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ARTICLE INFO ABSTRACT
Keywords: This study investigates the effects of fiber type, resin type, and stacking sequence on the dynamic response of
Low-velocity impact fiber-reinforced polymer composite (FRPC) laminates under low-velocity impact (LVI) tests. Novel thermoplastic

Hybrid composites

(TP) laminates are fabricated with a newly developed liquid methyl methacrylate thermoplastic resin, Elium®
Thermoplastic resin

FE model 188, at room temperature. FRPCs comprising woven ultra-high molecular weight polyethylene (UHMWPE)

Carbon fibers fabrics, woven carbon fabrics, and two different hybrid systems with alternative stacking sequences of those

UHMWPE fibers fibers are fabricated by the vacuum-assisted resin infusion (VARI) method. Besides, equivalent thermosetting-
based (TS) composites with two epoxy systems are fabricated to compare the role of matrix type. Impact tests
at different energy levels are performed on the TP and TS laminates to investigate the impact characteristics,
namely contact force, deflection, energy attributes, structural integrity, and failure/damage modes. Besides, the
mechanics of structure genome (MSG) and the commercial finite element code ABAQUS are used to verify the
experimental results for one of the developed laminates. The results demonstrate that the hybrid system with
UHMWPE fibers on the sides exhibits lower structural loss up to 47% and lower absorbed energy by 18%
compared to those presented by the other type of hybrid system comprising carbon fabrics on the sides. Besides,
it is found that the newly developed TP laminate underwent extended plasticity and presented a ductile behavior.
The newly developed TP laminate demonstrated lower structural loss up to 200%, lower contact force by 14%,
and lower absorbed energy by 48% compared to those of TS counterparts.

1. Introduction cause various damages in FRPC laminates such as matrix cracking,
debonding, delamination, and fiber breakage/failure [3]. Hence, the

The use of fiber-reinforced polymer composites (FRPCs) in various out-of-plane response of FRPCs should be considered when designing
industries is being increased thanks to their distinct advantages, such as and fabricating such structures. Concerning the fabrication of FRPCs,
high specific strength and stiffness. Nonetheless, due to their brittle various fibers/fabrics such as carbon, glass, aramid, and ultra-high
nature, they are prone to delamination when subjected to low-velocity molecular weight polyethylene (UHMWPE) with different resins,
impact (LVI) events, which can remarkably affect their applications namely thermosetting (TS) or thermoplastic (TP) are being commonly
[1]. LVI damage can significantly degrade the structural integrity and used. Carbon fibers thanks to their tremendous in-plane mechanical
(residual) mechanical properties of composite structures [2]. LVI can properties, such as high stiffness and strength have been commonly used
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in manufacturing aerospace structures [4-6]. However, due to the low
toughness of carbon fibers, they show vulnerable (brittle) behavior in
LVI applications, which can remarkably reduce residual compressive
properties of FRPCs and threaten the integrity of structures [7]. In order
to alleviate such a problem, hybridizing with other fibers such as glass or
aramid is commonly adopted, which can increase flexibility, resulting in
improved impact performance [8]. Moreover, the weight and cost of
structures, fabricated with a single fiber type can be reduced by hy-
bridization [9].

However, hybridizing with glass fibers increases the weight of
carbon-based FRPCs, although providing a great extent of flexibility
[10]. Hence, to reduce the weight, researchers replaced glass fibers with
aramid fibers [8]. To further decrease the weight and improve the
low-velocity and high-velocity impact characteristics of FRPCs,
UHMWPE fibers have been introduced for manufacturing composite
structures [11]. UHMWPE fibers are (synthetic) thermoplastic materials,
which possess ductile behavior and are excellent for impact applica-
tions. They can absorb much higher energy than that of carbon, glass, or
aramid fibers. Furthermore, their density is much lower than that of
those fibers [12]. However, they have low stiffness (about 5 GPa for
their composite systems) when compared with high-stiffness carbon fi-
bers (about 60 GPa for their composite systems [13]). In addition,
UHMWPE fibers cannot be used at high temperatures (above 120 °C)
applications, and also cannot be solely used in applications that require
high stiffness. As a result, the combination of UHMWPE/carbon fibers as
hybrid FRP composite systems can be formulated to provide optimum
stiffness, strength, and energy absorption characteristics for miscella-
neous applications.

Most of the studies in the literature are mainly based on using TS
resins. Despite the fact that TS resins provide excellent in-plane me-
chanical properties with a medium to high curing temperature range,
they show poor impact properties. As a result, TP resins are being used to
manufacture FRPC structures for impact applications, which can also be
recycled. TP FRPC laminates have shown improved damage tolerance
and impact performance compared to those of thermosetting counter-
parts. However, due to the solid state of traditional TP resins (namely
PEEK), vacuum-assisted resin infusion (VARI) cannot be used for fabri-
cation, as those resins need to reach elevated temperatures to flow and
cure, which is only possible by using expensive equipment and high
processing temperatures. In order to tackle this issue, Arkema company
has recently introduced a novel acrylic methyl methacrylate thermo-
plastic resin, Elium®, which is liquid at room temperature and can be
used in the VARI process to increase the production rate and decrease
labor and manufacturing costs [14]. To this date and to the best of the
authors’ knowledge, the low-velocity impact behavior of thermoplastic
hybrid TP laminates fabricated at room temperature has not yet been
investigated. For this, plain weave UHMWPE fabrics, carbon fabrics, and

Table 1
Laminates code, stacking sequence, thickness, density, and fiber volume fraction.
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their hybrid systems with alternating layers of carbon and UHMWPE
fabrics (one system with carbon fabrics on the sides and UHMWPE
fabrics in the middle, and the other one with UHMWPE fabrics on the
sides and carbon fabrics in the middle) are manufactured with Elium®
resin to study the influence of stacking sequence on the LVI character-
istics. Moreover, thermosetting (epoxy) resins (Epolam and Sikafloor®)
are utilized to manufacture equivalent TS FRPC counterparts to inves-
tigate the influence of the resin type. LVI tests at different energy levels
are followed to investigate and compare the impact contact force,
displacement, energy attributes, structural integrity, and failure modes
among the laminates. Moreover, the mechanics of structure genome
(MSG) [15] and the commercial finite element code ABAQUS/Explicit
are combined and applied for one of the tested laminates to validate the
experimental results.

2. Experimental procedure

Plain weave ultra-high molecular weight polyethylene (UHMWPE,
denoted by PEf) and carbon fabrics (denoted by Cf) are used for fabri-
cating fiber-reinforced polymer composite (FRPC) laminates. UHMWPE
QuantaFlex™ fabrics are provided by Quantumeta, and Hexforce 282
carbon fabrics are provided from Hexcel. The areal densities of the
carbon and UHMWPE fabrics are 197 g/m? and 172 g/m?, respectively.
The thicknesses of the carbon and UHMWPE fabrics are 0.26 mm and
0.35 mm, respectively. Two thermosetting (TS) resins, including Sika-
floor® and Epolam (with similar mechanical characteristics) and a
thermoplastic (TP) liquid resin, Elium® 188 are chosen to fabricate the
laminates. For epoxy Epolam 5015 resin, Epolam hardener 5015 with
the mixing ratio by weight of (hardener to resin) 30-100 is used. For
Sikafloor® 156, its hardener with the mixing ratio by weight of 33-100
is used. As Elium® 188 is a low viscosity thermoplastic reactive methyl
methacrylate resin, 2% (by weight) of benzoyl peroxide powder is used
as an initiator for polymerization to form the PMMA resin [13]. The
FRPC laminates are fabricated by the VARI method at room tempera-
ture. In addition to monolithic composites with one single fiber type,
two hybrid systems with alternating layers of carbon and UHMWPE
fabrics (one system with carbon fabrics on the sides and UHMWPE
fabrics in the middle, and the other one with UHMWPE fabrics on the
sides and carbon fabrics in the middle) are fabricated (refer to group
laminates 2 and 3 in Table 1). The laminates’ name, stacking sequence,
thickness, density, and fiber volume fraction are provided in Table 1. To
perform the low-velocity impact (LVI) test, ASTM D7136 is conducted.
As in this study multiple laminates with different fiber types, stacking
sequence, resins and thicknesses are fabricated, based on preliminary
experiments, different LVI tests at energy levels of 10 J, 15 J, 20 J, 33 J,
and 40 J are selected to see different failure modes namely rebounding
(with/out delamination), penetration, and perforation, which will be

Laminate name Stacking sequence” Resin type Laminate thickness (mm) Laminate Density (gr/cms) Laminate FVF®
1E (ChHg Elium® 188 1.57 + 0.02 1.43 £+ 0.03 0.58 + 0.02
2E (Cf/PEf)os Elium® 188 2.23 + 0.02 1.20 £+ 0.02 0.50 + 0.01
3E (PEf/Cf)2s Elium® 188 2.27 +£0.03 1.20 £+ 0.02 0.50 + 0.01
4E (PEf)g Elium® 188 2.88 + 0.05 1.00 + 0.02 0.47 + 0.01
1P (ChHg Epolam 5015 1.58 +0.03 1.45 £+ 0.05 0.59 + 0.03
2P (Cf/PEf),s Epolam 5015 2.20 + 0.04 1.22 + 0.04 0.52 + 0.02
3P (PEf/Cf),s Epolam 5015 2.25 + 0.04 1.22 + 0.04 0.51 + 0.02
4P (PEf)s Epolam 5015 2.90 + 0.05 1.01 + 0.03 0.48 + 0.02
1S (ChHg Sikafloor® 156 1.60 + 0.02 1.46 + 0.04 0.58 + 0.03
2S (Cf/PEf),s Sikafloor® 156 2.26 + 0.02 1.23 £+ 0.03 0.51 + 0.01
3S (PEf/Cf)2s Sikafloor® 156 2.29 + 0.03 1.23 +£0.03 0.51 + 0.01
4S (PEf)g Sikafloor® 156 2.89 +0.03 1.03 £+ 0.03 0.49 + 0.01
5E (CH14 Elium® 188 2.84 +0.03 1.43 £+ 0.03 0.63 + 0.03

Example: (Cf/PEf),s: (Cf/PEf/Cf/PEf/PEf/Cf/PEf/Cf)

@ Cf: Carbon fabric, PEf: UHMWPE fabric, On: N number of layers, ()s: Symmetry.

b FVF: Fiber volume fraction.
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discussed in the results and discussion section. LVI characteristics,
namely contact force, displacement, energy attributes, structural
integrity, and failure modes are investigated and compared among
different laminates. For each impact energy level and laminate code,
three specimens with lengths of 100 mm x 100 mm are cut via an
abrasive waterjet cutting machine. Then the specimens are mounted in
the drop weight tower machine. For conducting the tests, each specimen
is inserted in rubber-tipped clamps, providing a circular impacting area
with a diameter of 76 mm.

The shape of the impactor is hemispherical with a diameter of 12.7
mm and a total weight of 6.61 kg. Upon each impact event, the sensor
(which is attached to the impactor) records the contact force and time.
By the use of ASTM D7136, the displacement and absorbed energy
would be calculated. In addition, for comparing the non-impacted (rear)
side of the laminates after each impact event, a high-speed camera is put
under the laminates.

3. Results and discussion
3.1. LVI response of thermoplastic laminates

The experimental results regarding the low-velocity impact (LVI)
characteristics of thermoplastic (TP) Elium®-based fiber-reinforced
polymer composite (FRPC) laminates are demonstrated through Fig. 1
to Fig. 4. Fig. 1 presents the force-time response of the TP laminates with
different fiber types and stacking sequences. Fig. 1 (a) shows the force-
time behavior for the TP carbon-based laminate (1E) and demonstrates
that the contact force goes up until obtaining the maximum load (Ly,).
Afterward, the laminate cannot tolerate further load, and as a conse-
quence, the load drops and the laminate undergoes damage. Such
damage can be distinguished by two regimes, namely subcritical or su-
percritical. Fig. 1 (a) illustrates that, at all the impact energy levels, after
reaching the maximum load (L), a massive drop in the force-time
curves is observed, which is related to massive delamination and fiber
breakage in the laminate (1E). That kind of damage is considered su-
percritical [16]. In supercritical impact, the impact energy is beyond the
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damage threshold of the composite laminate. Such damage/failure oc-
curs through several mechanisms, such as matrix cracks, delamination,
fiber-matrix debonding, and fiber breakage/fracture [17]. After a
massive drop in the load, loss of contact between the structure and the
impactor happens. In other words, when the composite laminate is hit by
the impactor in a supercritical impact event, some of the back laminas
undergo massive delamination. That delamination causes the loss of
contact between the impactor and the laminate, resulting in a sudden
drop in the force-time (or force-displacement) curve. In Fig. 1(b and c),
the force-time behavior of hybrid FRPC laminates at different energy
levels is illustrated. At 10 J, some small oscillations can be observed in
the behavior of both laminates. At 10 J, after reaching Ly, the damage
initiates, resulting in some matrix-cracks; however, the damage is barely
visible. High transverse shear stresses generated near the top surface
cause those matrix cracks. However, they do not pose a significant threat
to structural integrity. However, at 15 J, hybrid laminates 2E and 3E
behave differently. Laminate 2E (Fig. 1 (b)) that has carbon layers on the
sides suffers from a supercritical impact. However, in laminate 3E that
has UHMWPE fabrics on top and bottom, a subcritical impact occurs
(Fig. 1 (c)). Surprisingly at 20 J, laminate 3E (Fig. 1 (c)) still shows
subcritical impact, while laminate 2E undergoes a supercritical regime.
Thus, the hybrid laminate with ductile (UHMWPE) fibers on the sides
demonstrates better impact performance [18]. At 33 J, both hybrid
laminates suffer from supercritical regimes and perforate. By comparing
the maximum contact forces between laminates 2E and 3E at different
energy levels, it is noticed that laminate 2E shows higher contact forces
compared to those of laminate 3E, Fig. 1(b and c). This is related to the
presence of carbon fibers on the sides of laminate 2E, which makes the
laminate more brittle; thus, resulting in a higher contact force. As
UHMWPE-based laminates can absorb more energy through global
deformation, they carry a lower amount of load. The values of maximum
contact force (Ly,) for different TP laminates at 15 J and 20 J are pre-
sented in Table 2 and Table 3, respectively. Fig. 1 (d) illustrates the
contact force versus time behavior for laminate 4E. At 15 J, the structure
shows a sinusoidal response, where no spike in the behavior is detected.
At 20 J, elastic waves generated in the laminate result in some peaks.
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Fig. 1. Contact force versus time curves of thermoplastic FRPC laminates 1E (a), 2E (b), 3E (c), and 4E (d) impacted at various energy levels.
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Table 2
Maximum contact force, deflections, structural integrity, and energy parameters
for thermoplastic FRPCs impacted at 15 J

Properties 1E: (Cf)g 2E: (Cf/ 3E: (PEf/ 4E: 5E:
PEf)2s Cf)as (PEf)g (Chq
Ly (kN) 3.8+0.1 5.1+0.1 4.7 £ 0.1 5.4+0.1 6.1 £0.1
PD;, (mm) 3.6+0.1 7.0+ 0.2 7.1+ 0.2 10.6 + 6.3 £0.2
0.1
PD, (mm) 5.4+0.1 7.7 £ 0.2 7.6 £ 0.1 109 + 7.3+£0.2
0.6
PD,-PD,, 1.8+0.1 0.7 £ 0.1 0.5+ 0.1 0.3+0.1 1.0+0.1
(mm)
E, (J) 15.6 £ 15.6 +£ 0.1 15.7 £ 0.1 15.7 + 15.6 +
0.1 0.1 0.1
Eq (J) 2.7+0.3 6.3 +0.4 6.6 £ 0.1 85+0.4 83+04
Eap (J) 129 + 9.3+0.8 9.1+0.2 7.3+£0.3 7.3+£0.2
0.2
Epm (J) 81+0.2 12.7 £ 0.3 13.9+ 0.3 154 + 14.6 +
0.3 0.9
Eami (J) 7.5+0.1 29+0.2 1.8+£0.1 0.3£0.1 1.0+ 0.1
Table 3

Maximum contact force, deflections, structural integrity, and energy parameters
for thermoplastic FRPCs impacted at 20 J.

Properties 1E: (Cf)g 2E: (Cf/ 3E: (PEf/ 4E: 5E:
PEf)as Cf)as (PEf)g (CH14
Ly (kN) 3.4+0.2 4.6 +£0.1 49+0.3 55+0.1 6.2+0.1
PD,,, (mm) 3.2+0.1 54 +0.2 6.2+ 0.4 9.9+0.3 48 +0.3
PD, (mm) 6.2+0.2 7.6 +£0.2 7.7 £ 0.2 109 + 7.5+£0.2
0.6
PD,-PD,,, 3.1+0.3 2.2+0.1 1.5+0.1 1.1+0.1 26+0.1
(mm)
E, (J) 15.7 £ 19.7 £ 0.1 19.7 £ 0.1 19.7 + 19.7 +
0.4 0.1 0.1
Ee (J) 0.1+0.1 25+0.3 52+0.2 8.6 £0.2 8.6 £0.2
Eap (J) 15.6 £ 17.2+ 0.8 145+ 0.4 11.1 + 11.2 +
0.4 0.7 0.7
Epm (J) 7.1+0.3 11.4+0.3 142+ 0.4 17.8 + 129 +
0.8 0.4
Eami (J) 8.8+0.1 8.2+ 0.2 5.5+ 0.2 21+0.1 6.8 £0.2

However, those peaks do not cause any significant damage (except some
matrix crack). Nonetheless, at 33 J and 40 J, supercritical impact occurs.
33 J impact energy level results in partial penetration of laminate 4E;
but, at 40 J, the laminate perforates. Fig. 1 (d) demonstrates that, as the
impact energy level goes higher, the time to the peak load (L) de-
creases. During a supercritical impact, two scenarios can happen. In the
first one, after a massive drop in the load, then the contact force in-
creases again. This is due to the fact that the load would be redistributed
to the rear intact plies, which results in the rebound of the impactor (33
J, Fig. 1 (d)). In the second scenario, after obtaining the Ly,, the force
suddenly drops to (near) zero, followed by many large oscillations,
which denotes perforation (40 J, Fig. 1 (d)).

Fig. 2 illustrates the force-displacement behavior of Elium®-based
FRPC laminates. LVI force-displacement plots produce remarkable in-
formation regarding: the displacement of the laminate at maximum
contact load (denoted by PDy,), overall displacement (or deflection) of
the laminate (denoted by PD,)), laminate dynamic modulus (the slope of
the curve), and the structural integrity index, shown by PD,— PDy,, [16].
The PD, — PDy, index can provide information concerning the integrity
loss in a FRPC structure, and in this regard, higher values indicate a
higher loss [16]. Fig. 2(a-d) images show the force-displacement curves
for TP laminates 1E to 4E. The enclosed curves indicate that the
impactor has rebounded after striking the laminate. However, the open
curves show that the impactor has perforated the laminate. The initial
part of the force-displacement curve (before reaching Ly,) represents the
undamaged laminate stiffness. Tables 2 and 3 values present that, from
15 J to 20 J, the displacement at maximum load (PDy,) decreases;
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however, the overall deflection (PD,) increases. As the impact energy
goes higher, the value of the structural integrity index (PD, — PDp,)
increases, confirming a higher loss in integrity. For instance, by
increasing the energy level from 15 J to 20 J, laminate 1E loses its
integrity by 42% (refer to Tables 2 and 3). At 20 J, the structural
integrity value for laminate 2E is measured 2.2 mm, while the value is
calculated 1.5 mm for laminate 3E, which shows a higher loss of
integrity by 47% (Table 3).

Energy attributes of TP FRPCs at various energy levels are presented
in Fig. 3, Table 2, and Table 3. In this regard, peak energy (denoted by
Ep) is defined as the amount of the impactor (kinematic) energy trans-
ferred to the laminate. In an impact event, three scenarios can happen,
namely rebounding, penetration, and perforation. In rebounding, the
energy of the impactor is lower compared to the damage threshold of the
structure. In that situation, the impact energy curve initially increases
until reaching the peak energy (Ep); then, it decreases and obtains a
plateau trend, which is known as absorbed energy (denoted by E,p).

For instance, laminate 1E at 10 J, shows rebounding (Fig. 3 (a)).
Absorbed energy mainly is used to generate various damage modes. In
the case of a TP or a toughened TS matrix, plastic deformation can also
be considered as another damage mode. When the impactor rebounds,
the energy kept temporally in the laminate would be transferred to the
impactor again, which is called elastic energy (denoted by Eg)). If the
impact energy increases beyond the damage threshold of the structure,
the laminate penetrates. In this scenario, the energy-time profile, after
reaching peak energy, does not increase or decrease, rather it gets a
constant trend. By a further increase in the energy level, perforation
happens. In perforation, after reaching peak energy, the energy-time
curve increases at a constant rate. Laminates 2E and 3E at 33 J exhibit
perforation (Fig. 3 (a)). Another important energy parameter for
analyzing the response of a FRPC laminate under LVI is called major
damage energy (denoted by Epp)). Major damage energy is the energy
corresponding to the maximum contact force. In other words, the energy
absorbed by the laminate before happening the significant damage is
called major damage energy [16]. As a result, a higher value of Eppy
(compared to a specific impact energy level) demonstrates a lower
extent of damage in that structure. The amount of absorbed energy after
the occurrence of the significant damage is shown by E,p.

The equation of E, = Eppy + Eqm can be used to calculate the amount
of absorbed energy after the incident of significant damage. The values
of major damage energy for TP FRPCs impacted at 15 J and 20 J are
tabulated in Tables 2 and 3, respectively. By comparing the absorbed
energy values of hybrid laminates, it is noticed that, at 15 J and 20 J,
laminate 2E absorbs less energy compared to laminate 3E, indicating a
lower extent of damage and integrity loss.

3.2. The influence of fiber type

To evaluate the influence of the fiber type and compare the LVI
characteristics of carbon-based and UHMWPE-based TP FRPC laminates
with the same thickness, the force-time, force-displacement, and energy-
time curves at different energy levels are provided in Fig. 4. The contact
force-time curves at energy levels of 15 J and 20 J show that (carbon-
based) laminate 5E demonstrates higher values regarding maximum
contact force by 11% compared to those of (UHMWPE-based) laminate
4E (Fig. 4 (a)). That difference is related to tensile and shear properties
as well as failure modes of each laminate’s fiber type. At 15 J, laminate
4E does not show any damage; however, laminate 5E exhibits a lot of
peaks, followed by a small drop load (subcritical regime). By comparing
the force-displacement curves, it is noticed that the value of the struc-
tural integrity index for laminate 5E is higher by 233% compared to that
of laminate 4E, which shows a significantly higher loss in laminate 5E
integrity, Fig. 4 (b). By comparing the slopes of the force-displacement
curves, (the dynamic modulus of) laminate 5E shows higher values
compared to those of laminate 4E. Due to the ductile behavior of
UHMWEPE fibers, both the displacements at maximum load and overall
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Fig. 2. Contact force versus displacement curves of thermoplastic FRPC laminates 1E (a), 2E (b), 3E (c), and 4E (d) impacted at various energy levels.
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Fig. 3. Energy versus time curves (a) and absorbed energy versus impact energy values (b) of thermoplastic laminates impacted at various energy levels.

deflection for laminate 4E are much higher than those of laminate 5E.
Concerning energy attributes, although at 15 J and 20 J both the lami-
nates absorb almost the same amount of energy, laminate 5E shows
higher values of E,p) by 233% at 15 J, and 220% at 20 J compared to
those of laminate 4E. This confirms that the extent of damage after the
occurrence of major damage energy in carbon-based structures is
remarkably greater than that of the UHMWPE-based counterpart. At 33
J, laminate 5E perforates; however, the impactor rebounds when it
strikes laminate 4E, Fig. 4(b and c).

3.3. The influence of resin type and stacking sequence

The force-time, force-displacement, and energy attributes regarding
the influence of stacking sequence and resin type on the LVI behaviors of
TP and TS FRPC laminates are presented through Fig. 5 to Fig. 7 as well
as Table 4. The laminates are fabricated with Elium® (Fig. 5 (al-a2)),
Epolam (Fig. 5 (b1-b2), and Sikafloor® (Fig. 5 (c1-c2) resins and tested
at 15 J and 20 J. By comparing the force-time response at 15 J (Fig. 5

(al-bl-c1)) and 20 J (Fig. 5 (a2-b2-c2)), it is observed that, at 15 J,
laminate 4E shows a sinusoidal trend without any spike or oscillation,
while a partial sinusoidal trend with many oscillations has occurred for
the TS counterparts (i.e. laminates 4P and 4S). As a result, the TP lam-
inates show better impact resistance performance with regards to the TS
laminates. Concerning the force-time behavior of hybrid FRPC laminates
at 15 J, all three hybrid laminates 2E, 2P, and 2S undergo supercritical
impact. However, laminates 3E, 3P, and 3S undergo subcritical impact.
This demonstrates that, irrespective of the matrix type, the laminates
with ductile (UHMWPE) fabrics on top and bottom show better impact
performance compared to laminates with brittle (carbon) fabrics on the
sides. The comparison of the structural integrity index values (PD, —
PDp,, provided in Table 4) demonstrates that the TP laminates enjoy
lower values compared to those exhibited by the TS counterparts. Be-
sides, the value of PDy, is higher for the TP laminate, which is related to a
higher elastic/plastic deflection offered by the TP laminate until the
maximum load is achieved [16].

Fig. 6 shows the force-displacement response of thermoplastic and
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Fig. 4. The comparison of force-time (a), force-displacement (b), and energy-time (c) curves for thermoplastic laminates with different fiber types at various en-

ergy levels.

thermosetting composites impacted at energy levels of 15 J and 20 J.
Fig. 6 (al-bl-cl) show that the dynamic modulus for carbon-based
laminates (that are 1E, 1P, and 1S) is greater than that of the
UHMWPE-based counterparts (that are 4E, 4P, and 4S). The stiffness
values of the hybrid laminates are greater than those of UHMWPE-based
and smaller than those of carbon-based FRPC laminates. However, by
using the same number of fabrics with different stacking sequences, it is
observed that there is a subtle difference in dynamic moduli between the
hybrid group laminates 2 and 3. Fig. 6 (al-bl-cl) show that group
laminates 2 (that contains carbon fibers on the top and bottom) exhibits
a bit greater dynamic modulus compared to that of group laminates 3
(which have UHMWPE fibers on the sides). As the LVI response is
significantly governed by the behavior of the fibers at the rear side of a
laminate, group laminates 2 demonstrates a higher dynamic modulus
compared to that of laminates group 3. This difference is related to the
tensile and shear properties as well as failure modes of each laminate’s
fibers, which show higher values and brittle characteristics for carbon
fibers. Fig. 6 (a2-b2-c2) demonstrate that irrespective of the resin type
and impact energy level, such behavior exists in the LVI response of the
hybrid laminates. Regarding the influence of the resin, force-
displacement behavior at 15 J (Fig. 6 (al-bl-cl)) shows that the
enclosed area is greater for the thermoplastic laminates compared to
that of corresponding thermosetting counterparts. Furthermore, by
comparing the values of the structural integrity index, PD, — PDy,, the TP
laminates enjoy lower values compared to those exhibited by the TS
counterparts. Besides, the value of PDy, is higher for the TP laminate,
which is related to a higher elastic/plastic deflection offered by the
laminate until the maximum load is achieved. This reveals that the TP
laminate has more tendency to deform before obtaining the maximum
load. At 20 J, more drastic changes in the dynamic modulus in the area
between PDy,, and PD,, is observed, Fig. 6 (a2-b2-c2). That change rep-
resents matrix cracking and fibers failure in a FRPC structure. To
quantitatively investigate the effect of resin type on the LVI character-
istics of hybrid structures, the difference between the values of the
structural integrity index is summarized in Table 4. The values reveal
that the TP laminate (3E) has better structural integrity by 100% and

20% compared to that of Epolam-based (3P) and Sikafloor®-based (3S)
counterparts, respectively.

Fig. 7(a and b) demonstrate the comparison of the structural integ-
rity index values as well as major damage energy values for the lami-
nates with TP and TS resins. For this, laminates 3E, 3P, and 3S are
considered as examples, since they enjoy better impact performance
compared to the other type of hybrid system (laminate 2E). The per-
manent deflections are presented in Fig. 7 (a). The TP laminate shows
better performance in terms of structural integrity in comparison to that
of the thermosetting structures. Fig. 7 (b) presents the values of major
damage energy (Epp)) for the group laminates 3 with different resins. At
various energy levels, laminate 3E enjoys higher values compared to
those presented by laminates 3S and 3P. Higher values of Epy demon-
strates that remarkable energy is absorbed via elastic-plastic de-
formations before the beginning of the significant damage (Eamp) [12].

3.4. Failure modes analysis

FRPCs can absorb energy through various means, namely indenta-
tion (matrix cracking and/or local fiber failure/breakage), delamination
(inter-yarn failure), splitting (fiber breakage/failure) or fibers peeling on
the rear side [19]. As mentioned earlier, during an impact event three
scenarios can occur, namely rebounding (with/out delamination),
penetration, and perforation. In rebounding and low energy levels, the
impact energy is (much) lower than the damage threshold of the
structure, and the absorbed energy mainly does not cause remarkable
damage (except matrix cracking and indentation). By increasing the
impact energy (to near the damage threshold of the structure), signifi-
cant delamination occurs. As indentation grows, the matrix under the
impactor crushes, and therefore, delamination in the FRPC laminate
interfaces propagates remarkably, which is due to bending-induced
stresses. In the case of a TP or a toughened TS matrix, plastic deforma-
tion can also be considered as another failure mechanism. If the impact
energy increases further to reach the damage threshold of the structure,
the laminate penetrates; as a result, all the layers in the laminate are
delaminated around the impact zone. In penetration, the whole energy
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Fig. 5. Force-time behaviors of Eium®-based (al-a2), Epolam-based (b1-b2), and Sikafloor®-based (c1-c2) FRPCs impacted at energy levels of 15 J and 20 J.

Table 4
Maximum contact force, deflections, structural integrity, and energy parameters
for laminates 3E, 3P, and 3S at the energy level of 20 J.

Properties 3E: (PEf/Cf)2s 3P: (PEf/Cf),s 3S: (PEf/Cf)2s
L (KN) 4.9 +£0.3 4.3+0.2 4.5+0.3
PD,,, (mm) 6.2+ 0.4 52+04 6.2+ 0.3
PD, (mm) 7.7 £0.2 8.2+ 0.2 8.0 +0.2
PD,-PD,,, (mm) 1.5+0.1 3.0+0.1 1.8+ 0.2

E, (J) 19.7 £ 0.1 19.7 £ 0.1 19.7 £ 0.1
Ee () 7.4+0.2 1.5+0.1 5.1+ 0.2

Eap (J) 12.3 + 0.4 18.2 +£ 0.7 14.6 + 0.5
Epmi (J) 139+ 0.4 10.3 £ 0.5 12.9 + 0.4
Eam (J) 5.8 + 0.2 9.4 + 0.3 6.8 + 0.2

of the impactor transfers to the laminate, and the impactor (after
penetrating the last lamina) stops. In this situation, for the first time, the
absorbed energy reaches the level of the impact energy [20]. The major
forms of energy absorption during penetration are shear out, delami-
nation, and elastic flexure [21]. By a further increase in the energy level,
perforation happens. In perforation, the impactor perforates the lami-
nate completely and comes out from the rear side of the structure. Fig. 8
provides the non-impacted side images of Elium®-based laminates (1E
to 4E) impacted at 15 J (a-d) and 20 J (e-h). At 15 J, carbon-based

laminate (1E) penetrates partially. Fig. 8 (a) shows that the first fail-
ure mode is visible matrix cracks, running in the inclined 45° directions.
The size of cracks and damage along the two directions is a bit larger
than that of the diameter of the impactor. The hybrid laminates (2E and
3E) do not penetrate or perforate in contrast to laminate 1E, rather the
impactor rebounds after that impact event. In hybrid laminates, matrix
cracking and delamination are expected as failure mechanisms, Fig. 8(b
and c¢). However, there is a difference in terms of the rear side damage of
hybrid laminates. Since UHMWPE fibers enjoy higher strain to failure in
tension, the splitting of the back face does not happen in laminate 3E (in
contrast to laminate 2E). As a result, larger delamination occurs in
laminate 2E. UHMWPE-based laminate (4E) undergoes a small amount
of plastic deformation without suffering any damage, Fig. 8 (d). At 20 J,
laminate 1E perforates (Fig. 8 (e)); laminates 2E and 3E (Fig. 8(f and g))
suffer from a greater extent of damage and delamination compared to
those at 15 J. However, laminate 4E undergoes a small amount of matrix
cracking and plastic deformation, Fig. 8 (h). In contrast to carbon-based
laminates, which are locally deformed, laminate 4E shows global
deformation and exhibits a bulge at the rear side.

Fig. 9 images illustrate the difference between the cross-sectional
behaviors of the hybrid structures impacted at different energy levels.
By comparing the response of the structures at 15 J (Fig. 9 (al-b1)), itis
noticed that the extent of damage size is almost similar. However, the
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ergy levels.

top and bottom plies of laminate 2E exhibit a smaller amount of defor- fibers breakage are more obvious within the laminates. At 33 J (Fig. 9
mation compared to that of laminate 3E, which is related to the presence (a3-b3)), due to the presence of carbon fabric at the rear side, cata-
of brittle carbon fibers. At 20 J (Fig. 9 (a2-b2)), interlaminar cracks and strophic failure and delamination are observed, which are followed by
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Fig. 9. The cross-sectional images of hybrid laminates 3E (al-a3) and E2 (b1-b3) impacted at 15 J, 20 J, and 33J

the splitting of the fabric fibers. However, thanks to the presence of
ductile UHMWPE fibers and their ability to stretch in tension, the
laminate 3E suffers less damage compared to laminate 2E. Fig. 10 shows
the morphological characterizations of different thermoplastic lami-
nates impacted at different energy levels. Fig. 10 (a) shows the matrix
cracking, delamination, and partial debonding in the carbon-based
laminate (1E) impacted at 10 J. As can be observed, the initiation and
propagation of the cracks in the bottom layers are more obvious, since
the cracks in thin FRP laminates (here 1E) initiate in the lower plies and
then propagate towards the upper plies. Some of the cracks propagated,
resulting in partial debonding between the adjacent layers and delami-
nation. However, by introducing UHMWPE fibers to the laminate and
making a hybrid system, the initiation and propagation of the cracks
suppress significantly as illustrated in Fig. 10 (b), which shows the side
view of the hybrid laminate 2E impacted at 10 J. The behavior of
different fiber types after significant damage is illustrated in Fig. 10(c
and d); which shows a brittle failure for carbon fibers (Fig. 10 (c)) and a
ductile failure for UHMWPE fibers (Fig. 10 (d)).

Besides, it can be observed that, at the end of an impact event,
UHMWPE fibers are significantly elongated (with necking), while car-
bon fibers lack such a characteristic. The ductile response of UHMWPE
fibers denotes that the energy absorption capability of UHMWPE-based
laminates is much higher than that of the carbon-based counterparts.
The back face images of the impacted laminates 4E and 5E (which have
the same thickness) are presented in Fig. 11. In lower impact energy
levels, namely 15 J (Fig. 11 (al-bl)) and 20 J (Fig. 11 (a2-b2)) both

laminates behave (almost) similarly, although the nature of local and
global deformations differs for two laminates. By increasing the impact
energy to 27 J (Fig. 11 (a3-b3)) and 33 J (Fig. 11 (a4-b4)), the laminates
exhibit different responses. At 27 J, laminate 5E penetrates, Fig. 11 (b3);
however, the impactor rebounds when it strikes laminate 4E, Fig. 11
(a3). Nevertheless, at 33 J, laminate 5E perforates and massive delam-
ination occurs, while laminate 4E still shows rebounding.

The role of resin type on the LVI characteristics of composites is
demonstrated in cross-sectional images provided in Fig. 12. The TP
laminate (1E) and TS counterparts (1P and 1S) are impacted at 20 J,
which resulted in perforation. However, the TS laminates show small
brittle deformation (Fig. 12(b and c)), while the TP laminate has expe-
rienced large plastic deformation (Fig. 12 (a)). This advantage in the TP
structure is due to the higher fracture toughness of the Elium® resin
[22]. Failure analysis on impacted laminates shows that the TS lami-
nates undergo elastic deformation, delamination, surface buckling, fi-
bers shear-out, and fibers fracture. However, plastic deformation is
considered as an extra failure mechanism for the TP counterpart. The
ductile TP resin slows the propagation of micro-cracks and the voids
within the plastic crack zone, because the damage happens by cavita-
tion, resulting in inducing matrix shear banding [23]. However, TS
FRPC structures lack such an advantage, and as a result, catastrophic
brittle failure happens. It can be inferred that thermoplastic resin plas-
ticization plays a remarkable influence in the response of TP structures.
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3.5. Numerical simulations

3.5.1. Modeling

To verify the experimental results and also evaluate the relevance of
the mechanics of the structure genome (MSG) developed in the previous
studies for the LVI applications [14,15,24], LVI simulations are per-
formed on the carbon-based FRPC laminate (1E). In this regard, a
damage model is introduced via a user-defined material code (VUMAT)
in ABAQUS/Explicit to simulate the interlaminar failure (delamination),
and intralaminar failures, including fiber tensile or compressive failure,
matrix tensile or compressive failure, and the damage in the fiber-matrix
interface. To define the elastic properties of laminate 1E in ABAQU-
S/Explicit, the material properties needed, which are obtained by the
MSG as well as experiments in the previous studies [13,14] and are
provided in Table 5 and Table 6. Damage under shear loading and
plastic deformation are considered to capture the matrix dominated

10

27J 33J)

on]

Fig. 11. Images of the non-impacted (rear) side of laminate 4E (al-a4) and laminate 5E (b1-b4) at different impact energy levels.

shear response of a ply [25]. Some of the damage initiation values are
already calculated by the experiments in the previous study [13],
including: ultimate tensile strength in the warp (X;) and weft (X2)
directions, ultimate compressive strengths in the warp (X;.) and weft
(X5.) directions, and ultimate in-plane shear strength (S13). The damage
growth results from critical energy criteria [26]. The values are obtained
through the fiber directions in tensile (G'* = G**) and compression
(G'~ = G?7). Johnson et al. [27] described the parameters of a2 (in the
equation of shear damage), and dj¥* (maximum shear damage) to
further model the damage growth. Due to the reason that the procedure
in determining the values of the fracture energies (described in Pinho
et al. [28]) is complex, the values are obtained as proposed by Schwab
et al. [25]. The (plastic) non-linear response of the woven plies caused
by the intra-laminar damage may be modeled by the pseudo-plastic law.
The shear plasticity behavior can be obtained by using Eq. (1),
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Table 6
Material characteristics describing the damage initiation and evolution of the
carbon fabric/Elium® lamina [13].

Nominal strengths/ X = Xy = S12 G = G~ =

crit. X; X5 Gf+ Gf*

energy release rate 710 240 60 18 MPa 14.5 MPa
MPa MPa MPa

Table 7
Shear plasticity equation coefficients and associated damage evolution param-
eters [25].

Smm parameters Gy0 C P a2 i
Fig. 12. The comparison of cross-sectional observations of the carbon-based 65 MPa 1650 MPa 0.5 0.186 1.0
thermoplastic (a) and thermosetting (b, ¢) laminates at 20 J.
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method [32].

Table 5
Material characteristics describing the elastic behavior of the carbon fabric/
Elium® lamina [13,14].

Elastic constants Ef =Ej E; =E; G2 v, =01y

57.3 GPa 57.3 GPa 5.1 GPa 0.052

Go(&") =6y + CE"Y @
where, 6,9 is the initial effective shear yield stress, C and p are the co-
efficient and the power term in the hardening equation, respectively. As
the aforementioned continuum damage mechanisms associated with the
stiffness degradation, excessive distortions of elements or other nu-
merical difficulties may occur during the simulation. To alleviate such
problems, a criterion of element deletion is employed, where an element
would be deleted when one of the damage variables for the fiber or
matrix in tensile or compression reaches to 0.99 (at one integration point
but all associated section points). The material characteristics describing
the elastic behavior, damage initiation and evolution, and shear plas-
ticity parameters for laminate 1E are provided through Table 5 to
Table 7.

To model the initiation and propagation of delamination, various
methods are proposed in the literature. Among different approaches,
cohesive zone models that combine the fracture mechanics energy and
strength-based damage criteria have attracted considerable attention
recently [29-31]. Hence, in this study, the CZM based on traction sep-
aration constitutive law is applied. To reduce the computational time
significantly, a surface-based cohesive contact method is applied in this
study to simulate the initiation and propagation of delamination in the
interface between the adjacent plies. The surface-based cohesive contact
method permits the specification of generalized traction-separation
behavior of two nearby surfaces [32]. This method provides the feasi-
bility of delamination damage modeling, which is close to the cohesive
elements that are applied using a traction-separation law. The schematic
of the load transfer behavior of the surface-bashed cohesive contact

11

method is depicted in Fig. 13 [32]. The CZM adopted in this study has an
entirely elastic behavior till the beginning of the damage. The damage
initiation principle is proposed by a quadratic function as provided in
Eq. (2)

) +E) -+ (5) =
N T s/

where o,, 0, and o, represent the tensile stress in the normal (n) and
shear directions (s and t), respectively. N, T and S represent their critical
values. The damage growth is predicated under a mixed-mode loading

as proposed by Benzeggagh-Kenane (B-K) through the fracture energy
law provided in Eq. (3) [26]:

Gy + G\
G

@

G =Gic +(Guc — Gic) % ( 3

where Gyc, Gyc, and Gy are the critical energy release rates under mode
I, mode II, and mode III, respectively. G = Gic + Guc + Guc is the total
energy release rate. 1) is the B-K parameter, which is estimated from the
literature as 1.45 [33]. The relevant material data for the cohesive
contact model used in the present study are tabulated in Table 8 [33].
To reproduce the experimental setup used in the impact test, eight
layers of carbon FRPC lamina are stacked on top of one another resulting
in 1.6 mm nominal thickness and modeled as homogenous orthotropic
layers connected by the cohesive zone model. The lamina is considered
as a circular plate with a diameter of 76 mm. The edge of the laminate is
fully clamped to simulate the experimental boundary conditions. The
hemispherical impactor with a diameter of 12 mm and the rigid body of
mass 6.61 kg is placed at the top center of the plate. The velocity of the
impactor is changed based on the desired impact energy performed in
the experimental part. The displacement of the impactor is constrained
to move vertically and is placed with a small distance of 0.001 from the
plate. The interaction between the impactor and the plate is modeled by
surface-to-surface contact pairs with the friction coefficient of 0.3. Be-
sides, a frictionless tangential behavior is considered between the plies.
Regarding the mesh size, elements with the size of 0.25 mm x 0.25 mm
are considered for the impact zone and courser mesh is adopted in the
zone far away from the zone around the impactor. Due to the symmetry
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under LVIL

in the model, only a quarter of the model is considered, Fig. 14. In the
direction of thickness, two elements are considered for each lamina.

3.5.2. Results

The numerical results regarding the force-time, force-displacement,
and force-energy curves of the carbon-based FRPC laminate (1E : Cfg) at
10 J and 20 J are provided in Fig. 15. Fig. 15 (a) compares the experi-
mental and numerical results regarding the load versus time response of
laminate 1E. As can be observed, the numerical response is in a good
agreement with that of the experimental test. In terms of the predicted
maximum load, the difference is less than 1% at 10 J. However, by
increasing the impact energy to 20 J, the difference increases, which is
related to the material model implemented in the simulation. Besides,
the slope of the curve (in the FE model) in the loading and unloading
phases matches well with the experimental results. In the loading phase,
the load is related to the elastic flexure of the plate until obtaining the
maximum load. The time to the peak (load) for the FE model also agrees
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well with that of the experiment (with less than 1% difference). None-
theless, at 10 J, the first load drop in the experiment (curve) is small,
followed by a partial increase in the load, and finally by a massive drop
in the loading. However, the FE model shows just one significant (load)
drop in the response, which denotes matrix cracking and delamination
in the structure. Fig. 15 (b) demonstrates the comparison of experi-
mental and the FE model force-displacement behaviors of laminate 1E at
energy levels of 10 J and 20 J. At 10 J, the slope, at the loading phase
(which corresponds to the dynamic modulus of the structures) is simu-
lated accurately. Besides, the displacement at the corresponding first
load drop is very close to that obtained by the experiment. The differ-
ence between the maximum deflection of the laminate between the FE
model and the experiment is less than 3%. The unloading phase in the FE
model also matches well in the experiment, which denotes the spring-
back of the plate. However, at 20 J, the results for the experiment and
the FE model have some discrepancies. The discrepancies are related to
the model and perforation in the structure, which the latter one makes
the material behavior complicated, and therefore, the model is less ac-
curate compared to that of lower energy levels, namely 10 J [26]. The
energy versus time curves of the experiment and FE model is presented
in Fig. 15 (c), which allows us to compare the value of the impact energy
and also the amount of absorbed energy by the laminate computation-
ally. As can be observed, the upward and downward slopes of the FE
model is very satisfactory compared to those obtained by the experiment
at 10 J. In terms of the impact energy, the difference between the FE
model and experiment is less than 5%, and more importantly, the dif-
ference between the absorbed energy values is less than 0.5%. Fig. 15 (d)
shows the tensile damage/failure of warp fibers in laminate 1E, which
was obtained by implementing the VUMAT code in Abaqus/Explicit.
Fig. 16 demonstrates the back face of the perforated carbon FRPC
laminate (1E) at 20 J, which plastic strain repartition at the end of the FE
model (Fig. 16 (left)) and experiment (Fig. 16 (right)) are presented. The
simulation of the cohesive contact zone is well presented in Fig. 17.
Fig. 17 shows the deflection of laminate 1E; it also shows a suitable
damage model combined with the failure principle used to model the

bl
(b) —0—(Cf),. 10J, Experiment
al —O—(Cf)g, 10], FE Model
(Cf)g. 201, Experiment
3 (Cf)g, 20J, FE Model
[ "‘r
A
21 il
5.4 I
1 )
4 4
o
i, . . |
0.0 2.5 5.0 7.5 10.0
Displacement (mm)
sovt (d)

SHEG, (fraction = -1.0)
(Avg: 75%)

- +7.500e-01
+6.667e-01
+5.833e-01

Fig. 15. Force versus time (a), force versus displacement (b), energy versus time (c), and tensile damage/failure of warp fibers (d) for the carbon FRPC laminate (1E)

at 10 J and 20 J.

12



M.E. Kazemi et al.

S, Mises
SNEG, (fraction = -1.0)
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Fig. 16. The rear side of the thermoplastic carbon-based FRPC laminate (1E) at 20 J at the end of the impact FE model and experiment (plastic strain repartition).

U, Magnitude

+0.000e+00

Fig. 17. Displacement (m) and delamination areas of the thermoplastic carbon
FRPC laminate (1E) at 20 J.

interlaminar damaged area (delamination) in the laminate.
4. conclusion

In this study, the roles of fiber type and stacking sequence on the
dynamic response of newly developed thermoplastic (TP) fiber-
reinforced polymer composite (FRPC) laminates under low-velocity
impact (LVI) testing were investigated. For this end, FRPCs comprising
woven ultra-high molecular weight polyethylene (UHMWPE) fabrics,
woven carbon fabrics, and two different hybrid systems are fabricated at
ambient temperature with a novel liquid thermoplastic resin, Elium®
188. In addition, two thermosetting (TS) epoxy resins are applied for
fabricating equivalent composite laminates to investigate the role of
resin type on the LVI behavior of the composite structures. Different
impact energy levels are performed on various TP and TS FRPC lami-
nates to study the contact force, displacement, energy attributes,
structural integrity index, and failure/damage modes. The results
demonstrate that the hybrid system with UHMWPE fabrics on top and
bottom can decrease the structural loss and absorbed energy up to 47%
and 18%, respectively compared to the hybrid system with carbon
fabrics on the sides, as UHMWPE fibers enjoy higher strain to failure.
Furthermore, the ratio of energy to force absorption for the hybrid
laminate with carbon fabrics on the sides can decrease from 3.7 to 2.9 by
changing the stacking sequence and replacing those (side) carbon fabrics
with UHMWPE fabrics. By comparing the effect of resin type on the LVI
response of traditional TS laminates and the newly developed TP lami-
nate, it was found that the TP laminate underwent extended plasticity
and showed a ductile behavior, which resulted in a lower structural loss
(up to 200%), a lower contact force by 14%, and lower absorbed energy
by 48% compared to those presented by the TS counterparts. Moreover,
the ratio of energy to force absorption for the TS laminates can decrease
from 3.8 up to 2.0 by replacing the TS matrix with a thermoplastic one.
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Besides, the Mechanics of Structure Genome (MSG) and the commercial
finite element code ABAQUS are used and the experimental results were
verified. It was found that thermosetting and traditional (solid) ther-
moplastic resins can be replaced with the liquid thermoplastic resin,
Elium®, to fabricate (hybrid) composite structures for impact applica-
tions with the advantage of manufacturing at room temperature, elim-
inating the residual thermal stresses, increasing the production rate,
recyclability, and saving the labor and production costs.
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