which have yielded, and wherein severe defor-
mation has occurred. Moreover, the uniformity of dam-
age development at the gauge of samples under
deformation will be obtained in more details. The results
of equivalent von-Mises shear strain maps for each lami-
nate at 5% shear strain level are presented in Figure 7.

Initial observation of von-Mises equivalent maps indi-
cates major yield of material in between the notches and
variation of values between 0.1 and 32% at transversely
cracked regions in the notches. Nevertheless, to properly
compare the uniformity of material yield in between the
notches and compare damage growth among different
laminates the profile of von-Mises strain along a line
drawn between the roots of the notches is obtained in
DIC measurements as seen in Figure 8. The first diagram
represents the profile of von-Mises equivalent shear
strain variation for laminates with glass layers at surface,
that is, AG, 2C, and 3C. A vivid variation in the plot for
these laminates is observed which indicates nonuniform
deformation between the notches and localized damage
growth along the midline of samples. The peaks of the
profiles in Figure 8(A) indicate more deformation due to
shear as compared to the adjacent regions, and accord-
ingly represent discrete locations with high strain at
gauge length of v-notch specimen. On the other hand, for

FIGURE 7 Equivalent von-Mises strain maps for various laminates in 0� direction at 5% εxy strain [Color figure can be viewed at

wileyonlinelibrary.com]
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the samples with carbon layer at the surface, that is, 1C,
13C, and AC, there is relatively less fluctuation in the
equivalent von-Mises shear strain values as seen in
Figure 8(B). Hence, the damage accumulation due to
shear deformation between the notches for these samples
has been more uniform and material has yielded almost
homogeneously along the gauge length.

The results seen for von-Mises equivalent strain maps
are consistent with the implications in previous sections
regarding the effect of stacking sequence configuration
on the distribution of failure development in between the
notches.

5 | CONCLUSION

Nonlinear behavior of glass/carbon hybrid fiber
reinforced laminates were studied under in-plane
shear deformation and compared with non-hybrid lam-
inates using V-notch shear test with the help of
DIC measurements. The effect of stacking sequence in
different cases was studied and conclusions are made
accordingly.

Three different regions of interest (ROI) are defined
for DIC analysis and their corresponding stress–strain
curve was compared among themselves and with strain
gauge data. The values of strain for ROI 3 perfectly mat-
ched with strain gauge data, however, the strains
obtained for ROI 1 show smaller values, respectively.
This variation was correlated with inclusion of the
regions with insignificant shear strain in calculation of
the average shear strain which were out of notched
region.

It is suggested that ROI 2 provided better representa-
tion of shear behavior of composite material up to a point
where damages were within the notched region of sam-
ple. For further development of failure beyond v-notch
region, ROI 3 offered a better representation of materials
behavior since it incorporated bigger sample volume in
calculation. Thus, it is better to use small region of inter-
est between the notches at the beginning of shear test in
linear region, and a larger region of interest defined for
nonlinear section of the stress–strain curve.

The growth of damages in hybrid laminates tested in 0�

configuration showed that presence of carbon layers at the
surface ply promoted a uniform strain distribution between

FIGURE 8 Equivalent von-Mises

strain variation profile along the straight

line between the root of the notches for

(A) AG,2C and 3C (B) AC, 13C and 1C,

in 0� direction at 5% εxy strain [Color

figure can be viewed at

wileyonlinelibrary.com]
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the notches while samples with glass layer as top plies
showed localized discrete sites of damage growth during
shear loading. Therefore, using full field strain measure-
ment method revealed the effect of stacking sequence on
damage development pattern and enabled identification of
the major damage growth locations in interply hybrid fiber
laminate at any in-plane shear stress level.

The DIC results for samples tested in 90� configura-
tion showed that the strain maps observed during in-
plane shear test of hybrid fiber laminates were dependent
on the relative volume fraction of fibers rather than the
stacking sequence of the layers with various stiffness.
Moreover, abrupt failure of the samples in this direction
revealed that highly concentrated strain regions observed
in DIC strain maps were related to the sudden damage
developments in fiber/matrix interface under shear stress
between the notches.
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