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Abstract

The pursuit of mass-efficient materials and architecture for use in armor technologies has been the
focus of many research projects in past years. Most of the researched armor materials are in the
area of lightweight polymer composites. Previously, the material of choice was lightweight Aramid
(Kevlar). New manufacturing technologies and techniques have enabled the production of armor
(body/vehicle) using thermoplastic (TP) matrix with high performance reinforcements, which
exhibit the highest strength to weight ratios. However, a major concern affecting the efficient use
of TP armors is the lack of technology and data behind the production of the armors. The focus
of this research is to assess the ability of the homogeneous and hybrid fiber reinforced TP polymer
composite armors to withstand the impact of the NIJ-STD-0106.01 Type IIIA (9 mm full metal
jacket projectile 426115 m/s), using the ballistic impact tests and hydrocode simulations.
Different types of fabrics are constructed during different phases of the manufacturing
process. In Phase-1, homogeneous Kevlar fabrics are produced with an architecture of 2D plain
woven (2D-P), 3D orthogonal (3D-O) and 3D angle interlock (3D-A). Based on the performance
of the composite laminates manufactured with Phase-1 fabrics, homogeneous and hybrid fabrics
with reduced areal density are woven in Phase-2. In Phase-2, homogeneous fabrics with
Kevlar/basalt yarns and hybrid fabrics with the combination of Kevlar and basalt yarns are
produced with 2D-P and 3D-A architectures. The fabrics produced are used as reinforcements to
manufacture composite laminates and actual armor panels, with polypropylene (PP) as resin, using
vacuum assisted compression molding method. Interfacial property between PP resin and
Kevlar/basalt fabrics is improved by adding a coupling agent called, maleic anhydride grafted PP
(MAg-PP) to PP. The homogeneous and hybrid TP composites reinforced with Kevlar/basalt
fabrics yielded a 2.65% to 35.75% reduction in the density as compared to the conventional
thermoset (TS) composites, indicating the achievement of weight reduction in case of presently

developed TP composites.
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The mechanical charactetization of the 2D/3D TP composites is studied by performing
static tensile and in-plane compression tests. The tensile modulus of TP composites is 4.73% to
64.08% higher than the tensile modulus of TS composites reported in the literature. Hybridization
showed a significant improvement in the tensile and in-plane compression behavior of TP
composites in terms of modulus, strength and failure strain. The material constants obtained from
experimental characterization of new materials are used in the numerical simulations. Experimental
findings of ballistic responses are validated, hence, established a reliable numerical model.

Experimental investigations are carried out to determine the influence of fabric architecture
and hybridization on the low velocity impact (LVI) response of TP composite laminates. LVI tests
are conducted using a drop-weight impact equipment at the energy level of 240 J. The LVI
response of the TP composites is compared in terms of peak force, energy absorption and damage
patterns. VI resistance of homogeneous composites is increased from 2D to 3D composites
(Phase-1), denoting the influence of fabric architecture. Hybridization also significantly improved
the energy absorption capacity of the homogeneous 2D/3D composites (Phase-2) of lower areal
density. Due to hybridization, the impact resistance of Kevlar composites with lower areal density
is increased by 45% to 51% and 23% to 26%, in terms of peak force and energy absorption,
respectively.

The ballistic impact tests are imparted with NIJ-STD-0106.01 Type IIIA threat level 9 mm
full metal jacket (FM]) on homogeneous and hybrid armor panels using standard test facilities, for
an impact velocity range between 365 m/s to 438 m/s. Damage patterns, residual velocity and
ballistic limit are measured from the experiments. The ballistic test results revealed that in the case
of Kevlar homogeneous armor panels (Phase-1), for the similar areal density of the armors, 2D
armor panels are more susceptible to impact induced damage than the 3D armors. Kevlar
homogeneous composite armors with fabric architectures of 3D-O and 3D-A (Phase-1) are able
to confront the 9 mm FM] projectile, whereas, the 2D plain woven armors failed. Sixteen layer

Kevlar 3D homogeneous armor panel exhibited zero deformation within the velocity range



defined by NIJ-STD-0106.01 Type IIIA (426 = 15 m/s). In the case of hybrid armor panels
(Phase-2), the symmetric armor panel is able to withstand 9 mm FM]J up to an impact velocity of
415 m/s while non-symmetric armor panel failed within the impact velocity of 365 m/s to 395
m/s. However, hybrid armor panel with a microcellular sheet (1.56 kg) exhibited zero deformation
on the back face with a 15.67% reduction in the weight as compared to the sixteen layer Kevlar
3D homogeneous armor panel (1.86 kg).

Hydrocode simulations are carried out using ANSYS-AUTODYN v. 14.0, 14.5 to obtain an
estimate for the ballistic limit velocity, residual velocity and failure modes. A material model is
developed in hydrocode simulations by implementing the material constants obtained from
experimental characterization, to validate the mechanical properties of the presently manufactured
2D /3D TP composites. Post-impact damage patterns obtained from the simulations are compared
with the experimental results to assess the performance of the simulations. Good correlation
between the hydrocode simulations and experimental results is observed, both in terms of failure
modes and damage patterns with a percentage difference of 3.32% to 6.66% and 3.16% to 7.67%
for Phase-1 and Phase-2 armors, respectively. The material model implemented is able to
accurately predict the residual velocities and ballistic limit also. The ballistic limit predicted from
simulations ate in the range of 376 m/s to 470 m/s for Phase-1 armors and 307 m/s to 490 m/s

for Phase-2 armors.
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L31E8

93 YA R FAT THA AR FHaw dieAfAfwat & 3uder & fav aredgerar #1 foTr o $o
ast & &g ITHT TRASTAIT T &A1l higel fhaT 3T &)1 AT foharm shearer FTHal & T d goch

Sgereh Hhulfeie & &9 7 §1 580 Uge, THe H AHA gooh IRFAG (haeR) AT 73 fafsor

SiteIfarehr 3 Tehelient shaer (IR / ATgeT) & 3cUIe o ToIT HaTH § 3Td FeRlel & earnivl,

i Hafe QA & eI H aofel el & [T el & a gHTcariees (&) Afearq &

39T | BTelifoh, Teh Y@ FIcT 1 fawT EL.GY. herer & FHorel ITTNT Sl T Hiet hard b
3cUTesT & WS GleANfaehr iR 3e1 hr Y §1 37 MY &7 €T FITAT 3R G BISe Y &TH T
wwmé;ﬁv%maé’r.tﬁ.a@mmﬁmmﬂéﬁmo,loamWHIA
o TE T FHAT Fat o T (9 THHAT qoT 1 Siehe Bhebed o 426 + 15 TH / TH) &I 391,
sfaffee germa adietor 3R gregien:Ts e

FU3 & faffest gohR & fAATOT i ufthar & afde ol & ghra AT & ) &1 Tea
TOT 1 &, FATT Shdo’ HUS 2 T & Teh aEohell AIG g1 (2 37 oY), 3 8 3itedfanerer (3 31 3)
3R 3 3 IUT I (3 N-T) o A 3cdTeT I TE ¢ 1 TOT-1 HUS, HA IWIST Tefed o A Tl

3R FT st & @Y AfAT G NfAqeH & geeieT & HUR I ggel TROT 2 F ol ST &)

TRUT-2 H, hdeR / dHTeC Tl 3R FaeR & FIlelel & T TR 93 3R ITeT SdTec & AT

AT s 2 31 3R 3 31-P-T 3Tfeheare’ & A1Y UGt Y 1§ &1 3cTied $Us Herddl g A
qser wfesar fafer & 3uier &Y, gedrator drelishaeller (@) Tl & &9 & & F, FHT
afAsew 3R areafas Faa St F1 AATOT Fa & T & 9 & sTIATT FT I g1 9y ToT

3R IR / FHTeT HUS $ IT FIBAT Ffeel ATHS Ueh JIA Tole SNgeht JUR §IT &,

AfeIss Teigrsgigs didy & fidY (Feegdr 9idt) | Tl 3R T &1.d). FaifSie $hdek / 9dTeT
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HUSt & HY Gafold efed H 2.65% 35.75% 1 Fal gIehdl URURE gAfde (&rvd) Harfsie i

JoleT &, TTHTeT H aeh il EL.UY. HUITSTE & ATHS H Toled e el T STTRT HT Tehel &1

231 /7 3 3 &t AT enfasied & e ofeTor guTer i Tfae deadr 3iR So1-Toled A0S

TRIETUT E@RT fohar ST 81 A1ieed & Evd HUITSIE & Teddl A i el & ST shuifoie &hr

=g AT 4.73% ¥ 64.08% 318 §1 ATSYe, dlehd R Tl dolld & Heel H Heor H
Y. FANIIE & doar AR se7-Tolet TS cAaER # Uk HgeaquT UK s = w18 amref
& SAIETcAD ofefor quie & Yree ArHal i H&arcAs FaeRe # 3uT fhar S &)

dfafEes ufaframsit & uriferes foswst @1 Jeg fhar I §, safev, v agad geacas

HATSeT ST TATYT FT)

Sy HIFA ATHACH oh e T FeTT (TAANINS) T ThAT TR HUST Aecehell T HHIOT o5

gHTg &1 URa ae & fore g S &1 ST §1 240 e & 9l T W 319-0R 96T
3G ST UGN e Teld13MTS TRIETOT AT fohT ST &1 &y shatfore o Terdiams wfafshan
T JoreT RITR T, Fiofl HFRATOT 3N &7y o YeeT o Heprerel AT ST &1 AT HAIfSE
TSTN3TS IR 2 31 § 3 Y FATSE (IROT-1) | FeT 8, S foh U8 areehell & FoITd 1 g@ifar
g1 BTSN o oY T 2 Y / 3 1 HUITSIE (TRUT-2) i v HeATEU Eeled o Foll 3aRivor

&THT H T FUR T &1 ETSTATSSINT o HROT sheA2r: dieh T HR Foit 3GRAVOT & AHA H,

HH TSN Uelcd dTel Shdelk HUlTIe ol THTT T 45% & 51% 3R 23% & 26% deh &6 ST
gl

Sfafes warra gdieTor, T3 mS-THEEET -0106.01 TR & TTY Teh Y31 397 IoT & T 365
UH / THH 438 TH / w%aﬁam@wgﬁm&ﬁwwm'@m’qwm@

hae Tl T GehR IIIA erdehl TR 9 fA#T qof &1 Siehe (Thusst) Yerel el &1 1 &ffc &
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Yoo, 3/afrse 3a1 3R e ar o gIen & Ay S7ar &1 Sfaffes wefor & aRoms sara

¢ T FaeR TFAFT Fag YaTall (TXOT -1) & ATHS H, ATFT Sl FHTA HQIST Gelcd & folv, 2 3

shael YeTell T 3 BY JTAY T Joralm 7 IR &Tfcy T FefaT et by 31Teeh Fatraatm &1 3 237

3R 3 B-T (W7 -1) & hfgew 3fhcaar & ATT HdeR TATT THT TERaG 9 THAT ThuasT

V&S & IHAT oA H H&TH g, Sielfeh 2 &7 T1e A1 hard IHHBA ¢ Hlelg T haok 3 3
NI Had YoTel TA3TSA-THEIST -0106.01 FhR IIIA (426 + 15 Hr / vH) garr Auifia aifa

Ao & MR g AT &1 vedel fham grsies Faw U (FROT -2) & AHS A, FAAT

TEAEE UeTel 415 HeX / TH 61 GHIT J97 doh 9 [HT Thuast F 31l & &1 &, Safh IR-

FATAT sha<l deTel 365 HIET / Yehs & FITd AT H Tathel TGT & 395 HT / TH deh gleliieh, G&H

olel 2N (1.56 Tohell) & AT BTSTSS ha™ Uofel o Hielg Wl ShaoR 3D AT shad Uafer (1.86

fhaiT) Y ol & ToteT & 15.67% T FH#T o AT NS o WY IR Yo [aFq0T 7 FeeleT fahar

Sfaffes dar aor, 3afise 997 3R el Al & AT v 3EHAT 9t & & fav
TUATHATSUH-TEIETATS v| 14.0, 14.5 T TAET F3eh gIsgrehiss FAHRNT fohar S 8

A & AT 237 7 3 81 &t HAifie & i3 O B AT e & ToIT, Jrafdtes ofafor aofe

O g A T8 T o] F3eh gIsaIehTss eI & U #iifde AlseT fasfad fomar arr
&1 TFeRIeT @ UTed 81 aTel 91E & THTE aTel g1fel Yt &l JoreTt AN & Ueele &l 3Teholel

el & ToIT FaTTcaesh TROTAT & I STl 81 gT8g1ehss [Aaelere AR Jelcaes TRoTAT & o

37T Y, AT TIOT -1 3 TOT -2 & TE&EE & T 3.32% T 6.66% 3 3.16% & 7.67% &

3R & ATY HAHeIT AlS HR Jhdrel Ueat & A H HAA: HAIT ST &1 Frdifedd s

Afsel &l AV 3raaraer 3R e WaAT 1 FEY 1 T ITA ool 7 F&TH &1 Aol
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Go initial shear modulus
K Effective bulk modulus
KE; Initial kinetic energy (J)
KE., Residual kinetic energy (])
£ Number of the lamina within the principal coordinate system
7ty Mass of the projectile (g)
P Equivalent pressure
P Peak force or maximum load (kN)
T Temperature
t Thickness of the laminate (mm)
T Transformation matrix
U. compressive strength (MPa)
U, Tensile strength (MPa)
50 Ballistic limit velocity from expetiments (m/s)
Vi Ballistic limit velocity from simulations (m/s)
|5 Fiber volume fraction
v; Incident/initial impact velocity (m/s)
vy Residual velocity (m/s)
W. Weight of composite
Wy Weight of fibers
Y Yield strength
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Y, Thermal yield strength

a Residual shear stiffness

Vi Component shear strain

& failure strain in compression
& Component of principal strain
&p Equivalent plastic strain

& Failure strain in tension

O angle of the material direction
v Poissons ratio

0 fabric areal density

03D 3D-A fabric areal density

1z Density of composite (g/cm’)
5 Density of fiber (g/cm’)

o, Component of principal stress
7 Component of shear stress component shear strain

List of abbreviations

2D Two-dimensional

2D-P Two-dimensional plain woven (Kevlar, Phase-1)
3D Three-dimensional

3D-A Three-dimensional angle interlock (Kevlar, Phase-1)
3D-O Three-dimensional orthogonal (Kevlar, Phase-1)
AP Armour Piercing

ASTM American Society for Testing Materials

B3D Basalt 3D-A (reduced GSM, Phase-2)

BD Damage diameter on the back face
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BPL Basalt 2D-plain (reduced GSM, Phase-2)

DAS Data Acquisition System

DEF Deformation

DMRL Defence Metallurgical Research Laboratory

DRDO Defence Research and Development Organization

EOS Equation of State

FD Damage diameter on the front face

FE Finite Element

FM] Full Metal Jacket

FP Full perforation/penetration

FSp Fragment Simulating Projectile

GSM Grams per Square Meter

H-1 Non-symmetric hybrid armor

H-2 Symmetric hybrid armor

H-3 Hybrid armor with MCS

H3D Hybrid 3D-A (reduced GSM, Phase-2)

HAP Hard Armor Panel

HMPE High Molecular Polyethylene

HP-1 Hybrid-1 (alternate Kevlar and basalt yarns, reduced GSM, Phase-2)
HP-2 Hybrid-2 (basalt yarns in the warp and Kevlar yarns in the weft directions,

reduced GSM, Phase-2)

T Indian Institute of Technology

JSP Jacketed Soft Point

K3D Kevlar 3D-A (reduced GSM, Phase-2)
KCF Kevlar Commercial Fabric

KPL Kevlar 2D-plain (reduced GSM, Phase-2)
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LRHV Long Rifle High Velocity

LVI Low Velocity Impact

MAg Maleic Anhydride Grafted

MCS Micro-cellular Sheet

ND Zero deformation

NIJ National Institute of Justice

P-1 Armor with 16 layer Kevlar 2D-P fabrics
pP-2 Armor with 8 layer Kevlar 3D-O fabrics
P-3 Armor with 8 layer Kevlar 3D-A fabrics
P-4 Armor with 12 layer Kevlar 3D-O fabrics
P-5 Armor with 12 layer Kevlar 3D-A fabrics
P-6 Armor with 16 layer Kevlar 3D fabrics (4: 3D-A and 12: 3D-O)
PEEK Polyether—ether—ketone

PP Polypropylene

PF Partial perforation/penetration

PPS Polyphenylene sulfide

RN Round Nose

SAP Soft Armor Panel

SEM Scanning Electron Microscopy

SWC Semi-Wad cutter

TBRL Terminal Ballistics Research Limited

TP Thermoplastic

TS Thermoset

UD Uni-directional

USA United States of America

UTM Universal Testing Machine
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