
lable at ScienceDirect

Composites Part B 78 (2015) 308e318
Contents lists avai
Composites Part B

journal homepage: www.elsevier .com/locate/compositesb
Meso-scale strain localization and failure response of an orthotropic
woven glassefiber reinforced composite

Behrad Koohbor, Suraj Ravindran, Addis Kidane*

Department of Mechanical Engineering, University of South Carolina, 300 Main Street, Columbia, SC 29208, USA
a r t i c l e i n f o

Article history:
Received 18 December 2014
Received in revised form
6 March 2015
Accepted 17 March 2015
Available online 24 March 2015

Keywords:
A. Glass fibers
B. Mechanical properties
C. Micro-mechanics
Digital image correlation
* Corresponding author. Tel.: þ1 803 777 2502; fax
E-mail address: kidanea@cec.sc.edu (A. Kidane).

http://dx.doi.org/10.1016/j.compositesb.2015.03.064
1359-8368/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

The present work focuses on studying the multi-scale deformation and failure mechanisms of an
orthogonally woven glass fiber reinforced composite as a function of fiber orientation angle using digital
image correlation. The full-field displacement and strain localization are effectively captured at meso-
scale. At continuum scale, a remarkable change in mechanical response is observed when the loading
axis diverges from principal axes. The variation in the global mechanical response is observed to be most
prominent in the change of stiffness and strain at failure. At meso scale, a high degree of local defor-
mation heterogeneity is observed and the level of inhomogeneity is found to be more prominent in case
of the 45� off-axis specimens. While fiber-pull out is the major failure mode in the case of specimen
loaded parallel to 0� and 90� fiber orientation, the localized shear strain developed in polymer-rich re-
gions is the driving failure cause in the case of 45� off-axis specimen.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The deformation and failure response of fiber reinforced com-
posites depends not only on the mechanical properties of their
constituents but also on the interactions between the two com-
ponents, i.e. the reinforcing fibers and the softer matrix The
remarkable differences between the mechanical response of the
stiffer fibers and compliant matrix can give rise to significant local
deformation heterogeneity, particularly in fiber/matrix interface
vicinity, often followed by crack nucleation, debonding of fiber/
matrix interface or matrix failure. Insufficient adhesion between
the fibers and matrix can also increase the risk of local failures in
the areas within the matrix confined by reinforcing fibers. This type
of failure can also be dominant when highly nonhomogeneous
deformation takes place either due to complex loading or boundary
conditions during the service life of the composite. Therefore,
deeper knowledge of the meso-mechanics and the local deforma-
tion response of suchmaterials can contribute to the improvements
in safety and design of these structures. So far, numerous numerical
studies have been conducted in order to examine the meso-scale
mechanical response and local failure mechanisms present during
the mechanical loading of textile composites [1e4]. Lomov et al. [1]
: þ1 803 777 0106.
have reviewed the finite element based approaches developed in
meso-scale modeling of textile composites, found in a great body of
literature from the early 90's to 2007. The main focus of this review
has been to provide a detailed study on the meso-FE modeling of
textile composites, emphasizing on realistic geometrical modeling,
meshing strategies and damage detection algorithms. Finally, they
proposed a road map in handling different stages of meso-FE
analysis that can be applied to different textile reinforcement ar-
chitectures. Similar approaches have been used in recent years in
modeling the meso-scale failure mechanisms of fiber reinforced
composites [2e4].

On the other hand, though there exist extensive experimental
works in the literature on characterization of textile composites at
macro-scale level, there is a great gap in understanding the defor-
mation and failure mechanisms at smaller length scales. The recent
development of full-field measurement techniques, such as digital
image correlation (DIC), has made it possible to capture the
deformation of a material at different length and time scales, even
in the case of complex and heterogeneous materials systems [5].
This method has been successfully practiced in the meso-scale
study of random, e.g. Ref. [6], as well as textile composites
[7e12]. For instance, Godara and Raabe [7] used DIC to experi-
mentally investigate the meso-scale deformation of cross woven
composites, focusing on the influence of fiber orientation angle.
Using qualitative-based analyses of the fracture surface of their
specimens, they were able to correlate the local deformation
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response to the bulk failure mechanism. However in this work, a
rather large area of 5 � 40 mm2 was considered, which effectively
reduces the resolution of the local measurements. Lomov et al. [8,9]
have successfully used mesoscopic DIC-based experiments at
significantly smaller length scales compared with the one reported
by Godara and Raabe [7] on woven textile reinforcements to study
the fabric behavior and yarn interaction mechanisms in the mate-
rial. However, still the area of interest on which the full-field strain
measurements have been carried out is >5 mm2, which limits the
application of the utilized experimental methodology only to
composite specimens with larger yarn widths. Similar meso-scale
digital image correlation has been utilized for characterizing the
local mechanical response and damage inspection of fiber rein-
forced composites in recent works [10e12]. For instance, the local
strain accumulation was used by Fard et al. [12] as a criterion to
indicate the damage initiation zones. The location of the local
deformation heterogeneities captured by DIC was further analyzed
using micro-CT scanning for damage characterization of woven
CFRP specimens in a research by Ullah et al. [13].

A more detailed survey within the present literature indicates
that there exists a lack of a thorough experimental study which
(1) investigates the local deformation response of woven com-
posites with sub-millimeter yarn dimensions; and (2) provides
more quantitative observations on the local strain fields, that
could provide information on the fiber/matrix interaction as well
as the damage initiation and bulk failure mechanisms of the
material. In light of this, the present work was conducted with the
purpose of studying the macro and meso-scale deformation of an
orthotropic glass fiber reinforced composite with sub-millimeter
yarn dimensions. Digital image correlation was utilized to cap-
ture and quantify the multi-scale full-field displacement and
strain distributions within the samples of woven composites
subjected to tensile loading at different fiber orientations. By
carefully observing and analyzing the local deformation field and
characterizing the local material response, the possible failure
mechanisms for specimens of different fiber orientations were
identified. To our knowledge, this is the first detailed experi-
mental work which attempts to quantify the local strain hetero-
geneity in composites at submillimeter length scale and based on
which offer possible explanation on the different macro-scale
failure mechanisms observed in composites at different fiber
orientation angles.

2. Experimental

2.1. Material and specimen geometry

The material examined in this work is a 1 mm thick five-layer
orthogonally woven glass fiber fabric combined with halogenated
epoxy resin, containing approximately 70 Vol% glass fibers. The
glass fibers of ~7 mm diameter are processed into tows interwoven
to an orthotropic plain weave fabric. The plain weave configuration
of the fiber bundles make unit cells of 0.75 � 0.75 mm2 dimensions
in the material. The configuration of the woven bundles in the
composite is shown in Fig. 1. This material was manufactured in
sheets of 1200 � 900 mm2 dimensions by Norplex-Micarta® under
the commercial name NP130, with E1 ¼ 25.9 GPa, E2 ¼ 23.2 GPa,
G12 ¼ 5.0 GPa and n12 ¼ 0.15 [14].

Tensile specimens of two different sizes, small and large speci-
mens, are machined from the sheet described above to study the
deformation response of the material at different length scales. For
the small-scale (meso-scale) experiments, rectangular coupon
specimens of 40 mm � 10 mm � 1 mmwere extracted from the as-
fabricated composite sheets using a waterjet machine. Specimens
with fiber orientation angles, b ¼ 0�, ±45� and 90�, relative to the
principal fiber orientations were extracted. A schematic view of the
orientation of the rectangular tensile samples is illustrated in Fig. 1.

For large scale (macro-scale) experiments, larger off-axis spec-
imens of 170 mm � 25 mm � 1 mm dimensions were extracted
from the original composite sheet at orientations identical to those
of small-scale tensile specimens, i.e. b ¼ 0�, ±45� and 90�.

2.2. Tensile experiment

The tensile properties of the specimens were evaluated at two
scales. The global tensile behavior of the off-axis specimens was
investigated by conducting tensile tests on large specimens. A
250 kN MTS machine was utilized for the evaluation of global flow
response of the specimens. Tensile specimens were affixed into the
machine using aluminum tabs placed on either side of the spec-
imen thickness at both ends, to minimize the damage caused by
hardened serrated steel grips of the machine. Loading was applied
monotonically until complete failure at a rate of 0.254 mm min�1,
which corresponds to a nominal strain rate of 4 � 10�5 s�1, using
displacement control mode. A single 5 MP camera equipped with a
55 mm lens was used to capture images during the loading stage.
Load and displacement datawere acquired simultaneouslywith the
camera system through a data acquisition system at a rate of 2 Hz.
The images alongwith the load datawere later used as the input for
the DIC measurements.

In order to examine the local deformation response of the
specimens, tensile experiments were also performed on the small-
scale rectangular coupons using a miniature 2 kN tensile machine.
Tensile experiments were conducted in room temperature under
displacement control mode. Specimens were fastened into a small
tensile frame using a pair of aluminum tabs attached to either end
of the specimen, to prevent any possible damage caused by serrated
steel grips of the tensile machine. The tensile framewith amounted
small tensile specimen is shown in Fig. 2. A set of optical microscopy
system equipped with a CCD camera was coupled with the tensile
frame to facilitate the meso-scale DIC measurements. The optical
microscope systemmounted on top of the tensile frame is shown in
Fig. 2. During loading, the displacement control mode with cross-
head speed of 0.1 mm min�1 was utilized in all small-scale exper-
iments, resulting in an average strain rate of 8 � 10�5 s�1.

To capture the local deformation response of the small tensile
specimens during loading, images were taken continuously at a
rate of 2 Hz from the surface of the specimen using the optical
microscope adjusted perpendicular and at a ~20 mm vertical dis-
tance above the tensile specimen. The resolution of the images was
1360 � 1060 pixel and the framing rate of the camera was syn-
chronized with that of the load cell through a data acquisition
system. Three tests were performed for each case corresponding to
specimens with fiber orientation angle b ¼ 0�, ±45� and 90�; and
the macroscopic stressestrain relation was reported by averaging
the set of results obtained for each case.

2.3. Digital image correlation

2.3.1. Macro-scale
To facilitate the digital image correlation analysis, the specimen

surface has to be speckled with a high contrast, random and ho-
mogenous size speckle pattern. For the case of macro-scale exper-
iments, a thin layer of white paint was first manually applied on the
surface of the large off-axis tensile specimens. Then, an air gunwas
used to spray a fine-particle black pattern on top of the white
surface. With this technique a random, homogenized and high
contrast speckle pattern with the average speckle size of 40 mm is
achieved as shown in Fig. 3. The field of view for this experiment
was 220 � 170 mm2.



Fig. 1. (a) Structure of the woven bundles of the composite used in this study, with the principal directions marked as 1 and 2. The image was taken using a scanning acoustic
microscope. Orientation of the small-scale off-axis tensile specimens extracted from the original sheet is shown in (b) and the actual size of the tensile specimen is depicted in (c).
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The Images taken during the tensile loading were then used to
extract the displacement and strain fields. The commercial image
correlation software Vic-2D® was used to extract the displacement
and strain fields. In this software, subset and step sizes of 63 pixel
and 19 pixel dimensions were selected, respectively. Once the
strain field is extracted, the average strain over the gage length area
along with the load cell data was used to plot the stressestrain
curve. In addition, the axial and transverse strain distributions
within the area of interest were used to calculate the global elastic
modulus and Poisson's ratio of specimens with different fiber
orientation angles. Further details of the utilized analysis procedure
can be found elsewhere [14,15].

2.3.2. Meso-scale
For the case of meso-scale deformation experiments, images

were taken at magnifications higher than that used for the con-
tinuum scale experiment. Experiments were conducted at two
different magnifications, 75� and 225�, which correspond to
3� 2.3 mm2 and 1� 0.78 mm2

fields of views, respectively. Further
details and specifications of the high magnification experiments
can be found in Table 1. Note that the highest magnification used in
Fig. 2. The optical microscope system with the camera mounted on top of the miniature ten
detail of the miniature tensile frame with a specimen mounted on it is shown on the right
this work allowed us to study the local deformation within an area
containing only a single unit cell. In order to perform DIC at such
high magnifications, a far smaller speckle pattern must be achieved
to accurately calculate the displacements and the strains. Fortu-
itously, at this magnification, a natural characteristic of the material
was noticed to provide a nice high contrast speckle pattern. The
pattern could have been resulted due to the presence of fairly small
air bubbles trapped inside the epoxy matrix during the processing
of the composite sheets. To take advantage of such unique material
characteristic as the speckling method, a small area on the back
side of each tensile specimenwas painted with a glossy black paint
(see Fig. 4a) to permit the partial reflection of the light emitted
through the front side of the specimen. In this manner, by
observing the front surface of the specimen through a high
magnification lens with a coaxial localized illumination system,
an evenly-distributed fine pattern is obtained. Preparation of
the specimens using this method will yield in a high contrast
advantageous speckle pattern useful for meso-scale digital image
correlation measurements. The speckle patterns developed
using this method are shown in Fig. 4b and c for two different
magnifications.
sile frame, used to study the meso-scale deformation response is shown in the left. The
.



Fig. 3. (a) The experimental setup used to study the global mechanical behavior of off-axis tensile specimens, with the schematic specimen geometry is shown in (b). Typical
speckle pattern applied on the specimen with its corresponding gray scale histogram are also shown in (c) and (d), respectively.

B. Koohbor et al. / Composites Part B 78 (2015) 308e318 311
Similar to the continuum scale studies, the meso-scale local
deformation response of the specimens with different fiber orien-
tation angles was also studied using DIC. The high magnification
images taken during the tensile loading were used as the input and
the displacement and strain fields were extracted using Vic-2D®.
For the case of 75� magnification, a subset size of 21 pixels with
step size of 5 pixels was utilized, while in the case of 225�
magnification, subset and step sizes of 63 pixels and 5 pixels were
utilized, respectively.

3. Results and discussion

3.1. Global tensile response and failure mechanisms

Global stressestrain curves for specimens with different fiber
orientation angles were obtained by averaging the axial strain field
over the entire gage area of the large specimen along with the load
measured form the load cell. Note that the full-field evolution of the
vertical strain component, 3yy, within the gage length area con-
taining several hundred data points, is obtained as a direct output of
a DIC analysis. It has been documented that, in the case of ortho-
tropic composites, spatial averaging of the full-field strain data from
DIC can give more accurate results when compared with conven-
tional extensometer (See e.g. Refs. [14,16]). Considering this, the
average uniaxial strains were used in this work to determine
stressestrain response of the specimens with different fiber orien-
tation angles. The global stressestrain curves were also obtained
using the same procedure by averaging the axial strain components
over the gage length of the small-scale specimens at 75� magnifi-
cation. The stressestrain curves obtained from three independent
experiments on the b ¼ ±45� specimen are plotted in Fig. 5a,
indicating the repeatability of the obtained results. The global
Table 1
Details of magnification, field of view and resolution of the optical syst

Magnification Field of view dimensions (m

75� 3.0 � 2.3
225� 1.0 � 0.78
stressestrain curves for specimens with different fiber orientation
angles obtained following the same procedure are plotted in Fig. 5b.
It can be seen that the two sets of results, i.e. the stressestrain curves
obtained from small and large tensile specimens, show a very good
agreement, except that the 2 kN load cell in the miniature tensile
frame limits the extents of the stress applied on the specimens to
about 160 MPa. These results indicate two important aspects:

1) The influence of the specimen dimensions (size effect) is mini-
mal at this length scale, and the flow behavior of the material
obtained from the small-scale tensile experiments is sufficiently
accurate to represent the material's deformation response in
tension.

2) The size of the field of view at 75�magnification is 3� 2.3 mm2.
Considering the size of a single unit cell of the material
(z0.8 � 0.8 mm2), it is believed that at least 10 unit cells would
be present within the field of view at this magnification. Thus,
the strain averaging at 75� magnification has been carried out
on at least 10 unit cells. The agreement of the effective stresse-
strain response obtained by averaging the strain fields at 75�
with the global stressestrain response of the large (standard
size) specimen indicated that the field of view at 75� is suffi-
ciently large to be statically representative of the global response
of the examined composite material. Kanit et al. [17] defines the
representative volume element (RVE) as “RVE size can be asso-
ciated with a given precision of the estimation of the wanted
overall property and the number of realizations of a given vol-
ume V of microstructure that one is able to consider”. Following
this definition and considering Fig 5b of the current work, it can
be stated that the size of the field-of-view at 75� is sufficiently
larger than the RVE size of the composite specimens used in the
present work.
em used in meso-scale experiment.

m2) Pixel-to-length ratio (mm/pixel)

2.205
0.735



Fig. 4. (a) The tensile specimen used for meso-scale observations with the speckled areas of interest are shown in (b) for 75� and (c) for 225� magnification. The gray scale
intensity of each image can be seen below the speckle patterns.
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On the other hand, from the global stressestrain curves shown
in Fig 5b, a remarkable change in the deformation response of
specimens with different fiber orientation angles is evident. A
significant drop in the value of elastic modulus with an increased
strain-to-failure is observed when the fiber orientation angle
changes from 0�/90� to ±45�, relative to the tensile axis. To
provide a quantitative assessment, the global elastic moduli and
Poisson's ratios of the off-axis tensile specimens were also
Fig. 5. (a) Global stressestrain curves plotted for three independent tensile tests on the sm
(b) Global stressestrain curves of the specimens with different fiber orientation angles, com
calculated according to the procedure detailed in Refs. [14,15]. A
summary of the mechanical properties determined for samples
with different fiber orientation angles is shown in Table 2. In ideal
cases, for orthotropic materials such as the one considered in this
study, a biaxial symmetry response is expected, i.e. the mechanical
response of the specimens with b¼ 0� and b¼ 90� is expected to be
identical. However, in practice the number of reinforcing fibers in
the principal fiber angles are usually different, leading to relatively
all scale b ¼ 45� specimen, confirming the repeatability of the conducted experiments.
paring the results obtained for small and large scale tensile specimens.



Table 2
The global elastic modulus, E, Poisson's ratio, n, and failure strain, 3f, for samples with
different fiber orientation angles, measured in this work.

b (�) E (GPa) n 3f (%)

0 24.52 0.190 2.2
45 14.36 0.541 18.1
90 26.75 0.196 2.1
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different mechanical and fracture properties when testing speci-
mens extracted from the two principal fiber orientations, i.e. b ¼ 0�

and b ¼ 90� [14,18].
As clearly indicated in Table 2, the material properties exhibit a

strong sensitivity to the orientation of the reinforcing fibers. Such
anisotropic mechanical response can be explained through the load
bearing mechanisms present in the specimens of different fiber
orientation angles. For the case of b¼ 0� and b¼ 90� specimens, the
load is mostly taken by the reinforcing fibers, which possess greater
stiffness and lower ductility. The loading continues and is carried
predominantly by the fibers until the failure strain of the fibers.
Fig. 6. (a) The schematic view of the fractured specimen and the locations on which
the observations have been performed for the specimens with (b) b ¼ 0� , (c) b ¼ 90�

and (d) b ¼ 45� .
Upon the failure of the fibers, the load would immediately transfer
to the matrix. However, at this time, the magnitude of the load
would be far beyond the strength of the matrix material, thus,
leading to a complete failure of the composite instantaneously
without showing any plastic flow.

The front view of the fractured large specimens is illustrated in
Fig. 6. A rather straight fracture edge with dominated fiber pull-out
mechanism is evident for specimens of b ¼ 0�/90� (Fig. 6b and c).
The degree of fiber pull-out for b¼ 90� specimen, mainly at regions
closer to the specimen edge, seems to be higher than that observed
for b ¼ 0�. Such qualitatively higher level of fiber pull-out is in
agreement with the stronger mechanical response measured
earlier for b ¼ 90� specimen. Transverse fiber pull-out is also
indicated to some extent, particularly within the regions closer to
the middle section (x ¼ W/2) of b ¼ 0�/90� specimens. The expla-
nations provided earlier can be strengthened when the top view of
the fracture surfaces are examined. The deep pockets formed on the
fracture surface of b¼ 0� specimen, as shown in Fig. 7b, indicate the
fiber pull-out mechanism.

For the case of b¼ 45�, on the other hand, failure has occurred at
multiple ±45� angle orientations (Fig. 6d). The conical structure
formed at the fracture surface of this specimen indicates that the
tensile load imposed to the specimen could have resulted in large
shear deformations to be developed at the fiber/matrix interface.
Such shear deformation can dominate void nucleation and coa-
lescence within the fiber/matrix interface, consequently leading to
multiple angled fracture planes, as shown in Fig. 6d [7].

During loading, the fiber bundles oriented at ±45� angles
in b ¼ 45� specimen cause the applied tensile load to be shared
Fig. 7. (a) The schematic view of the fractured specimen and the locations on which
the observations have been performed for the specimens with (b) b ¼ 0� and (c)
b ¼ 45� . The deep pockets indicating the fiber pull-out have been marked with arrows
on (b).



Fig. 8. Evolution of the local high and low strain domains at different global strain magnitudes, for specimen with b ¼ 0� . The global strain magnitudes corresponding to each strain
contour are depicted above each contour.
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between the compliant matrix and the stiffer fiber bundles. In this
case, the matrix would initially take much of the tensile load. As the
loading progresses, the fibers would partially stretch and rotate
towards the loading direction. This tendency of the fibers to re-
orient towards the loading direction in a woven composite is
referred to as ‘fiber trellising’, and attributes to the significantly
larger plastic deformation observed in the case of off-axis speci-
mens [19]. During fiber trellising, the fibers are rotated towards the
loading direction, rather than being stretched in tension. Therefore,
the far-field load would be shared between the fibers and the
matrix, while the deformation would basically occur within the
matrix only, under a shear-type deformation. The shear-type
deformation in this case is followed by nucleation of micro cracks
within the epoxy-rich regions. The occurrence of this mechanism
usually spans over awide range of global strain and eventually ends
with the formation of a rough conical fracture surface, as shown in
Fig. 7c. Another possible mechanism argued by Godara and Raabe
[7] states that “when the fibers are oriented at ±45� with respect to
the tensile axis, the applied load is resolved and induces shear flow
in the matrix even at the lower applied tensile load. When the local
shear stress exceeds the shear strength of the polymer matrix, it
starts flowing plastically and dominates the material behavior.”

3.2. Meso-scale deformation in specimens of b ¼ 0� and b ¼ 90�

Meso-scale deformation response of the specimens extracted
parallel to the principal fiber orientations, i.e. b ¼ 0� and b ¼ 90�,
Fig. 9. A comparison between the magnitudes of local and global vertic
was investigated using the full-field strain maps obtained from DIC
measurements performed on small-scale tensile specimens. The
evolution of accumulated vertical strain, 3yy, in a local 3 � 2.3 mm2

area has been typically depicted for a specimen of b ¼ 0� in Fig. 8. A
very similar pattern of strain inhomogeneity was observed for
b ¼ 90� specimen, as well. The heterogeneous deformation
response of the material at meso scale is clearly observed when the
full-field small-scale strain distribution maps are compared with
their relative global strain values. The local strain maps show highly
uneven values comparing to the global tensile strain components in
all cases. The level of difference, compared with the global strain,
increases remarkably at higher global strains as shown in Fig. 9. The
locally accumulated vertical strains are indicated by a periodic
pattern, showing minima and maxima at certain locations, corre-
sponding to high strain domains (HS) and low strain domains (LS)
in the material. Also, comparing Fig. 9a and b, a higher level of
discrepancy between the locally measured and global strain values
is observed for the b ¼ 90� specimen, which might also be attrib-
uted to the different number of fibers used in the processing of the
composite sheets. In this case (Fig. 9b), the periodic variation of the
local vertical strain exhibits a more pronounced fluctuation relative
to the global strain values, when compared to the specimen with
b ¼ 0�, i.e. Fig. 9a.

The nature of deformation inhomogeneity in specimens of
b ¼ 0� and b ¼ 90� at meso scale can be explained through the load
bearing mechanisms present in these samples, as described earlier.
The reinforcing fibers for both b¼ 0� and b¼ 90� cases are oriented
al strains developed in specimens with (a) b ¼ 0� and (b) b ¼ 90� .



Fig. 10. A contour of vertical strain ( 3yy), for a b ¼ 90� specimen at a global vertical
strain of 0.75%. Note that the location of the area of interest was marked before the
meso-scale DIC experiment, and the contour map was overlaid on the microstructural
image afterward.

Fig. 12. Evolution of local vertical strain component at low and high strain domains for
specimens of b ¼ 45� .
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parallel to the tensile axis. The fibers aligned parallel to the tensile
axis are in a state of iso-strain, while the transverse fibers are in iso-
stress conditions [7]. The softer polymer matrix present in between
the transverse fiber bundles, on the other hand, would be unable to
bear the equivalent imposed tensile load which was transferred to
the fibers oriented along the tensile axis. Therefore, due to the
difference of the deformation response between the compliant
matrix and the stiffer transversely oriented fibers, a highly localized
vertical strain would be developed within the epoxy-rich regions
located in between the transverse fiber bundles, as shown in Fig.10.
This figure demonstrates a sub-millimeter epoxy-rich region
confined by transverse and longitudinal fiber bundles, which has
undergone a larger magnitude of vertical strain. The local vertical
strain developed within this region shows a ~50% higher value than
the far-field strain applied on the specimen. The highly localized
accumulation of vertical strain in these regions, as described earlier,
can be considered as failure initiation sites in the specimens loaded
Fig. 11. Evolution of local vertical strain component at low and high strain domains for
specimens of b ¼ 0� and b ¼ 90� .
parallel to their principal axes, i.e. b ¼ 0�/90�. Fig. 11 also shows a
comparison between the local strain values on high and low strain
domains for specimens of b¼ 0� and b¼ 90�. Comparing the LS and
HS domains for these specimens, a local difference of ~50% for
b¼ 0� and ~30% for b¼ 90� wasmeasured, at a global vertical strain
of about 0.75%. As explained earlier, due to its locally weaker me-
chanical strength in the epoxy-rich regions, the material will
eventually fail mainly by longitudinal fiber pull-out mechanism, as
well as transverse fiber pull-out to some extent. This was earlier
demonstrated and confirmed in fracture surface studies of the
specimens of b ¼ 0� and b ¼ 90� in Fig. 6b and c.

3.3. Meso-scale deformation in specimens of b ¼ 45�

Meso-scale deformation response of off-axis specimen with
b ¼ 45� was also examined similar to b ¼ 0�/90� specimens at
different magnifications. A highly nonhomogeneous deformation is
evolved during the tensile straining of the specimen. Similar to
Fig. 13. A comparison between the magnitudes of local and global vertical strains
developed in the specimen b ¼ 45� .



Fig. 14. Evolution of the local high and low strain domains at different global strain magnitudes, for specimen with b ¼ 45� . The global strain magnitudes corresponding to each
strain contour is depicted above each contour.
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what observed for specimens of b¼ 0�/90�, the level of deformation
inhomogeneity increases with increasing the magnitude of the
global strain applied on the specimen, as shown in Fig. 12. The local
strain values seem to have a greater level of homogeneity at lower
global stain magnitudes. However, with further increase of the
applied tensile load, particularly well after the yield strength is
reached, the deformation heterogeneity becomes more pro-
nounced. This is followed by formation of distinct high and low
strain domains within the area of interest, as illustrated in Figs. 13
and 14.

Typical vertical strain contours for b ¼ 45� specimen at higher
magnification are illustrated in Fig. 15, comparing the developed
strain fields in macro and meso scales. It is interesting to note that
at 8% global strain, the local strain on the LS areas (locations at
which reinforcing fibers are dominantly present) is almost 0, while
Fig. 15. Meso-scale vertical strain contour maps taken at different magnific
the strain in the matrix zone reaches to above 10%. This explains
why the b ¼ 45� specimens exhibit a remarkably larger failure
strain compared with the b ¼ 0�/90� specimens. As described in
earlier sections, for the case of b ¼ 45� specimen, the load bearing
mechanism would be completely different from that of b ¼ 0�/90�

specimens. In this case, the applied tensile stress is expected to be
shared between the epoxy and the trellising fiber bundles oriented
at ±45� angles with respect to the principal axes. However, owing
to the different flow responses of the constituent phases in the
composite, i.e. epoxy and glass fibers, as well as the described fiber
trellising phenomenon, a shear strain would be developed in the
interfacial regions between fiber bundles and the matrix. The
presence of such high shear strain values is demonstrated in
Fig. 16, where the contour maps of local vertical strain ( 3yy) and
local shear strain ( 3xy) components for b ¼ 45� specimen are
ations for specimen with b ¼ 45� , at a global strain magnitude of 8%.



Fig. 16. The local (a) vertical strain, 3yy, and (b) shear strain, 3xy, contour maps for a b ¼ 45� specimen at the global vertical strain of 8%.
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plotted. Note that the local maximum shear strain value developed
in HS domains is about 15% of the local vertical strain component
and about 20% of the global tensile strain. Such high magnitudes of
the shear stain, which is mostly carried by the softer epoxy phase,
can result in the formation of micro voids in these areas. Further
tensile deformation of the specimen yields in the coalescence of
such voids, and eventually the specimen failure. The failure of the
specimen in this case would take place exhibiting a highly
roughened conical fracture surface, as earlier demonstrated in
Figs. 6d and 7c.
4. Conclusion

Multiscale experiments based on digital image correlation were
conducted to study the in-plane deformation response of glass-
efiber reinforced woven composites subjected to tensile loading.
The main failure mechanisms for composites specimen loaded at
different fiber orientation angle were also investigated. The global
stressestrain responses, as well as the bulk failure modes were
found to be highly sensitive to the angle between the loading axis
and the principal fiber orientations. The failure strain of 45� off-
axis specimens was shown to be at least 8 times higher than
that obtained for the specimens extracted parallel to the principal
axes. A remarkable difference in the fracture surface of the spec-
imens with different fiber orientation angles was also observed,
exhibiting a rather flat surface with significant fiber pull-out fail-
ure mechanism for the case of specimen with fibers oriented at
0� and 90� angle relative to the tensile loading direction. The
failure and deformation mechanism of these specimens was
further investigated through meso-scale deformation studies. It
was revealed that a high magnitude of localized normal strain is
developed within the regions between soft polymer matrix and
the transverse fiber bundles, which eventually causes fiber pull-
out and the formation of a rather flat fracture surface. On the
other hand, the conical rough fracture surface of the off axis 45�

specimen investigated through meso-scale DIC revealed that do-
mains of high shear strain are formed within the polymer-rich
regions confined by the fiber bundles, which eventually give rise
to a shear type failure associated with a rough conical shear sur-
face. To our knowledge, this is the first time that the local het-
erogeneity and its effect on the failure mechanism in woven fiber-
reinforced composites with different fiber orientations have been
experimentally investigated at submillimeter and macro scales,
concurrently. We believe that the results of such studies can give a
better insight in understanding of the deformation response of
composites, in general.
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