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The effect of reinforcement phases on indentation resistance and damage behavior of glass/epoxy laminates was investigated in
this research work. Woven glass fiber mat and nonwoven chopped glass fiber mat were used as fiber reinforcement phases for
fabricating the laminates. Low-velocity impact and quasi-static indentation tests were performed on both laminates to investigate
the contact behavior and energy-absorbing capability. Moreover, the acoustic emission (AE) technique was employed to monitor
the indentation damage resistance. AE parameters including normalized cumulative counts (NCC), normalized cumulative
energy (NCE), rise angle (RA), and felicity ratio (FR) were analyzed. The bidirectional laminates showed premature load drops and
drastic changes in the normalized cumulative counts/energy profile in the beginning of loading cycles, indicating the development
of macrodamage such as debonding/delamination. AE sentry function results of bidirectional laminates show longer Pj; function
at the earlier stages, associated with minor Pyy; function and greater P;y function, indicating the continuous degradation and
progression of damage. In contrast, the chopped laminates exhibited superior postimpact performance than the bidirectional
laminates. The presence of randomly oriented fibres prevents the delamination crack propagation during compression loading,
which was attributed with the increased residual compressive strength.

1. Introduction

Due to their unique properties, such as high specific
strength and modulus, better temperature resistance,
corrosion resistance, tailorability, and stability, fiber-
reinforced polymer composite materials have been widely
used in engineering applications such as aerospace, auto-
mobile, marine, and wind turbine industries. However,

impact/indentation-induced damage in laminated com-
posite structures can result in a significant reduction of
structural strength [1]. Many researchers have attempted
the prediction of impact-induced damage in polymer
matrix composites (PMCs). In most studies, the effect of
impact velocity, incident energy, impact geometry [2], and
fiber architecture [3, 4] has been investigated. Nevertheless,
the low-velocity impact (LVI) is the most destructive for
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PMC because the internal damage may not be seen during
visual inspection, and also, it can cause significant re-
duction in strength. Furthermore, the damage caused by
LVI is identical to that caused by quasi-static indentation
(QSI) loading, which was experimentally proved by Kumar
et al. [5] and Xiao et al. [6]. They concluded that loading
speed had little effect on penetration energy. As a result, the
method for calculating penetration energy may also be used
in static testing [7].

Under LVI and QSI tests, several parameters such as
peak force, incident energy, elastic energy, absorbed energy,
and dent depth were used to evaluate impact- and inden-
tation-induced damage. Due to better control of the max-
imum transverse force and more accurate direct
measurement of out-of-plane displacement, the QSI test was
successfully employed to replace LVI [8]. They concluded
that the morphology of the damage and the absorbed energy
were identical in both experiments. In the characterization
of composite laminates, damage initiation and propagation
are important factors to consider. ASTM D6264-12 standard
[9] governs the QSI test of composite laminates, whereas the
ASTM D7136-15 standard directs the LVT test of composite
laminates [10]. However, further investigation is needed to
fully understand the evolution of indentation-induced
damage in composite laminates.

The effect of the reinforcement phase on indentation
resistance and damage characterization is investigated by
using online AE monitoring in this research work. For
evaluating damage resistance in laminated composite
materials, acoustic emission (AE) is a useful nonde-
structive testing (NDT) approach. When a material de-
forms or fractures, transient elastic strain waves are
produced inside the material, causing AE [11, 12]. As a
result, this approach may identify damage initiation and
progression in composite laminates under loading in real
time [13-16]. AE energy, amplitude, counts, rising angle
(RA), duration, and peak frequency were utilized by
Kumar et al. [17] to characterize damage mechanisms in
glass/carbon/epoxy composite laminates. Only a few
studies have used QSI loading with AE monitoring to
simulate LVI behavior and evaluate damage initiation and
progression [18].

AE parametric analysis was used to assess the resistance
to indentation-induced damage in hybridized patch
repaired glass/epoxy laminates [19]. However, based on the
combination of mechanical strain energy stored in the
materials and acoustic energy propagated by fracture
events, the sentry function (SF) was computed for ana-
lyzing the amount of induced damage in laminated com-
posites [20, 21]. This function was employed to investigate
the damage development and estimate the residual strength
of laminated composites subjected to out-of-plane loading.
However, due to anisotropic behavior of composite lam-
inates, it is a critical task to determine the damage pro-
gression and residual performance in glass/epoxy laminates
with various reinforcing phases under out-of-plane and in-
plane loading. The goal of this study is to employ an ef-
ficient AE-based comprehensive damage characterization
technique to evaluate indentation-induced damage and
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residual compressive strength in chopped and bidirectional
GFRP composite laminates. However, acoustic emission
(AE) parameters such as normalized cumulative counts
(NCC), normalized cumulative energy (NCE), rising angle
(RA), and felicity ratio were used to assess indentation
damage resistance (FR). Furthermore, the relationship
between mechanical strain energy and AE energy was
employed to better understand the damage progression and
residual compressive strength.

2. Experimental Procedure

2.1. Materials and Sample Preparation. Bidirectional E-glass
fiber mats of 200g/m> and nonwoven chopped E-glass
fiber mats of 300 g/m* were employed as fiber reinforce-
ments. The matrix material for both laminates was epoxy
resin (LY556) with hardener (HY951) at a 10:1 ratio. The
glass fibres were layered together, and rollers were used to
better impregnate the fiber reinforcement with resin. In a
30 kN compression moulding machine, the laminates were
allowed to cure for 24 hrs at room temperature under a
pressure of 50 kg/cm®. A nominal thickness of 4.5 (+0.25)
mm was achieved with a stacking sequence of 16 layers of
composite laminates. A water jet cutting machine was used
to cut samples of size 150 mm long and 100 mm wide for the
ASTM D6264-98(04) standard indentation test, ASTM
D7136M-05 standard low-velocity impact test, and ASTM
D7137M-12 standard compression after impact or inden-
tation (CAI) test.

2.2. Drop Weight Impact (LVI) Testing. The laminates were
impacted at a velocity of 3 m/s and nominal impact energy of
9.45 Joules using a Fractovis drop weight impact tester. Five
samples were impacted for both configurations. The cross-
head mass of the impacting plunger was 1.92kg, and the
hemispherical indenter had a diameter of 12.7mm and a
clamping force of 1000N. The photograph of the falling
weight impact tower used for testing is shown in Figure 1.
The impactor was dropped at the center of the laminates.
During the impact testing, parameters such as impact force,
deformation, and impact energy were recorded.

2.3. Quasi-Static Indentation (QSI) Testing. Tinius Olsen
UTM was used to perform quasi-static indentation (QSI)
testing in accordance with the ASTM D6264-98(04)
standard. The four corners of the rectangular samples were
tightly secured on the fixtures, and then an indentation test
was performed directly above at the center of the laminate
as shown in Figure 2. With an aim of comparing the be-
havior of indented and impacted laminates, a series of
indentation experiments were performed at a speed of
1 mm/minute. The identical hemispherical indenter was
used for investigating indentation-induced damage resis-
tance. Cyclic indentation tests were used to assess the
progressive damage resistance of five different types of
laminates. These experiments were carried out until three
predetermined displacements were reached, namely, 5 mm,
6 mm, and 7 mm, respectively. During cyclic indentation,
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FIGURE 1: (a) Fractovis instrumented impact tester. (b) Impact striker with the load cell. (c) Specimen holder, clamped during impact.
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FIGURE 2: Quasi-static indentation (QSI) testing setup.

the parameters of peak contact force and indentation
displacement were recorded. The incident energy, elastic
energy, and absorbed energy parameters were derived from
the received data. Five specimens were evaluated in each
category, and the average of the results was used to in-
terpret the data.

3. Compression after Impact and Indented
(CAI) Testing

CAI testing was performed with a 100 kN Tinius Olsen UTM
in accordance with ASTM D7137M-12 for determining
residual compressive strength. For arresting the global
buckling, the CAI specimens were clamped precisely on the
fixture by adjusting four supporting plates. Stroke control
was used to apply a compressive load at a displacement rate
of 0.5 mm/minute. A data acquisition system recorded the
force versus displacement history during the CAI test. The
force-displacement curve was used to calculate the maxi-
mum failure load. CAI strength of the samples was calcu-
lated from the maximum failure load [22].

3.1. Acoustic Emission (AE) Monitoring. In this study, an
eight-channel AE system (supplied by Physical Acoustic
Corporation) with a sampling rate of 3 MHz and a 40dB



preamplification was used. A 45dB threshold was used to
filter the ambient noise. AE measurements were made
utilising two wideband (WD) sensors in a linear setup
during QSI experiments. The nominal longitudinal distance
between the two AE sensors was set at 100 mm. Three
wideband (WD) sensors in a 2D planar location covering the
indentation and impacted region were used in the CAI test
with AE monitoring. These three sensors were arranged to
make a 60 mm wide equilateral triangle. As a couplant, high-
vacuum silicone grease was employed between the sensors
and the sample. To determine the wave behavior and cali-
bration of sensors, a standard pencil-lead break test was
performed. The average wave velocity for bidirectional and
chopped glass/epoxy was calculated to be 3228 m/s and
2830 m/s, respectively, using this method. The peak defi-
nition time (PDT) for bidirectional and chopped glass/epoxy
in QSI tests was found to be 31 us and 35 ys, respectively. The
peak definition time (PDT) for bidirectional and chopped
glass/epoxy in the CAI test was found to be 18 ys and 21 s,
respectively. The hit definition time (HDT) and hit lockout
time (HLT) were set to 150 ys and 300 us, respectively.

4. Results and Discussion

4.1. Load-Displacement Response. The typical force-dis-
placement response of bidirectional and chopped glass/
epoxy laminates subjected to out-of-plane loading is shown
in Figures 3(a) and 3(b). Both glass/epoxy laminates were
subjected to 5mm indentation depth during quasi-static
indentation loading and an impact velocity of 3 m/s during
impact loading. In both out-of-plane loading conditions, the
chopped glass/epoxy laminates exhibited significantly higher
peak contact loads compared to the bidirectional glass/epoxy
laminates. The plastic deformation (permanent dent) of
chopped glass/epoxy laminates was about 0.49 to 1.3 mm,
which was less than bidirectional glass/epoxy laminates.
Similar trends were observed in the peak contact force and
residual deformation for bidirectional and chopped lami-
nates under both loading conditions (shown in Figure 3).
This result evidences that the local bending resistance of
laminates is significantly influenced by the fiber reinforce-
ment phases [23, 24].

Similarly, the linear stiffness shows the laminates’ ca-
pacity to sustain a central point load without local bending at
the indentation location (due to the fiber reinforcements).
The slope of the force-deformation curve before the initial
load drop was used to calculate the linear stiffness of
chopped and bidirectional glass/epoxy laminates. As indi-
cated in Figures 3 and 4, the linear stiffness response of
chopped glass/epoxy laminates was marginally higher than
that of bidirectional glass/epoxy laminates.

4.2. Cyclic Indentation Loading. Cyclic indentation was
performed on the chopped and bidirectional glass/epoxy
laminates for predefined displacements of 5, 6, and 7 mm,
respectively. The load-displacement behavior of chopped
and bidirectional glass/epoxy laminates subjected to cyclic
indentation is depicted in Figure 5. The rigidity of the
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laminates was found to be quite high when they were
transversely loaded with a steel ball indenter in cycle-1 (C-1)
up to 5 mm. There was a considerable drop in stiffness when
the laminates were subjected to cycle-2 (C-2) up to 6 mm.
Furthermore, during cycle-3, there was a significant re-
duction in stiffness (C-3).

The peak load exhibited by bidirectional laminates was
observed to decrease significantly with cyclic loading. In
contrast, the chopped laminates exhibited similar peak load
(1700 N £ 100 N) for all the cycles attributing to the superior
load-bearing performance. The residual deformation, on the
contrary, was shown to significantly increase after cyclic
indentation. The damage induced inside the laminates was
intensified during cyclic indentation, causing severe damage
accumulation/progression. The primary damage observed
was matrix cracking, followed by delamination between the
layers and fiber breakage due to bending at the nonimpacted
side of the laminates. Ultimately, the laminates fail through
local bending and penetration on the bottom surface. The
effect of reinforcement phases on peak force and absorbed
energy is depicted in Figure 6.

The increase in absorbed energy indicates the damage
experienced by the composite laminates during cyclic in-
dentation. The amount of energy absorbed is determined by
the fiber reinforcement phase (architecture). As shown in
Figure 6, chopped glass/epoxy laminates had a lower per-
centage of absorbed energy than bidirectional glass/epoxy
laminates. This is due to the presence of randomly oriented
chopped glass fiber reinforced in different orientations in the
polymer matrix, which acted as a barrier to damage pro-
gression. The bidirectional laminates, on the contrary, show
a significant increase in absorbed energy, indicating the
buildup of severe delamination damage during cyclic in-
dentation (shown in Figure 7).

5. Evaluation of Damage Propagation Using
AE Activities

As shown in Figure 8, the indentation damage resistance of
composite laminates was investigated using AE parameters
including normalized cumulative counts (NCC), normalized
cumulative energy (NCE), and rise angle (RA) during cyclic
indentation loading and unloading. Three different slopes of
NCC and NCE have been identified for measuring the
damage progression based on the evaluation of indentation
damage resistance. Stage A: the lowest slope with a low RA
value (<17 ms/V) indicated microdamage but had no sig-
nificant effect on the material stiffness. Stage B: macro-
damage was discovered to have the steepest slope, with a
medium value of RA (45 ms/V), resulting in material stiff-
ness loss. Stage C: the steepest slope with the highest RA
value (>45ms/V) indicated the buildup of macrodamages,
indicating catastrophic failure of the material.

When compared to the chopped laminates, the bidi-
rectional laminates showed an early load drop (initial). This
result shows that the onset of stiffness loss (damage initi-
ation) was premature in bidirectional laminates. Figure 8
depicts the increasing trend of the RA value from the be-
ginning of the loading to the greatest peak force achieved
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FIGURE 3: Force-displacement response of bidirectional and chopped glass/epoxy laminates: (a) QSI and (b) LVI loading.
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FIGURE 7: Damage pattern of bidirectional and chopped laminates subjected to low-velocity impact (LVI) and cyclic indentation.

during cyclic indentation. AE cumulative counts and energy,
on the contrary, emerged at a faster rate, with RA values
exceeding 45ms/V (stage C) and a considerable drop in
laminate stiffness during cyclic indentation. The profile of
normalized cumulative counts (NCC) and normalized cu-
mulative energy (NCE) for the chopped laminates shows
similar trends. The bidirectional laminates, on the contrary,
showed a dramatic change in the NCC/NCE profile, indi-
cating the onset of macrodamage such as debonding/de-
lamination at an early stage of loading cycles. In
bidirectional laminates, the AE signals acquired during
cyclic indentation were intense, severe damage initiation and
accumulation.

For bidirectional laminates, the rise angle (RA) was
observed to emerge from an earlier stage of loading. Also, the
RA signals associated to stage B and stage C were found to be

severe, especially when attaining peak force. In contrast, the
intensity of RA signals corresponding to stage A and stage B
was dominant in chopped laminates attributing to the
matrix cracking/debonding of randomly oriented fibres.
This result revealed that, under cyclic out-of-plane loading,
the resistance to indentation damage progression in ran-
domly oriented chopped glass/epoxy laminates was higher
than bidirectional glass/epoxy laminates.

6. Determination of Materials’ Degradation

Felicity ratio (FR) is a tool for analyzing the degradation of
materials under cyclic loads. The felicity ratio is the ratio of
the load at which AE first appears within a cycle to the prior
cycle’s highest load (FR). For each cycle, a clear onset of the
AE activity should be targeted in order to quantify FR [1, 5].



Advances in Materials Science and Engineering

(®)

1500 100 1
7
= L
90 0.9 —g
1200 180 08 £ 5
= s
33
170 _ 407 8 ‘Z
= Normalized AE = L 2o
< 900 cumulative counts 160 2 406 £ =
3 = =i
g 150 2 fos5 E £
= Normalized A g 3=
g 600 cumulative ene 140 g 104 2 g
&~ < 3
130 03 g2
= <
300 120 02 P
58
410 0.1 ~ Té
—
0/ : - 0 0 z

200 400 600 800 1000 1200 1400
Time (sec)
(a)

2400 ; . 100 1
190 09 &
1920 Initiation of stiffness 08 4 2
reduction Normalized AE 180 ’ § %
cumulative counts . 07 8%
. Normalized AE 70 = § Eﬁ
Z 1440 qumulative energy 160 2z 1406 2 &
© E = 9
§ 450 :‘: 0.5 é E
24 &b 3=

=4
s 960 140 ; 04 2 g
~ 2 < B
130 & 403 g3
= <
480 120 02 273
SRS
Z 3
410 0.1 é
0 - 0 o 2
200 400 600 800 1000 1200 1400
Time (sec)

FIGURE 8: Representation of AE activity with damage progression during cyclic indentation: (a) bidirectional glass/epoxy and (b) chopped

glass/epoxy laminates.

The loading point where there was considerable AE activity
during reloading operations was carefully examined during
cyclic indentation. Figure 8 shows the cumulative counts and
energy of AE, as well as the loading history for a specific
cycle.

The felicity ratio (above unity) indicates that the
laminates are in good condition. As seen in Figure 9, the
FR decreases from the undamaged state to the damage
progression state. For chopped and bidirectional glass/
epoxy laminates, FR decreased to 0.71 and 0.80 during the
first-cycle indentation, respectively. For chopped and
bidirectional glass/epoxy laminates, FR values were 0.59
and 0.41 at the second-cycle indentation, respectively.
This significant decrease in FR with each subsequent cycle
suggests that the laminates have deteriorated from their
initial undamaged state. Under cyclic loading, the results
show that chopped glass/epoxy laminates have a higher

FR. Another interesting result in the phases of reinforced
laminates, the crack propagation, has been critically
resisted by randomly oriented chopped glass fiber lami-
nates as shown in Figure 9.

7. Damage Evaluation Using Mechanical and
AE Energy

By combining mechanical and AE data, a thorough damage
evaluation in composite laminates can be obtained. The
sentry function (SF) can be evaluated as follows:

E, (x)]

fx)= Ln[Ea )

Int(f) = JQ f (x)dx,
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where Eg denotes the mechanical strain energy, E, de-
notes the acoustic energy, and Qay is the time interval
between AE signals. Sentry function (SF) is represented
by the four distinct behaviors (Py, Pyy, Py, and Pry). The
growing phase (P;) is linked to the storing of strain
energy. The sudden drop phase (Py) is defined as an
abrupt release of accumulated strain energy as a result of
severe damage occurrences. Py is the constant phase,
which is linked to progressive strain energy storage as a
result of material degradation. The Py phase implies that
the strain energy storing ability of the material is lower
than the AE activity.

Figure 10 shows the sentry function behavior and
load-displacement response of chopped and bidirec-
tional glass/epoxy laminates. During indentation, the
laminate’s load resistance increases, followed by slope
changes and sequential load drops, all of which
contribute to significant delamination/fiber breakage
damage mechanisms. In the laminates, the small Py;-type
function indicates the occurrence of microdamage, while
the large decrease of the Py-type function denotes the
beginning of macrodamage. This is because the initiation
of macrodamage resulted in an instantaneous release of
stored energy, resulting in an AE signal with high energy
content. Different trends in the SF curve were observed
after the initial loss of stiffness (onset of macrodamage).
With the Pj-type function coupled with the minor
Pyi-type function, the chopped laminates had a higher
slope.

However, at an early level of loading, the bidirectional
laminates showed a dominant and longer Py;-type function.
On further loading, bidirectional laminates show minor Py
function with increased Pry function, signifying the con-
tinuous damage progression. These results indicated that the
chopped laminates have higher indentation-induced dam-
age resistance than bidirectional laminates. Bidirectional
laminates were found to have a longer big fall than chopped
laminates. This indicates that macrofailure in bidirectional
laminates occurs rapidly, and the AE method is more
sensitive in evaluating indentation damage resistance in
these cases. The damage pattern and progression are clearly
visible in the photographs of the laminates shown in
Figure 7.

8. Estimation of Residual Compressive Strength

During service conditions, the laminated structures are
frequently subjected to impact loading events. Low-en-
ergy impact usually causes local indentation, matrix
cracking, fiber-matrix debonding, and delamination,
while high impact energies cause dominant delamina-
tion/fiber breakage. The presence of such damages in a
composite structure reduces mechanical properties dra-
matically, particularly residual compressive strength.
Hence, it is essential to assess the postimpact perfor-
mance of the composite laminates by conducting com-
pression after the impact test. The residual compressive
strength of the laminates was evaluated by performing
compression after the impact/indentation test according
to ASTM D7137M-12 standards [13, 22]. Figure 11 de-
picts that, as the number of indentation events increases,
the residual compressive strength decreases. Further-
more, postimpacted (LVI) laminates had a greater re-
sidual compressive strength than indented (QSI)
laminates. In comparison to QSI samples, LVI samples
showed less delamination and significantly more intra-
laminar fracture [1, 5].

Based on the consideration of different phases of
reinforcement, chopped laminates offered greater re-
sidual compressive strength than bidirectional laminates.
The randomly oriented glass fibres in the laminate hin-
dered the delamination crack propagation under com-
pression loading, which resulted in improved strength.
However, as depicted in Figure 12, bidirectional lami-
nates possess a higher percentage drop in residual
compressive strength. When woven laminates are sub-
jected to impact loading exceeding the threshold energy,
severe delamination occurs, and the in-plane fibres in the
warp/weft direction are significantly ruptured. During
compression loading, the failure begins prematurely at
this impact damage region, followed by unstable crack
propagation over the sample width, and finally, fiber
microbuckling causes ultimate rupture.

The extent of indentation-induced damage for
chopped laminates was less than bidirectional laminates
as depicted in Figure 7. Through interfacial debonding,
the presence of chopped fibres in various directions
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enhances crack nucleation and crack propagation,
resulting in steady damage progression. The randomly
oriented chopped fibres in the polymer matrix possess

high intralaminar fracture toughness which attributes
to the enhanced postimpact residual compressive
strength.
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9. Conclusion

The effect of reinforcement phases on low-velocity impact
response and quasi-static indentation behavior of laminates
was investigated in this research work. Two phases of fiber
reinforcements, one bidirectional E-glass fiber mat and the
other nonwoven chopped E-glass fiber mat, were used for
fabricating the glass/epoxy laminates. Low-velocity impact
and quasi-static indentation tests were performed on both
laminates to investigate the contact behavior and energy-
absorbing capability. The goal of this study is to use AE
monitoring to assess indentation damage resistance and
quantify the extent of damage induced under transverse
loading. The conclusions were drawn as follows:

(i) The local indentation resistance of the chopped
glass/epoxy laminates is significantly higher than
that of the bidirectional glass/epoxy laminates.

(ii) During cyclic indentation, dominant reduction in
contact stiffness and increase in permanent dent
evidence severe damage accumulation/progres-
sion. At the earlier stage of loading cycles, the
bidirectional laminate showed premature load
drops and steep change in the normalized cu-
mulative counts/energy profile, attributing to
macrodamage initiation, such as debonding and
delamination.

(iil) AE sentry function results of bidirectional laminates
show longer Py function at the earlier stages, as-
sociated with minor Py function and greater Pry
function, indicating the continuous degradation
and progression of damage. Therefore, AE tech-
niques confirmed to be an effective tool for deter-
mining the progression of damage in composite
structures.

(iv) In all the cases, chopped glass/epoxy laminates
exhibited higher residual compressive strength
compared to Dbidirectional laminates. The

inclusion of randomly oriented glass fibres, which
prevent delamination fracture propagation under
compression loading, was attributed with this
improvement.
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