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Abstract

Composites are efficient, to deal with tensile kathan metals. Now-a-days, metals are
replaced with composites owing to their higherrgjth to weight ratio and are extensively
used in aircraft wing and fuselage structures. &rssuctures are subjected to high strain
rates during impact loadings, such as bird hitumr-way debris impact. In order to design
robust composite structures, it is important toarsthnd the strain-rate-dependent behavior
of composite materials. In this study, influencestfain rate on the tensile properties of
glass/epoxy, carbon/epoxy and hybrid (glass-cadmmxy) composites are experimentally
and theoretically investigated in the range ofistrates from 0.0016°sto 542 &. Drop mass
setup is used for high strain rate tests. Quaticdiests are performed on Instron universal
testing machine in accordance with ASTM D638. Tdmults indicate that the tensile strength
and tensile modulus of GFRP and hybrid compositeease and percentage of failure strain
for GFRP, CFRP and Hybrid composites decreasesthghncrease in strain rate, whereas
tensile strength and tensile modulus of CFRP resnapproximately constant. The scanning
electron microscopy is used for analyzing the failmodes of the failed region (surface) of
the tested specimens. Non contact DIC system i taseapture the strain field with the help

of high speed camera.
1. Introduction

Now-a-days, the use of composite materials is agirg very rapidly and particularly
their use in aerospace, defense and automotivecapphs are inevitable, because of their

superior structural properties. At the same timenynaccidents occurred because of



structural failures of components due to a birddnitthe aircraft, runway debris hit on gas
turbine blades and many accidents in road and vellicles. Therefore a complete
characterization of composite materials is very muoequired for the reliable design of
structural components. Some of the experimentdinigaes are helpful to characterize the
rate dependent behavior of the composite matefifis.experimental techniques for dynamic
loading are mainly categorized based on the firmmhipeters to be tested which include,
tensile, compression and shear loading and theerahgtrain rate experienced during testing
Koerber et al. [1] presented experimental study of the strain rafiecebn unidirectional
carbon/epoxy composites for strain rates up to850sing SHPB. The in-plane strain field
of the specimen was obtained by the digital imageetation technique by using a high
speed cameraBrown et al. [2] studied the tensile, compression and shear beaha¥io
commingled, woven E-glass/polypropylene compoditeshe strain rate range of 6 to

10? s* using the universal testing machine and fallinggivedrop tower. It was observed that
there was an increase in the compressive and éemsitiulus and strength with increase of
strain rate. However, the shear modulus and shesngsh decreased with increasing strain
rate. Okoli et al. [3] worked on high strain rate characterization osglapoxy composites
under tensile and shear loading. It was reportatttiere was an increase in the mechanical
properties such as tensile strength, shear stretegtbile modulus and shear modulus for the
increase of strain rat®uan et al. [4]investigated the mechanical properties of contisyou
Glass Fiber Reinforced Polypropylene compositesterstrain rates of 0.001' o 50 §.
They observed that ultimate strength and failureirstincrease with the increase of strain
rate. Ochala et al. [5] compared the dynamic compression response of GHRIPCFRP
composites for the strain rates of 19" and 450 $ by using servo hydraulic machine and
SHPB, respectively. It was observed that the cosgive strength for GFRP increased with
increasing strain rates and not much change of CHR® failure strain for both GFRP and
CFRP decreased with increase in strain r&dat et al. [6] investigated the strain rate effect
on the tensile properties of carbon/epoxy matdnalusing modified SHPB. The identical
specimens with different orientation (9D, 45, [+45],) were tested at strain rates of>1Q
and 400-600 § It was observed that in all the configurationfretss increased with
increasing strain rat&lanchezhian et al. [7]studied the mechanical behavior of CFRP and
GFRP composites for different temperatures andnstedes. They observed that the CFRP
composites have better tensile and flexural proggercompared to GFRP composites.
Guedes et al. [8]have used unidirectional laminates for uniaxial pogssion tests on a

universal testing machine at the strain rates @7,00.001 and 0.0001'sand developed a 3-



parameter constitutive viscoplastic model to déscthe mechanical behavior. Experimental
studies on the strain rate effect of glass/epoay/danocomposites, in the strain rate ranges
from 0.0016 to 450 Swere studiedd]. It is found that the glass/epoxy composite igistr
rate sensitive and reveals that the tensile modaasstrength increase as the clay loading
increases.Alemi-Ardakani et al. [10] have conducted experiments on twill woven
glass/polypropylene composite laminates under itingact energy of 200 J using the drop
weight machine and Abaqus/Explicit was used for eliad the laminate through Hashin
progressive damage criterion and showed reasorsadolyrate resultfRotem and Lifshitz
[11] studied the effect of strain rate ranges frorf & 30 §' on the tensile behavior of
unidirectional glass/epoxy composites. They foumat the dynamic strength and modulus
increased by 3 times and 50%, respectively, witipeet to the static strength and modulus.
Our studies[12-13] show that with the addition of clay the tensile mlod and strength
increase even at low strain rates as strain rateeases for both epoxy and glass/epoxy
nanocompositefNaik et al. [14] described hybrid composites (glass-carbon/epoxdaed
notch sensitivity and improved impact resistargeben [15-16]has used hybrid (“Kevlar”
49 aramid — “thornel” 300 graphite/epoxy) compasiiar his study and found that the tensile
failure strain and fracture toughness have incaeésethe hybrid effect. Hybrid composites
are mainly used to obtain the combined advantafyegooor more types of fibers or matrices
or both and at the same time mitigating their léssirable propertiegl7]. There are only
few studies on the strain rate effect of hybricaggtcarbon/epoxy) composites. Carbon/epoxy
composite is stiffer material and less sensitivestrain rate, but glass/epoxy composite is
more sensitive to strain rate. The combinatiorneke two fibers will make a laminate which
is sensitive and stiffer to impact loading. Henae,the present study in addition to
glass/epoxy and carbon/epoxy composite we have usdaid (glass-carbon/epoxy)

composite material to characterize the tensile Weh#or different strain rates.

The present research work is to investigate thieiente of strain rate, in the range of
0.0016 &to 542 &', on the tensile strength, tensile modulus, and faifirain of glass/epoxy,
carbon/epoxy and hybrid composites. The resultaiogd in this investigation show that the
percentage of failure strain for GFRP, CFRP andidyilomposites decreases and the tensile
strength and tensile modulus of GFRP and hybridpmsites increase with the increase in
strain rate, whereas tensile strength and tensddutos of CFRP remains approximately
constant. Theoretical studies show good correlatwith experiments. The DIC system is

useful to get the strain field at different levefsdeformation.



2. Experimental setup
2.1. Drop mass setup

Drop weight impact machine is used for dynamitingsto produce strain rates from 10
to 1000 & [18-19] In this technique the weight is dropped from e-getermined height to
strike the test specimen located in the fixtureigHe of falling weight along with the
specimen geometry is responsible for achievingetbffit strain rates. Load cells and non-
contact strain measuring methods are used for ledilog stress and strain respectively. The
drop mass setup mainly consists of a base plalepmmass tower, an elevator, a magnetic
holder and a fixture for holding specimen as shawfiig. 1. The guide rods, which are made
of hard chrome plated steel, are used to guidefaliag mass. The falling mass is set at
heights of 0.25, 0.5, 0.75, 1, 1.25 and 1.5 mtairavelocities of 2.21, 3.13, 3.83, 4.43, 4.95
and 5.42 m$ respectively. These velocities are responsiblenfoninal strain rates of 221,
313, 384, 443, 495 and 542 en the specimen. The schematic diagram of the drags

tower and the specimen fixture is shown in Fig. 1.
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Fig. 1Schematic diagram of drop tower a) Test setup miod8becimen fixture c)
Experimental setup



The piezoelectric load cell (PCB 208C04) of capa&tKN is used to measure the
applied load. The stress data is calculated byitigiload data with the cross section area of
gauge portion. A high speed camera (Phantom V61iih & maximum resolution of
1280x800 is used for capturing images. At full te8Bon, we can achieve a speed of 6246
frames per second and at lower resolutions it agivet up to 1, 00,000 fps. Due to the
smaller area of interest, a high frame-rate of Q00,fps is achieved at a resolution of 128 x
128 pixels with exposure time of 9.81 ps. The datquisition system, NI PXI 1042 along
with the lab view, is used for acquiring the loadalfrom the load cell. Light emitting diode
(LED) panel lights of 30 W capacity is used asgating system. Proper lighting is required

to ensure better quality pictures.
3. Material selection and laminate preparation

Three types of composite laminates, viz glass/gpoarbon/epoxy and hybrid (glass-
carbon/epoxy) are considered for the study. Theldsssfibre, woven roving mat, plain
weave, 610 gsm, from Shakthi fibre glass, Chenndia and carbon fibre of plane weave
type, 450 gsm and woven roving mat from Hindustats vt Limited, Pune, India are used.
Epoxy (Araldite (LY556)) and Hardener (HY951) areed as resin system. The mixing ratios
by weight for fibre to resin and resin to hardeaer maintained as 1:1 and 10:1, respectively.
The laminates of 300x300 mm with thickness of 2 am® made by compression moulding
technique. All the laminates are made with a lagtif0/90] orientation. Each layer of the
laminate has an average thickness of 0.4 mm. Theespof 2 mm thickness is used for
maintaining thickness of the laminate and the gitafibre direction is ensured by taking

proper care.
4. Specimen preparation and geometry

There are no specific data available on geometrthefhigh strain rate specimen for
laminated composites, however, based on literagureey and by trial and error, the new

specimen geometry (Fig. 2) is designed and valitdayeusing the drop weight dynamic test.



Fig. 2High strain rate specimen geometry a) AutoCAD diagb) GFRP composites
specimen c) Hybrid (glass-carbon/epoxy) composipesimen d) CFRP composites

specimen

It consists of a central zone with a constant waftl3 mm, gauge length of 10 mm and
both ends with a hole of 4 mm diameter. Width frém central zone to ends increases
gradually with a circular curve of radius 5 mm. Tdienensions of reference geometry are
established by trials and the dimensions are inraemce with ASTM D638.

4.1. Speckle pattern on specimen

The digital image correlation technique (DIC) i®d$0 measure planar deformations and
in-plane strains by the application of speckle gratton the test specimen surface. The
speckle pattern on the specimen can be achievedghrdifferent ways like spraying paints
on the specimen by pressurized spray paint, bygusinth brushes and also by putting
random dots on the specimen manually with spedt#P @arkers.

5. Results and discussion

The mechanical properties of all specimens (glasisén/hybrid) are tested at strain rate

ranges from 0.0016%¢0 542 &. For quasi-static, 3 specimens for each laminate¢ested at



a cross-head speed of 5 mm/min and the valuesiea o Table 1. In dynamic studies, 5
specimens for each laminate variant and for eaeinstate, total of 30 specimens are tested

and the mean value of the experimental resultgiassn in Tables 2-4.
5.1. Stress analysis

The data acquisition was sourced from Nationakumsents (NI PXI 1042). Stress values
obtained from the load data (P) are obtained frodiffarent strain rates. The stress-strain
curves at strain rates of 0.0016, 221, 313, 388, 485 and 542 sare shown in Figs. 9-11.

The nominal strain rates are calculated from thedioa [20]
£ = — (1)

in which L, is the gauge length of the specimen, which is 10 fomthe dynamic specimens

andV is the impact velocity. The impact velocity is dbtd by the equation

v = 2gh 2)
Where
g is gravitational pull andt is height of falling weight.
The modulus value for cross ply laminates is olataiby the expression

1 A%, -A?
E — E - = 11 12 3
L =B, = @)

Where

N
Ay = ) @ (e = )

k=1

(Q,))x are components of reduced stiffness matrix/igné hy_, is thickness okt layer.



Table 1 Quasi-static testing results for glasstatdpoxy hybrid laminates (4 Layers)

Thickness Width Area

Tensile stress Failure strain

Tensilemodulu

Sp. No

(mm) (mm) (mm?) (MPa) (%) (GPa)
2QG-1  1.89 6.0 11.34 380.2 8.21 7.77
2Q0G-2  1.96 6.1 11.97 3834 7.46 8.17
2QG-3  1.68 5.9  09.92 4245 6.5 9.82
Avg 396.1+24.7 7.40+0.84 08.60 + 1.08
2QGC-1 1.920 6.0 1152 442 6.00 12.46
2QGC-2 1.859 6.1  11.34 4329 6.10 12.35
2QGC-3 2.02 6.0 12.16 387.6 5.85 11.83
Avg 420.8+29.1  598+0.12 12.21 +0.33
2QC-1  1.706 6.0 10.24 517.6 2.84 31.03
2QC-2  1.706 6.0 10.24 5255 2.87 32.66
2QC-3  1.727 6.2  10.71 5319 3.02 33.77
Avg 525.0 +7.1 2.91 +0.09 32.49 +1.38

Where, QG = quasi- static glass/epoxy compositeCQ@Gquasi-static glass-carbon/epoxy

composite, QC = quasi- static carbon/epoxy composit

Table 2 High strain rate experimental results akglepoxy composites (4 layers)

Height Strain rate Tensile stress  Tensile modulus Failure strain
(m) (sh) (MPa) (GPa) (%)
Quasi-static 0.001 396.1+24.7 08.59 + 1.08 7.4084
0.25 221.4 407.7+£17.0 27.63 + 0.55 2.88+0.25
0.5 313.2 434.0 £ 36.7 28.25+0.35 2.55+0.17
0.75 383.6 488.5 + 40.0 30.81+2.45 2.40+0.18
1.0 442.9 517.4 £ 23.1 31.43+£5.64 2.19+0.21
1.25 495.2 577.2+51.1 31.58 + 3.37 1.95 +0.05
1.5 542.4 658.8 +43.4 32.88 +0.55 1.82 £ 0.52




Table 3 High strain rate experimental results dirfd/(glass-carbon/epoxy) composites (4

layers)
Height Strain rate Tensile stress  Tensile modulus Failure strain
(m) (sh) (MPa) (GPa) (%)
Quasi-static 0.001 420.8 £+ 29.1 12.21 £0.33 5.9812
0.25 221.4 430.1+£5.6 29.31+0.77 2.39 + 0.65
0.5 313.2 440.1 £8.9 30.14 £ 1.55 2.06 £ 0.66
0.75 383.6 463.2 +31.0 32.03+£8.94 1.82£0.27
1.0 442.9 475.2 £ 31.6 33.70£4.22 157 +£0.18
1.25 495.2 534.8 £ 30.0 34.21 £ 2.00 1.37£0.35
15 542.4 585.3+47.1 34.60 £ 7.63 1.30+£0.12

Table 4 High strain rate experimental results oboa/epoxy composites (4 layers)

Height Strain rate Tensile stress  Tensile modulus Failure strain
(m) (sh (MPa) (GPa) (%)
Quasi-static 0.001 525.0+ 7.1 32.49 +1.38 2.9100
0.25 221.4 556.3 +52.2 39.54+1.29 1.81+0.46
0.5 313.2 542.5 +43.2 40.34 + 0.95 1.74 £ 1.03
0.75 383.6 529.8 +17.7 41.88 + 6.58 1.72+0.41
1.0 442.9 550.9 + 50.6 4351 +2.34 1.52 £ 0.26
1.25 495.2 550.5+12.8 37.56 £ 5.96 1.28 £ 0.05
1.5 542.4 558.4 + 16.6 42.46 £ 1.02 1.09 £0.01

5.2. Strain analysis

The DIC system is used to obtain the strain dap@cithen failure images are captured
during loading condition by Phantom V611 high speaidnera. The camera is set at a
distance of 50 cm from the specimen with 128 X i@®lutions with an exposure time of
9.81 us and aparture of 2.8 cm. The LED lightsusesd to get good illustration. The VIC-2D
software recognizes these images of DIC to obta@ih-plane displacements and strain
contours. The accuracy of the measured displaceniifluenced by the mean speckle size
and the size of subsgtl]. The subset size and step size are optimizedtteegable strain

data. The colour map has chosen for DIC analysipastrum (cw). Typical strain contour



plots in the glass/epoxy, carbon/epoxy and hylgldss-carbon/epoxy) composites at 0.5 m

height and at different time intervals are showfigs. 3-5.

ey
= =

Time = 1050 s Time = 1260 s

Fig. 3 Strain contour plots of the glass/epoxy cosies at 0.5 m height &) {)max=2% at
1050 ps b)f(yy)max: 2.4% at 1260 ps
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Time = 1390 s Time = 1570 ps

Fig. 4 Strain contour plots of the carbon/epoxy posites at 0.5 m height &),)max= 0.6%
at 1390 ps b)e(y)max= 2%at 1570 ps

Time = 3050 s Time=3110 s

Fig. 5 Strain contour plots of the hybrid compasié 0.5 m height a}y)max= 1.2% at 3050
MS b) €yy)ma= 2.1%at 3110 ps



From Figs. 3 (b) ,4 (b) and 5 (b), it is seen ttat failure strain obtained for glass/epoxy
composites is 2.4%, for carbon/epoxy composite2%s and hybrid (glass-carbon/epoxy)

composites is 2.1 % at 1260 us, 1570 us and 331@gpectively.

5.3 Effect of strain rate on mechanical properties

Yen andCaiazzo (Y-C)have used the logarithmic functions to measurénstede effects

in composites|22-25] which are given by

y = Err = (E, (pln§+ Ey) (4)
Y =Swr= (SoBIng+50) 5)
y = &r = (& yln%+ €0) (6)

Where &t and E are the rate adjusted (high strain rate) and egtac moduli, & and 9

are the rate adjusted (high strain rate) and ggtasic strengthssizr andegare the high strain
rate and quasi-static strains, respectivélyis the reference strain rate = 1 and ¢ are the
effective strain ratesp, f andy are the strain rate constants for stiffness, gtreand strain,

respectively.
The first degree polynomial Eqgn. is written as
y=mx+c (7)
Where, m = slope of the line
By comparing Eqns. (4), (5), (6) with Eqn. (7)

Yy=Epr, m=Eyq, x= lnéE in EqQn. (4); y =Sgr, M =56, x = lnéE in Egn. (5); y =
0 0

Err, M =gyy, X = ln,gE in Eqn. (6);
0

Brown et al. [2] used the Y-C functions for their curve fitting afodind that best curve
fit is possible for strain rates above 36 i the present research work, theoretical moslel i
used based on strain rate dependent functions a@alby Yen and Caiaz4@2-25] to
determine the effect of strain rate on tensile nhagluensile strength and tensile strain of the



composite specimens. Strain rate parameters ftmests, strength and strain are determined
by using the first degree polynomial equation (ynx + c) and the known experimental

values of the tensile modulus, tensile strength fafdre strain. The obtained strain rate

parameters (Table 5) are useful for numerical satrhs and Engineering applications.

Quasi-static experimental values are taken asamder values for theoretical model. The
theoretical values of tensile modulus, tensilengjtie and tensile strain are determined from
Eqgns. (4), (5) and (6) by using the strain ratestamts.

Table 5Strain rate constants for glass/carbon/epoxy hytoidposites

Strain rate constant Strain rate constant Strain rate constant

Material type for tensile modulus  for tensile strength for tensile strain
(¢) (B) )
Glass/epoxy 0.426 0.048 -0.116
Carbon/epoxy 0.046 0.006 -0.079
Hybrid 0.276 0.026 -0.118

It is observed from Table 1 that hybrid compositage higher tensile modulus compared
to glass/epoxy composites and higher tensile fiktrain than carbon/epoxy composites.
From Table 2, it is observed that the tensile yiglicength of glass/epoxy increases from
396.1 MPa at 0.0016'¢0 658.8 MPa at 542'swhich indicates 66.3% increase in the tensile
strength and the modulus has increased from 8.59tGB2.8 GPa (3.8 times) for the same
range of strain rates. It appears that as thenstede increases, stiffening mechanism takes
place, due to which there is an increase in modahg strength. It is also observed for
glass/epoxy composites that the failure strain elses from 7.4% to 1.8% as the strain rate
increases from 0.0016"$0 542 &. For hybrid (glass-carbon/epoxy) composites, #rsite
strength and modulus have increased by 39% antin2e8, respectively for the same strain
rate increase, whereas the failure strain decrdem®s5.9% to 1.3% (Table 3). From Table
4, it is observed that the tensile yield strendthasbon/epoxy is insensitive to the strain rate.
The modulus of carbon/epoxy increases from 32.4 B6R#.4 GPa (1.3 times) and failure
strain of carbon/epoxy decreases from 2.9% to 1.69%he strain rate increases. At quasi-
static strain rates, the contact duration betwdenstructure and loading device is more.
Therefore, material tends to fail in ductile mannenereas at higher strain rates, due to more

loading rates, material tends to a more brittlealvedr, which results into lower failure strain



at dynamic loading ratd26-28]. Theoretical results are validated with experiraengsults
and are shown in Figs. 6 - 8. The results reveslfthr GFRP, CFRP and hybrid composites,
experimental values match well with the theoretresllts.

—
=
=

-=-#--- Carbon/epoxy experimental

15 - == Carbon/epoxy Eq. (4)
— & - GC/epoxy experimental

10 1 - —— GC/epoxyEq.(4)

Tensile modulus, GPa

- - - Glass/epoxy experimental

—&— Glass/epoxy Eq. (4)

Fig. 6 The effect of strain rate on the tensile olod of glass/carbon/hybrid composites
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Fig. 7 The effect of strain rate on the tensilersgith of glass/carbon/hybrid composites

= -4~ - Carbon/epoxy experimental
—+— Carbon/epoxy Eq. (6)

=& =GC/epoxy experimental
—i— GC/epoxyEq. (6)

-+-9+ Glass/epoxy experimental
—a— Glass/epoxy Eq. (6)

Tensile strain, %
e

Fig. 8 The effect of strain rate on the tensilaistof glass/carbon/hybrid composites



The typical stress-strain response of the gladsdécdnybrid/epoxy composites at
different strain rates are shown in Figs. 9-11. &se of scattering in the response of the
stress- strain curve, the polynomial regressioonrder 3 is chosen for plotting stress-strain
curves. In quasi-static testing, it is observed tha stress-strain curve is linear elastic up to
maximum stress. For dynamic loadings, due to nomgemeous deformation in the
specimen and the viscoelastic behavior of matriken followed by strain hardening cause
the increase of tensile strength and modulus acdedse in failure strain. These variations
are seen in Figs. 9-11. For glass/epoxy composttes though both fiber and matrix are
strain rate sensitive, the influence of strain ssesitivity of matrix is less than the fib¢29-

30]. Therefore, at dynamic loadings, tensile streratld modulus increase as strain rate

increases, until the fibers fail completely.

5=
i
=
=
rﬂ"'
{7 2]
i
h7
9>
= - -
= — (Juasi-static
5 N R e [ — 2211/
a -=3131/8
- = 3841/s
=« =443 1/5
-4951/x
5421/s
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o -

4 6

< 4
(B8]

Tensile strain, %

Fig. 9 Stress—strain response of GFRP composites forelffdnigh strain rates
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Fig. 10Stress—strain response of CFRP composites foreliffdnigh strain rates
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Fig. 11Stress—strain response of hybrid composites féereifit high strain rates




6. Fractography analysis

SEM analysis was conducted on the tensile failetispens for quasi-static and dynamic
loadings by using Hitachi S-4800 Scanning Electidicroscope (SEM). The failed
specimens were coated with an lon-sputter coataipetgnt to obtain high conductance for
SEM observation. The SEM micrographs of the glgssfg and carbon/epoxy composite
specimens, tested under tensile loading are showigs. 12 & 13.

It is observed in quasi-static tensile testing thatfailure is progressive due to absence of
inertia and wave propagation effects. Figs. 12)(@adicate a failure mechanism (fiber
breakage, fiber pull-out and matrix microcrackimg)quasi-static tensile testing at a cross-

head speed of 5 mm/min.

Fiber breakage

3.0kV 7.9mm x700 SE(M)

Matrix adhered to the fibers is shown in Figs. &2, (vhich indicate perfect bonding
between fiber-matrix interface. Fiber - matrix asibe induces brittle failurg31]. It is
observed in Figs. 12 (a & b) that there is brif#iéure and fiber breakage at the fiber ends.



Matrix clogged fibres Fiber pull-out

5.0kV 8.8mm x400 SE(M)

Fig. 12 (c) shows the river- line pattern alonghwnicrocracking in the resin of the cross
ply laminates during quasi- static testing. Thisses delamination in laminated composite
plates, which lead to failurg82-34]. Matrix microcracking also reduces the stiffnesghef
composite materigB5-36].

~

River-line pattern

3.0kV 9.1mm x500 SE(M) 100um

Fig. 12 SEM micrograph of the GFRP and CFRP contg®$n quasi-static tensile testing
a) Fiber breakage (carbon/epoxy) b) Fiber pull{catbon/epoxy) c) Matrix microcracking

(glass/epoxy)



The failure modes observed in high strain ratsiteriesting show fiber pull-out , matrix
crack, matrix damage and fiber — matrix interfaebahding which are seen in Figs. 13 (a-c).

Fiber pull-out

Resin rich area

(] ]

3.0kV 9.1mm x250 SE(M) 200um

Matrix damage

Matrix crack

5.0kV 7.8mm x1.20k SE(M)

Matrix damage is dependent on the fiber-matrixriat@al bond strength and test speed.
As strain rate increases, fibre tensile failureerggth and tensile modulus have increased,
which results in the increased fiber-matrix interéh bond strength. The high strain rate
loading causes matrix damage, which is seen inl&db). This leads the failure mechanism

of fiber pull-out, which is seen in Figs. 13 (ahig occurs in the resin rich areas. Similar



observations are made [87]. It is observed that fiber — matrix debonding hasuoed,

which is seen in Fig. 13 (c).

Fiber - matrix debonding

A

5.0kV 7.8mm x900 SE(M) T 50 0um

Fig. 13 SEM micrograph of the GFRP and CFRP cong®sit high strain rates a) Fiber pull-
out (carbon/epoxy) b) Matrix damage and matrix kr@tass/epoxy) c) Fiber-matrix
debonding (glass/epoxy)

7. Conclusions

In this work, an attempt is made to characterize iimaterial behavior under tensile
loading of glass/epoxy (GFRP), carbon/epoxy (CFRRY hybrid (glass-carbon/epoxy)
composites for strain rates ranging from 0.0018cs542 &. The following conclusions are

drawn.

1. For glass/epoxy composites, the tensile streng@i3¥6) and modulus (3.8 times)
increased as the strain rate increases.

2. For carbon/epoxy composites, there is not muchgdamthe tensile strength (6.3%)
and modulus (1.3 times). Carbon/epoxy compositesstffer materials and almost
same load is required to break the specimens froasiestatic to dynamic loading
rates. In general, both carbon fiber and epoxy imate brittle. The combination of
these two materials exhibit almost same tensilength and modulus from quasi-

static to dynamic loading rates.



3. For hybrid (glass-carbon/epoxy) composites, thesitenstrength and modulus
increased by 39% & 2.8 times respectively, as ttersrate increases.

4. The failure strain in quasi-static testing is highigan that in dynamic loading for
GFRP, CFRP and hybrid composites. At lower strates, due to less loading rates
the failure takes place gradually. Whereas at migh@in rates, the conact duration
between the structure and loading device is vesy. leTherefore, material tends to a
more brittle behavior, which results into loweldiag strain at high strain rates.

5. Glass/epoxy composites are the best combinatiorofotiiree composites due to its
more strain rate sensitivity. However, hybrid comipss have combined
advantageous of both glass/epoxy and carbon/epompasites. GFRP and CFRP
composites have been made hybrid composites agigerns strain rate and also
stiffer to impact loading.

6. The experimental results obtained in this study wseful to designers to validate
numerical simulations with experimental values.

7. SEM micrographs of the tensile tested specimensvghe rough surface, matrix
crack, matrix damage, fiber pullout and fiber-matdebonding during dynamic
loading condition.

8. The best theoretical fit is obtained by the lodemic functions for
glass/carbon/hybrid composites. Experimental valmegch well with theoretical

results.
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Figure captions

Figure 1 Schematic diagram of drop tower a) Testipsenodel b) Specimen fixture c)

Experimental setup

Figure 2 High strain rate specimen geometry a) 84D diagram b) GFRP composites
specimen c¢) Hybrid (glass-carbon/epoxy) composipecimen d) CFRP composites

specimen

Figure 3 Strain contour plots of the glass/epoxyposites at 0.5 m height &),)max=2% at
1050 ps b)djy)max= 2.4% at 1260 ps

Figure 4 Fig. 4 Strain contour plots of the carlepoky composites at 0.5 m height 8) Ynax
= 0.6% at 1390 ps by )ma— 2%at 1570 ps

Figure 5 Fig. 5 Strain contour plots of the hybcmmposites at 0.5 m height &),fmax=
1.2% at 3050 us byyf)max 2.1%at 3110 ps

Figure 6 The effect of strain rate on the tensiteloius of glass/carbon/hybrid composites
Figure 7 The effect of strain rate on the tendilergyth of glass/carbon/hybrid composites

Figure 8 The effect of strain rate on the tendilais of glass/carbon/hybrid composites



Figure 9 Stress—strain response of GFRP compdsitesfferent high strain rates
Figure 10 Stress—strain response of CFRP compdsitégdferent high strain rates
Figure 11 Stress—strain response of hybrid comg®$§ir different high strain rates

Figure 12 SEM micrograph of the GFRP and CFRP caitgm®in quasi-static tensile testing
a) Fiber breakage (carbon/epoxy) b) Fiber pull{@arbon/epoxy) c) Matrix microcracking
(glass/epoxy)

Figure 13 SEM micrograph of the GFRP and CFRP caitgmat high strain rates a) Fiber
pull-out (carbon/epoxy) b) Matrix damage and matack (glass/epoxy) c) Fiber-matrix

debonding (glass/epoxy)

Table captions
Table 1 Quasi-static testing results for glasstatépoxy hybrid laminates (4 Layers)
Table 2 High strain rate experimental results akglepoxy composites (4 layers)

Table 3 High strain rate experimental results dbrfdy (glass/carbon/epoxy) composites (4

layers)
Table 4 High strain rate experimental results oboa/epoxy composites (4 layers)

Table 5 Strain rate constants for glass/carbonAepgkrid composites



