Materials Research. 2023; 26:¢20220325
DOT: https://doi.org/10.1590/1980-5373-MR-2022-0325

Experimental Investigation on the Effect of Stacking Sequence on Damage Resistance and
Post-indentation Performance of Glass/Epoxy Laminates Under Different Loading Planes

Using Acoustic Emission Monitoring

A. Usha Bharathi™ ©, V. Arumugam®, C. Suresh Kumar*

“Jeppiaar Engineering College, Department of Aeronautical Engineering, Old Mamallapuram Road,
Semmenchery, Chennai-119, Tamil Nadu, India.
bAnna University, Madras Institute of Technology Campus, Chromepet, Department of Aerospace
Engineering, Chennai-44, Tamil Nadu, India.
‘Bharath Institute of Higher Education and Research, Department of Aeronautical Engineering,
Selaiyur, Chennai-73, Tamil Nadu, India.

Received: July 19, 2022; Revised: October 25, 2022; Accepted: November 22, 2022

This research work focuses on the experimental investigation of indentation damage resistance and
post-indented performance of different stacking sequence of glass/epoxy laminates using mechanical
and acoustic responses. The laminates with stacking sequence, namely [0],,, [0/90], [+45/-45] ; and
[0/+45/-45/90],, were subjected to normal and inclined indentation with acoustic emission monitoring.
Quasi-static indentation (QSI) test was conducted on the center of the laminates using a hemispherical
steel indenter with 12.7 mm diameter. The residual strength of the laminates was computed by
conducting flexural after indentation test. Mechanical responses such as peak force, residual dent,
linear stiffness and absorbed energy were employed to assess induced damages. The results reveal
that the quasi-isotropic (QIS) laminates having better indentation damage resistance under 0° and 10°
loading planes, whereas the angle-ply (AP) laminates performed well at 20°. Moreover, the normalised
cumulative counts, energy rate, peak frequency, AE hits and sentry function were used to evaluate
the damage initiation and propagation. Further, AE results show that the shear induced damage has
been reduced in AP as compared with QIS laminates under 20° indentation plane. Finally, this study
concluded that the QIS and AP laminates exhibited better indentation resistance under 0° and 10°, and

20° loading planes respectively.
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fexural strength.

1. Introduction

Fiber reinforced polymer (FRP) composite materials are
extensively replacing the conventional metallic materials
in many fields such as acrospace, marine and automotive
industry due to higher specific strength, stiffness, dimensional
stability, better corrosion resistance, long-term durability and
excellent fatigue properties. However, the main limitation
of composite materials is susceptibility to impact induced
damage'?. Many researchers have investigated the effect of
matrix, fiber/matrix interfacial bonding and fiber properties
of composite laminates for improving impact and residual
strength®*. Sohn et al.’ and Bull et al.® have reported that
the barely visible impact damage (BVID) is induced on the
aircraft structures during pre-flight and taxiing operations,
by runway debris, hail and bird strikes. This type of impact
damage was simulated by conducting quasi-static indentation
(QSI) loading on the composite structures’. Moreover,
Yuichiro et al.® stated that the significant reduction of
structural strength in laminated composites is mainly due to
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the severity of impact induced damage; it may be invisible
during routine visual inspection methods’.

The damage occurred during drop weight impact on the
composite laminates was found similar behaviour under
indentation loading'®!". Zhong et al.'? and He et al."* proved that
the quasi-static indentation (QSI) test can be used for simulating
the impact events because the absorbed energy and damage
morphology are equivalent for both tests. The indentation
response was studied using mechanical parameters such as
energy absorption, residual deformation and peak loads in each
cycle of indentation loading'*'¢. Caprino et al.'” concluded
that the indentation induced damage was varied with respect
to fiber orientation and configuration of glass/aluminum
hybrid laminates. Jac Fredo et al.'® quantified the global and
local damages in glass/epoxy laminates using geometrical
features which were extracted from the acquired digital
images on the indented sites. Further, they have developed
amodel to detect the indentation induced damages in glass/
epoxy composite laminates'. The effect of induced damage
on the structure has perceived by the size/area of the damage
during indentation loading. If the damage is not visible (the
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induced damage is less than BVID), then the composite
structures can withstand high ultimate load. On the other
side, if the damage is visible (the induced damage is more
than BVID), another decisive factor must be considered,
like repair® or replace with new structural components®'.

Many researchers have focused on compression after
impact (CAI) properties because the impact induced damage
causes faster growth of delamination propagation under in-
plane loading®. However, very few studies were carried out
on the residual flexural properties because the flexural load
evolves a complex stress pattern and their test parameter is
harder to analyze®*%. Further, the composite structures have
been subjected to all kinds of out-of-plane loading during
service such as airfoil, bulkheads section etc. This leads
to the importance of research on flexural properties of the
composite laminates. However, nondestructive testing (NDT)
methods have been widely used for the analysis of damage
evolution in FRP composites under out-of-plane loading?*.
Acoustic emission (AE) is an effective NDT method for
monitoring damage evolution in laminated composites>2.
AE signal is the phenomenon of transient elastic strain waves
generated inside the materials when it undergoes deformation
or fracture. Therefore, this technique is capable to detect in-
situ information about damage mechanisms in the laminated
composites under in-service operation.

Kumar et al.* discriminated the failure modes in laminated
composites using AE amplitude, rise time, counts, energy,
duration and peak frequency. Moreover, Mei et al.** used AE
energy for investigating the fracture toughness®'*? and failure
strength prediction in polymer® and ceramic matrix** composites.
They concluded that the residual strength of composites was
associated with fiber bundles buckling and delamination®.
However, a comprehensive damage characterization was
made by correlating acoustic energy and mechanical strain
energy for investigating the damage resistance in laminated
composites®*. This method was employed to evaluate the
damage progression and residual strength of composite
laminates under out-of-plane loading'*’. In fact, the aircraft
structure has subjected to impact/indentation need not be
normal to the plane of the structural elements. Normal
indentation can causes maximum damage in the isotropic
and homogenous materials. This statement has taken to be
true by some researcher and industry expert.

To overcome the aforementioned gap in literature, it is
necessary to carry out a research on the effect of different
angles of impact/indentation on the structural elements
with efficient AE based method to characterize the damage
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resistance and post-indentation performance of glass/epoxy
laminates under normal and inclined planes of loading.
In this study, the effect of stacking sequence of glass/epoxy
composite laminates on indentation damage resistance and its
residual strength were investigated. The stacking sequence
such as [0],,, [0/90], [+45/-45]  and [0/+45/-45/90],
were subjected to 4 mm indentation displacement under
normal (0°) and inclined (10° and 20°) planes of loading
with acoustic emission (AE) monitoring. The correlation
between mechanical and AE results were performed to
quantify the extent of indentation induced damage. Further,
the post-indented performance of laminates was estimated
by conducting three point bending tests.

2. Experimental procedures

2.1. Materials and fabrications

A stitch-bonded unidirectional glass fiber with a mass
density of 220 g/m? was used as reinforcement for the
fabrication of the composite laminates. Epoxy resin (LY 556)
with hardener (HY 951) in the ratio of 10:1 was used as the
matrix material. Twelve layers of glass fabrics with stacking
sequence, namely [0] , unidirectional (UD), [0/90] g cross-
ply (CP), [+45/-45],, angle-ply (AP) and [0/+45/-45/90],¢
quasi-isotropic (QIS) were fabricated using hand layup
process. The laminates were allowed to cure using a 50 kN
compression molding machine at a hydraulic pressure of
50 kg/cm? and room temperature for 24 hours. Care was
taken to maintain the same thickness for all laminates. ASTM
D790-10 standard flexural test specimen sizes of 150 x
40 mm were cut from the fabricated laminate thickness of
3.5 (£0.15) mm using a water jet cutting machine.

2.2. Indentation test

Quasi-static indentation (QSI) test was conducted using
a Tinius Olsen Universal Testing Machine (UTM) as shown
in Figure 1. Specimens were clamped on the base plate with
a central circular hole diameter of 30 mm on the QSI fixture.
The indentation loading were applied at the center of the
specimens under normal (0°) and inclined (10° and 20°)
planes. The damage was induced by using hemispherical steel
indenter of diameter 12.7 mm with a velocity of 1 mm/min.
The damage resistance on the specimens was measured upto
4 mm transverse displacement of indenter. The parameters
such as peak force, residual dent and absorbed energy were
used for evaluating the indentation resistance. Five specimens
were tested in each case for calculating the average values.

A-Toggle Clamp
B-Hemispherical Indenter
C-Specimen

D-Load Cell (100 kN)
E-Indentation Fixture

F- AE sensor

Figure 1. QSI test fixture for different loading planes (a) 0°, (b) 10° and (c) 20°.



Experimental Investigation on the Effect of Stacking Sequence on Damage Resistance and Post-indentation

Performance of Glass/Epoxy Laminates Under Different Loading Planes Using Acoustic Emission Monitoring

2.3. Flexural after indentation (FAI) tests

Three point bending test was carried out on the post-
indented glass/epoxy laminates for estimating the residual
flexural strength using Tinius Olsen UTM. The transverse load
was applied at a constant cross head speed of 0.5 mm/min
as shown in Figure 2. The span was kept as 100 mm. This
test was conducted for evaluating the intensity of indentation
induced damage on the different stacking sequence of glass/
epoxy laminates under normal (0°) and inclined (10°) planes
of loading.

2.4. Acoustic emission (AE) monitoring

Quasi-static indentation (QSI) and flexural after indentation
(FAI) tests were conducted individually using Tinius Olsen
UTM with online AE monitoring. An eight channel AE
system supplied by Physical Acoustic Corporation (PAC)
(Princeton, NJ, USA) with a sampling rate of 3 MHz and
a 40 dB pre-amplification was used for this investigation.
Ambient noise was filtered using a threshold of 45 dB.
However, AE measurement was performed during QSI test

A = Head of Testing Machine

B = Movable Anvil

C = AE Sensors

D = Specimen

E = Lower Anvil

F = Guide and Scale

G = Screw to Fix the Lower Anvil

using two wide band (WD) sensors in a linear arrangement.
The nominal distance between the two sensors was kept as
100 mm. AE sensors were placed on the specimen surface
using high vacuum silicon grease. A typical pencil lead break
test was conducted for generating repeatable AE signals for
the calibration of each sensor, wave propagation and factors
like attenuation loss were taken into account. The average
wave velocity was found to be in the range 3000 m/s and the
timing parameters were fixed according to the wave velocity
obtained. The peak definition time (PDT) was determined as
31 ps, hit definition time (HDT) and hit lock out time (HLT)
were set to 300 ps and 600 ps respectively.

3. Results and Discussion

In this study, the effect of stacking sequence of glass/epoxy
laminates under normal (0°) and inclined (10° and 20°) planes
of'indentation loading and post-indentation performance of
laminates were investigated using mechanical and acoustic
responses. The results are summarized as follows.

3.1. Mechanical results

The glass/epoxy laminates with different stacking sequence
such as unidirectional (UD), cross-ply (CP), angle-ply (AP),
and quasi-isotropic (QIS) composites were subjected to
normal (0°) and inclined (10° and 20°) planes of quasi-static
indentation (QSI) loading to evaluate impact induced damage
resistance. The peak force versus indentation displacement
of the laminates is shown in Figure 3. The QIS glass/epoxy
laminates exhibited the highest contact force followed by AP,
CP and UD laminates. Similar trends were observed in all
loading planes. In the case of 10° and 20° loading plane, the
significant reduction of peak force was noticed as compared
with normal plane. This might be due to less contact between
the specimen surface and indenter by increasing the angle
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Figure 3. Indentation displacement Vs Peak force under different indentation loading planes (a) 0°, (b) 10° and (c) 20°.
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of loading plane. On the other hand, the reduction of peak
force is due to the distribution of inclined indented force
along x-component (shear) and y-component (normal).
However, the angle of loading plane is increases; there is
arise in x-component force and fall in y-component force.
Hence, the 20° indentation loading plane shows constant
peak force at higher indentation displacement between 3 to
4 mm which reveals the shear failure of delamination and
fiber/matrix interfacial debonding might be occurred for all
cases of laminates.

Based on the materials response, the sudden drop of peak
force was reduced in the case of AP laminates. Therefore,
AP laminates have a better resistance to shear failure with
increase the angle of indentation loading. Conversely, CP
laminates have susceptible to indentation induced damage
such as fiber/matrix interfacial debonding and delamination
with increase the angle of loading plane. However, the
slight reduction of peak force in UD laminates was occurred
due to fiber/matrix interfacial debonding. In all stacking
sequence, the QIS laminates produced better indentation
damage resistance under normal and inclined loading planes.
Further, it is evident that the residual dent of UD, CP, AP and
QIS laminates under 10° loading plane, which was reduced
by 36.73%, 34.44%, 19.84% and 49.66% respectively
as compared with normal indentation. In the case of 20°
indentation plane, the residual dent of UD, CP, AP and
QIS laminates was increased by 12.93%, 90.91%, 20.71%
and 49.52% respectively as compared with 0° indentation
loading. Moreover, QIS laminates offered more resistance
to induce permanent dent followed by AP, CP and UD
laminates under 0°, 10° and 20° indentation loading planes
as shown in Figure 4a.

The linear stiffness of different stacking sequence of
glass/epoxy laminates was computed by the slope between
the peak force and indenter displacement before the first
drop of load. The linear stiffness of all cases of laminates
is shown in Figure 4b. In the case of 0° indentation plane,
all laminates exhibited higher linear stiffness due to more
contact force as compared with inclined plane of loading.
Further, the laminates indented at 10° indicated the reduction
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of linear stiffness by 30.59%, 21.08%, 19.07% and 5.44%
when compared with normal indentation for UD, CP, AP
and QIS respectively. Besides, 20° indented UD and AP
laminates shown a decrease in stiffness as 17.32% and
12.91% whereas the stiffness was increased by 3.66% and
4.46% for CP and QIS laminates respectively.

The peak force and incident energy are directly proportional
to the linear stiffness and local bending resistance of the
laminates. It is shown in Figure 5a and b. In normal loading
plane, the peak force is higher for AP and QIS laminates
whereas in 10° and 20°, the QIS laminates exhibited better
load bearing capacity as compared with AP. However, the
total energy imposed on AP laminates is more than the QIS
laminates under normal and inclined loading planes. This
might be due to better rigidity modulus and shear damage
resistance in AP laminates. The absorbed energy and elastic
energy are the significant parameters to measure the extent of
indentation induced damage which is depicted in Figure S5c and d.
The elastic energy was decreased from 0° to 10° indentation
loading for UD, AP and QIS laminates but it was increased
by 4.69% for CP laminates. Moreover, the absorbed energy
is decreased for all cases of laminates under the loading from
0° to 10° and reverse trends were observed from 10° to 20°
loading plane due to the distribution of indentation force
along x-components (shear) and y-components (normal)
which was evidenced by the residual dents.

3.2. Analysis of AE activities during indentation

The indentation damage resistance in different stacking
sequences of glass/epoxy laminates is analysed using the
significant AE parameters such as peak frequency, normalized
cumulative counts (NCC) and energy rate under normal
and inclined planes of loading as shown in Figures 6 and 7.
Based on the damage evolution, three different slopes have
been obtained in the NCC and the corresponding three
different values of AE energy rate are <0.2aJ, =~ 0.5aJ and
>0.5a). The lowest slope of NCC with low value of 0.2 aJ
indicates the initiation of micro damage and it does not have
a significant reduction of stiffness. The macro damage was
occurred in the greatest slope of NCC with medium value
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I 20° Indented Laminates
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Figure 4. Evaluation of damage resistance (a) Residual dent and (b) Linear stiffness.
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Figure 5. Effect of stacking sequence of glass/epoxy laminates on different loading planes (a) Peak force, (b) Incident Energy, (c) Absorbed

Energy and (d) Elastic Energy.

of ~ 0.5aJ. However, the biggest slope of NCC with a high
value of > 0.5a] leads to the catastrophic failure. A few hits
with energy rate nearer to zero are associated with friction
between crack faces or irregular stress relief.

The extent of damage is more in UD, CP and AP
laminates under normal indentation as compared with
inclined plane as shown in Figures 6 and 7. But, the reverse
trend was observed in AP laminates. Therefore, very less
AE hits were detected related to each damage modes in
AP and QIS laminates under 20° and 0° loading planes
respectively. Moreover, AE result shows better indentation
damage resistance in AP and QIS laminates. The damage
modes such as matrix cracking, delamination, fiber/matrix
interfacial debonding and fiber failure were observed in all
cases of laminates under 0°, 10° and 20° indentation loading.
Further, AE signals analysis was performed for all stacking
sequences of laminates to identify the frequency ranges of each
damage modes. The damage progression and their distinct
frequency range of each damage modes in CP laminates
are shown in Figures 6 and 7. The peak frequency range
of 60 - 120 kHz is indicated as matrix cracking. Similarly,
the frequency ranges of 130 - 180 kHz, 190 - 260 kHz and
270 - 320 kHz are represented as delamination, fiber/matrix

interfacial debonding and fiber failure respectively during
the indentation process of laminates®*.

The percentage of AE hits related to each damage modes in
all laminates is shown in Figure 8. Matrix cracking is occurred
at an earlier stage of loading and dominated throughout the
process of indentation. Therefore, the percentage of AE hits
related to matrix cracking is high for all stacking sequences
and loading planes which are depicted in Fig.8. Furthermore,
the shear failure of fiber/matrix interfacial debonding and
delamination were progressed under inclined indentation
loading plane. However, the shear induced damage of
fiber/matrix interfacial debonding and delamination were
reduced in AP laminates as compared with QIS laminates
under 20° indentation loading. This might be due to high
damage tolerance and shear resistance in AP laminates. Thus,
the percentage of AE hits related to fiber/matrix interfacial
debonding and delamination in AP is lesser than QIS followed
by CP and UD laminates. Moreover, the percentage of AE
hits related to fiber failure is reduced as increase the angle of
indentation loading up to 45°. Nevertheless, the AP and QIS
laminates showed better damage resistance under inclined
indentation loading.
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3.3. Damage evaluation using sentry function

Sentry function is defined as the natural logarithm of the
ratio between the mechanical strain energy and acoustical
energy>®. It is represented in Equation 1

f(x) =Ln{ES—(x)}

E, (x)

where x is the displacement, E_ is the mechanical strain
energy and E_is the AE energy. This function correlates the
mechanical strain energy and AE energy which can provides
intensive analysis of damage propagation in laminated
composites®. It has four distinct phases of P, P, P, and P ,.

o

1

(a). P,—This phase related to increase of strain energy.
During the initial stage of loading, the sentry function
is increased due to accumulation of mechanical
strain energy and negligible AE energy. Thus, the
damage occurs in the laminates is insignificant.

(b). P, — This phase related to sudden drop of sentry
function due to instantaneous increase of AE energy
and low strain energy. This indicates the reduction
of stiffness and initiation of macroscopic damage
in the laminates.

(c). P,,—This phase denoted the constant trend of sentry
function by the equilibrium state of mechanical

strain energy and AE energy.

(d). P, —This phase represented the gradual decrease
of sentry function due to the propagation of damage

growth and degradation of laminates.

Based on the description of various trends of sentry
function, the small fall of P function indicates the
initiation of micro damage and the big fall of P, function
shows the occurrence of macro damage. The significant
internal damage in the laminate exhibited sudden release
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100

of stored strain energy which can be recorded as a high
energy content of AE signal. Figure 9 shows the effect of
stacking sequence of glass/epoxy laminates under different
loading plane during indentation process. The big fall of
P, function was observed in UD laminates under normal
indentation loading. When increasing the loading plane
from 0° to 20°, the length of the big fall of P function has
been reduced. This reveals that the severity of damage is
more at 0° and 10° loading planes. Further, the evidence
was obtained from the residual dent and absorbed energy.
However, the UD laminates offered better resistance to
indentation damage at 20° loading plane. In contrast, the
catastrophic failure was observed in CP laminates at 20°
indentation loading. Two big fall of P, was found in CP
laminates at 20° loading plane. This reveals the degradation
of structural integrity and propagation of damage growth
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were occurred. This is shown in photographic images of
indented laminates in Figure10. However, more number of
P, function and less number P, function of CP laminates
produced better indentation damage resistance under normal
(0°) indentation loading as compared with 10° and 20°.

In the case of QIS laminates, there is no P function and
more number of P, function were found. Moreover, P and P |
functions could be seen at the higher indentation displacement
under normal (0°) indentation loading. Further, big fall of P,
function was obtained at 10° and 20° indentation loading.
In addition that three P and one P function were found in QIS
laminates under 10° loading plane. Therefore, QIS laminates
exhibited better indentation resistance at 0° and 10° loading
planes. However, the damage propagation is very sensitive
beyond 2.3 mm indentation displacement in QIS laminates
under 20° loading plane. This is evidenced from the residual
dent, absorbed energy and photographic images of indented
laminates. Similarly, for the case of AP laminates, more number
of P, P, and P, functions was observed under 20° loading
plane. Additionally, small P, function could be appeared in
AP laminates under 0° and 10° loading planes. Finally, the
AP laminates show better indentation damage resistance
under 20° loading plane. This might be due to better shear
induced damage resistance in AP laminates. Nonetheless, this
study concluded that the QIS laminates can be used for low
indentation angle between 0° and 10°, whereas the AP can be
used for high indentation angle between 20° and 45° to offer
better resistance to indentation damages.

3.4. Estimation of residual flexural strength

The indented and non-intended laminates were subjected
to flexural test to investigate the effect of stacking sequence
and indentation angle on the computation of residual
flexural strength. Figure 11a shows the flexural strength

Figure 10. Rear side photographic view of indented glass/epoxy laminates under different loading planes (LP).
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Figure 11. Estimation of residual flexural strength (a) Non-indented, (b) Indented at 0°, (c) Indented at 10° and (d) Indented at 20°.

of non-indented laminates. The result reveals that the UD
laminates exhibited highest flexural strength followed by CP,
QIS and AP laminates. This might be due to the longitudinal
direction of fibers being able to carry more loads. Further,
the bending stiffness of UD is higher than CP, QIS and AP
laminates. However, the residual flexural strength has been
reduced with increase the angle of indentation loading for
all cases of laminates. This is evidence of the fact that the
laminates have highest residual dent and absorbed energy.
In all cases of indentation loading planes, the strain to failure
rate was observed as high for AP laminates. The residual
flexural strength of QIS laminates is quit higher than CP
and AP laminates. This showed that QIS laminates causes
significantly less fiber/matrix interfacial debonding and
delamination as compared with CP and AP laminates under
0°and 10° indentation loading. Conversely, the AP laminates
performed better residual strength at 20° indentation loading as
compared with 0° and 10° which is indicated in Figure 11b-d.

The percentage reduction of residual flexural strength is
shown in Figure 12. At 10° indentation loading, the laminates
exhibited significantly less reduction in residual flexural
strength for all cases of indented laminates as compared
with 0° and 20°. This is due to high absorbed energy and
more residual dent in laminates under 0° and 20° indentation
loading. Significantly, CP laminates exhibited highest
reduction in residual flexural strength in all loading planes.

mm Normal Indented Laminates | |
mm 10° Indented Laminates
mm 20° Indented Laminates

o
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Figure 12. Reduction of residual flexural strength in indented
laminates.

On the other hand, UD, QIS and AP laminates have lowest
reduction of residual flexural strength under the indentation
loading plane of 0°, 10° and 20° respectively. This reveals
that the AP laminates exhibited better resistance to shear
induced damages such as fiber/matrix interfacial debonding
and delamination under 20° indentation loading plane.
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4. Conclusions

In this study, the evolution of indentation induced damages
and post-indented residual strength of different stacking
sequence of glass/epoxy laminates were investigated under
0°, 10° and 20° loading planes. The results concluded that the
peak force was significantly reduced with increase the angle
of loading plane due to the distribution of inclined indented
force in to normal and shear forces. Further, the shear force
is high at 20° indentation plane which induced shear failure
of fiber/matrix interfacial debonding and delamination for
all cases of laminates. However, the mechanical results
such as residual dent, linear stiffness and absorbed energy
concluded that the QIS laminates having better indentation
damage resistance under 0° and 10° loading planes, whereas
the AP laminates performed well at 20°. The degradation
of structural integrity of the laminates was studied using
normalized cumulative counts (NCC) and energy rate.
Furthermore, the damage modes were discriminated using
AE peak frequency range of 60 — 120 kHz, 130 — 180 kHz,
190 — 260 kHz and 270 — 320 kHz which are related to
matrix cracking, delamination and fiber/matrix interfacial
debonding and fiber failure respectively. The analysis of
AE peak frequency concluded that the percentage of AE
hits associated with shear failure has been reduced in AP as
compared with QIS laminates under 20° indentation plane.
Further these results were correlated with different trends
of sentry function. It can be concluded that the QIS and AP
laminates have shown better resistance to indentation damage
under 0° and 10°, and 20° respectively. Therefore, AE is an
effective method to characterize the damage initiation and
propagation in laminated composites under different angles
of indentation process.
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