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Abstract
This paper aims to investigate the effect of homogenous and hybrid external patches based on plain weave woven glass
and Kevlar fabric on low velocity impact and quasi-static tensile after impact response of adhesively bonded external
patch repairs in damaged glass/epoxy composite laminates. In all hybrid patches, the proportion of Kevlar and glass fibers
were equal (i.e. 50% of Kevlar and 50% of glass by volume fraction), while lay-up configuration was different. This further
enables to study the associated effect of hybridization and lay-up configuration on impact response of the repaired
laminates. The intent of using hybrid external patches is to combine the excellent high displacement-to-failure property
of Kevlar fiber as a ductile reinforcement with the superior mechanical property of glass fiber as a brittle reinforcement.
The effect of glass/Kevlar content on impact response and tensile after impact response was investigated for various
incident impact energy levels, such as 2, 4, 6, and 8 J. Results showed that hybridization and lay-up configurations of the
external patches played a significant role on low velocity impact and quasi-static tensile after impact response of the
repaired glass/epoxy specimens. Specimens repaired using intra-ply hybrid patches showed better impact properties and
damage tolerance capability than that of the virgin and other repaired specimens. In specific, the use of intra-ply hybrid
patches reduced the impact energy absorption by 10.17% in comparison to the virgin specimens at impact energy of 8 J.
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Introduction
The interest in applying adhesively bonded external
patch repairs in damaged ﬁber reinforced polymer
matrix composite laminates has signiﬁcantly increased
in recent years. The external patch repairs in comparison with conventional mechanical fastener repair have
superior speciﬁc mechanical properties.1 The main
purpose of the external patch repair is to restore the
structural response of damaged thin laminates with less
machining cost, high residual strength-to-weight ratio,
high residual stiﬀness-to-weight ratio, better fatigue
response, low stress concentration around the repair
site, and superior corrosion resistance.2–5 Adhesively
bonded external patch repair shows the most eﬃcient

performance, if they are properly or optimally designed
and performed.6–9 These features make adhesively
bonded patch repair a promising repair technique in
composite laminates, as conﬁrmed by the increasing
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interest they have progressively gained within the
research community. In spite of this increasing interest
only limited attention has been given to the transient
impact response of this class of bonded repair.
Once the adhesively bonded external patches are
adopted for repair of external damaged laminates, it is
inevitable that the repaired laminates are subjected to
transient loading conditions.10–12 In this regard, an
increasing concern of researches is the dynamic low velocity impact response (<8 m/s) since it imitates real life
events encountered during manufacture, maintenance,
and service operation of such adhesively bonded composite patches.13–17 In order to improve the mechanical performance of adhesively bonded repaired composite
laminates, extensive research have been conducted,
which include optimization of patch orientation, controlling adhesive thickness, and modifying adhesive and patch
material.18–21 Despite the extensive investigations devoted
to the eﬀect of patch orientation, patch shape, and patch
thickness on adhesively bond patch repaired laminates,
studies investigating the inﬂuence of patch hybridization
and lay-up conﬁguration on such repaired laminates
under mechanical load are presently lacking.
Generally, for transverse impact loads, the plain weave
bidirectional fabrics are mostly preferred over unidirectional fabrics due to their good geometrical stability,
superior impact resistance, ease of design, and ability to
restrict the propagation of main crack during an impact
event.22 These features propose to use bidirectional woven
fabrics in adhesively bonded external patch applications
in damaged composite structures. The impact response of
adhesively bonded ﬁber reinforced composite patches
relies on many factors, such as patch thickness, patch
architecture, stacking sequence, and so on.23,24 In this
regard, it is worth revealing the parallel addition of different ﬁbers in the so called hybrid materials.25 Literature
review illustrates that the fabric employed to prepare the
patches are the same as that of the ﬁber reinforcement
employed to manufacture the parent laminate.26,27 Owing
to high strength and stiﬀness to weight ratio, glass and
carbon are mostly employed in aerospace industries.
However, the toughness of glass and carbon ﬁbers are
considerably low and the maximum displacement-to-failure property is quite poor.28,29 Repairing high stress concentrated damaged region with ﬁber reinforcements of
least strain to failure and toughness induces premature
failure of the structure well below its design limit of the
structure. Hence, to surmount this issue it is vital to prepare a patch that aids to fabricate repaired composite
structures with the least thickness, high displacement to
failure, and residual strength almost close or comparable
to that of undamaged components.
Hybrid patches can be used alternatively to fabricate
adhesively bonded external patch repairs of minimum
thickness without reducing the residual strength of the
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repaired laminates.30 Mostly, hybrid laminas are fabricated by using a ductile ﬁber ﬁlament that absorbs most
of the applied impact energy to undergo plastic deformation before rupture and a brittle ﬁber ﬁlament which
absorbs only a small amount of applied impact energy to
undergo elastic deformation and the residual energy in
the form of various failure modes with insigniﬁcant plasticity.31 Reinforcement of both high strain-to-failure
ﬁber and high modulus ﬁber within an external patch
improves the bending stiﬀness as well as energy dissipation of the patches. In this view, Kevlar ﬁbers are the
best option due to its ease of use and price.32 On the
other hand, although the hybrid external patches can
improve their resistance to impact, impact damage tolerance is largely aﬀected by the lay-up conﬁguration of
constituent materials. Composite laminates with the
same ﬁbers may have various properties relying on the
type of laminating conﬁguration. The position of the
Kevlar layers within the laminate mainly decides the
subsequent damage mechanism of the laminate.33–35
Even though, the importance of hybridization has
been studied by several researchers, the consequences of
the hybrid external patches on the impact response of
repaired composite laminates have not been investigated
in details. Hence, in this present work, real time dynamic
impact loads have been applied at various impact energies
to generate diﬀerent levels of impact damage within adhesively bonded hybrid patch repaired laminates for the ﬁrst
time with an objective to highlight and evaluate the signiﬁcance of patch hybridization, patch lay-up conﬁguration and impact energy level in determining the response
of such repaired laminates to impact loads. This comes to
the innovative content of this work, which tries to compare diﬀerent repair methods as far as their eﬀectiveness
to cope with further impact damage is concerned, therefore leading to some prolongation of the service life for
components, which is of interest for industrial applications. It can oﬀer aerospace and other engineering applications with adequate references.
The main aim of this paper is to investigate the eﬀect
of homogenous and hybrid external patches based on
plain weave woven glass and Kevlar fabric on low velocity impact and quasi-static tensile after impact (TAI)
response of adhesively bonded external patch repairs in
damaged glass/epoxy composite laminates. To the best of
the author’s knowledge, no previous published research
has investigated the low velocity impact response of adhesively bonded hybrid external patch repaired composites.

Experimental procedure
Materials and fabrication
The parent glass/epoxy composite laminates were manufactured from a bidirectional plain weave glass fabric
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(600 g/m2) reinforced with an epoxy (LY-556) matrix
system (supplied by Ultimate Enterprises, India) at a
weight ratio of 1:1 to fabricate a four layer laminate of
mean thickness 2  0.125 mm. Hardener based on HY
951 was stirred with an epoxy resin at a weight ratio of
1:10 to quicken the curing process. Prior to performing
fabrication, the glass fabric was trimmed into
500  500 mm dimension pieces and dried out in an
oven at 70–80 C for 30 min to eliminate moisture in
the ﬁber. Tables 1 and 2 summarize properties of the
reinforcements and resin employed in the fabrication of
diﬀerent composite specimens in this study. The laminates were manufactured by applying conventional hand
lay-up method. The uncured fabricated laminates were
consolidated and cured on a compression molding

Table 1. Properties of the glass and Kevlar yarns employed in
the fabrication of different hybrid patches.
Properties/fibers
2

9

Tensile strength (N/m  10 )
Modulus (N/m2  109)
Break elongation %
Specific density (kg/m3)

Kevlar

E glass

2.92
70.32
4.8
1439.35

3.44
72.39
3.6
2546.55

Table 2. Properties of the araldite epoxy resin (LY556) and the
hardener (HY 951).
Araldite epoxy
resin (LY556)

Hardener
(HY 951)

Properties

Standard

Standard

Aspect (visual)

Clear, pale
yellow liquid
5.30–5.45

Clear liquid
–

(eq/kg)

10,000–12,000

50–100

(mPa s)

>200
1.15–1.20

195
1.20–1.25

( C)
(g/cm3)

Epoxy content
(ISO 3000)
Viscosity at 25 C
(ISO 9371B)
Flash point (ISO 2719)
Density at 25 C
(ISO 1675)

Units

machine under a pressure of 4.90 MPa at room temperature (30 C) for 12 h. The straight ﬁber orientation
was maintained by taking proper care during fabrication and a spacer of thickness 2 mm was employed for
maintaining even thickness. Specimens for the impact
tests were machined from the parent laminates using
abrasive water jet cutting machine. Square shaped
glass/epoxy specimens of side 150 mm were trimmed
from the parent laminate according to standard
ASTM D5628-10. To relieve the internal stresses due
to molding pressure, the cured laminates were taken out
of the compression molding machine and further postcured in an oven at 50 C for 1 h.36

Repair technique
To induce damage, a 15 mm diameter circular notch
was created at the center of the trimmed square specimens using abrasive water jet machining process.
Before the commencement of repair procedure, the
specimens were wiped using acetone solution to evade
loosely held debris (as per standard ASTM D2093).
Furthermore, to enhance bonding among the patches
and the parent laminate, the specimen surface was prepared applying sandpaper (200-grit). Epoxy matrix
reinforced with chopped short glass ﬁbers (nominal
length of 4–6 mm) at a weight ratio 1:1 was used to
ﬁll the dressed region as they exhibit superior response
to transverse loading.36 Bidirectional plain weave
square patches with sides of length 40 mm was then
bonded externally over the surface of the damaged
region. The cross-section of the repaired region is
shown in Figure 1. Throughout the repair procedure,
the surplus resin disseminated around the repair area
over the parent laminate was wiped using cotton wetted
with acetone solution. Both the parent laminate and
external patches were fabricated using fabrics of same
ﬁber architecture and thickness. Five diﬀerent types
of external patches were fabricated, a homogeneous
glass patch, a homogeneous Kevlar patch, an intraply hybrid patch and two inter-ply hybrid patches.
Specimens repaired using non-hybridized external
patches such as homogeneous glass ﬁbers and homogeneous Kevlar ﬁbers were also fabricated as reference

Chopped Fiber +
Epoxy Matrix

Parent Laminate

External Patches

Dressed Area
(Cut out)

Figure 1. Optical image of cross section of the repaired specimens.
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Table 3. Code for different glass/epoxy specimens.
Specimens

Code

Virgin specimen
Damaged specimen
Specimen repaired using homogeneous glass
patches
Specimen repaired using inter-ply hybrid patches
with glass on the skin for each side
Specimen repaired using intra-ply hybrid patches
Specimen repaired using inter-ply hybrid patches
with Kevlar on the skin for each side
Specimen repaired using homogeneous Kevlar
patches

Virgin
Damaged
½G4
½GK2S
½G=K4
½KG2S
½K4

specimens for comparison of diﬀerent mechanical properties and damage mechanisms. In all the hybrid
patches, the proportion of Kevlar and glass ﬁber was
equal, while lay-up conﬁguration was diﬀerent. Code
of diﬀerent glass/epoxy specimens is summed up in
Table 3. The virgin specimens were taken as the reference specimens for comparison of residual mechanical
properties. Unlike the repaired specimens, the virgin
specimens did not contain the 15 mm notch. ½G4 specimen had 100% glass in the warp and ﬁll direction for
all the external patches, ½GK2S specimen with inter-ply
hybrid patches had homogeneous Kevlar patches
bonded next to parent laminate and homogeneous
glass patches on the skin for each side of the repaired
specimen, ½G=K4 specimen with intra-ply hybrid
patches had 50% glass and 50% Kevlar in the warp
and ﬁll direction for all the external patches, ½KG2S
specimen with inter-ply hybrid patches had homogeneous glass patches bonded next to parent laminate
and homogeneous Kevlar patches on the skin for
each side of the repaired specimen and ½K4 specimen
had 100% Kevlar in the warp and ﬁll direction.
Four square patches were externally bonded for each
side of the repaired specimen (see Figure 2). The average thickness of the repaired area was 3.8 ( 0.25) mm.
The uncured repaired specimens were consolidated and
cured under a pressure of 4.9 MPa at ambient temperature for about 12 h using a compression molding
machine. These cured specimens were further postcured in an oven at 50 C for 1 h subsequent to their
removal from the mold to eliminate the residual stresses
owing to molding pressure.

Low velocity impact test
After performing repair operation, both virgin and
repaired specimens were impact tested to investigate
how diﬀerent types of external patches respond to

impact load. Low velocity impact tests were performed
by employing a drop weight impact system (in-house
built) with a maximum load capacity of 5 kN. The testing system was equipped with a dynamic load cell to
measure the time history for the resistive contact force
exerted by the glass/epoxy specimens on the instrumented impactor. During the impact test, a laser
device measured the instantaneous velocity of the striker before and after impact event. The measured analog
data were converted to digital values using a data
acquisition system DAS 8000 and subsequently recorded in a computer for further analysis. The impact
tests were performed in accordance with standard
ASTM D5628-10 in order to investigate experimentally
the dynamic mechanical response of various types of
adhesively bonded external patches. Tests were conducted by dropping a hemispherical faced intender of
diameter 12.7 mm and mass 1.926 kg on the geometric
center of the specimens at impact energies of 2, 4, 6, and
8 J. The impact ﬁxture employed in this study consisted
of a plate-like ﬁxing support with a square and centered
hole cut-out of sides 80 mm. By using a mechanically
fastened clamp, the specimens were mounted on the
ﬁxture as shown in Figure 3. The square shaped specimens of dimensions 150  150 mm2 were ﬁxed between
two steel ﬁxtures with a square test region of side
150 mm. It was suﬃcient to avoid trembling and vibration of the specimen while performing an impact event.
A braking device was used to hold the striker automatically after completion of each impact event to avoid
damage caused due to repeated impacts. Photographic
images of damaged specimens were taken to visualize
damage mechanisms and to study the damage proﬁle.
In each type, a total of ﬁve specimens were tested and
the mean of results was employed for interpretation.

Tensile after impact test
The TAI test was employed broadly to study the
residual properties of the composite specimens.37
Rectangular glass/epoxy specimens of dimension
150  40 mm were trimmed from diﬀerent impacted
glass/epoxy specimens using abrasive water jet machining, so as to meet standard ASTM 3039 for following
post impact tensile tests. TAI tests were conducted on
virgin, damaged, and repaired specimens to estimate
the residual tensile properties and to study the failure
proﬁles. TI Universal Testing machine with maximum
load capacity of 50 kN was employed to perform quasistatic tensile tests. The placement of tensile specimen in
the ASTM 3039 tensile ﬁxture is shown in Figure 4.
The cross head speed was set to 0.5 mm/min for all
the glass/epoxy specimens. A total of ﬁve specimens
were tested in each category and the average of results
was considered for interpretation.
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Figure 2. The structure of composite specimens considered in this study.

Result and discussion
Low velocity impact response
A number of impact tests were carried out under diﬀerent impact energies ranging from 2 J to 8 J to study the
damage process in virgin and diﬀerent repaired specimens (Figure 5). Key impact parameters like absorbed
energy, peak contact force, and residual deformation
were measured by the data acquisition system.
The impact transfers its kinetic energy/impact energy
to the target gradually which is stored as elastic and
non-elastic energy in the target. The elastic energy is
transferred back to the impactor for its rebound and
the non-elastic energy is absorbed.38 Figure 6 depicts
the absorbed energy for the virgin and all the repaired
specimens at impact energies of 2, 4, 6, and 8 J, respectively. The hybridization and lay-up conﬁguration of

external patches inﬂuenced the impact response of the
repaired glass/epoxy specimens considerably. The absolutely elastic rebound of the striker did not occur for
any of the specimens. At impact energy of 2 J, the virgin
specimens showed the least absorbed energy. Among
the repaired specimens, the ½G4 specimens showed
the least absorbed energy, whereas, the ½K4 specimens
exhibited the highest absorbed energy. Absorbed
energy of hybrid patch specimens lie in-between ½G4
and ½K4 specimens. At this energy level, diﬀerent specimens can be ranked from lower to higher absorbed
energy in the following order: Virgin 5 ½G4 5 ½G=K4
5 ½GK2S 5 ½KG2S 5 ½K4 .
At higher impact energy levels, the absorbed energy
has been found to be progressively reliant on the
amount of glass and Kevlar, and the order was rather
diﬀerent. At impact energy of 4 J, ½G4 specimens were
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(a)

(b)

Support Column
Impactor and Impactor
Bed Assembly

Load Cell

Impactor

Dynamic Load
Cell – 5 kN

Specimen

Fixture
Assembly

Figure 3. (a) Glass/epoxy specimen clamped in low velocity impact fixture and (b) impactor and load cell.

ASTM 3039
Tensile Fixture

Specimen

Figure 4. Glass/epoxy specimen clamped in ASTM 3039 tensile
fixture.

the only repaired specimens that absorb large amount
of impact energy without depicting much energy recovery, whereas all specimens containing Kevlar ﬁbers
showed a considerable residual elastic response.

½K4 specimens were characterized by higher
absorbed energy among diﬀerent specimens starting
with the impact energy of 2 J (except ½G4 specimens
at 4 J). At impact energy of 2 J, the virgin specimens
had lower absorbed energy than the ½G=K4 ones. At
impact energy of 4 J, this order was similar to that for
2 J. Nevertheless, at impact energy of 4 J, the diﬀerence
among virgin and ½G=K4 was less than 2 J. At impact
energy of 6 J, the diﬀerence was much lower than earlier
impact energies. At impact energy of 8 J, ½G=K4 specimens surpassed virgin specimens in terms of absorbed
energy. The reasons for these interpretations were
explained by using peak contact force progression, residual deformation progression and damage progression
of diﬀerent specimens under low velocity impact loading in the following sections.
Figure 7(a) and (b) depicts the peak contact force
and residual deformation with respect to the impact
energy. The peak contact force and residual deformation plots present considerable information about
the fracture nature (such as brittle fracture and ductile
fracture) of the repaired specimens during application
of dynamic transverse loads. As expected, at impact
energy of 2 J, virgin specimens showed the maximum
peak contact force and least residual deformation.
Under the same impact condition, among the repaired
specimens, ½G4 specimens showed the highest peak
contact force and minimum residual deformation.
These responses indicate the brittle behavior and
lesser elongation of the glass ﬁbers.41–43 In contrast,
for same impact energy, ½K4 specimens depicted the
lowest peak contact force and maximum residual
deformation. These behaviors indicate that the specimen endure the impact load in a ductile manner with
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Figure 5. Force–deformation curves of different glass/epoxy specimens at impact energy of (a) 2 J, (b) 4 J, (c) 6 J, and (d) 8 J.

higher displacement because of their higher elongation
to failure nature owing to the Kevlar ﬁbers.39 At impact
energy of 2 J, peak contact force and residual deformation of hybrid specimens lie in-between ½G4 and ½K4
specimens. Among the specimens repaired with hybrid
patches, ½G=K4 specimens showed the highest peak
contact force and minimum residual deformation.
This response has been attributed to the balanced
proportion of glass ﬁbers in all the external patches of
½G=K4 specimens, characterized by a minimum residual deformation and higher peak contact force
than Kevlar ones. Although ½GK2S and ½KG2S

specimens (i.e. specimens with inter-ply hybrid patches)
had the same amount of Kevlar and glass reinforcements in the patches, the former possess higher contact force among specimens with inter-ply hybrid
patches. This can be attributed to the fact that in
the ½KG2S specimens, the outer layers of external
patches, responsible for withstanding the higher bending load, were made of Kevlar (less transverse stiﬀ
than glass).41,42 This indicates that the transverse
load response has been inﬂuenced by the mechanical
properties of ﬁbers as well as lay-up conﬁguration of
the patches.
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At higher impact energies, the Virgin, homogeneous,
and hybrid repair specimens exhibited extremely diﬀerent responses to impact load. This evidently highlights
that with increasing impact energies, the damage
mechanisms responsible for the absorption of applied
mechanical energy (i.e. impact load) were dissimilar. At
higher impact energies, the ½G=K4 specimens heavily
restrict the damage progression (see photographic
images in Figure 8), i.e. specimen with balanced

Figure 6. Absorbed energy of different glass/epoxy specimens.
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proportion of glass and Kevlar ﬁbers outperforms
other hybrid specimens, as observed in peak contact
force and residual deformation plot (see Figure 7).
The ½G4 and ½GK2S specimens, despite of showing
better impact response at impact energy of 2 J when
compared to other repaired specimens (Figure 7(a)
and (b)), showed a signiﬁcant change in terms of peak
contact force and residual deformation at impact
energy of 4 J. After being impacted to an impact
energy of 4 J, the ½G4 specimens lost about 37.98%
of its early peak contact force and lead to penetration
with sudden and catastrophic brittle fracture (see
Figure 8), conﬁrming the worst strain to ultimate failure property among all the repaired specimens.44,45
This response was due to the typical energy absorption
mechanism of homogeneous glass ﬁber patches in ½G4
specimens, which dissipate energy generally by ﬁber
failure, as conﬁrmed by the photographic images in
Figure 8.
For higher amount of glass reinforcements in the
patches, the repaired specimens were more rigid; in
practice, they exhibited ultimate failure in brittle
manner with sudden and catastrophic failure mechanism (i.e. ﬁber breakage and splitting on the rear
face).41–43 It can be noticed in Figure 7(a) and (b)
that the trends of peak contact force, residual deformation vs impact energy for specimens with inter-ply
hybrid patches at impact energy of 4 J were the same
as impact energy of 2 J. However, at impact energy of
4 J, the diﬀerence in peak contact force and residual
deformation between ½GK2S and ½KG2S was

Figure 7. (a) Peak contact force and (b) residual deformation progression of different glass/epoxy specimens.
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signiﬁcantly lower than impact energy of 2 J. In this
condition, predominant ﬁber breakage of the rear
side glass ﬁbers was observed in ½GK2S specimens
(see Figure 8). The occurrence of such predominant
ﬁber breakage, mainly localized in the center region
(see Figure 8), quickly prevents outer patches from
resisting tensile stress in the rear side, reducing its performance. These observations explain why ½G4 and
½GK2S specimens exhibited poor impact response at
impact energy of 4 J.42,43 In addition, Virgin specimens
also exhibited higher ﬁber breakage and ﬁber/matrix
debonding, whilst ½G=K4 specimens, being more ﬂexible, underwent damage through high deﬂection.27
At impact energy of 6 J, ½KG2S specimens surpassed
½GK2S specimens (i.e. in terms of peak load and residual deformation) because ½GK2S specimens exhibited
critical rear face ﬁber breakage with associated patchparent delamination (see Figures 7 and 8). The occurrence of premature ﬁber breakage on the rear side glass
ﬁbers tend to encourage the inner Kevlar layer to withstand the rear side tensile stress completely, thus leading to premature interface failure between the extremely
dissimilar parent-patch materials in contrast to other
specimens with Kevlar reinforcements in the patches
(i.e. ½G=K4 , ½KG2S , and ½K4 specimens).42,43 These
eﬀects consequently lead to ultimate failure of the
whole specimens. The inherent features of Kevlar
ﬁbers, such as the lack of adhesion to the matrix and
presence of higher amount of weak hydrogen bond
might have considerably induced the delamination,
thereby reducing the load carrying capability.39
At impact energy of 6 J, the diﬀerence between
½G=K4 and virgin specimens was considerably lower
compared earlier impact energies (see Figure 7) for the
reason that the striker in this case penetrated the specimen critically. The virgin specimens, despite exhibiting
higher local bending properties than ½G=K4 specimens
at impact energy of 2 J, showed an abrupt drop in
damage resistance at later impact energies (Figure 7).
This has been associated with the energy dissipation
mechanism of virgin specimens through premature and
predominant ﬁber breakage at the rear side, as can be
observed in Figure 8.41 At impact energy of 8 J, the
½G=K4 specimens had higher peak contact force and
lower residual deformation than the virgin ones.
A likely reason for this response was that, in the case
of ½G=K4 specimens with intra-ply hybrid patches,
Kevlar ﬁbers control the premature breakage of glass
ﬁbers (see Figure 8), whereas in the case of virgin specimens, the homogeneous glass ﬁber system has insigniﬁcant control on damage progression behavior (i.e. ﬁber
failure). The results also indicate that reinforcing the
external patches with an intra-ply hybrid pattern make
the propagation of premature rear face ﬁber breakage
diﬃcult under transverse impact loading. This can
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explain why ½G=K4 specimens performed better than
virgin specimens (i.e. in terms of peak contact force
and residual deformation) at higher impact energies.
½K4 specimens depicted a diﬀerent behavior, which
was characterized by least peak contact force and highest residual deformation (except ½G4 at 2 J) among different specimens since the initial stages of loading.
Figure 8 depicts that the ½K4 specimens with homogeneous Kevlar patch exhibited considerable interlaminar
delamination at higher impact energies. The photographic images of the specimen conﬁrmed that interlaminar delamination was mostly localized in the high
shear induced parent-patch interface. This was obviously a result of the presence of extremely dissimilar
material at the parent-repair material interface in the
½K4 specimens.41–43 In addition, through-thickness
penetration or ﬁber failure was not signiﬁcantly noticed
in ½K4 specimens (see Figure 8). Predominant delamination among parent-patch interface induces ½K4 specimens, inspite of high volume fraction of Kevlar ﬁbers in
the external patches than ½GK2S , ½G=K4 , and ½KG2S
specimens, to show a lower displacement to ultimate
failure. These features can evidently explain why ½K4
specimens showed abrupt variation in residual deformation and peak contact force at impact energy of 6 J.
At higher impact energies, the ½G=K4 specimens
exhibited the best balance between rigidity, rear face
ﬁber breakage and interlaminar delamination. This
puts forward that for ultimate failure; the impact
energy raises more, featuring the higher load carrying
capability. It was obvious because of the optimistic
function played by balanced proportion of glass and
Kevlar ﬁbers on the transverse load response of glass/
epoxy specimens repaired using intra-ply hybrid
patches.41–45 From photographic images of fractured
specimens in Figure 8, the ½G=K4 specimens strongly
restrict the damage propagation, with balanced proportion of Kevlar and glass ﬁbers in all the external patches
surpassing other hybrid specimens with higher volume
fraction of either Kevlar or glass ﬁbers in each individual patches. The lower delamination of intra-ply hybrid
specimens can be ascribed to the higher stiﬀness of glass
ﬁbers in all the individual external patches which allows
the laminate to undergo lower deformation. In particular, in the case of ½G=K4 specimens with intra-ply
hybrid patches, glass ﬁbers in all the individual external
patches improves the stiﬀness and hence, exhibits lower
displacement, while high strain to failure Kevlar
ﬁbers control premature breakage of glass ﬁbers (see
Figure 8). Therefore, the absorbed energy was appreciably lower for the ½G=K4 rather than for virgin and
other repaired specimens at impact energy of 8 J (see
Figure 6). These observations can explain why ½G=K4
specimens exhibited the most favorable impact
response compared to other specimens.
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Figure 8. Photographic images of fractured virgin and different repaired glass/epoxy specimens at various impact energy levels.
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the least. In speciﬁc, ½G4 , ½GK2S , ½G=K4 , ½KG2S , and
½K4 specimens restored the ultimate tensile load by
67.17%, 80.27%, 84.73%, 81.70%, and 79.77%,
respectively, in comparison to the virgin specimens. In
addition, the peak displacement to failure of ½G=K4
specimens closely approached that of virgin ones. The
reasons for these observations were explained by correlating tensile stiﬀness and damage pattern of diﬀerent
glass/epoxy specimens under in-plane tensile loading in
the following section.

Figure 9. Load–displacement curves for non-impacted
specimens.

Post impact tensile response
The patch hybridization and lay-up conﬁguration also
inﬂuenced the tensile response of repaired composites,
both before and after impact. Figure 9 depicts the load
vs. displacement plot for diﬀerent non-impacted specimens. As expected, the virgin specimens depicted the
best tensile response (i.e. high stiﬀness, maximum
ultimate load, high toughness, and maximum displacement to failure), whereas, the damaged specimens
exhibited the worst response. The stiﬀness of the ½K4
specimens was very close to that of virgin specimens,
while that of ½G4 specimens were close to the damaged
ones.46 Among the repaired specimens, the ½K4 specimens were stiﬀer than ½G4 ones as the Kevlar had
higher elastic modulus than glass ﬁbers. Specimens
repaired with hybrid patches (½GK2S , ½G=K4 , and
½KG2S ) had initial stiﬀness intermediate between ½G4
and ½K4 specimens.
The lay-up conﬁguration of the hybrid patches
played a vital role on the stiﬀness also considering
that Kevlar is stiﬀer than glass ones. Although ½GK2S
and ½KG2S specimens had equal amount of Kevlar and
glass reinforcements on the external patches, the former
had higher tensile stiﬀness among all the specimens
with inter hybrid patches. This can be ascribed to the
fact that in the ½GK2S specimens, the inner layers,
responsible for bearing higher tensile load, were made
of Kevlar (stiﬀer than glass).46 Specimens repaired with
intra-ply hybrid external patches have initial stiﬀness
intermediate between ½GK2S and ½KG2S ones.
Although the repaired specimens can be ranked
from lower to higher initial stiﬀness in the following
order: ½G4 5 ½KG2S 5 ½G=K4 5 ½GK2S 5 ½K4 (see
Figure 9), the trend is rather diﬀerent in terms of ultimate tensile load. Among repaired specimens, ½G=K4
specimens depicted the highest load; while ½G4 depicted

Observations of surface fracture at non impacted
condition. The key pace in investigating the response of
repaired specimens is to describe the nature of failure
occurred in the fractured specimens. The photographic
image of damage pattern for various glass/epoxy specimens is depicted in Figure 10 (a) to (d). The damage
mechanism liable for the disengagement of the patches
from the repaired specimens was completely diﬀerent
for diﬀerent repaired specimens. However, in all the
repaired specimens, as the parent laminate and external
patch separate, damage ﬁnally occurs at the transverse
ends of the hole. Hence, to visualize and understand the
damage mechanisms, the failed patch and the failed
parent sections were placed back in original position
and the photographic images of failures were captured.
It is well-known that the damaged specimens would
be under critical stress concentration at the periphery
of the hole under tensile loading. The ultimate failure
of those damaged specimens would be around transverse edges of the hole (i.e. sudden and catastrophic
failure).46
For damaged laminates repaired with relatively rigid
or stiﬀ patches (½K4 specimens), the adhesive always
fails initially and consequently leads to complete
detachment of the external patches from the parent
laminate (Figure 10 (d)). Extensive propagation of
damage amid the longitudinal (i.e. overlapping) edges
of the external patches to the circular hole was higher
due to adhesive failure. The absence of broken ﬁbers
over the surface of detached external patches further
conﬁrms the occurrence of the adhesive failure. Once
lacking the support from the external patches, the
damaged parent laminate soon exhibited ultimate failure at the region most destabilized by the damage.
The damage chronology can be considered as follows:
high stresses were built up in the overlapping site for
the reason that the specimens were repaired with quite
stiﬀ patches (i.e. Kevlar ﬁbers stiﬀer than glass ﬁbers
under tensile load); then, high stress in the adhesives
and induced total disengagement of the patches with
rising load; and the ultimate break was generated
abruptly in the region most destabilized by the center
hole. Hence, the adhesive joint failed easily and caused
premature disengagement of the patches from the
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(a)

(b)
External Patch

Parent Laminate

Numerous fiber
filaments of parent
laminates
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or cohesive failure
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(d)
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Parent Laminate

Ultimate failure of
parent laminate
near center hole

Figure 10. Photographic images of different specimens subjected to tensile test: (a) damaged specimen, (b) ½G=K4 specimens,
(c) ½GK2S specimens, (d) ½K4 specimen.

parent laminate.40 ½GK2S specimens also depicted identical damage proﬁle patches. However, there was a
minor amount of ﬁber ﬁlaments attached to the surface
of detached patches (see Figure 10(c)). This can explain
why the ultimate tensile load of high stiﬀ ½K4 and
½GK2S specimens were lower compared to ½G=K4
specimens.
When the damaged glass/epoxy specimens were
repaired using ½G=K4 external patches, the surface
damage pattern also changed. Although the ultimate
fracture was similar to that of other repaired specimens,
wide adhesive or cohesive damage mode was not highly
observed contrasting ½K4 and ½GK2S ones. Instead,
adhesive or cohesive damage mode was noticed only
at the edges of the patches. This was a further indication for controlled advancement of damage. This
damage pattern highlights that the ultimate failure
was a consequences of a concurrent propagation of
fracture in the longitudinal edge of the patch and the
transverse edge of the hole. Unlike high stiﬀ ½K4 and
½KG2S specimens, the moderate optimum stiﬀness of
the ½G=K4 specimens restricted the critical adhesive
or cohesive damage and these characteristics enhanced
the overall load carrying capability. This features
enabled the ½G=K4 specimens to present a tensile
response more favorable than other repaired specimens
and approached ultimate load and maximum displacement to failure near to that of Virgin specimens.46,47

Figure 11. Ultimate tensile load for virgin, damaged, and different repaired glass/epoxy specimens at different impact
energies.

The trend of ultimate tensile load was quite diﬀerent
for impacted specimens (Figure 11); as the impact
energy level increases. In fact, increasing impact
energy level reduced the damage tolerance of all the
specimens. The ultimate load and stiﬀness of all the
repaired specimens were reduced for every increment
of impact energy level. This was due to the low velocity
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impact damage such as interlaminar delamination, ﬁber
failure, and matrix cracking in the specimens.
It can be noticed in Figure 11 that the trend of load
for specimens impacted at 2 J and 4 J was the same as
that for the non-impacted ones. However, after being
impact at 4 J, the diﬀerence in load between ½G4 and
damaged specimens was signiﬁcantly lower than at earlier impact energy levels. This was due the typical
energy absorption mechanism of ½G4 specimens,
which dissipate energy predominantly by rapid transverse crack progression and tensile side ﬁber failure.
Moreover, as the impactor completely penetrated
through the thickness direction of the specimen, it
behaved similar to that of the damaged specimens
and soon exhibited ultimate failure at the region most
destabilized by the damage (i.e. circular hole) under
tensile load. This can explain why tensile response of
½G4 specimens nearly approached that of damaged specimens at impact energy of 4 J.
At impact energy of 6 J, the diﬀerence in ultimate
load between ½GK2S , ½K4 and damaged specimens
were considerably lower than at impact energy of 2
and 4 J, because ½GK2S and ½K4 specimens exhibited
patch-parent delamination (see Figures 8 and 11) (i.e.
predominant delamination at the rear side was
observed under impact). The interface stuck between
parent and patch system is the most critical area that
decided the uniform load transfer over and around the
repaired region under tensile loading. The patch-parent
delamination occurred at the parent-patch interface due
to fact that the impact event restricted eﬀective transfer
of tensile load from the parent laminate to the patch
system at the damaged area.
To acquire a good indication of the post impact
residual properties the normalized tensile stiﬀness or
ultimate load of each specimen was estimated as the
ratio of the value of the load of the impacted specimen
to the value of the load of the undamaged specimen.42–45 Figure 12 depicts the normalized tensile
ultimate load against the increasing impact energy
level. The virgin specimen, despite exhibiting higher
quasi-static tensile properties when compared to
½G=K4 , presents an abrupt damage resistance drop
(mainly at impact energy of 8 J). This was owing to
the reason that, in this condition, the impactor penetrated the specimen entirely (i.e. predominant ﬁber
breakage of the rear side glass ﬁbers was observed).
After being impacted at 8 J, the mechanical property
retention of specimens repaired with ½G=K4 patches
was higher than that of virgin specimens; hence, the
external intra-ply hybrid patches had the eﬀect of
restricting or limiting the degradation of repaired specimens. More particularly, ½G=K4 specimens presented
a better post impact tensile response with a more steady
degradation proﬁle owing to less impact energy

Figure 12. Normalized residual ultimate tensile load for Virgin
and different repaired glass/epoxy specimens at different impact
energy.

absorbed by the specimens repaired with intra-ply
hybrid patches (Figure 6). It was obvious because of
the optimistic role played by Kevlar ﬁbers on the
post-impact properties of intra-ply hybrid repaired specimens. These observations can explain why ½G=K4
specimens exhibited the most favorable post impact
tensile response compared to the other specimens.

Conclusion
The eﬀect of patch hybridization and patch lay-up conﬁguration on low velocity impact and quasi-static TAI
response of adhesively bonded patch repairs in
damaged composites have been studied. The experimental results observed from the low velocity impact
and quasi-static tensile tests lead to the following
conclusions:
1. At impact energy of 2 J, diﬀerent specimens were
ranked from lower to higher absorbed energy
in the following order: Virgin 5 ½G4 5 ½G=K4
5 ½GK2S 5 ½KG2S 5 ½K4 . At higher impact
energy levels, the absorbed energy was found to be
progressively reliant on the amount of glass and
Kevlar and lay-up conﬁguration, and the order was
rather diﬀerent.
2. At higher impact energies, the ½G=K4 specimens
exhibited best balance between rigidity, rear face
ﬁber breakage and interlaminar delamination, featuring the highest load carrying capability and
toughness. The ½G=K4 specimens strongly restricted
the damage propagation, with balanced proportion
of Kevlar and glass ﬁbers in all the external patches
surpassing other specimens with higher volume fraction of either Kevlar or glass ﬁbers in each individual
patches.
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3. The ½G=K4 specimens showed superior behavior for
the reason that the intra-ply hybridization pattern
strongly restricted the interlaminar delamination in
between parent-external patch interface unlike
½GK2S and ½K4 specimens and rear face ﬁber breakage at the rear side of the specimen unlike Virgin,
½G4 and ½KG2S specimens. In the intra-ply hybrid
patches, glass ﬁbers improved the stiﬀness. Thus,
they exhibited lower displacement, while high
strain to failure Kevlar ﬁbers controlled premature
breakage of glass ﬁbers.
4. Although ½GK2S and ½KG2S specimens had the
same amount of Kevlar and glass reinforcements,
the later possessed a gradual damage resistance
drop at higher energies because ½GK2S specimens
exhibited premature rear face ﬁber breakage with
associated patch-parent delamination. This indicates
that the transverse load response is more inﬂuenced
by the mechanical properties of ﬁbers as well as layup conﬁguration of the patches.
5. At non-impacted condition, ½G4 , ½GK2S , ½G=K4 ,
½KG2S , and ½K4 specimens restored the ultimate
tensile load by 67.17%, 80.27%, 84.73%, 81.70%,
and 79.77%, respectively, in comparison to the
virgin specimens. Unlike high stiﬀ ½K4 and ½KG2S
specimens, the moderate optimum stiﬀness of the
½G=K4 specimens restricted the adhesive or cohesive
damage. These characteristics enhanced the overall
load carrying capability.
6. ½G=K4 specimens presented a better post impact
tensile response with a more steady degradation proﬁle for the reason that less impact energy was
absorbed by the specimens repaired with intra-ply
hybrid patches.
Since the repair was performed using Kevlar ﬁbers
(highly polar), the main question reclines as to how
these repaired laminates respond to various environmental service conditions, speciﬁcally to hydrolytic service conditions. Hence, this area requires further
investigation.
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