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B Introduction

Fibre-reinforced laminated composites
have been used extensively in load-bear-
ing structures generally due to their light-
weightness, high strength-to-weight and
stiffness-to-weight ratios, good corrosion
resistance and reduction of parts count.

The low velocity impact behaviour of
composite laminates has been studied ex-
tensively in recent decades. As described
in two review papers [1, 2], experimen-
tal results reported in the literature have
mainly focused on impact-induced dam-
age mechanisms, such as matrix crack-
ing, delamination and fibre breakage at
different impact stages. However, most
of the analytical methods have focused
on the elastic impact on laminates with
perfect boundaries. In addition to direct
investigation of the laminate damage
using the naked eye, such as for glass/
epoxy laminates that are partially light
transparent [3 - 5], C-scans or X-rays
have generally been employed in damage
assessment [6, 7].

Various solutions for improving damage
tolerance have been developed, for exam-
ple, by modifying the composite system
with a toughened matrix [8], interleav-

Table 1. Parameters of reinforcements used in the study (specifications of the manufacturers).

Reinforcement definition
Reinforcement code R1

Weave

Warpf/fill (or 0 - 90 °) yarns

Linear density warp/fill, tex 336/336
Ends/picks counts, yarns/cm 12.712.7
Crimp warp/fill, % 0.8/0.8
Areal density, g/m2 410
Reinforcement thickness, mm 0.6
Manufacturer Teijin Aramid

Aramid woven
fabric-CT 736

Plain woven

Twaron 2000/
Twaron 2000
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ing [9], stitching [10] or z-pinning [11],
which have resulted in varying degrees
of success. Nevertheless the benefits of a
cost-effective solution materialise only if
the allowable strain is further increased.
This requirement undoubtedly demands a
thorough understanding of the impact re-
sponse, damage mechanism and damage
assessment of the composite structure.

The effect of damage is examined using
one of two related approaches, namely
impact damage resistance or damage
tolerance. Impact damage resistance fo-
cuses extensively on the identification of
the onset of the dominant damage mech-
anism (for example, delamination) from
impact response curves in terms of the
impact energy or energy absorbed.

The apparatus that typically determines
the impact energy is a drop weight tower.
Due to the limitation of the tower height,
almost all the impact events are con-
ducted using a heavy impactor at a low
velocity of less than 10 m/s. The impact
force is typically recorded using a force
transducer embedded in the impactor.
The corresponding histories of energy,
velocity and displacement are then de-
rived once the onset of contact between

Aramid Bi-Axial non- Aramid woven

crimp fabric-XA450 fabric-Artec
R2 R3
Bi-axial no_n-crimp Plain woven
fabric
R
336/336 58/58
11.6/11.6
Non-crimp 0.2/0.2
465 135
0.40 0.23
Seartex Pro-System

Karahan M, Yildirim K. Low Velocity Impact Behaviour of Aramid and UHMWPE Composites.

FIBRES & TEXTILES in Eastern Europe 2015; 23, 3(111): 97-105.

the impactor and target, as determined by
Cantwell and Morton [12].

However, higher speed and energy level
impact results published in the literature
have been far fewer than those for lower
speed impact. One reason has been the
need for a gas gun to provide the initial
kinetic energy of the impactor. In this
category, the impact has generally been
conducted using a lighter impactor, gen-
erally called a projectile, at a much high-
er initial velocity. Furthermore because it
is difficult to mount a sensor on a flying
projectile [13, 14], the data recorded dur-
ing such an impact event has usually only
been the initial and final states of the pro-
jectile and the target. The history of the
impact, even if a high-speed camera was
employed, was difficult to record.

Recently ultrahigh molecular weight pol-
yethylene (UHMWPE) fibre-reinforced
composites have been widely used in
applications due to their outstanding
properties. The high impact resistance of
these composites is one of the many ad-
vantages of UHMWPE fibre-reinforced
composites. However, UHMWPE fibres
exhibit low thermal resistance and poor
adhesion to polymer matrices due to

Aramid UD sheet- UHMWPE UD sheet-

GS3000 Dyneema H62
R4 R5
ub ub
Dyneema SK62/
Kevlar 49/Kevlar 49 Dyneema SK62
126/126 176/176
Non-crimp Non-crimp
510 263
0.50 0.25
FMS Inc. FMS Inc.
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Figure 1. Surface images
of reinforcements used in
this study (R1, R2, R3, R4
and RS indicate the rein-
RS forcement codes).

Table 2. Parameters of aramid and UHMWPE fibres used in the study (specifications of the

manufacturers).
Parameters Twaron 2_000® Artec® (Ryssian Kevlar 149® Dyneema SK62€@
(Aramid) Aramid) (Aramid) (UHMWPE)
Young modulus, GPa 85 103 112 113
Tenacity at break, cN/tex 235 181 208 338
Ultimate elongation, % 3.5 2.8 2.4 3.6
Density, g/cm3 1.44 1.44 1.44 0.97

chemical inertness and have limitations
for structural applications. Aramid-fibre-
reinforced composites are another type
of composite that exhibit great perfor-
mance, especially in terms of impact
resistance [15 - 18]. Therefore aramid
fibres can be hybridised into UHMWPE-

Table 3. Properties of the composite plates.

fibre-reinforced composites as a second-
ary reinforcing fibre to compensate for
the disadvantages of UHMWPE men-
tioned above because of their good ther-
mal resistance. The impact properties of
hybrid composites are affected by many
factors. For aramid fibre/UHMWPE fibre

hybrid composites, the hybrid type and
ratio are two important factors.

The most popular method to produce
composites for ballistic application is to
use aramid and UHMWPE fibres as rein-
forcement materials in different matrices.
The composite materials used in this type
of application, especially those applied
as armouring materials for explosions,
are subjected to very high levels of en-
ergy. Because of that high energy level,
impact tests provide more acceptable
results because this type of composite
material absorbs a high level of energy.
The impact tester should have the capa-
bility of applying high-level energy onto
the composite via a high level of speed of
the striker.

In this study, the effect of the reinforce-
ment material type, cross-plied condi-
tion of the reinforcement and the layer
amount were examined using high-level
energy impact tests, performed using low
speed but with a high energy level; thus
the behaviour of the composite materials
that were exposed to this high impact en-
ergy could be examined.

B Experimental

Five different fibrous materials and three
different hybrid structures were used as
reinforcement in a low-density polyeth-
ylene (LDPE) matrix. Nolax A21.2007
LDPE adhesive film (density 0.94 g/cm3,
melting temperature 80 - 90 °C and melt
flow rate of 6 - 9 g/10 min) was used as
a matrix system. The properties of the

Sample code Reinforcement Reinforcement Sfacki_ng Resin ) Plate Sample weight, Fibre yolume

type Ply number direction thicknesses, mm g/m2 fraction, %

A R1 12 0°/90° 5.05 + 0.38 5050 54.6

B R2 11 45°/-45° 4.96 + 0.41 5190 52.5

C R3 38 0°/90° 5.12+0.26 5090 58.2

D R4 13 0°/90° LDPE 4.99 + 0.55 6680 68.2

E R5 22 0°/90° 5.02+0.48 5940 61.5

F R1 + R2 (Hybrid) 6+6 0°/90°/45°/-45° 5.15+0.58 5300 26.5+24.9

G R1 + R3 (Hybrid) 6+ 19 0°/90° 4.93+0.37 5025 25.4 +27.8

H R4 + R5 (Hybrid) 1M1+7 0°/90° 5.01 + 0.50 6510 32.5+30.6

Table 4. Impact test results of samples at 1680 J energy level.

Samples Peak load, N Max. displacement, mm | Energy absorbed, J | Elastic recovery, J | Energy absorbed, % | Bending stiffness, N'mm
A 45944 + 4447 52.36 + 3.4 1469 + 66.8 211 91.8 866 + 32
B 31894 + 1740 60.5+5.5 1222 + 210 458 76.3 701+ 28
C 56374 + 3181 413+7.2 1388 + 42 292 86.8 2350 + 19
D 65285 + 1420 32+1.3 1467 + 58 213 91.7 2710 £ 17
E 39039 + 2283 51.13 + 0.56 1406 + 33 274 87.9 1157+ 9
F 40399 + 1051 56.31+ 3.9 1293 + 147 387 80.9 1627 + 12
G 49354 + 3381 48.03 +2.57 1466 + 52 214 91.6 1543 + 18
H 43308 + 586 46.95 + 1.23 1431+ 43.5 249 89.5 2089 + 21
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reinforcement materials are provided in
Table 1. Surface images of the reinforce-
ments used in this study are presented in
Figure 1. All the samples were produced
in an autoclave. The temperature of the
process was 110 °C, and the pressure
of the vacuum 1.48 MPa. Basically the
autoclave consolidation of composites
is very simple: The laminate is vacuum
bagged, evacuated inside to remove en-
trapped air, and then heated in order to
melt the matrix material. As mentioned
above, the process is relatively slow (320
minutes in total), but it is very suitable
for material quality and the full wetting
of fibres is guaranteed. In the first 20 min-
utes, after air is entrapped, the pressure
and temperature are increased together to
0.8 MPa and 40 °C, respectively. In the
next 100 minutes the pressure and tem-
perature are raised gradually to 1.48 MPa
and 110 °C, respectively. After standing
for 100 minutes at this temperature and
pressure, they are gradually decreased to
the initial level in the next 100 minutes.

LDPE film becomes viscose liquid at
110 °C, result from the melting crystal-
line phase of the morphology. The amor-
phous phase of LDPE also melts under
this temperature at a glass transition
temperature of about -100 °C [19, 20].
This warm liquid easily wets the textile
reinforcement materials under vacuum
conditions.

The fibre properties are presented in Ta-
ble 2. The fabrics used in the production
of the composite materials were cut into
40 x 40 cm? pieces. Table 3 lists the main
production parameters of the composite
samples such as the ply arrangements,
number of fabric plies, and thickness
of composite plates. The thicknesses of
the finished samples were measured us-
ing a caliper. The thicknesses of all the
composite sheets were approximately the
same. The hybrid structures were manu-
factured with one surface composed of
one reinforcement material and the other
of the other reinforcement material.

The fibre volume fraction (V) values pre-
sented in Table 3 were obtained based on
the fabric weight and plate thickness as
follows:

V= n-m/(r-h) (N

where, n is the number of fabric plies, m
the fabric areal weight, p the fibre density
and A the plate thickness. The fibre vol-
ume fractions are calculated in both di-
rections separately in the case of different
warp and fill yarn densities. In Table 3,
Vyvalues of hybrid samples (samples F,
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Figure 2. Typical impact load—time curves and comparisons of all samples (4, B, C, D, E,
F, G and H indicate the sample codes - see Table 3).
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Figure 3. Typical impact displacement—time curves and comparisons of all samples (A, B,
C, D, E, F, G and H indicate the sample codes).

G and H) were calculated for each rein-
forcement separately. Impact tests were
performed on square section samples us-
ing an Instron CEAST Model 9350 tester
according to the ASTM D3760 standard,
and an impactor stroke was made at the
centre of the samples using a circular
support. The test mode was puncture,
90 kN, type 1, and a @ 20 mm hemispher-
ic geometry striker was used. The impact
velocity, falling height, total impact en-
ergy applied, total falling mass, specimen
support diameter and specimen clamping
force were 10.5 m/s, 5621.2 mm, 1680 J,
30.5 kg, 70 mm and 18 kN, respectively.
At least four tests were conducted for

each sample, and data on the load, en-
ergy, speed and deflection were recorded
as a function of time.

I Results and discussion

Low-velocity impact response and
damage evaluation of samples

The present work aims to improve under-
standing of the behaviour of 100% ara-
mid, 100% UHMWPE, aramid/aramid
and aramid/UHMWPE hybrid compos-
ites and their modes of damage and fail-
ure behaviour under high energy levels,
which is vital for the selection of appro-
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priate materials for armouring applica-
tions. Low-velocity impact test results of
all the composite samples are presented
in Table 4, and force-time curves of all
samples are given in Figure 2. Force-
time curves for the hybrid composites are
also presented in Figure 2, with those of
the composites, from the hybrid structure
they were produced, called 100% aramid
or 100% UHMWPE composites for com-
parison.

The curve properties of all the samples
were nearly the same after the peak point
of the force, with force decreasing sud-
denly after the peak point. The slopes of
the curves of all the samples in the elastic
region were different, occurring due to
the rigidity of the composites. The elastic
region slope values are listed in Table 4,
samples C and D being the most rigid.
The displacement values also support
this conclusion. The displacement-time
curves are presented in Figure 3. More
displacement implied higher deforma-
tion on the back surface of the compos-
ite. This conclusion could be verified by
inspection of the deformation character
of all the samples in Figure 4. Minimum
deformation occurred for samples C and
D, which also exhibited the highest ri-
gidity. The top surface, bottom surface
and cross-section of all the samples are
shown in Figure 4.a & 4.b.

In terms of maximum force, the samples
were ranked in the following order: C, D,
G, A, F, E, H and B. Samples F and G
were hybrid versions of samples B and
C with sample A, respectively. These
samples also produced good results. The
maximum forces of all samples are pro-
vided in Figure 5.a.

The maximum force is related to the be-
ginning of deformation of the samples.
Before the maximum force, no deforma-
tion occurs in the material; however, after
the point of maximum force, the materi-
als undergo deformation. Deformation
occurs with time until the point at which
the material is completely broken down.
In addition, continued deformation re-
quires energy because energy absorption
continues after the maximum force point.
The time required to reach the maximum
force is related to the rigidity of the ma-
terial. For materials with greater rigidity,
less time and less displacement were re-
quired to reach the maximum force and
vice versa. This conclusion was also
demonstrated by Aslan et al. [21] The
displacement amount of the samples is
a good indicator of the material rigidity.

100

Figure 4.a. Images of damage occurring at impact locations on the top (I) and bottom
surfaces (II) and cross-section (II1) of composite samples for 1680-J impact energy (A, B,
C and D, indicate the sample codes).

In terms of the maximum force, the 100%
aramid samples were ranked in the fol-
lowing order: D, C, A, and B. The maxi-
mum force values of samples D and C
were very high, and that of sample D was
30% more than that of sample A, 100%
more than that of sample B, and 15%
more than that of sample C. The fabric
structure and fibre mechanical properties
caused these differences. Although sam-
ple D was composed of woven fabric, the
maximum force value was higher than
that of the others due to the low crimp
on the yarn caused by the thin yarn. It is
known that lower crimp amounts result
in higher mechanical properties [16, 22,
23]. Although samples A and B were pro-
duced from the same yarn and the mass
per unit area was approximately equal,
the maximum force value of sample A
was 30% higher than that of sample B.

There was no crimp on the yarn in sam-
ple B, and therefore its impact behaviour
was expected to be better than that of
sample A, similar to the other mechani-
cal properties [16]. However, the results
indicate that the maximum force value of
sample B was lower than that of sample
A, which was composed of woven fabric.
This paradox could be explained by de-
formation of the filament by the needle
resulting from friction between the nee-
dle and yarn during bi-axial fabric manu-
facturing. Other researchers have also
reported this situation [24 - 26].

The main differences between samples C
and A were the linear density and threads
per unit length of the weft and warp
yarns. Both of these parameters deter-
mine the fibre volume fraction of com-
posite samples. This factor greatly affects

FIBRES & TEXTILES in Eastern Europe 2015, Vol. 23, 3(111)



Figure 4.b. Images of damage occurring at impact locations on the top (I) and bottom
surfaces (II) and cross-section (Ill) of composite samples for 1680 J impact energy (E, F, G
and H indicate the sample codes).

the general mechanical and also impact
behaviour of the composite structure, as
observed in Figure 2.

The main differences between samples
D and B were the cross-plied degree
and construction. Sample D was pro-
duced using the lay-out method, while
B was made using a biaxial warp knit-
ting machine. An adhesive film keeps
the cross-plied yarn system together in
sample D, while the knitting yarns bond
two layers of aramid yarn with loops in
sample B. Therefore the layers in D ‘s
structure are denser in contact than for
sample B. The position of yarn in sam-
ple D is not changed due to the adhesive
film, whereas the position of yarn may
be altered in sample B when a force is
encountered. These two parameters also
affect the composite impact properties.

FIBRES & TEXTILES in Eastern Europe 2015, Vol. 23, 3(111)

The maximum force and energy absorbed
decreased and the time for maximum
energy, displacement at the maximum
energy, energy at the maximum force,
displacement at the maximum force and
time for the maximum force increased
when using 45/45 cross-plied aramid
yarns, which were converted into fabric
using loops instead of 0/90 cross-plied
aramid yarns. This result demonstrates
that the flexibility of 45/45 cross-plied
fabric B was greater than that of the
0/90 cross-plied structure. The impact
strength of the 0/90 cross-plied structure
was greater than that of 45/45 cross-plied
fabric B. The following reasons may ex-
plain these findings:
a) These findings may occur because of
damage to the yarn by needles taking
place during the knitting process.

b) These findings may occur because the
yarns in structure B’s layers behave
separately due to the loose loops;
however, the yarns in sample D may
be not separated because of the adhe-
sive film between yarn layers.

This fact may occur because structure B
was more flexible than structure D.

The main difference between samples D
and E was the material type. The mass
per unit area was nearly similar, and the
effect of the mass per unite area negli-
gible. Therefore the amount of resin be-
tween filaments can be considered to be
the same. The material type also affects
the impact properties of composite mate-
rials. Using UHMWPE filaments instead
of aramid yarn in the composite as a re-
inforcement increases the time for maxi-
mum energy, displacement at maximum
energy, energy and displacement at the
maximum force, and the time for maxi-
mum force but decreases the maximum
force and maximum energy absorbed.
These effects arise from the filamenta-
tion and delamination of the UHMWPE
sheets. In contrast to sample D, which
was not filamented and delaminated,
sample E was delaminated and filament-
ed during impact testing. Therefore, the
maximum force and maximum energy
absorbed of sample D were higher than
those of sample E. The displacement and
time for the maximum force and energy
absorbed of sample D were lower than
those for sample E.

Although the maximum forces of the UH-
MWPE composite samples were lower
than those of the aramid composite ones,
the weights of the UHMWPE composite
samples were also lower than those of
the aramid ones. This advantage suggests
the use of UHMWPE composites instead
of aramid composites. Sample E, which
was a UHMWPE composite, and sam-
ple D, which was an aramid composite,
had the same construction. However, the
maximum force of sample E was 67%
less than that of sample D. As regards
the weight of the samples, to obtain the
force/weight per unit area ratio (specific
force), the difference between sample E
and sample D decreases to 32%. There-
fore UHMWPE composites could be
used with aramid composites or alone if
weight optimisation is required.Aramid
composites D and C yielded minimum
displacement values. Less displacement
offers more advantages for compos-
ites, where that of sample D is superior
compared with that of the other seven
samples. The displacements of all of the
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Figure 5. Comparison of peak force (a) and displacement of various samples.

samples are presented in Figure 5.b. The
displacement of sample D was 63% low-
er than for sample A, 89% lower than for
sample B, 29% lower than for sample C,
59% lower than for sample E, 75% lower
than for sample F, 50% lower than for
sample G and 46% lower than for sample
H. Sample B exhibits the maximum dis-
placement value, therefore exhibiting the
poorest properties with respect to the dis-
placement parameter. This situation was
also noted in the maximum force section
and was thought to be related to filament
deformation.

With respect to the displacement param-
eter, sample E was better than samples A
and B but worse than samples D and C.
The displacement of sample E was 59%
and 24% more than that of samples D
and C, respectively. Although UHMWPE
composites, such as sample E, have dis-
advantages, these composites can be pre-
ferred and used in the form of hybrids or
alone because of weight advantages.

The hybridisation of different reinforce-
ments in composite material yield new
materials which are expected to exhibit
different mechanical properties. The new
material can retain the advantages of its
constituents or produce undesirable me-
chanical properties. Hybridisation can
also be used for weight optimisation of
the composite. In this study, the aramid/
UHMWPE hybrid structure was used for
weight optimisation and the aramid/ara-
mid hybrid structure applied for optimi-
sation of the mechanical properties.

Sample F, which has an A/B structure, is
an example of an aramid/aramid hybrid,
the structure of which is composed of the
same filament but with a different cross-
plied condition and fabric structure.
The hybrid structure has a 0/90/45/-45
cross-piled situation resulting from using
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sample A, which is 0/90 cross-plied, and
sample B, which is 45/-45 cross-plied,
together. The 0/90 cross-plied section
was woven fabric, and the 45/-45 cross-
piled part - bi-axial knitting fabric. The
aim of producing this type of hybrid
was to investigate the effect of filament
orientation and fabric structure on the
impact properties of the composite. The
maximum force of sample A was 30%
more than that of sample B. The maxi-
mum force value of sample F, which
was a hybrid of samples A and B, was
26% greater than that of sample B, as
observed in Figure 2. The displacement
property of the hybrid was also different
from each component. The displacement
value of sample B was 15% higher than
that of sample A. The hybrid structure of
these two reinforcements produced 8%
better displacement than for sample B
(Figure 3). Hybrid structure F is located
between samples A and B with respect to
both the maximum force and displace-
ment properties.

Artec fibre is known as a high modulus
fibre, and its mechanical properties are
very good. Therefore this fibre is a solu-
tion in terms of the cost effective factor in
ballistic composite manufacturing. Artec
is a woven fabric and could thus be hy-
bridised properly with sample A, which
is also a woven fabric. The maximum
force of sample A was 22% lower than
that of sample C. The maximum force of
sample G, which was a hybrid of sam-
ples A and C, was 7% greater than that of
sample A (Figure 2). The same condition
was also observed in the case of displace-
ment. The displacement value of sample
G was 10% lower and better than that of
sample A (Figure 3).

It is known that the most popular aim
of hybridisation is weight optimisation.
Both aramid and UHMWPE filaments

Samples

have high-energy absorption proper-
ties. Due to the low density properties of
UHMWPE filaments, the use of this ma-
terial as a reinforcement in composite
production is a state-of-the-art approach
when weight is important.

While the stiffness of the UD UHMWPE
sample (E) is moderate, sample D, which
is UD aramid, is highly rigid. The maxi-
mum force of the UD aramid composite
was 40% greater than that of the UD UH-
MWPE composite. The maximum force
of sample H, which was produced by the
hybridisation of samples D and E of the
same thickness, was 10% greater than
that of sample E (Figure 2). The same
improvement was also achieved in the
displacement properties, as observed in
Figure 3. The displacement of sample
H was 14% better than that of sample
E. Hybrid H exhibited less displacement
than sample E.

The deformation shape can be observed
in Figure 4. The deformation forms of
all the composite materials are different
from each other in terms of the depth
and, shape of the deformation as well
as the composite surface outside of the
deforming area. Not all of the compos-
ite structure was punctured. Deformation
occurred and only formed a pit via exten-
sion type deformation of the reinforce-
ment surface.

The shape of the pit mouth was different
for changing reinforcement conditions.
The mouth of the pit was square-shaped
if the reinforcement was woven fabric
due to stress concentration occurring at
the weft and warp yarn interlacing point
[27]. Because of the lack of yarn inter-
lacing points for the UD cross-plied rein-
forcement, the mouth of the pit was con-
ical-shaped. The mouth of the pit of the
biaxial reinforcement was elliptical due

FIBRES & TEXTILES in Eastern Europe 2015, Vol. 23, 3(111)
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Figure 7. a) Typical energy — time curve and relationship between the elastic recovery energy, energy absorbed, and total impact energy.
b) Percentage of energy absorbed by various samples.

to the 45/45 cross-piled aramid yarns.
The hybrid structure of sample G, which
was composed of two different woven
reinforcements, exhibits the character of
the reinforcement type with respect to
the mouth of the pit being square-shaped.
The mouth shape of the other hybrid
structures, samples F and H, was conical,
similar to the UD cross-plied reinforce-
ment.

In addition to pit formation due to the
striker impact, the surfaces of all the
composite materials was changed. Al-
though slight deformation on composite
A was observed, no damage occurred on
the front and back surface of this sample.
Filament breakage, filamentation and
loop yarn breakage between the clamp-
ing point and peak of the tip of both sides
of composite B were observed with mod-
erate shape deformation. Surface damage

FIBRES & TEXTILES in Eastern Europe 2015, Vol. 23, 3(111)

on the clamping point of both sides of
composite C was also observed in addi-
tion to slight surface-shape deformation.
Although slight surface damage occurred
on the clamping point of the front side
of composite D, filament breakage and
serious surface damage occurred on the
reverse side near the pit area. Along
the surface and on the reverse side, de-
lamination was also observed. Filament
breakage and filamentation between the
clamping point and peak of the tip of
both sides of composite E were observed,
with moderate shape deformation and de-
lamination along the surface. The dam-
age profile of composite F was a mixture
of the damage observed for composites
A and B. The front surface, which was
composed of a reinforcement similar to
that in composite B, exhibited B-type de-
formation, and the back surface, which
was composed of a reinforcement similar

to that in composite A, showed A-type
deformation.

The damage profile of composite G was
similar to that of composite A. The dam-
age profile of composite H was similar
to that of samples D and E; differences
between samples H, D and E were only
in the tip depths, with the tip depth be-
ing higher on sample E than on sample
H, and that on sample H higher than that
of sample D.

Bending stiffness of samples

The effect of the reinforcement prop-
erties and hybridisation on the impact
properties of the composites can be ex-
amined using the maximum force and
displacement amount data. In addition to
this type of evaluation, determining the
bending stiffness is very useful. David-
West et al. [28] determined the bending
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Figure 8. Typical impact energy—time curves and comparisons of all samples (A, B, C, D,

E, E G and H indicate the sample codes).

stiffness term as the slope of the curve in
the elastic region on the load-displace-
ment curve.

The impact bending stiffness is known
as an important property in assessing
the damage resistance of a composite,
in particular delamination. This property
changes with the configuration of the
composite.

The slope of the ascending section of
the load—displacement curve is the bend-
ing stiffness due to its representation of
the stiffness of the plate under impact-
induced bending at the beginning of the
impact regime (Figure 6.a). The gradient
of the best-fit line gives the stiffness val-
ues, with an R2 value of approximately
0.99. The force—displacement plots for
the samples are quite different from each
other, indicating different bending stift-
nesses. A comparison of these values is
presented in Table 4.

The elasticity of the fibre is higher than
that of the matrix in textile-reinforced
composite materials. Therefore the time
required to reach the maximum force in-
creases with the decreasing fibre volume
fraction of the composite [29]. According
to this information, D is the most rigid
and B the most flexible materials among
the 8 samples. The time for maximum en-
ergy is related to the end of deformation
of the samples. Sample B absorbed en-
ergy in more time than the others, which
also indicates that it is the most flexible
material.
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For sample D, the tangent stiffness in-
creases until the peak load is reached.
In addition, the unloading time was rela-
tively shorter compared with the loading
period. In general, the collision between
the impactor and sample is inelastic, and
hence the interaction forces between col-
liding bodies are non-conservative, with
some energy being lost during loading
and unloading. It is expected that the
amount of energy absorbed could serve
as an indicator of the extent of damage in
the low-velocity impact.

Samples D and C exhibited the highest
bending stiffness values, which was also
supported by the deflection amount of the
sample undersides (Figure 4). The dis-
placement amount was observed to de-
crease with increasing bending stiffness.
The bending stiffness values for all of the
samples can be observed in Figure 6.b.
The damage character of those with the
highest bending stiffnesses (samples D
and C) was different from the others.

Energy absorption

The amount of energy absorbed (£,;,) by
the samples in the impact tests was calcu-
lated using the following formula:

Eabs = %(Vg - v:nd) (2)

where, m is the total mass of the impact-
ing assembly. The initial impact veloc-
ity vy is obtained from the slope of the
measured displacement-time curves just

before the impact. Here, v,,; is the end
velocity at the moment of loss of contact
between the test specimen and the im-
pact head, which is calculated from the
displacement-time curve.

Figure 7.a shows the relationships be-
tween the total impact energy, energy ab-
sorbed, and the elastic recovery energy.
The energy absorbed during impact is
given in Table 4. Figure 7.b compares
the percentage of energy absorbed for all
the samples.

The best result was acquired from sam-
ples A, D and G with respect to the en-
ergy absorption behaviour, where there
was no meaningful difference between
the absorption capacities of these three.
The energy absorption capacities of sam-
ples B and F were the worst, with sample
B exhibiting the lowest energy absorp-
tion value. These conditions demonstrate
that the bi-axial composite is not good in
terms of impact behaviour, in contrast to
expectations.

The energy absorption of some of the
composites could be improved by using
a hybrid structure. Figure 8 presents the
energy-time curves of all the composites.
Energy absorption capacities of the hy-
brid samples are also given in Figure 8
compared with 100% aramid and 100%
UHMWPE samples. According to these
results, the best hybridisation was ob-
tained for sample G in relation to energy
absorption. The energy absorption capac-
ity of sample G was better than for both
samples (A and C) forming sample G. In
particular, the energy absorption charac-
ter of sample G was 56% higher than that
of sample C.

The energy absorption capacity of hybrid
H, which was produced from samples
D and E, was also good. In addition to
the high energy absorption properties,
the weight of sample H decreased when
using the UHMWPE reinforcement.
Therefore sample H may be useful when
weight is an important parameter.

These results have demonstrated that the
energy absorption features of laminate
composites are considerably low com-
pared with those of sandwich composites
[29], which can be explained by the fact
that in laminate composites propagation
of the impact energy to the sample sur-
face is very high.
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The interlacing of energy absorbed and
displacement curves occurred where the
force was nearly at a maximum value
for all of the samples. After the maxi-
mum force, unlike the energy absorbed,
for which the level of increase did not
change, the level of increase of the dis-
placement decreased. The energy ab-
sorbed decreased after the maximum
point of energy, except for sample C.
Therefore another interlacing occurred
between the energy absorbed and dis-
placement curves at 12 - 14 ms. There
was no decrease in the energy absorbed
for sample C.

The amount of energy absorbed at the
maximum force changed depending on
the sample. Sample B absorbed the most
energy and sample D the least at the max-
imum force value.

M Conclusions

In this study, the impact behaviour of
100% aramid, 100% UHMWPE, ara-
mid-aramid hybrid and aramid-UHM-
WPE hybrid composites was investigated
experimentally, the results of which are
as follows:
The 100% UD aramid composite
plates (Sample D) have the highest
peak load and lowest displacement.
UD aramid was better than the other
aramid-based composite with respect
to both the maximum force and dis-
placement.
The maximum force and displacement
value of the 100% Artec aramid com-
posite were better than those of all of
the other aramid-based composites.
The worst value was acquired for the
100% aramid non-crimped bi-axial
fabric reinforced composite with re-
spect to all parameters, such as energy
absorption, maximum force and dis-
placement amount.
UD aramid and Artec fabric yielded
the best results with respect to the
bending stiffness. The deflection
amounts on the underside of UD ara-
mid and Artec fabric were also the
lowest.
It was concluded that weight optimi-
sation and improvement of the im-
pact properties and energy absorption
could be achieved by hybridisation of
the reinforcement type.
The maximum energy was absorbed
by sample A and the minimum by
sample C among the eight samples.
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EPNOE International Polysaccharide Conferences are now key features of the calendar
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Since 2013, the EPNOE International Polysaccharide Conference has been promoted
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» Nanopolysaccharide production, characterisation and uses, including nanocellulose and MFC
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