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Use of the Split Hopkinson Pressure Bar on
Performance Evaluation of Polymer Composites
for Ballistic Protection Purposes

Rafael Rodrigues Dias ¢, laci Miranda Pereira® & Bluma Guenther Soares ”

Abstract- This article presents a review of the split Hopkinson
pressure bar uses on evaluation of polymer composites
ballistic material’s dynamic mechanical properties A small
introduction concerning the equipment is given, followed by a
summarization of the most recent published studies relating to
dynamic compressive tests used to study dynamic properties
of ballistic polymeric composites such as Young's modulus,
maximum stress, strain at maximum stress, tenacity and
maximum strain, as well as the sensitivity of these properties
to changes in the applied strain rate.

Keywords: hopkinson bar, high strain rate, ballistic
composites, failure mechanisms.

. INTRODUCTION

esearches on materials applicable to individual
qballis’[io shielding (ballistic helmet and vest),

ballistic vehicles and facilities have the great
challenge of increasing the resistance to impact and
reducing the product weight, being, therefore, an area of
great domain of the polymeric composites'. The
evaluations of the performance of these materials for
ballistic armor purposes do not follow the usual
standards of characterization of composites, since they
are subjected to high strain rates, close to 10*s™, when
they are hit by ammunition of small guns (revolver and
pistol), as well as fragments of grenades. The drilling
power of such weapons is one of the main threats to
individual shielding apparatuses (ballistic helmet and
vest) and vehicles®. Thus, the mechanical assay to be
chosen in order to study the dynamic behavior of a
polymeric composite for ballistic protection purposes
must be capable of imposing near-to-ballistic impact
deformation rates™. '

From this  perspective, the  dynamic
compression test in a split Hopkinson pressure bar has
been considered one of the best and most indicated
methods for a more detailed evaluation of the dynamic
response of polymeric composites for ballistic
protection, since it is robust and has a great capacity to
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achieve uniaxial compression strengths
regime of strain rates'.

The objective of the present work is to
emphasize the importance of the use of the Hopkinson
Bar in the evaluation of polymeric composites for
ballistic applications. Initially, a brief review of the
technical aspects associated with the use of the
Hopkinson Bar in dynamic compression tests is
presented. Subsequently, the paper presents a review of
some recent scientific articles which used this
equipment to study dynamic properties of ballistic
polymeric composites such as Young's modulus (E),
maximum stress (G,,,), Strain at maximum stress (&),
tenacity (J) and maximum strain (€mx), as well as the
sensitivity of these properties to changes in the applied

strain rate (%).

in steady

II.  Spuir HOPKINSON PRESSURE BAR

The Split Hopkinson Pressure Bar, or simply
Hopkinson Bar, is a mechanical characterization
equipment used for dynamic compression tests aiming
to investigate the response of a material when subjected
to high strain rates (10? — 10*s~1)"""®, The equipment
was named after the work of Bertram Hopkinson in
1914, who used a cylindrical bar to experimentally
estimate the pressure reached by explosive detonations
and ammunition shots™. The structure currently in use,
however, was conceived by Kolsky in 1949 with some
variations, mainly in the propulsion system and in the
electronic signal receiving apparatus. In a broad way, it
is composed of a gas chamber, an impact or, an
incident bar and a transmitter bar. Figure 1 shows a
schematic drawing of the equipment, with the names of
its main components. In a basic description of its
operation, the striker reaches the end of the incident bar
driven forward by a large volume of gas suddenly
released within the propulsion system.
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Figure 1: Isometric view of the Hopkinson Bar, with the nomenclature of the main components’®.

As a consequence of the impact of the striker
on the incident bar, a compressive stress wave begins
its propagation. This wave, upon reaching the interface
between the incident bar and the sample, has part of it
reflected (voltage pulse) and the remainder is
transmitted through the sample as a compression
wave'”. Strain-gauges are installed at half the length of
each of the two bars of the equipment, capturing the
vibration coming from the propagation of mechanical
waves. An oscilloscope receives the signals captured,
passing them on to an amplification system, which
generates charts of Voltage (mV) vs. Time (ms).
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Figure 2: Typical Voltage (mV) vs. Time (ms) chart, in
which the incident, reflected and transmitted pulses are
identified

Figure2 shows a characteristic example of
incident, reflected, and transmitted pulses. The incident
and reflected pulses (in blue) are captured by the strain-
gauge installed in the incident bar; while the pulse
transmitted (in red) by the one installed in the transmitter
bar.

The voltage values as a function of time
obtained by the strain-gauges are converted into elastic
strain values of the bars. We have, then, €(t), €,(t) and ¢,
(t) as the elastic strains generated, respectively, by the
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incident, reflected and transmitted pulse. These values,
in turn, are used in a mathematical model to calculate

the tension (o), strain (€) and strain rate (g) values

which act in the sample; all as a function of time.
The formulations are presented in (1) to (3):

12,13,15,18,19
ot) =22 (5 + & + &) (1)
—2Cp rt
€= La”fo(gi + & + &) 2
de —-2C
i Lab (& + & + &) (3)

where C, is the speed of propagation of mechanical
waves in the bar, A, and A, are the cross-sectional
areas of the bar and sample, and E; is the modulus of
elasticity of the bar material. These equations are known
as the three-wave model.

These three equations, however, were
developed considering some boundary conditions
which must be verified so that the values adequately
represent the properties of the material. The conditions
are the following'" #1720

1. The incident, transmitter and the striker bars must
have the same diameter and be of the same
material, being it homogeneous and isotropic. The
incident and transmitter bars must have the same
length. During the impacts, they must remain in the
elastic regime.

2. The propagation of mechanical waves in the

incident and transmitter bars is considered one-
dimensional. The one-dimensional wave
propagation model in bars was developed
considering a semi-infinite solid medium. Since this
is not in practice possible, the equipment must have
sufficiently long incident and transmitter bars to
ensure  the  predominantly  one-dimensional
propagation of waves. This is achieved by ensuring
that the length/diameter ratio of the bars is at least
equal to 20.



3. The incident bar/sample and sample/transmitter bar
interfaces shall be perfectly flat, with full contact
between the sample and the bars.

4. The materials of the sample and bars must have
close mechanical impedance. This, in turn, is the
product between density and the speed of
propagation of the material, (4):

Z=pC (4)

1. The material of the sample cannot be compressible,
i.e., the density of the material must not vary with the
impact.

2. The test shall take place at stress equilibrium, that
is, the stress applied at the incident bar/sample
interface shall be convergent with the one generated
at the sample/transmitter bar interface.

3. The strain rate to which each sample is subjected
must be constant, that is, it cannot vary with the
strain of the sample.

4. The sample must have a geometry that minimizes
the interfacial friction and inertia effects, since these
phenomena generate propagation of bi and/or
three-dimensional waves.

Following the conditions outlined above, the
mathematical model commonly used presents coherent
and reliable results, but there is a natural and
acceptable lag between the result obtained by pure
application of the theoretical model of one-dimensional
wave propagation and the practical result of a dynamic
compression test. In the first case, the result would be a
pulse of rectangular shape and without oscillations,
while the pulse of a test has a trapezoidal profile and
oscillations in its plateau (Figure 2). This is due to the
propagation of mechanical waves in cylindrical bars
being three-dimensional in nature, which implicates the
existence of multiple wave frequencies 192223,

I11. APPLICATION OF HOPKINSON BAR AT
ARMOR MATERIALS

In polymeric composites to be used in ballistic
protection, the main fibers used as reinforcements are:
glass, aramid and ultra-high molecular weight
polyethylene (UHMWPE)?3,

Glass fibers are usually employed in structural
polymer composites, whose applications in defense
systems are in transportation and constructions
susceptible to ballistic impacts and/or wave
propagations from explosions, such as bunkers,
aircrafts and military vehicles'*®. Aramid fibers were
developed in 1965 and are routinely used in individual
ballistic shielding apparatuses (helmets and ballistic
vests), and can also be used in collective shielding
apparatuses (military vehicles, utilitarian vehicles and

facilities), with DuPont (Kevlar®) and Teijin (Twaron®) as

its main producers®e Ultra high molecular weight
polyethylene (UHMWPE) fibers, in turn, were developed
in the late 1980s and began to excel in the area of
individual ballistic vests during the 1990s°. Currently, the
prepregs of UHMWPE fibers already dominate individual
shielding markets that once were dominated by the
aramid fibers, given that they also have high modulus of
elasticity and tenacity, but a considerably lower
density®. Its most known producers are DSM
(Dyneema®) and Honeywell (SpectraShieId®).

Table 1 compiles the articles addressed in this
work, listing the authors of the articles, the composites
studied, the processing used and the strain rates
imposed to the material.

Govender et al.¥ tested, in a Hopkinson Bar,
glass fiber/vinyl ester resin composites, comparing the
results of ., with those of the quasi-static compression
test, identifying an increase of 10%. Failure analysis of
the samples under optical microscopy indicated
delamination, fracture of fibers and fracture plane at 45°
in relation to the longitudinal axis.

Tasdemirci et al.® impacted samples of glass
fiber/PS composites, evaluating E and o,,,, to compare
the dynamic and quasi-static behaviors, in longitudinal,
transverse and across thickness directions. In all of
these, the properties cited increased significantly under
dynamic assay.

Zainnudin et al.*® exposed glass fiber/epoxy
(pure and nanostructured) composites to interspersed
UV radiation/condensation treatments with different
durations. The dynamic properties, E and 0.,
decreased as the UV/condensation treatment time
increased. Compared with equivalent treatment
conditions, the nanostructured matrix samples had
superior properties than pure matrix composites, under
all conditions, which was attributed to better interfacial
adhesion, and therefore less delamination in
comparison with the other compositions.

Kim et al.** produced glass fiber/polyester (pure
and CNT) and glass fiber/polyurethane (pure and CNT)
composites. Dynamic compression tests were used to
compare the impact absorption capacity of each
composite, with and without the treated fiber layers, and
found that the greatest €., and J were obtained by the
glass fiber/polyurethane/CNT composite.

Arbaoui et al.*' studied the compressive
properties in the plane (fiber-weft direction), E, 0., and
€5, Of glass fiber woven fabric/vinyl ester resin
composites, of bi- or three- dimensional woven fabrics.
The 3D woven fabric composites showed superior
properties at all rates employed, especially for Omax, in
which the 2D woven fabric showed a decline in the
highest rates employed.

Tarfaoi et al.* processed glass fiber/epoxy
composites, presenting in a dynamic test a reasonable
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sensitivity to the increase of %, when displaying greater
€max and J whilst receiving greater impact pressures.
Using high-speed infrared camera, the authors verified
that the impact energy was dissipated through matrix
rupture, delamination and fiber breakage; mechanisms

. de .
which became more present as d—f increased.

Researchers Woo and Kim* processed
aramid/phenolic resin prepregs, which presented, in
tests of dynamic compression, sensitivity to small

variations of % with linear growth of Omax (233%) and J

(211%). The variable g5 of the composite, on the other
hand, presented a slight reduction (16%) with the

. d . . L
increase of d—f. SEM images and acoustic emission

signals indicated matrix rupture, delamination, fiber
tearing and rupture as the main failure mechanisms. The
researchers concluded that with the increase of the
impact energy, the samples presented fragile fractures
in greater volume and faster, reducing its strain
capacity, justifying the reduction of & In the
subsequent work by the same authors*, a hybrid woven
fabric composed of carbon fibers (weft) and para-
aramid (warp) was used, with the same resin and same
fiber/matrix ratio as Woo and Kim*. The properties
showed sensitivity to variations of %, but more discreet.
The Omx, however, were 1.6x higher than those
obtained in the previous study*®. In addition to all failure
mechanisms present in the aramid fiber composite,
there was a fragile fracture of the carbon fibers, which
contributed to increase the impact resistance of the
material, expressed in the increase of Omx.

Chouhan et al.*® worked with aramid/PP-co-AM
(10%) composites, testing samples with different
amounts of fabric layers (16, 24 and 30) and therefore
different e/d ratios, in order to study the quality of the
results obtained in each geometry, observing the best
dynamic properties in the 24-layer composite. Kapoor et
al®® in turn, tested, at 6 different strain rates, the
composite that presented the best conditions in
Chouhan et al.*, developed equations for the dynamic

properties as a function of % and compared the results

with those of Woo and Kim*. The composite presented
second-order growth of J and linear growth of &g,
therefore greater than the aramid/phenalic resin tested
in . The higher impact absorption capacity of the
material was associated with the ductility of the
thermoplastic matrix and the higher fiber/matrix
adhesion ensured by the presence of maleic anhydride.

Bandaru et al.*” manufactured aramid/PP and
aramid/basalt/PP composites, testing all of them on a
Hopkinson Bar. The composite of hybrid woven fabric
obtained superior results of E and Onx due to higher
fiber/matrix adhesion of the basalt/PP composite. The
fragility of the basalt, however, made the hybrid
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composites present a decrease in €5 with the increase
d . .
of d—‘:, whereas the homogeneous aramid/PP composite

showed growth in this value in the same situation,
corroborating the results obtained with two-dimensional
fabrics*“°,

Qian et al.*® tested samples of aramid/PAg
composite plates, with different fiber/matrix ratios,
analyzing the response of each material to the increase
in the impact energy, as well as the influence of the
variation in the thickness/diameter ratio on the dynamic
properties of the material. They concluded that,
regardless of the composition, all of them presented

sensitivity to % and compositions with higher fiber

volume presented higher E and Opmax; and smaller €.



610C T'2X E [ uotsiop A onss| X[X Qumpop ([) Suroursug ur SOUDIBISAY JO [euInof [eqorn

juatayglp yum ssusodwod Jo Buissasold 9GP 10H Jlige)  Jeqly  plwere  uleld o B 10 LB
"Buissaoo.d uoIssadwod susAdo.dAod /181 1jeseg /o1ide)
aleld onsieg 8y ur jeseq/piwere-ered | GEZG-££9E | 10y PalsIsse ‘[e 18 NJepueg
Jaquy pluele ureid_Jrejaed | &
JO SOuQR) PLIOAY JeuoISusWIp-8aJyl JO asn -winnaea ®
"uoISaype X1Lijew/1aqly
ay) asealoul 01 xurew audjAdoidAjod sy ul | ¥9Z7-0/ET -09-41) 3D1LIDAULER-09 o I8 39 Ueynoyd
J1azi|igiedwod e se pasn sem splipAyue d19jeN uolssadwos (-00-dd) aptipAy
"pa1sal a11sodwiod ay) 10U PAISISSE | 5y9101-guajAdosdAjod / (1uodnq)
10} OlYel JaJAWIBID/SSAUXDIL 193] AU SUILLIRNP | G966 - TOTZ | -WNNIBA | gemny opgey Jogly pIWeR Ureld | . ‘[e1s Joode)
01 pasn aJam reg uosupjdoH a8yl uo S1se ’ o ’ s
1261 apAusprew.oy-jousyd /
190 | g8yl co_www_meoo (10dNQ) @BYX PILIEE PUE ®OOE | ,,LUIN| PUB 0OM
uolssaidwos olweuAp syl Buunp ansodwod /00T -1 USAOM SJBQl} UOQJed [JIML
3Ul JO Swslueyoaw ainjre) a8yl alen|eAs 09T .
uoissaidwo)| (uodn@ wouly ‘Baidaid d1jousyd
01 anbiuydsl uoISSIWS 21ISN0JE 3Yl JO s wmw 1OH JOUIBH 40 WAUO.OE) ®ddH 85/ ey WID| puB 00A\
11531 ay1 Burinp sajdwres ayy
Jo abueyo ainjeladwal sy JolUOW O] SeJdWRD | OSYT - 82 c_wmw_rwﬂﬂo_m <5216 m@m_\\,/_oﬂl._mn.__m_v \Mﬂwﬁ_&ww w__ h_mmc 2, 1819 10BLIR |
paJeljul paads-ybiy pue sajdnosowayl Jo asn : N SSel [EUORI3IIPIUN
(2016 ,NOIQ)
"UOII93.1IP Z 8y} Ul pajuaLio siaqly aualAlskjod ®
o S U o o peduor ok | zagezz |0 | B M) (IO SOV | g
pakojdwa $811S0dWO0d [RUOISUSWIP-33JLY) 8L : /N 3 Solige} Jeqyy ssejb Jeuol P
-9a.) pue [euolsuswip-1g
"passado.d atam (1 NDWA) Segnioueu uog.ed
paublje Ajeonuan Agq padlojuled solige) Jo 001 BuIAR[0ITY 1ND/ Nd / 9uiqed ssejBiaqi4 urejd 216 Wi
siake| €T ay1 JO € yum se)isodwod pue dLiqe) LNO /Sd /21qey Jaquy sse|b ured o
Jagy sse|b aund Jo siake| €T yum sansoduio)
"(skep T pue o (382 '| ®@JswoueN)
0T ‘G) suoneInp UJalIP UM ‘UOIBSUSpUOD Js|jyoueu  ayuofjounuow / (ST | .
JO Uy pue uoirelpes AN JO Yy pasiadsiaiul eyl mmm N1d -g) Axode / (ise|9Jeqi4) 3 Jaquy |6 [e 13 ulppnurez
SjusWIeaJ) 0] pPalIwWgNs 8Jam sal1sodwiod ay L sse|f  UBAOM-UOU  [euondaJIpIun
'sioyine ayy Aq padojanap
weJsbosd juswald 8uul 8yl ul pajussald (Xvdz0. @ansAhi))
3s0U] UY1IM Wway) aJedwod 01 pue swisiueydsw 006 ~ NLHVA 18159A10d/[S1-/06/G7/0] |ge T 131011WIBpse |
uresls ayl Apmis 01 J9pJO Ul eJoWED 3 ouqed Jaqly sselb [eixe-Lpend)
paads-ybly e Aq popJodal alem S1s8) Byl
'S1S81 U9aMIaq aled Ure.ls ayl Jo (#8088 @aupyelaq) 49158 |
UOIBLIBA U1 82NPaJ 0] IS LIS |BIIUOD B JO 8N 0cs ~ N1 [AuIA/3 ouigey Jaqly sself ureld | %€ |€ 19 J9PUSN0D
SUOIBAIRSAO =) Buissasold paipnis saisodwo) saoualaley

saley urens

S1S8] 8] U0 SUONRAISSCO pue pakojde sesseoold ‘sielislew Jisy] ‘sioyine paipnis sy Jo uoneidwon // g/ge/

lobal Journals

~
G

© 2019



'sa11sodwod snoauabowioy aAndadsal ay)
yum spoedwi o1weuAp Jo synsal ay) Burredwod

(WA3)

‘(KjoAnoadsal ‘Gz/G. pue 0G/0S ‘GL/Gg) sonel 0S0¢~ Buinepony | d1e1Y  JAUIA  dUBJAUZ/@62H ‘e ls uld
JUBJAYIP d3JUl Ul UIAOM AT/plwele-eled USAOM  J3qly  plwele  uleld
pue Buissaooud-00 usnom-uou  J4MIANHN (3uodn@)uolAsus |
‘a1sodwod
ayr ybnoay pinbip sy assadsip 01 sbaidaud uoissaudwo) pinj UElUOWMIN .
syl Usemiaq pabueie ‘pINY  URIUOWMON 0000T-000¢ 10H -Uuou UM paXeos Wil Weoy so e 18 elisy
-UoU B UM paxeos Wiy Emo% e .,6 asN JowAjody(jjamAauoH) ;PIaIISPIOD
"Buissaooad 01 Jord pingy ueluOIMSN i uoissaudwo) pinj} UBIUOIMBN-UOU Ul .
-uou Ul juswiean 01 paydalgns asam sbaudaid 0000T-000¢ 10H pareatt (J|BMABUOH) PIBIYSPIOD oc 18 19 BlISY
*a1sodwod
paryeasiun ay Jo 10edwi 0} 82URISISAS AU} YIM i uolssaldwo) .
uosLredwod pue ‘SaWIl  UOIINIaXa JUIBlIp 000€-000T 10H SUYIaINAI0d/IAMINHN s 819 NUZ
Je  ‘gouewlopied  jusunean  [ewusylolBAH
3yl Jo asuodsal d1WeRUAP Byl uo Hom.%_m:ww;&“ 00S¢€ uolssa.dwiod (Wsa) ysawey pue Jaxied
pue sainssaid mc_.mmmooa JuaJaylp Jo %.Bm 10H Bodo.d ®0gaH ewaduia ”
._ﬂmnz JO SUO133lIp JusJaj}Ip urelgo 00¢T uoissaidwon) (ourreIBuoyz) .
01 JapJo ul ‘sajbue d1y10ads 1o sape|q jusdelpe o8 0 Boidaid /AN e 1219 1US
ay) Buiuuny Aq sausodwod ayl Jo Bulssaooid oSt 10H ®
3dAT1/@67M
‘Buissaso.d 3dAT/gUeISSNHI8UY
-00 s3}1sodwod 8y} Ul pasn aiem IdMINHN | 0008-000T | Buinepoiny ada/(ual) 49€. 1D uosemy 2o |8 19 18Xeys
Jojpue  pilWwele  USAOM-UOU  pUB  USAOAA 3dd /,1SH ewssuAg
3dd1 /4 29H BWIBUAQ
'sJaqly 1oys Axoda/usnom onaxne  1ejAsy
. uolsnyui .
UOJAN / u1sal Axoda a11sodwooouBU pue Usnom | 00EE-002T Wnnoe Axoda/oniqey < e 19 1qgey
plweJe 9119XNe YIM $aisodwiod Jo Bulssaooid A Jaquy piwese ureid  Jejaey|
‘asuodsa. 10edwi aye|d
Jo Alsuabowoy ayy Aj1ian 01 Aesse JlweRUAp (0Se-TTY @aurdeIaq) o150 JAUIA )
auy Buisn seyerd onsijfeq wwi gog X wwi gog jo | 200¢ gL 1,621 01Iqey Joqy piwere uierg | o 139 11890uDed
Seale JUBJaYIP SAL) WOJ) UMRIP aJam sajdwies
"s18q14 8y} ybno.yy 11 Bunngrisip
Janeg Jo Aem ® se ‘pINj  URIUOMMSN-UOU 8TEY dnAe pueH -ﬂﬂmcwcmm%v__um_\ﬂmhu_u_“ﬂ%gbwm_/__ q o518 18 8H
aYl arepowiwoade o} |ab Buluayns ® Jo asn ® : : :
"PAIJLIBA SeM Sa1el 20/8 -
urens ybiy o1 109lgns ag 01 X1yew a11sodwod 8e19 dnAe pueH u_:_mv cw_cm“www_c__%w_ _\%w,mgo; s 12 18 0BD
® Se pINjy UBIUOJMBN-UOU © JO ANIIQISed) aUL | 8TEW Al PILIBIE UIEId 819X
"S)INsaJ d1WeUAp ay) Uo Jaiaweled Syl JO €GTT
3ouanyul syl BuiebnsaAul ‘sones Xiew,/aqly 28/ uoissaldwo) (°vd) ap1weAjod/@62M

6107 1eaX E [ UOISIOA A 9onSS] XX QHCS—C\/ AHV Hl)v:_.ﬂuuzflwiu ut xU~—U.~dUmUV~ ,«C TWE.MSC— —dLC—mu

© 2019 Global Journals



Cao et al.® studied mechanical and energy
absorption properties of aramid/non-Newtonian fluid by
subjecting composites of different fiber/matrix ratios to
the same impact energy. Higher percentages of non-
Newtonian fluid ensured an increase of E and J, which
was attributed to the ability of the matrix to, once it
adhered to the fibers, hinder the interlaminar shear and
delamination of the composite. Noting this result, He et
al.*® modified the research material using as a matrix a
stiffening gel soaked with a non-Newtonian fluid. In
comparison to *, the values of E did not present
significant variations and there was a 10% decrease in
J.

Pagnocelli et al’® wused the dynamic
compression test on samples taken from 5 different
regions of aramid/vynil-ester ballistic plates in order to
verify if the distribution of the matrix through the fabrics
occurred homogeneously during processing. The
authors used Omx and J in this comparison, verifying
that the peripheral regions obtained statistically equal
properties, while the central region obtained mechanical
property values 20% lower, an event associated to the
fact that this region accumulated a larger volume of
resin, making it fragile.

Rabbi et al.®" used the tests in a Hopkinson
Bar to compare two aramid/epoxy composites: one flat
and one auxetic woven fabric. In both cases, the epoxy
resin was impregnated with short Nylon fibers®, to
study the dynamic responses of composites with or
without short fibers in the matrix. The authors observed
that all composites showed an increase in the values of

. d . T
Emax aNd Omax as a function of d—f, and this sensitivity was

higher for plane aramid/pure epoxy resin fabric
composites. For the composite of auxetic fabric,
however, the nanostructured resin was more efficient
than the pure one. This was due to the greater spacing
in the auxetic fabric, with the short fibers being able to
penetrate through the fabric and remain oriented along
the direction of impact, increasing the strength of the
composite.

Shaker et al.*® tested homogeneous and hybrid
composites of several aramid and UHMWPE fibers, all
processed with LDPE matrix. The stress-strain and J
behaviors were studied by the researchers, who verified

that, in all %, the unidirectional/LDPE homogeneous

composite CT736° showed the highest Opax ~ values,

while the hybrid composite CT736° fabric + Artec®
fabric/LDPE presented the best results of J.

Shi et al.® investigated the energy absorption
variation of UHMWPE/LDPE composites by modifying
the fiber angulation by rotating the prepreg lamina in
relation to the adjacent one. The researchers observed a
significant increase in J in multi-oriented fiber
composites.

Parker and Ramesh® used the Hopkinson Bar
in  UHMWPE/polyurethane  composites, Dyneema
HB80®, processed via compression at different
pressures, 1 ksi and 5 ksi. The composite submitted to
processing at higher pressure presented higher
stiffness, E, and also larger J.

Zhu et al,® subjected to dynamic
compression tests samples of UHMWPE/polyurethane
which underwent hydrothermal treatment. The Omax Of

samples treated for 12 days increased with %; the

opposite occurred with samples that underwent 24 days
of treatment. Effects of matrix plastifying dominated the
dynamic compression properties for the first 12 days,
while the degradation of the fiber/matrix interface and
the expansion of the internal gaps played more
important roles in samples that underwent 24-hour
treatment.

Asija et al.%® tested ballistic prepreg Golden
Shield® composites, treated for 4 hours in non-
Newtonian fluid, comparing it with the untreated

composite. Both had sensitivity to %; and the treated

composite presented steep growth of Opax and J, while
the pure composite presented softer growths. The silica
nanoparticles present in the fluid, when lodging between
the fibers require greater efforts for the occurrence of
failure mechanisms such as interlaminar and interfiber
shear. The same group®, in a subsequent work, used a
PP-co-AM polymeric foam film to absorb the non-
Newtonian fluid, with further co-processing with
GoldShield® ballistic prepregs. The results in the
dynamic compression test of these composites were
much lower than in the previous work, since there was
no efficient interaction of the non-Newtonian fluid with
the UHMWPE fibers, only with the PP-co-AM foam film.

Fin et al. co-processed Tensylon® and
aramid/EVA prepregs in 3 different compositions, in
addition to their respective homogeneous composites.
Subject to dynamic compression tests, all at the same
rate, the composites showed linear growth of Opax and
J as a function of the increase of the percentage of
Tenylon® layers; and the homogeneous composite of
this material presented, therefore, the most expressive
results.

IV. CONCLUSION

It can be understood from this review that the
dynamic compression test in split Hopkinson pressure
bar is an efficient method for evaluating the efficiency of
ballistic polymeric composites, although there is still
limited literature on the subject. Whether comparing it to
the quasi-static regime or using several dynamic tests,
the authors investigated the effect of an increase in the

strain rate (j—f) in compression properties. The ballistic
composites are sensitive to this parameter, presenting

© 2019 Global Journals

Global Journal of Researches in Engineering (J) Volume XIX Issue V Version I H Year 2019



Global Journal of Researches in Engineering ( J) Volume XIX Issue V Version I E Year 2019

an increase in Maximum Stress (Onax) and Tenacity (J).

The comparison

between articles indicates that

composites with thermoplastic matrices tend to have
growing properties related to strain (€5 and ¢€...), while
the thermo rigid composites have decreasing properties
as higher rates are applied. The authors also sought to
observe and understand the several failure mechanisms
during impact, and matrix rupture, delamination and
fiber rupture were highlighted.
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