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ABSTRACT

In this study, damage characterization of thick carbon/glass fiber reinforced hybrid composites is
performed under flexural loading conditions via two non-destructive evaluation (NDE) techniques, i.e.,
digital image correlation (DIC) and acoustic emission (AE). Experimental results demonstrate that the
flexural modulus of the hybrid composites is strongly correlated with the location of carbon fiber plies;
the closer these plies are to the laminate faces, the higher is the modulus. On the other hand, the flexural
strength depends on the type and extent of damage initiation in the laminates. Interply hybridization of
carbon fiber reinforced composites (CFRPs) with glass fiber not only improves their flexural strength and
failure strain but also facilitates failure predictability in CFRPs. The transverse and shear strains associated
with various failure modes in thick hybrid laminates are efficiently captured by the DIC technique. In
addition, AE results reveal that the strain levels associated with the onset of acoustic activity are linked
to failure in the carbon fiber plies of the hybrid laminates. Furthermore, these observations made by
DIC and AE on thick hybrid laminates are confirmed with optical fractography. Finally, it is revealed that
ply lay-up sequence and laminate thickness notably alter both the mechanical performance and damage

mechanisms of hybrid composites.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Carbon fiber reinforced polymer composites (CFRPs) are widely
used in high-performance engineering applications due to their
high strength to weight ratio, significant fatigue strength, chemical
resistance, and dimensional stability. CFRPs can offer considerable
weight reductions compared to their conventional metallic coun-
terparts, especially in automotive and aerospace applications [1];
for example, Boeing 787 Dreamliner’s airframe is 50% advanced
composite by mass [2]. However, despite their many merits, en-
gineering structures based on CFRPs are prone to stress concentra-
tions and growth of breakage clusters around the broken carbon
fibers [3,4]. Gradual/cyclic accumulation of micro-cracks in CFRPs
can lead to poor residual strength of the material, ultimately lead-
ing to sudden catastrophic failure of the primary structural com-
ponents.
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To mitigate the abrupt stiffness loss shown by CFRPs, various
techniques ranging from the manufacturing of variable stiffness
laminates [5,6] to the use of nano-/micro-sized reinforcements
have been considered. For example, nano-silica/rubber micro-
particles were added to an epoxy matrix of fiber-reinforced com-
posites by Hsieh et al. [7]. The prepared epoxy polymer improved
the fracture delamination energy of composites through the mech-
anisms of fiber bridging and fiber debonding. Similarly, Wong et al.
utilized a toughening method based on dissolvable chopped ther-
moplastic fibers in a carbon fiber epoxy composite [8]. These
fibers were added at the interlaminar regions, and upon heat-
ing formed a second phase within the resin, thus improving the
mode-I fracture toughness of CFRPs by 10 times. A method based
on carbon nanotube reinforcement was used by Kepple et al. to
enhance the damage tolerance of CFRPs. The resulting structure
had an improved flexural modulus and better resistance to delam-
ination [9]. AlKhateab et al. also used nanostructures to prepare
CFRPs reinforced with halloysite nanotubes (HNTs) and enhanced
the in-plane and shear moduli of laminates by 27% and 18%, re-
spectively [10]. The addition of HNTs improved matrix cracking
and debonding mechanisms and significantly reduced the extent
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of damage accumulation in composite specimens. Although all of
these techniques are promising to modify the mechanical behav-
ior of CFRPs, they are primarily focused on the improvement of
matrix-dominated properties and present scalability limitations.

An alternative economical and scalable technique to improve
the low toughness and failure strain of CFRPs is ‘interply fiber
hybridization’. In this method, a hybrid fiber-reinforced laminate
is obtained by stacking plies of two or more types of fibers in
a special layup arrangement, usually in a single resin system.
Thus, a material can be designed having combined benefits of
the individual components, while diminishing their disadvantages.
Among the available hybridization candidates for CFRPs [11-13],
glass fibers have elicited the attention of researchers due to their
ductility, good fracture toughness, and comparatively lower cost
[14,15]. One of the important properties achieved in carbon/glass
fiber hybrid composites is the enhancement of failure strain com-
pared to the non-hybrid carbon composites [16]. A modeling study
conducted by Swolfs et al. [17] proposed that interply hybridiza-
tion of a composite with a well-designed layer sequence not only
provides a positive hybrid effect but also reduces the number of
pathways for failure growth by efficiently delaying the develop-
ment of break-clusters. Similar observations regarding changes in
failure response of hybridized CFRPs under high-velocity impacts
were recorded by M. Mousavi [18]. They observed that on replac-
ing the back carbon layers with glass/Kevlar fibers, energy absorp-
tion of the laminate can be improved by 23%. Dong et al. [19]
studied the effect of various stacking sequences, fiber volume frac-
tions, and span-to-thickness ratios on the mechanical properties
of carbon/glass hybrid composites. In their prepared thin-ply lami-
nates, it was observed that the higher the volume fraction of glass
fiber plies is, the greater the flexural strength will be. Furthermore,
Prusty et al. [20] suggested that the characteristic brittle failure of
CFRPs under loading can be avoided by using a stacking sequence
where glass fibers are available on the tensile side of the spec-
imen. Similarly, the tensile behavior of carbon/glass fiber hybrid
laminates was discussed in detail by Tabrizi et al. [21]. Premature
failure of carbon layers was prevented by using glass layers be-
tween carbon plies, thereby achieving a significant improvement
in tensile strength through the hybridization of laminates. Addi-
tionally, the thermal conductivity difference between carbon and
glass layers can lead to high compressive residual stresses during
hybrid composite manufacturing. These stresses subsequently favor
the increase in tensile strength of the hybrid specimens as com-
pared to the classical CFRP laminates. Hence, careful placement of
the carbon or glass plies through the thickness of the laminate can
play an important role in tailoring the overall mechanical proper-
ties and damage response of a hybrid laminate.

As composite materials find their way towards applications in
primary and secondary load-bearing structures e.g., wing covers of
Airbus A350 XWB, their thickness has increased significantly. Gen-
erally, any laminate with a thickness > 6 mm can be considered
as a ‘thick’ composite structure [22-25]. However, from a me-
chanical modeling point of view, the thick laminates are classified
based on a span-to-thickness ratio of less than 20. In the litera-
ture, the majority of the investigations discussing the relationship
between layer sequence and mechanical properties of interply hy-
bridized composites deal with thin laminates. Moreover, studies
available on thick laminates are primarily focused on non-hybrid
CFRPs/GFRPs [26-28]. As the damage manifestation in thick lami-
nates is highly localized, it is characteristically different from the
crack-growth behavior observed in the thin-ply composites [29,30].
Increased laminate thickness also contributes to an upsurge in the
interlaminar shear stress values and their distribution, ultimately
leading to delamination failure in thick laminates [31]. In this con-
text, a thorough understanding of damage characterization in hy-
bridized thick laminates would be a crucial step in the design of
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future composite materials for use in aeronautical and maritime
structures. A unique opportunity where a laminate is subjected
to a simultaneous application of tensile, compression, and shear
stresses can be provided by a flexural test e.g., a 3-point bend-
ing test [32]. Additionally, during this type of mechanical load-
ing, the well-defined localization of the damage can be efficiently
captured by using commonly available non-destructive evaluation
(NDE) and structural health monitoring (SHM) techniques. For ex-
ample, shape sensing and SHM methods have been utilized to-
gether with strain sensors to monitor structural deformations and
stresses of aircraft structures with variable cross-sections [33] and
complex blade-stiffened topologies [34]. In addition, during the last
couple of decades, NDE methods including acoustic emission (AE),
infrared thermography (IR), X-ray computed tomography (CT), and
digital image correlation (DIC) have become indispensable to the
in-service inspection of composite materials and damage analysis
of engineering structures.

DIC is an optical technique used for the two-/three-dimensional
full-field displacement and strain monitoring of a deforming and/or
displacing material [35,36]. During the test, a high-resolution sin-
gle/stereo camera is used to record a series of digital images of
a sample surface having a speckle pattern. The images are later
converted to grayscale and treated as a matrix whereby each el-
ement corresponds to a pixel representing a specific point on
the specimen surface. A correlation algorithm is used to compare
the consecutive images taken from the surface during deforma-
tion, and the spatial displacement fields are computed accordingly.
For example, recently, DIC method was used for reliable full-field
strain measurements of a very-light airplane (VLA) by A. Pagani
et al. [37]. Although DIC is a readily applicable optical method
without requiring a complex surface treatment [38], the measure-
ment accuracy of the DIC technique can be affected by factors like
camera lens distortion or quality of speckle pattern [39]. Therefore,
to better understand the damage development and failure stages
under various loading conditions, a viable non-optical NDE method
such as acoustic emission needs to be paired with DIC.

During mechanical loading, microdamage initiation and growth
in the material cause dissipation of the strain energy in the form
of acoustic waves, which propagate throughout the material. These
waveforms can be collected by surface-mounted piezoelectric sen-
sors and converted to electrical signals. The recorded electrical
signals are processed by an appropriate data processing equipment
to extract the features of each single acoustic emission wave. As
the composite materials exhibit a multiplicity of energy dissipative
processes such as fiber-matrix debonding, matrix fracture, fiber
breakage, and fiber pull out, AE waveform features (e.g., amplitude
distribution, counts, duration to failure) can be used to efficiently
identify these damage events [40-42]. Though AE is an important
in-situ structural health monitoring technique, its capabilities are
limited in terms of providing strain evolution during the deforma-
tion of composite specimens.

The presence of multiple failure modes, possible simultaneous
initiation of two or more failure modes, and complex stress states
in a specimen under a flexural load necessitates the use of a multi-
instrument approach [43-47]. Oz et al. employed a simultaneous
application of the DIC and AE technique to predict the formation
of surface cracks due to emitted stress waves in a CFRP speci-
men [48]. Similarly, Cuadra et al. [43] utilized a hybrid system
consisting of AE-DIC-IR techniques for the investigation of dam-
age accumulation in a glass fiber reinforced laminate. Information
about stiffness degradation, energy dissipation, and the influence
of fatigue cycles on average strain was effectively extracted during
mechanical testing. The full-field strain maps revealed the devel-
opment of damage ‘hot-spots’ in the GFRP under uniaxial load-
ing, which correlated well with the recorded acoustic activities.
Similarly, the damage progression profile of patch-repaired GFRP
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Fig. 1. Schematic of stacking sequence used for manufacturing of composite laminates.

laminates was assessed using a hybrid AE-DIC method by Andrew
et al. [45]. They concluded that the AE data demonstrate distinct
damage zones for a specimen under compression test associated
with the detection of first permanent damage, the occurrence of
macroscopic failure, unstable damage growth, and global failure.
DIC was used to obtain the average full-field strain measurements
at these marked zones in the AE count versus time graph. Recently,
damage analysis of CFRPs under tensile and flexural loading condi-
tions was performed by correlating the DIC and AE methods by Ali
et al. [49]. The fractography of the failed specimens was directly
compared to the strain fields of the samples obtained by a 3D-DIC
system at failure regions. The proposed clustering method effec-
tively classified various failure modes including matrix cracking,
delamination failure, and fiber breakages in the composite lam-
inates during mechanical loading. Hence, the cross-validation of
data obtained from various techniques not only helps in achieving
an effective understanding of failure evolution in composite mate-
rials but also improves the reliability of each monitoring method.

Despite the availability of numerous studies on the use of
multi-instrument NDEs for damage analysis of composites, the
application of these techniques to quantify the damage accumu-
lation and propagation in thick hybrid composites is still un-
derstudied [23]. In this regard, the main aim of the current
study is to experimentally investigate the flexural response of a
thick carbon/glass hybrid laminate as a function of its stacking
sequence. Moreover, two non-destructive evaluation techniques,
namely acoustic emission, and digital image correlation are used
for the qualitative and quantitative assessment of damage modes
exhibited by composite specimens during a 3-point bending test.
To the best of the authors’ knowledge, the present research is the
first investigation that uses a multi-instrument approach for failure
analysis of thick hybrid laminates under flexural loading condi-
tions. In addition, it provides a detailed comparison of damage
mechanisms between thick hybrid laminates and thin hybrid lam-
inates previously studied in [21].

In the forthcoming parts of this study, Section 2 describes the
fabrication process of thick composite laminates, details of the
mechanical test setup, digital image correlation technique, acous-

tic emission monitoring setup, and fractography methods. In Sec-
tion 3, the results of the flexural tests and damage mechanisms
demonstrated by the laminates, full-field strain measurements us-
ing DIC, and prediction of damage accumulation via the AE method
are presented. Section 4 includes the concluding remarks regarding
various observations of the current study.

2. Materials & methods
2.1. Composite specimen manufacturing

Unidirectional prepreg comprising of carbon fibers and epoxy
resin is purchased from Kordsa Teknik Tekstil A.S. (Turkey) with
the product code of KOM10 34700 HTCF UD300 37% 600KOMP.
The areal weight of carbon prepreg is 300 g/m? and the resin
content is 37 wt%. Moreover, unidirectional E-glass fiber prepreg
with epoxy resin is also acquired from Kordsa Teknik Tekstil A.S.
(Turkey) with the product code of KOM10 WR6 2400TEX EGF
UD300 35% 600KOMP. The glass prepreg has an areal weight of
300 g/m? and the resin content is 35 wt%. The carbon fiber and
glass fiber prepregs are cut into dimensions of 300 x 300 mm
using a ply cutter (ZUND G3-L3200) and 48 layers of prepregs
are stacked upon each other in a unidirectional configuration.
Non-hybrid specimens, used as reference materials with a con-
figuration of [C4g] and [G4g], are named as AC and AG, respec-
tively. Four symmetric layup sequences [Cg/Gg/Gsls, [Gg/Cs/Gsls,
[Gs/Gs/Cs]s and [Cg/Gg/Cgls are used for hybrid specimens, and
the configurations are named as 1C, 2C, 3C, and 13C, respectively.
Fig. 1 shows the stacking sequences used to manufacture the lam-
inates.

A steel mold is thoroughly cleaned with ethanol. Afterward,
three layers of both the sealing agent (XTEND 838) and releas-
ing agent (XTEND CX-500) are applied to the surface of the steel
mold, with a 15 min interval between each application to al-
low their proper functioning. Afterward, the stacked prepregs are
placed onto the prepared steel mold. A manual hot press (MSE
Teknoloji Ltd.) is used to cure the prepregs. According to the tech-
nical data sheet provided by the prepreg manufacturer the steps
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Fig. 2. Flexural test with DIC system for through-thickness strain measurements and AE sensors mounted on the specimen.

followed for curing of the matrix are: (i) initially, the hot press is
heated to 20°C (ii) temperature is increased to 120°C at a heat-
ing rate of 2-3°C/min, while the pressure is gradually increased
to 6.4 bars (iii) temperature and pressure are maintained at 120°C
and 6.4 bars, respectively for 60 min (iv) after curing, a cooling
rate —2°C/min is used to lower the temperature to 80°C before
releasing the pressure (v) the laminate is allowed to cool to the
room temperature before demolding.

2.2. Experimental setup

For 3-point bending tests, samples in the fiber direction of lam-
inates (0°) are cut according to dimensions mentioned in ASTM
D790-A standard [50] using a water-jet machine (KUKA KR16 F).
Tests are conducted on Instron® 5982 Universal Testing Machine
with a 250 kN load cell. An average crosshead speed of 5 mm/min
is used during the tests. The support span length to thickness ratio
(L/d) is kept 16:1 for all samples. According to the ASTM D790-A
standard, the following formulas for the computation of flexural
stress (o) and flexural strain (&) are used:

3PL

7= b2 W
6Dd

= @)

Where P is the load at a given point on the load-displacement
curve. L, b, and d is the support span, specimen width, and speci-
men depth, respectively, while D is the maximum deflection mea-
sured at the center of the specimen. Table 1 provides the specimen
dimensions used for bending tests.

To obtain the full-field strain maps along the span length of
bending specimens, a digital image correlation (DIC) technique
with GOM (Braunschweig, Germany) 12M sensor system is used.
Using black and white spray paints, a speckle pattern is generated
on the specimens as shown in Fig. 2. Calibration of the DIC in-
strument is performed using a 250 x 200 mm? calibration object

Table 1

Specimen dimensions [mm] for the 3-point bending tests.
Sample Support span Depth Width
AG 171 10.70 46.28
1C 170 10.70 42.08
2C 180 1133 45.35
3C 190 11.85 45.40
13C 200 12.46 48.05
AC 224 14.00 53.33

according to the manufacturer’s directions. With the ARAMIS® pro-
fessional software, the surface pattern quality is inspected before
starting the mechanical tests to ensure the presence of a proper
grayscale contrast to be monitored by the DIC camera. For identi-
fication of the surface of interest for DIC software and subsequent
correlation of the surface points with different grayscale during the
deformation, facets of the size of 25 x 25 pixels, and step size of
19 x 19 pixels are defined for the DIC software. By using ARAMIS®
software, the in-plane displacement of surface facets during the
flexural tests is correlated and a full field displacement/strain maps
of the specimens are obtained as a result.

The Acoustic Emission (AE) technique is used to monitor dam-
age evolution during the bending tests. Detection of the elastic
acoustic waves (hits) generated due to micro-damage is done by
two piezoelectric sensors (PICO-2-750 kHz Lightweight Miniature
AE sensors, Mistras) attached to the top layer of bending spec-
imens using a hot-glue gun, as shown in Fig. 2. Both sensors
are 60 mm apart and equidistant from the center of the spec-
imen, and a sensitivity threshold of 45 dB is set to record the
input hits. Amplification of the signal outputs from the sensors is
done using a preamplifier which imposes a 20-dB gain to recorded
acoustic emission waves. A Bessel band-pass filter with a range of
20-800 kHz is used to eliminate the noise from acquired signals
using NEOSIS® software, and Fast Fourier Transform (FFT) is per-
formed to extract frequency domain features like peak frequency,
partial power, frequency centroid, etc. for each acoustic hit.
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Fig. 3. (a) Flexural stress-strain curves for composite laminates, (b) Flexural modulus and flexural strength of laminates.

The optimum number of clusters for the acoustic emission data
is found to be three, based on the K-means algorithm used with
the Davies-Bouldin dissimilarity function. Moreover, clustering of
acoustic emission data for each sample is based on two extracted
features namely, weighted peak frequency (WPF) and partial power
1% (PP1), which have previously shown to provide well-defined
clustering results [44,51,52]. In this study, PP1 % defines the per-
centage of signal power located in a frequency range of 0-200 kHz.
Weighted peak frequency is a function of frequency centroid and
peak frequency. The center of the mass for the spectral range of
recorded acoustic emission signal in frequency domain is the fre-
quency centroid, while the Fast Fourier Transformation of the time
domain signal provides the peak frequency. WPF is calculated us-
ing the following formula:

WPF = \/ Frequency centroid x Peak frequency 3)

The fractography of the failed specimens is performed using a
Nikon LV 100 ND stereo optical microscope and Leo Supra35VP
field emission scanning electron microscope (SEM). Samples for
SEM characterization are prepared using a precise diamond cut-
off machine (Struers Discotom-10) and the fractured surfaces are
sputter-coated with a thin layer of gold before investigation.

3. Experimental results

3.1. Flexural behavior and predictability of failure path for hybrid
laminates

The experimental results of 3-point bending tests are presented
in Fig. 3(a), showing the evolution of stress versus strain for the
non-hybrid (AC, AG) and hybrid (1C, 2C, 3C, 13C) specimens. As
all the samples of a particular stacking sequence exhibited similar
stress—strain behavior during the bending test, a specimen with an
average strength is chosen for each laminate as shown in Fig. 3(a).
As per the ASTM D790-A standard, stress values are calculated us-
ing the load cell data, while strains are calculated using deflection
at the center of specimens during the bending test. The flexural
modulus is calculated as chord modulus between the strain range
of 1000 pe-3000 pe in the stress-strain curve according to ASTM
D790-A standard.

A close inspection of o-¢ curves in Fig. 3(a) reveals the linear
elastic region for all specimens. However, strain values correspond-
ing to the deviation point from the elastic region are strongly de-
pendent on the stacking sequence used for the hybrid specimens.

Table 2
Flexural properties of composites laminates.

Sample Flexural strength Flexural modulus Strain to global failure
(MPa) (GPa) (%)
AC 905 87.99 1.21
1C 890 79.95 2.29
2C 976 60.62 1.58
3C 822 42.66 1.99
13C 920 81.60 1.81
AG 930 39.35 2.66

The lowest failure strain i.e., 1.2%, is observed for the AC specimen
due to the high stiffness of carbon fibers. However, an improve-
ment of strain at failure value (& fqijure) of AC specimen is attained
upon interply hybridization of AC specimen by replacing some of
the carbon layers with the glass ones. For example, 1C specimen
presents an improvement of 1.9 folds in & fgjre as compared to AC.
This improvement can be attributed to the replacement of carbon
plies located along the horizontal midplane with the glass fiber
(having smaller stiffness) in the 1C laminate. The highest failure
strain is observed for the AG specimen, as the glass fibers have
higher relative ductility and provide a comparatively efficient load
transfer between plies during loading [53,54].

On the other hand, the highest flexural modulus is observed for
the AC specimen, while an apparent trend in reduction of flexural
modulus is captured for the hybrid specimens with similar relative
volume fraction of carbon to glass fibers, namely 1C, 2C, and 3C.
Such reduction is caused by moving the carbon plies away from
the faces and towards the horizontal midplane of the specimens.
It is also observed that the flexural modulus values of 1C and 13C
specimens are very similar since both laminates have carbon plies
on the bounding top and bottom surfaces of the laminate that
are being subjected to maximum compressive and tensile stresses
during flexural loading. Therefore, the initial flexural stress-strain
behavior in hybrid laminates can be directly controlled by altering
the relative location of high stiffness plies with respect to the neu-
tral plane under bending loading condition. In Fig. 3(b), the average
flexural strength of 1C, 2C, and 3C hybrid specimens are varying,
although they contain similar amounts of carbon and glass fiber
plies, thereby indicating that the flexural strength does not have a
direct dependence on the stacking sequence of specimens.

To make a more quantitative comparison between the compos-
ite specimens, their flexural properties are listed in Table 2. The 2C
specimen exhibits the highest strength value, i.e., 976 MPa, while
the lowest strength is exhibited by the 3C specimen as illustrated
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Fig. 4. (a) Optical micrograph showing formation of kink bands on the compressive side of AC specimen, (b) Optical micrograph of AC specimen showing the compressive
failure due to carbon fiber buckling, (c) Optical micrograph of AG specimen showing multiple kink bands formation and buckling of glass fibers on the compressive side,
(d) Optical micrograph of buckling failure in AG specimen in the thickness direction, (e) Optical micrograph of buckling failure, and extension of kink bands across carbon
and glass plies though the thickness in 1C specimen, (f) SEM micrograph of 1C specimen showing transverse crack growth in matrix (red arrow) and onset of delamination
failure (yellow arrow), (g) Optical micrograph of 2C specimen showing transverse crack in carbon fiber plies (red arrow) and delamination failure interfaces (yellow arrow),
(h) SEM micrograph of 3C laminate showing extensive shear-driven delamination failure in carbon fiber plies along the horizontal midplane, (i) Optical micrograph of 13C
specimen showing transverse crack formation in carbon fiber plies (red arrow) and delamination failure along the horizontal midplane. (For interpretation of the colors in

the figure(s), the reader is referred to the web version of this article.)

in Fig. 3(b). Moreover, flexural strength of AC and 13C laminates
is strongly correlated with their exhibited brittle damage mecha-
nisms, even though they contain the highest amounts of carbon
fibers as compared to other hybrid/non-hybrid laminates. In fact,
the failure initiation in carbon fibers poses a critical limitation in
terms of controlling the strength of hybrid laminates. More im-
portantly, after the hybridization effect of glass fibers, the flexural
strength of the AC specimen immensely improves such that being
even larger than its intrinsic strength property. This improvement
results from the efficient stress redistribution in hybrid specimens
due to the presence of high-elongation glass fibers, and the gen-
eration of hybrid effect, which prevents the premature failure ob-
served for the all-carbon specimen [55].

Under flexural loading condition, the laminate experiences
compressive, tensile, and shear stresses through the thickness di-
rection. In the area under the loading tip during a flexural test,
a high concentration of compressive stresses is present, which
triggers fiber micro-buckling (or kinking) along with matrix yield-
ing [56,57]. These kink band formations can be clearly observed
in both non-hybrid specimens (AC and AG) at multiple places, as
shown in Fig. 4(a-d). After the onset of transverse cracks, once
the broken in-plane fibers are unable to provide reinforcement
through the thickness of the laminate, the material depends on
the remaining intact plies to carry the load. Moreover, in addition
to the low through-the-thickness strength, the high interlaminar

shear stresses generated within the pristine plies cause delami-
nation failures in bending specimens. That is why delamination
failure mode was observed for all specimens. However, in the AG
specimen, right before delamination occurrence, matrix yielding
together with fiber micro-buckling was inspected. Later, the accu-
mulation of high compressive stresses resulted in the creation of a
crack tip, which propagated in the form of a delamination failure
in AG laminate. Overall, in both non-hybrid specimens, extensive
buckling due to different levels of compressive stresses was the
initial failure mode at the top plies.

Remarkably, AC specimens failed as a result of highly unpre-
dictable deformation mechanisms. By scrutinizing microscopic re-
sults and inspection of the failed samples with a naked eye, it
can be suggested that two different failure paths are feasible for
AC laminates. The first method of failure in AC laminates shows a
growth of a profound transverse crack through the thickness from
the top layer followed by delamination at plies closer to the mid-
plane of the specimen, where shear stresses are more significant.
The second path for failure in AC specimens does not reveal se-
vere damage at the top layers due to compressive failure, but a
rather abrupt interlaminar delamination in the midplane of the
samples due to induced in-plane shear loading. Thus, there is an
unpredictability in the failure development mechanism in AC com-
posites. Nonetheless, although failure of hybrid samples is more
dynamic due to the presence of brittle layers with varying stiff-
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ness values; after interply fiber hybridization of AC noticeable pre-
dictability in the failure modes was achieved, especially in the 1C,
2C, and 3C hybrid laminates as discussed hereafter.

In the hybrid specimens, the kink band formation at the top
layer was more prominent in specimens containing carbon plies
on the faces i.e., in 1C and 13C, as shown in Fig. 4(e) and Fig. 4(i),
respectively, due to the low compressive strength of carbon fibers.
In a unidirectional laminate under a flexural load, the compres-
sive stress varies linearly through the thickness [58]. Therefore,
a compressive failure triggered by fiber micro-buckling resulted in
the formation of a transverse crack at the top carbon layers of 1C
and 13C specimens, later propagating in a direction parallel to the
loading axis. This crack transformed into delamination failure as
a result of very high interlaminar shear stress [59]. As shown in
Fig. 4(a), the first drop at the stress in the stress—strain curve of
1C laminate is related to buckling of the top surface. The further
stress drops observed for the 1C specimen are likely to be related
to the growth and propagation of kink band damage towards the
middle layers. An additional splitting tensile failure in the bottom
layers occurred in the 1C specimen, as the transverse strain val-
ues reached an excess of +1.13%. The analogous stepwise decrease
in material stiffness was observed in 13C laminate. The first drop
is correlated with compressive damage due to kink band forma-
tion on the top carbon layers, which later propagated through the
glass layers beneath them. Afterward, delamination is observed at
multiple interfaces along the carbon plies parallel to the horizon-
tal midplane, and in the carbon/glass interface at the tensile side
of 13C specimen as shown in Fig. 4(i). However, the dominant fail-
ure modes were compressive failure and shear-driven delamination
along the fiber direction.

In the 2C laminate, although the maximum load level was un-
able to initiate macro compressive failure in the top glass layers,
the carbon plies next to them suffered from a transverse crack for-
mation as seen in Fig. 4(g). The resultant crack tip generation in
carbon plies ultimately caused instantaneous delamination failure
in the fiber direction at the glass/carbon interfaces correlating with
the sudden stress drop in the stress-strain curve of the 2C speci-
men.

A highly brittle instantaneous failure behavior was also exhib-
ited by the 3C laminate and a stepwise drop in the stress levels
could not be observed in the stress-strain curve. Remarkably, de-
lamination failure was initiated from the free edges by creating
a fracture surface along the fiber direction in the 3C specimen.
Moreover, as the carbon fibers located along the midplane have a
higher modulus, the critical strain energy release rate needed to
initiate delamination in carbon fibers is much lower compared to
glass fibers [60,61]. Thus, a premature shear-driven interlaminar
delamination failure was exhibited by 3C specimen along horizon-
tal midplane, separating the specimens into two halves as seen in
(Fig. 4h).

The comparison of flexural stress versus flexural strain curves
for 1C, 2C, and 3C thick samples in current investigation with pre-
viously studied thin counterparts [21] indicates that the flexural
modulus reduces as the carbon layers are placed closer to the mid-
plane of the hybrid laminate regardless of their thickness. Although
the flexural strength increases for thin 1C, 2C, and 3C laminates in
the given order [21], the thick 2C laminate shows the highest aver-
age strength in the current investigation, and the thick 3C laminate
has the lowest average failure strains as depicted in Fig. 3(b). Since
microscopic images of both thin [21] and thick 2C (see Fig. 4g)
laminates show transverse crack at top layers further developed
via interlaminar delamination, it can be concluded that such an
anomaly is not due to variation of damage growth in 2C laminate
but a change in the failure mode of thick 2C specimen. As shown
in Fig. 4(h), failure for 3C specimen appears as midplane delamina-
tion while no damage is observed in middle carbon layers for thin
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3C specimen [21]. Hence, the thickness increase for middle carbon
layers reduces the flexural strength of 3C sample despite provid-
ing a higher failure strain as compared to the AC laminate. As seen
in Fig. 3(a), the thick 13C specimen shows an abrupt single step
failure, while the thin 13C laminate reveals stepwise drops in the
stress due to damage progress [21]. The stepwise stress drops in
thin laminate are attributed to buckling of surface carbon layers
followed by shear-driven transverse crack in middle carbon plies.
However, the progress of failure to middle layers is not observed
for thick samples as seen in Fig. 4(i). Thus, it is evident that the
failure of thick carbon layers at the surface is not further devel-
oped as a shear-driven transverse crack in the middle layers of
the laminate, and unlike the thin 13C specimen, the failure strain
of the thick laminate is controlled by surface layers rather than
through the thickness plies.

As seen in Fig. 4(e) and observed in the previous study [21],
both thick and thin laminates with 1C stacking sequence show
kink bands formed at surface carbon layers and their growth to-
wards glass layers beneath. While the development of crack is
stopped for thin 1C sample at the midplane, it continues as inter-
laminar delamination for the thick specimen as seen in Fig. 4(e).
This behavior can be attributed to the presence of significant in-
plane shear stresses at the midplane of the thick specimen, which
contribute to further development of the failure as delamination
and consequent increase in failure strain in the thick specimen as
compared to its thin counterpart. Overall, it is evident that size ef-
fect can change failure progress in interply fiber hybrid laminates
which can be analyzed via damage monitoring techniques such as
AE analysis.

The explained failure mechanisms for the thick hybrid samples
were reproducible, hence it can be implied that replacing carbon
layers in AC laminate with glass fiber plies can contribute to the
predictability of failure path under flexural loading condition. This
information can be used efficiently for shape sensing approaches
such as iFEM-RZT [62,63] and to identify the susceptible locations
for failure in hybrid fiber laminates while implementing SHM tech-
niques such as active sensing methods [64].

3.2. Full field strain measurements using DIC

DIC technique was used to obtain technical strain fields devel-
oped in unidirectional specimens at 25%, 50%, 75%, and 100% of
the ultimate flexural strength (oyjtimate) during the 3-point bend-
ing tests. The results are presented in Figs. 6-8. For the DIC analysis
of the transverse strain (&xx) and shear strain (&xy), the area under
the loading tip is chosen, as it has the highest localization of ap-
plied load due to the specific design of a bending test. This area is
named as the region of interest (ROI) and is shown in Fig. 5.

The distribution of transverse strains and shear strain for the
non-hybrid specimens is shown in Fig. 6(a-b) and Fig. 6(c-d), re-
spectively. The results in Fig. 6(a) indicate a highly localized lon-
gitudinal strain profile developing in the AC laminate at the maxi-
mum flexural strength (oytimate) in a direction parallel to the load-
ing axis. The concentrated compressive strain extends through the
thickness of the specimen reaching a maximum value of —2.42%
and correlates well with the observed crack tip in the failed speci-
men. In comparison, as shown in Fig. 6(b), the &y profile in the AG
specimen is symmetric, with a homogeneous distribution of com-
pressive strain on the top and tensile strain at the bottom of the
specimen under maximum load. The high ductility of glass fibers
prevents axial splitting at the bottom of the specimen, allowing it
to reach a high ey value of +2.49%. As seen in Fig. 6(c), the &yy
strain field shows a concentration at oyjimare Orienting parallel to
the loading direction (crack formation direction) in the AC spec-
imen, and in the lower half, it orients itself parallel to the fiber
direction. The highly concentrated narrow band profile of shear
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Fig. 5. Region of interest (ROI) under the loading tip chosen for strain field analysis using DIC.
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Fig. 6. 2D-DIC technical strain fields at 25%, 50%, 75% and 100% of ultimate flexural
strength (a) exx (transverse strain) fields of AC specimen, (b) &xx (transverse strain)
fields of AG specimen, (c) &xy (shear strain) fields of AC specimen and (d) &y (shear
strain) fields of AG specimen.

strain combined with an existing transverse strain results in the
formation of a delamination failure path in the AC specimen in the
lower plies. In other words, the development of a crack parallel to
the loading direction results in the creation of an extra shear strain
field at the right side of the failed region as seen in for AC lami-
nate at oyjimate, cONsequently inducing interlaminar delamination
at perpendicular to the loading axis. Fig. 6(d) exhibits the &, field
of the AG specimen at various stress values. It can be observed
that even at the maximum load level, the shear strain in the spec-
imen is significantly diffused as compared to that of AC specimen
and is positioned parallel to the horizontal midplane.

Fig. 7(a-d) depicts DIC results in terms of transverse strain plots
in the region of interest for all hybrid laminates at different stress
levels. As seen in Fig. 7(a), exx in the form of localized bands paral-
lel to the loading direction has appeared in the bottom plies of 1C
laminate during the linear elastic stage of the test. As the applied
load increases, the tensile strain redistributes itself parallel to the
bottom carbon layers, and a concentrated compressive strain has
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I;'l AI‘A.! l : !I I !CALI u
(%)
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(d)
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Fig. 7. 2D-DIC through-thickness transverse strain (&xx) fields at 25%, 50%, 75% and
100% of ultimate flexural strength for (a) 1C specimen, (b) 2C specimen, (c) 3C spec-
imen and (d) 13C specimen.

also appeared at 75% of the maximum load. The high strain con-
centration in the top carbon layers results in the formation of a
crack tip that propagates downwards, parallel to the loading axis.
As the plies located towards the bottom of specimen are no longer
able to sustain the high compressive stresses, the crack tip extends
in the form of delamination failure in the 1C specimen. Moreover,
as the ultimate strength value approaches, the tensile stresses gen-
erated in bottom layers due to &xx being above +1.13%, cause axial
splitting of the bottom plies. In the 2C specimen, the presence of
glass plies on the compressive and tensile side allows the laminate
to sustain a higher strain value before failing.

It can be observed in Fig. 7(b) that the concentration of trans-
verse strain is positioned parallel to the loading direction in the
2C laminate in form of narrow bands and results in transverse
crack formation in carbon layers, as shown in Fig. 4(g). However,
the inhomogeneity of strain fields in the 2C specimen may be at-
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Fig. 8. 2D-DIC through-thickness shear strain (&xy ) fields at 25%, 50%, 75% and 100%
of ultimate flexural strength for (a) 1C specimen, (b) 2C specimen, (c) 3C specimen
and (d) 13C specimen.

tributed to random surface defects. Fig. 7(c) shows the transverse
strain maps for the 3C specimen. It can be observed that similar
to the AG specimen, the distribution of longitudinal strain is sym-
metric about the horizontal midplane and is mainly concentrated
along the glass plies. The high ductility and low stiffness of glass
fibers prevent possible stress accumulation and impede the forma-
tion of a macro crack tip.

As discussed earlier, among the hybrid specimens, extensive
crack formation due to compressive stresses was only observed in
specimens with carbon plies on the faces. Therefore, as shown in
Fig. 7(d), similar to the AC and 1C specimen, a relatively saturated
compressive transverse strain up to —2.5% can be seen in the 13C
specimen appearing at 75% of the maximum strength. The result-
ing transverse crack later reaches the carbon plies located along
the horizontal midplane of the specimen and converts later into a
delamination failure mode.

Fig. 8(a-d) presents the DIC results for shear strain fields at
various stress levels in the hybrid specimens in the area under the
loading tip during the bending tests. For all the specimens the gen-
eration of shear strain at 50% of ultimate strength is negligible.

Fig. 8(a) and Fig. 8(d) show an extensive shear strain concen-
tration along the fiber direction for both 1C and 13C specimens.
Although the maximum &y, values for both laminates are com-
parable i.e., +0.021%, the location of strain concentration varies,
and correlates well with the shear-driven failure observed in top
plies in the 1C laminate, and along the middle in the 13C lami-
nate. A more heterogeneous shear strain distribution is observed
for 2C laminate, as shown in Fig. 8(b). The inhomogeneity of shear
strain field accumulation through the thickness of 2C resulted in
the formation of multiple delamination paths along the fiber direc-
tion. As seen in Fig. 8(c), the shear strain in 3C laminate has also
accumulated along the carbon plies in the middle of the specimen
along the horizontal midplane. As discussed in earlier sections, the
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delamination failure in 3C laminate started from the free-edges,
and the presence of highly localized shear strain bands, away from
the vertical midplane explains such delamination onset. Notice the
nearly zero &y, under the loading tip in the 3C laminate in Fig. 8(c)
which indicates minimal transverse crack initiation under the load-
ing tip during the test.

3.3. Damage accumulation during bending tests

Fig. 9 provides the clustering results for acoustic emission data
of bending tests for the AC and AG composite specimens. In these
graphs of PP1 vs WPF, three clusters with distinguishable fre-
quency ranges can be observed for the specimens i.e., 45-180 kHz,
180-350 kHz, and 350-550 kHz, referred to as fcy, fca, and fcs,
respectively. The fcq range is attributed to cracking in the resin
matrix [65], therefore, in all the recorded AE data, the lowest fre-
quency range of WPF is due to damage initiation or its propagation
in the resin matrix. The remaining two frequency ranges are conse-
quently related to other damage types manifested by the laminates
under mechanical loading. The intermittent frequency range (fcz)
is, therefore, associated with the fiber/matrix interface failure or
delamination, as defined previously in the literature [10,66]. Even
though in the hybrid laminates, two fiber types are present, but
a previous study conducted by authors confirms that both carbon
and glass fibers break at the highest frequency range [21]. So, the
fcs range corresponds to the fiber breakage for all specimens un-
der bending load [67].

Fig. 10 presents the results of stress-strain curves obtained
from the bending test apparatus (UTM) and DIC results with cumu-
lative counts of acoustic emission hits. Strain values for DIC curves
are calculated according to the ASTM D790-A standard using local
displacement of a selected point on the specimen surface during
bending tests, while stress values are obtained from the load-cell
data. Fig. 10(a-f) reveal that the initial damages registered in the
specimens by the AE equipment are related to the highest fre-
quency damage i.e., fiber breakage. Due to the specific set-up of
a 3-point bending test, micro-buckling or breakage of fibers at the
compressive side of the specimens is usually the preliminary dam-
age type, which is observed well in Fig. 10 for all non-hybrid and
hybrid laminates. A similar result for the initial damage type for
thin hybrid laminates with the same stacking sequence was ob-
served in [21].

The acoustic emission activity for AC and AG started at flexural
strain levels of 1.09% and 1.30%, respectively. As seen in Fig. 10(a),
for the AC laminate, all three damage types accumulate and in-
crease by several orders of magnitude as the material approaches
failure strain, resulting in a spontaneous catastrophic failure. It
is interesting to note that for AC, at the first instant of stiffness
degradation which corresponds to a visible stress drop, no AE data
is recorded. It might be due to fact that the amplitude of acoustic
waves generated at this instance falls below the sensitivity thresh-
old of the AE sensor. In Fig. 10(b), as soon as the experimental
data deviate from the DIC results (dashed lines), AE activity starts
for the AG specimen. As DIC is measuring real-time displacement
fields at cross-section of the specimen, it can capture the stiffness
loss very efficiently for the AG specimen. However, similar to the
AC specimen, an exponential increase in acoustic emission activ-
ity was recorded for AG before the global failure of the specimen
albeit with a small slope at the final stage.

For the hybrid specimens, the start of AE activity was recorded
for strain levels less than 0.95%. For the 1C specimen, a very dy-
namic failure behavior was observed, with a stepwise drop in
material stiffness under the bending load. As seen in Fig. 10(c),
the concurrent start of matrix cracking, interface failure, and fiber
breakage is observed. This conforms with fractography results ob-
tained for 1C specimen showing transverse crack generation in the
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Fig. 9. Sample clustering results of acoustic emission data for composite specimens during 3-point bending tests.

resin, as well as the onset of interface debonding from Fig. 4(f).
As shown in Fig. 10(d), for the 2C specimen, the DIC stress-strain
curve was able to capture the start of stiffness loss in the laminate.
Fiber breakage and matrix cracking start at the same moment, fol-
lowed by fiber/matrix debonding in 2C. Unlike the abrupt rise in
counts value observed in the non-hybrid specimens, a steady in-
crease in AE count is observed for this specimen which can be
attributed to the transverse cracking in the 2C sample as observed
in transverse strain plots shown for DIC images (Fig. 7b) and cap-
tured in the optical micrographs in Fig. 4(g). It is also observed
that cumulative counts values for interface failure in 2C laminate
undergo a steady increase until global failure, suggesting multiple
delamination path generations in the specimen with the increase
in mechanical load.

Among all hybrid specimens, the lowest AE counts for interface
failure were recorded for the 3C specimen as shown in Fig. 10(e).
This observation is consistent with the abrupt growth of interlami-
nar delamination in the middle layers of this sample. Moreover, for
the 3C specimen, AE data suggest the occurrence of fiber damage
inside the specimen, which could not be captured by the optical-
based DIC system. Fig. 10(f) shows the evolution of AE counts for
13C specimen under flexural loading. Fiber breakage and matrix
cracking were the two damage forms registered initially by the
AE system, increasing in count spontaneously as the nonlinear re-
gion in stress-strain curve approaches. This correlates well with
the transverse crack generation observed in 13C laminate due to
high compressive stress in the top carbon layers. However, after
an abrupt increase, the AE activities stabilize and continue to rise
with a steady slope until the global failure of the specimen.

Fig. 10(f) shows that the AE activity starts when the DIC stress-
strain curve deviates from the experimental results, capturing loss
of flexural modulus. The analysis of acoustic emission activity for
AC and the hybrid specimens reveals that after fiber hybridiza-
tion of AC with glass fiber, the damage initiation and propagation
behavior of hybrid specimens under flexural loading can be al-
tered significantly. In other words, as a result of interply fiber
hybridization damage accumulation rate becomes gradual for hy-
brid samples as compared to abrupt failure growth in AC laminate.
This type of steady failure growth implies that hybrid laminates
are better candidates for continuous structural health monitoring
under quasi-static loading conditions. It is also noted that for all
hybrid laminates, the strain levels for which acoustic activity starts
are lower than that of AG specimen, suggesting that the presence
of stiff carbon plies is dominating the damage initiation. Moreover,
it is observed that once the macro damage has initiated inside the
hybrid laminates, glass plies are no longer able to arrest it.
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Table 3
Acoustic emission hit fraction for various damage types in composite laminates.

Sample Hit fraction (%)
Matrix cracking Interface failure Fiber breakage

AC 49 24 27
AG 48 29 23
1C 37 6 58
2C 53 8 39
3C 55 5 38
13C 31 10 60

Table 3 summarizes the hit fraction percentage related to var-
ious damage types for all the specimens. When compared to the
AG specimen, damage accumulation due to fiber breakage in AC is
higher. However, it can also be observed that the hybrid specimens
are more prone to fiber micro-damage accumulation compared to
the non-hybrid specimens. This effect may be attributed to the
presence of two fiber types in hybrid laminates which intensifies
the loading conditions due to the introduction of transverse shear
stresses in material as per a previous study by the authors [21].
Moreover, the hit fraction percentage for interface failure in hybrid
laminates is significantly lower as compared to both AC and AG
laminates.

4. Conclusions

An experimental study to investigate the mechanical behav-
ior and failure modes of thick hybrid composites laminates under
bending load is performed by using two different SHM and/or non-
destructive testing methods, i.e., digital image correlation tech-
nique and acoustic emission method. The bending tests performed
on thick hybrid laminates reveal that the selected stacking se-
quence has an apparent correlation with flexural properties and
failure mechanisms exhibited by the specimens. The flexural mod-
ulus of hybrid laminates is mainly controlled by the location of
high stiffness fiber plies. The closer these plies to the bounding
faces of the laminate are, the higher the flexural modulus is. Flexu-
ral strength, however, is mostly controlled by the mode of damage
initiation and its subsequent propagation within the thick com-
posite laminates. It is found out that the fiber hybridization of
carbon laminate with glass fibers can improve its flexural strength,
as observed in the 2C and 13C hybrid specimens. In addition, an
experimental solution concerning failure unpredictability in thick
carbon fiber laminates is suggested. It is revealed that in all the
hybrid laminates, depending on a particular stacking sequence,
similar and anticipated global failure modes are exhibited. This
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Fig. 10. Combined plots of stress-strain curves and Acoustic Emission

predictability can be used for shape sensing and NDE inspection
of thick hybrid fiber laminates.

The fractography of failed non-hybrid and hybrid laminates sug-
gests that the final failure mode in all thick laminates under flex-
ural loading is extensive shear-driven delamination along the fiber
direction. Moreover, damage initiation in hybrid laminates always
occurs in the high stiffness carbon fiber plies, either in the form
of transverse micro-crack generation or fiber/matrix debonding.
Furthermore, as compared to the thin hybrid laminates studied
in [21], the mechanical performance and damage behavior of thick
hybrid laminates under flexural loading conditions is obviously dif-
ferent due to the size effect. As such, the higher the thickness of
hybrid laminate, the easier the growth of interlaminar delamina-
tion within the plies, thereby leading to a reduction in flexural
strength of thick hybrid laminates. It is demonstrated that such
a size effect may need to be considered for effective selection of
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cumulative count-time plots for composite laminates during flexural tests.
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glass layer locations through the thickness of the thick hybrid lam-
inates for increasing their structural strength.

The digital image correlation technique is used to monitor the
through-thickness evolution of transverse and shear strains in the
laminates. It is demonstrated that laminates with high stiffness
plies on the faces exhibit localized strain concentration underneath
the loading tip during the flexural tests. However, laminates with
ductile fiber plies on the faces, do not exhibit such strain accu-
mulation, due to successful dissipation of stress by the glass fibers
through the thickness of the laminates. DIC technique can be ef-
fectively used to monitor the transverse as well as shear strain
variation along the thickness direction and to predict the strain
values corresponding to damage onset in hybrid laminates.

Acoustic emission analysis of the recorded data indicates the
presence of three weighted peak frequency ranges attributed to
three different failure types occurring in the laminates. These fail-



S. Gul, LE. Tabrizi, B.S. Okan et al.

ure types are matrix cracking, fiber/matrix interface failure, and
fiber breakage, corresponding to frequency ranges of 45-180 kHz,
180-350 kHz, and 350-550 kHz, respectively. The cumulative
counts versus time curves suggest that various damage modes
in the hybrid laminates accumulate gradually during mechanical
loading, unlike in the carbon laminate, where the recorded acoustic
emission activity is instantaneous, and global failure occurs with-
out any prior warning. Moreover, it is noted that in the hybrid
laminates, AE hit fraction related to high-frequency damage (i.e.,
fiber breakage) increases as compared to the non-hybrid laminates.
The strain levels where AE activity starts in the hybrid laminates
is found to be associated with the fiber-breakage of high-stiffness
carbon fibers.
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