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Abstract

This article presents the experiments on the ballis
between 10 and 16 layer numbers impregnated with epoxy resin by vacuum infusion methbe and

results of Autodyr2 D® s i nswding anaxisymmetricmodel The ballistic impact resistance of the

panels produced was determined according to theSN[}0108.01 standard. All paneisere tested

against 9 mm FMJ bulletst an average velocityf 390 m/swith the MP5 gurfor armour application.

The interaction of the plates with the bulléte postshot damage photographesidual velocies of the

bullet were compared with AutodyPD® simulations.Parametric study was performed in the analysi

determine the optimum bullet velocity, layer thickness and tefailge strain.It was observed that the

data obtained from the simulatiowgreconsistent with the experiments.

Keywords: T wa r epoxd composite, Ballistic test, VARIM

Vakum Dest ekl i Re-ine Knfg¢gzyon Kal épl ama
Lamine Kompozit Plakalarén 9 mm Mermi Tehd]
lzerine Sayeésal ¢al é Kk ma

¥z

Bu makal e, vakum infidzyon yodéntemiylel @apokarasegdalei
istiflenmis Twaron® kumaslarin olusturdugu plakal a
eksenel simetrik modellenen Autodg®® s i mil asyonl ari ndan el de edil en

Uretilen panell erin {8800i1s0t8i.k0 1d asrtbaenddayamiamigdNkJ be
panell er, Zzirh uygul amas.]| icin MP5 silahi ile ortal
test edi |l mi stir. Pl akal ari n mer mi ile etki,l esimi,

Autodyn2D®s i mul asyonl ar 1 Opltei nkuanm smelrangit 1hrii1zlimi shtadvraka kal i

*Sorumluyazar(Correspondin@uthor) Tay f ur Ker e m [kerh@oalikeSiGedur

¢. . M¢ih. F&@kHazirbre®2 i si, 3 483



Numeri cal Study on the Ballistic Performance of Twar onE/
Vacuum Assisted Resin Infusion Moulding Against 9 mm Bullet Threat

geriniimmidelelri rl emek ic¢cin analizdd mpharamendiak ealdie:
verilerin deneylerle tutarli1 oldudgu goér il mistiar.
Anahtar Kelimeler: T war on®/ epoksi kompozit, Balistik test, VAF
1. INTRODUCTION require knowledge of material behaviour at high

loading rates. Analytical approaches are possible if

Composite structures are subjected to a variety i¢ geometries are relativelgimple and the
loading conditions throughout their service lives. Apading, boundary, and initial conditions can be
critical requirement for the effective use oflefined. The explicit methods are much more
composites as protective structures is the@ieneral in scope and eliminate all geomeétated
resistance to foreign object impact events. For thiifficulties and use very smatime steps for
high stength, stiffness, and toughness propertiégsults[4]. The material models employed for siee
may be required for fibre reinforced composité€thods, on the other hand, need the use of a large
materials to withstand such impact loagty. number of material properties and model variables
Impact events can occur at low-10 m/s), [5].

moderate (1460 m/s), ballistic (5aL000 m/s), and

hyper (25 km/s) speeds[2]. The reason for this In the literature, there are many numerical studies
classification is that with a change in impaciocused on the ballistic performance of textile
velocity, there is a considerable difference in theomposite materials[6-17]. For a constant
amount of energy transfer, energy loss, artickness hybrid composite armour containing
damage progression mechanisms between tjlass (GF), carbon (CF) and KeWiaiKF) fibres,
target and the projectile. Light armour applioas an axisymmetric model was designed in
are critical to ensuring the protection of personn@INSYS/Autodyr2D® and it was observed that the
and equipment against higipeed bullet stacking order of the layers and the STAGNAG
penetrat?on. As a result, it's_ crucial to analyse theyoq fragment simulating bullet geometry had a
penetration and perforation processes of gnificant effect on the ballistic performance.
projectile/object into composite materials akythors reported that the KF layer on the rear, the
ballistic spees. The main energy absorptionsk |ayer on the outside, and t¥F layer on the
mechanisms during ballistic impact are as followg, o provided superior ballistic impact protection
the formation of the moving cone on the back %ES]. In another study, the ballistic impact behaviour

the target, the projectile cutting the target, t
tensile damage of the primary yarns and elast|(1; Kevlar/Polypropylene  (PP) panels ~was

; . “Investigated through hydrocode simulations
deformation of the secondaryarns, the matrix . P
cracking and delamination failures, the frictior?onduc'[ed with Ansys AutodyBD® software. The

between the projectiie and the target durin urr_er.ical .model was validated by evaluating the
penetration. The mechanical characteristics of t é‘"'St'C, Impact performance of Kevlar/PpP
fibres and matrix, the stacking sequence, tfE@MPOSites when impacted by STANAZS20
physical properties of the bullet/object an(fr_agme_nt simulating _prOJectlles{;7]. In addition,
laminates, bullet mass, shape, and velocity, afimulations were carried out for 9 mm parabellum
layer thickness all influence the ballisticdoullets modelled by the SmoothParticle
performance of laminated composifé Hydrodynamics method (SPH) and 20 layers of
Kevlar plates coded with Lagrange grid in
There are three approaches to dealing withutodyr program. Gauge points were determined
problems involving the release of large amounts &r the velocity of the projectile and compared with
energy in a very short tim@ ballistic impacts: the average velocity of the projectile. Erosion (cell
most of the work is experimental and therefore casmovd) criteria were applied due to the
be very costly, as the problems are #ioear and interruption of the simulation with very large
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deformations of the grid. The authors alsdecrease of projectiles velocity and projectiles
investigated the effect of erosion strain on the maslortening values were obtaingib]. The ballistic

of the removed cells and the residual velocity gf er f or manc e of Twaron® CT7009
the projectile[8]. The déormation of bullets after fabrics was also investged in the
ballistic testing was also numerically studiedABAQUS®/Explicit program using a three
Mushroom deformation as a result of the 9 mmimensional fabric model. The authors conducted a
Parabellum bullet hitting Armox 500 armour steeharametric study to analyse the effects of various
as well as the length of the bullet and the depth prameters such as impact velocity, ittbre

the hole produced by the deformiedllet were also friction and fabric layer count on the impact
investigated in Ansy#&utodyn-3D® simulations. In behaviour of fabrics. This parametric study
the 2Daxial symmetry numerical simulations, therovided the optimal number of fabric layers and
friction coefficients between the shell and the comptimized interyarn friction level to be determined

of the bullet were considered]. Numerical to accomplish maximum energy absorption at the
analysis and experimental results of thallistic given impact velocitie§16]. Using the LSDyn&®
impact performances of military helmets were alssoftware, a finite elemm analysis of the
examined[10,11] The results obtained from theinteraction process of the Peaar ami d Twar on®
Autodyn-3D® simulations showed that the helmemultilayer body armour and the human body with
made of Kevld? material could stop a 9 mm fullthe 9 mm Parabellum bullet with a velocity of
jacketed bullet with a ballistic velocity of 358 m/s3 6 6 + 1 0 m/ s was conducted,
The findings of the helmet models were found toonsideration the real geometries of the objects.
be consistent with the results of the experimenthe authos applied numerical modelling to study
The effects of bullet velocity, diameter, and madsow to optimize the energy absorbed by the human
on the ballistic impact behaviour of the targetBody by varying the number of layers and material
were also investigated using numerical simulatioof the body armour. Furthermore, the energy
in Autodyr® program. With the increase of theabsorbed by the human body was estimated using
impact velocity up to the ballistic limit velocity, simulation responses dugn a nonperforated

the contact time first increased and then decreasedpact test$17].

so the damage mechanisms before and after the

ballistic limit changed12]. Moreover, the effect of To the authors' knowledge, no research studies
bullet nose geometry on penetration time andhave been conducted in the fields of ballistics on
residual velocity were investigated using AutoBlynthe results of twalimensional axisymmetric

software. It was reported that the ballistic limif U mer i cal model ling of Twar ol
velocity increased faster for the conical endéd! @t es i n Aut odhysexpectedtd t war e,
cylindrical bullet for different thickness/edgel | | | the gap in the Iliteratur

length values of the tepanel compared to theCT709/epoxy plates were also manufactured for
experimental tests using a vacuum assisted resin

bluntended counterpafi 3]. In the analysis of the

ballistic behaviour of composite armour design'§ncUSIOn moulding method, with the results

e . : .~ expected to provide valuable data for the marin
consisting of three different materials, fibre. .
industry. In this proposed %cl#jol‘/fhto meet the Lﬁvgl

C

cement, Kevlar fabric : S

FMJ bullet, AutodyrR3D® simulationresults were 2812(53 ;Hro;icng):\r;lsevaelg arlnm rour%]dr}r?osg?lj}metal
found to be compatible with the expenmen_ta] cket bullet (FMJ RN) with an 8g (123gr) brass
results[14]. I n order to si gl ddeord (h§zzle V¥GEfy B8bChss, shot
CT709 ballistic fabric against the threat of 9 mrgym 5 metersas used in the experimental study.
FMJ Parabellum projectile, importing the CADT h ¢ ballistic beBEIVDO®F of
model drawing of the fabric to AutodYrsoftware (1.45g/crd) aramid fabric/epoxy plates produced

was aplied in the literature. For ballistic panelspy vacuum assisted resin infusion moulding and

made of 16 Il ayers of thé weéorn@atio® of hé bl wefeanurmerically

9 mm
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investigated with Autody2D® software and epoxy resin was used as matib8, 19] After the

verified with experimental results. liquid resinhardener mixture was vacuumed into
the flat mould under700 mm Hg pressure, the

2. MATERIAL AND METHOD laminate was cured ia vacuum bag for 24 hours.
Stacked aramid layers were produced by the

2.1. Test Samples and Production VARIM (vacuum assisted resin infusion moulding)

method (Figure 1). The matrix material was
Aramid fabrics were Hegiqn L160 gpoxysresi,xwhiohscan bgrgured at
dimensions for ballistic tests. The number of layef§0m temperature and has a specific hardener
was determined as 10, 12, 14, 16. Plain wovéhexion H160). According to the manufacturer, the
Twar ofi®0 €® ( P) bkl gpdraramid ratio of resin to hardener by weight was applied as
fibres with 200 g/runit area weight, infusion type 4:1[20].

Figure 1. Production of aramid plates by VARIM methdd) 1Glayer, (b) 12layer, (c) 14Iayér, (d) 16
layerballistic plates

2.2.Ballistic Tests protection level 2A [21]. Chronographs were
attached to tripods and placed at a distance of 2.5
Ballistic tests were carried out in the polygon fieldneters in front and behind the plates to measure
of ZSRPat | g iTheitests were conductedhe barrel and exit velocities. The distance between
with an MP5 gun and a 9 mm, 8 gr (123g) FMJ Rbhe barrel and the sample was determined as 5
(Full Metal Jacket Round Nose) bullet. &hmeters (Figure 2). The samples weired by
experiments were performed in compliance withlacing the plate holder on the test setup frame and
the NIJSTD-0108.01 requirements at thetightening the eight bolts on it with a constant

486 ¢. ! . M¢h. Fr@kxHazirBre®2y i si |,
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torque of 40 Nm. The angle between the flight linBve shots were fired at each plate (Figure 3). The
of the bullet and the front face of the sample wasean/difference/standard deviation values were
set as perpendicular as possible. AfterNtigb was calculated by measuring the initiaarrel and
fixed and its horizontality checked a maximum ofesiduatexit velocities of théullets

Plate

BEo1dET

I.Chronograph

l.Chronograph

OmmIEMUIRN]
Figure 3. Testing with MP5 gun 9 mm FMJ bullet at the shooting range
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2.3.Finite Element Model hardening, orthotropic ergy-based softening,
combined stress failure criteria were all used in

ANSYS AUT OD Y dd@meilcial software orthotropic material modg22].

that implements a nelinear orthotropic

continuum material model in fibre compositeg\utodyn2D is a module of a ANSYS for nonlinear

under ballistic impact. The orthotropic model o&nalysis of high velocity impact, high/low

aramid fibrereinforced composites under impactlistortion and  projectile/target interaction

was difficult due to the complexity of materialproblems. The 9m bul | et and Twar on®;

propaties and the different failure modes agplate was modelled in Autody2D program as

fibrillation, intra- and interlaminar, bulk, two-dimensional in (X,Y) coordinate system and

delamination failure. A notinear equation of state axisymmetric for simplification and fast solution

(EOS), orthotropic coupling of the materiatimes of analysis.

volumetric/deviatoric  responses, orthotropic

clamping

LEAD
!
CART BRASS
WA ERCKT !
B
2
=2
~l=
w a..'
3
3
8 mm /32 grid >‘é'.
0.25 mm A g
4 \ &
N\ — 390 m/s
2 =
]
(=]
2 S
“
™
Qf
iy 2 Y
\ Axial [\ v )H_H_I
X1a Smm 2mm 2.6 mm
symmctry

Figure 4. Axial symmetric model of 9nm bullet and 10 layer (2®m) Twar on®/ epoxy pl at
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A new model was created in accordance with threesh element number on the convergence of
di mensions of the @ 9 analysisreklits vaslalsedxaminédoandadeen lthatn gt h
of 15 mm, brass material thickness of 0.25 mmminimum mesh size (between 0-QA3 mm) no
lead material radius of 4.25 mm) by addingonger changed the residual velgaiesults.

predefined box, quad, ogive geometric shapes in

Autodyn2D program. Composed of an inner cordnalyses were made for three different velocities
(lead 7.2818 g) and a cartridge/outer shell (brag380, 390 and 400 m/s) in accordance with the
0.74473 g), the total mass of the bullet was set sthndard deviation values of the initial velocity of
approximately 8 g. War on ®/ e p o x y thepullat tmeasuradnfrom ballistic tests (Table 3).
bullet geometry were divided into quadrilateral' he average thickness/number of layersorat the
elements by using the structured mesh type. In thiates measured in the experimental study was
lead core, the smallest quadrilateral element melsetween 0.26.28 mm (Figure 5a) and the
size was set at 0.2 mmthiaoknéss bDhe tThwar rwonv®/ ne powar on
ballistic plate, it was adjusted between handbooks and literature was 0.30 rf8n23, 24]
approximately 0.24 and 0.26 mm. The number @&s a result, one layer thickness was modelled for
elements and nodes for bullet and plate were givéwee different values (0.26/0.28/0.30 mm) in the
in Table 1. A more precise structure close to trenalysis. The reason for the thickness change was
smallest element size of the bullet was obtained dye to production under vacuum. Tensile failure
keeping the mesh element size constant betwesrain (TFS) values 0f0.033 0.0345 0.04 and
0.24-0.26 mm in the X (along thickness) and Y0.046 were found in the literature for CT 709
(along length) direction (50 grid/cell) in the bulleflT wa r o[1b®@7, 19, 24, 25] Based on these
impact zone of the plate where the deformatioralues, in addition to the 0.060 used fensile
was higher. The length of the plate is modelled &ailure strain 22 and 33 directions for Kevlar/epoxy
150 mm axisymmetric and divided into a total oflata in Autodyn, the effect of 0.045 on the analysis
150 elementswith 50 cells fixed and the restresults was studie

increasing dimensions (Figure 4). The effect of the

Table 1.The number of elements and nodes for the bullet and plate

?Iz:\fea FonE/ | (0.26 mm/layer) (0.28 mm/layer) (0.3 mm/layer)
Number No. of No. of No. of No. of No. of No. of
of Layer Elements Nodes Elements Nodes Elements Nodes
10 1500 1661 1650 1812 1800 1963
12 1800 1963 2100 2265 2250 2416
14 2100 2265 2400 2567 2550 3000
16 2400 2567 2700 2869 2718 3171
Bullet

Lead 533 678 533 678 533 678
Cartridge Brass 62 132 62 132 62 132

The velocity of the bullet modelled to impact thglate geometry is modelled on a macro scale as a

plate face perpendicularly from the centre poirfivhole) nonlayered structure.

was given in the X direction. The common nodes

of lead and brass materials were joined. A fiXhe contact, sliding and separation between the

boundary condition of zero velocity inthe Xand Yo u | | et and the Twaron®/ epoxy
directions ¢lamping) was imposed to the nodessing the gap interaction logic. Each surface

with farthest distance from the symmetry axis afegment was surrounded by a contact detection
Twaron®/ epoxy mat er i alzonanmtheegap.interdctioa logi€. Wizergaprsi® was

¢. . M¢ih. F&@kHazirbre®2 i si, 3 489



Numeri cal Study on the Ballistic Performance of Twar onE/
Vacuum Assisted Resin Infusion Moulding Against 9 mm Bullet Threat

the radius of this detection zone. The node waslversely affect the simulation[10-13]. Two
repelled by a foce proportional to the depth of itscompanies have generally pursued the aramid fibre

penetration when entering the detection zone ofpar o ducts as Teijin’s Twaron®
surface segmerfi0]. A gap size of 0.013230 mmpypont's Ke | ar ®. The mechanical ar
between the bullet and the plate was defined bytger o perti es of Twaron® and Kev
gap interaction logic. are not considerably different for analysis,

. . according to the literature and handbofg].
Steinberg Guinanand JohnsoiCook strength

models was used for lead and brass materigycessive cell disruption and tangling occurs due

respectively and both the bullet and the target wegs calculations using the Leangian solution

represented by Lagrange solver. Orthotropigchnique in ballistic impact simulation. Cells

equation of state (EOS) was used iBroded only when severely distorted and

Twaron®/ epoxy plate, Thhipressive Stiedgth €of cBIIdWhS helfeBtthe W a S

chose in lead and brass materials. Lead andcylation. Inertia was preserved in the analysis by

Cartridge Brass material properties were availabg%]ua"y distributing the mass of the removed ell

in the material library of Autodyn prograf26]. o the other nodes. The erosion logic based on an

Mat erial properties f OjpstakaieblisYsoférR BuRir Was ¥sdighed ftoaren d

in the literaturg10-13]. “1” indicates the material T war on ®/ e poxy plates to preve

thickness diretion (X), “2" indicates the fibre fom terminating prematureljl0]. Erosion strain

direction (Y), and*3” indicates the perpendicularsy, orthotropic material models was typically

direction to the fibre in Autody@D orthotropic petween 12% of the instantaneous geometric

composite modelling. strain [6, 13, 28] The geometric strain was
considered as 1.2 % for Twar o

In this simulation, material constants for Kevlag,q 2 o for lead and brass material in this study

129 were used to estimate the ballistic impdad 0 \ith removed cells mass taken into accddme13,
Twaron®/ epoxy plates (25]_&1ble 2) . I't was assumed

that the difference in material properties was not

Table 2. Material properties of Kevlar129 used in the anal{Hs13].

Material properties Strength/Elastic

Referencealensity(g/cny) 1.65 Sheamodulus(kPa) 1.85701e6
Orthotropic \Engineering constants Failure\Material stresgStrain
Youngmodulus11(kPa) 1.948e6 Tensilefailure stresd.1 (kPa) 1.2e6
Youngmodulus22(kPa) 1.8e7 Tensilefailure stres®2 (kPa) 1.85e6
Youngmodulus33(kPa) 1.8e7 Tensilefailure stres83 (kPa) 1.85e6
Poisson ratio 12 0.077551 Maximumshear strest2 (kPa) 5.43e5
Poisson ratio 23 0.062540 Maximumshear stresa3 (kPa) 7.7e04
Poisson ratio 31 0.312031 Maximumshear stres31 (kPa) 5.43e5
Sheamodulus12(kPa) 2.23e5 Tensilefailure strainll (kPa) 0.02
Sheamodulus23(kPa) 1.85701e6 | Tensilefailure strain22 (kPa) 0.060
Sheamodulus31(kPa) 2.23e05 Tensilefailure strain33 (kPa) 0.060
Volumetric response Polynomial | Maximumshear strail?2 1e20

Bulk modulusAl1-T1 5.29e6 Maximumshear strai23 1e20
Parameter A2 4e7 Maximumshear strair31 1le20
ReferencgemperaturgK) 300 Erosion/Geometristrain Instantaneous
Specificheat(J/kg K) 1.42e3 Erosionstrain 1.2
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3. RESULTS m/s and 400 m/s with the first chronograph. During
the ballistic tests, the initial velocity of the bullet
3.1. Ballistic Test Results differed slightly due to the change in the amount of

gunpavder contained in the cartridge, so the

Change of the thicknesses and the bull§tandard deviation values of the bullet velocity
initial/residual velocities with the number of layergvere also given in Table 3. Average bullet
were compared in Figure 5 (a) and (bjpitiallresidual velocities, absorbed energy, specific
respectively. As expected, the thickness values ®hergy absorption values as ballistic test results,
the plates increased with the number of layers. TREeal density andhe measured weights of the
ratio of average thicknese number of layers was Produced plates according to the number of layers
between (26-0.28 mm The impact velocity (initial Were summarized (Table 3).

velocity) of the bullet was measured between 380

4.50 - 2 400
g 4.00 - :E, Adl m Average
53 i 2360 initial
2 2 340 velocity
g 3.00 > 320 ® Average
= 0 E residual
=25 5 300 velocity

2.00 280

10 12 14 16 10 12 14 16

(a) Number of Layers (b) Number of Layers

Figure 5. (a) Thickness of plates, (b) Average initial and residual bullet velocities

As a result of laminate containing more fibresDepending on the initial velocity of the bullet
energy loss at impact increases with plateefore impact (M and residual velocity after
thickness. All the kinetic energy of the bullet waperforating the drget (\), the initial, residual and
absorbed and stopped by the target at a ballistibsorbed energy values were calculated with the
limit velocity of 390 m/s for 18 layers throughfollowing analytical formulas.

stretching the yam) generating compressive waves

along the thickness direction, deformation of thenitial (Impact) Energy J , E =1/2ni (1)
target, matrix cracking, fibre failure and
delamination[6]. The absorbed energy increase
with the increasing number of layers and reach
100% for the 18ayer sample by spping the
bullet. Therefore, the tests were determined forAbsorbed enerdy )J , & 1/2mV- 1/2m (3)

plates with 1012-14-16 layers of aramid fabric and

the residual velocities were compared with the da 3

obtained using the finite element methédd. seen Rbsorbed enerqy % ' ""Eﬁ %( E /‘)E 1)

from the deformation zones perforated Hyet

bullet, he amount of fibre breakage on the backp e ci f i ¢ enelr/geyghnadEBLr pt i on
faces of the plates was found to increase with theAr eal densi ty) (5)
increasing number of laye(Bigure 6)

sidual energy of bullet after impéc} & =1/2m (2)

¢. . M¢ih. F&@kHazirbre®2 i si, 3 491
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Table 3.Ballistictestr esul t s of Twaron®/ epoxy pl ates

Number of V\Z?gtﬁ t Average Average Ea Ea ngsjilty Es
Layers 5 Vi (m/s)/SD | Vi (m/s)/SD J) (%) (glcn?) (J/(g/cn?))
10 394.25| 381 | 5.38| 351 |4.97| 86.97 14.99 0.373 233.00
12 427.78| 392 | 852 | 317 | 99| 211.89 34.52 0.405 523.18
14 517.76 | 392 | 4.04| 313 |6.36| 223.48 36.29 0.490 455.91
16 587.71| 393 | 9.43| 293 |4.62| 274.59 44.37 0.556 493.50
18 655.05| 388 | 0.58 - - 602.95 | 100.00 | 0.620 972.25

*SD: Standard deviation

Figure 6.Backf ace i mages of 10, 12, 14, 16 | ayer (a), (

3.2. Finite Element Model Results and The Autodyn model can detect directional damage
Validation with Ballistic Tests such as delamination with orthotropic failure
criteria. Ballistic impact damage also depends on
For each variable in the analysis, detailed tintbe shape of the 8hm bullet. Near the impacted
history results were obtained. Parameters suchfase shear plugging occurred, followed by a tensile
bullet residual velocity, damage behaviour anfibre fracture region and delamination near the exit,
bullet deformation over time were investigatedb ot h | eads to bul k failure.
Compression of the target take place jusbiethe lost its load bearing capacity and the material
bullet tip during ballistic impact, and the materiaproperties change depend on the type of
begins to flow along the thickness direction as ttdamage. Initiation of tensile damage for
bullet progresses. Bulge formation occur on thEewar on®/ epoxy can be based on
back face of the plate as a result of bulleif material stress and/or strain in orthotropic
compression following the target failure and figall principal material directions. Friction, gravitational
the bullet and plug exit from the back face of theffects, angular velocity of the bullet are aken
plate. into account in the simulations.

492 ¢. ). M¢ih. Fr@kHazilBbre®@2yi si, 3
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Figure 7. Residual velocities of (a).26 mm/layerTFS:0.045, (b)0.26 mm/layerTFS:0.060,(c) 0.28
mm/layer TFS:0.045, (d)0.28 mm/layerTFS:0.060,(e) 0.30 mm/layerTFS:0.045, (f)0.26
mm/layerTFS:0.060 at 0.06 ms
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The residual velocities with the least errors closeBt3mm/layer, initial elocity 400m/s TFS:0.045

to the experimental tests were obtained in theere calculated in the analysis with higher error. It
analysis with a layer thickness of 0.26 mm, a bulletas observed that the error for residual velocity
initial velocity of 390 m/s, and TFS:016 increase as the number of layers increases. The
(Figure 7 (a)). For 12 layers, the error in residuaesidual velocity error of the other analysis was
velocity was higher than the other layers. Thieigher when compared to expaental tests
measured residual velocity values for the a@d (Figure 7 (d) and (f)). It was found that the residual
l4-layer plates were found to be close in theelocity increased with the increase in the impact
experimental tests. The second closest residwalocity and there was a linear relationship
velodty values to the experimental tests were 0.28etween the.

mm/layer, initial velocity: 400m/s, TFS:0.060

(Figure®b)). The error in the residual velocity forAfter impact, the kinetic energy of the bullet was
16 layer was higher than the other plates for thisansferred and increaséise energy of the plate
analysis. The residual velocity after perforation cind some of the kinetic energy was used for
the 16layers was lower due to high@FS0.060 deformation of the bullet. During ballistic impact,
value causes the plate harder to perforate. Tthee energy of the bullet was absorbed by the plate
other closest residual velocity values for theith different mechanisms, resulting in bullet
parameters in Figure 7 (c) 0.28 mm/layer, initialetardation.

velocity 390m/s, TFS:0.045 and in Figure 7 (e)

000ms 0.0l ms 002ms 005 ms 004ms 0f5ms 0,

(a)

Void

Hydro
Elastic
Plastic

Bulk Fail o
Fail 11

000ms 001 ms 002ms 003 ms 004ms 005Sms 0 00ms 001 ms 002ms 003 ms 004 ms

Fail 22

Fail 33

[
4

(c) (d)

Figure 8. Perforation mechanisms, deformation, failure modes and failure directiofeg 4D layer (2.6
mm), (b) 12 layer (3.12 mm), (c) 14 layer (3.64 mm), (d) 16 layer (4.16 mB90mM/s,
TFS: 0. 045) Tplates etwean 0P mxty 0.06 ms

In the analyses performed, the closest residugérforation mechanisms, deformation, failure
velocity results to the experimental study wermodes and failure directions of 10, 12, 14, 16 layer
obtained in Figure 8 (0.26mm/layer; ¥390m/s, plates were shown ifrigure 8 (a), (b), (c), (d)

TFS:0.045) between 0.6D06 ms time range. respectivelyThe perforation mechanisms observed
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in the plates were due to delamination, fibreystem by element erosipwork done by contact
degradation rad bulk failure. Delamination failure penalty forces. Current energy values were equal to
increased from 10 to 14 layers but decreased in tt& sum of internal, kinetic and hourglass energy of
layers due to higher deflection of the plate bplate and bulleat 0.06 ms. During the penetration
absorbing more kinetic energy of bullet. of the aramid layers, the bullet lost 13%, 16.7%,
25.84% and 28.49% of ienergy at 0.06 ms for 10,
As the number of layers increased, the contat®, 14, and 16 layers, respectively. Most of this
duration of the bullet incread, causing energy transferred to the plate and the rest was
retardation. As opposite, the decrease in tlpent for work done.
number of layers reduced the time required for the
bullet to pass the thickness of the plate. The contddie maximum diameter, length dimensions of the
duration was determined by the travel of the bulleleformed bullet and front face hole diameter of
between 0.00 to 0.06 ms. When the bultavels plates were gien in Figure 9 (b) (0.26nm/layer,
forward, the plate was damaged by differet; =390m/s, TFS:0.045). During the impact, the
mechanisms and plug formation occurred in tHength of the bullet was shortened, crgsstion
plate as the major energy absorbing mechanism. was deformed into an ellipse and diameter
increased compared to origin&@ mm diameter, 15
In Figure 9 (a), the energy percentages of the platem length) dimensions. The bullet length
bullet and work done were given. The plate andcreased slightly from 10 to 16 layers and the
work dore energy increased as the number dfiameter decreased slightly from 10 to 14 layers,
layers increased, while the bullet energy decreasehched maximum value at 16 layéerhis situation
with its speed. Work done represents the sum whs defined as an increasing deflection of the plate
the work done by constraints, work done by loads) 16 layers with a riag bullet contact time and
work done by body forces, energy removed fromeformation.

90% - -
o 13
80% =125
P 70% E . -Bullet Length
L:: 60% E 12 =& Bullet Diamater
8 50% L 115 Front Face Hole Diameter
) w
= ®
‘5 40% qé l l - 2
30% = 9 v
s g 105 — /
20% I e nd”
> m 0N ‘
0% . 9.5
mPlate 10 12 14 16 10 12 14 16
Bullet Number of Layers Number of Layers
(a) = Work Done (b)

Figure 9. (a) Energy percent of plate, bullet and work daiy,Deformed bullet dimensions and front
face holediameter of plates at 0.06 rf&26mm/layerV; =390m/s, TFS:0.045)

4. CONCLUSION thickness was investigated experimentally and
numerically. The 9 mm bull et

The ballistic impact of a 9 mm FMJ RN bullet withPlate was modelle@gxisymmetricin Autodyn-2D

di fferent initial velRogam foresigplifigation andfastrseluian tinges o x y

composite plates with various layer numbers ar@f analysis.
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Based on the experimental and analysis results,
Twaron ®/ epoxy pl ates wit
10-12-14-16 were completely perforated.

18 |l ayers of
determined as the ballistic limit against thé®.
threat of 9 mm FMJ bullets with an average

ballistic velocity of 390 m/s. Plates with 18 orl.
more layers were absorbed all the energy of the
bullet. 2.

It was stated that with the increase in the
number of layers, the residual velocity values

decreased as the perforation resistance of tBe Naik, N. Shrirao,

plates increased, and it was far from the
experimental data vén the literature value of
0.06 for tensile failure strain 22 and 33 wa$g.
used. Closer residual velocity results were
obtained with the experimental tests byp.
reducing the TFS value to 0.045.

It was observed that with the increase in bullé:
impact velocity, the residual velocity also
increases and there was a linear relationship
between them.

7.
It was found that the optimum layer thickness
was 0.26 mm for the best residual velocity
values. 8

The closest residual velocity analysis results to
the experimental testsvere obtained in the
0.26 mm/layer, Vi =390m/s, TFS:0.045 at
between 0.0@.06 ms from three
(0.26/0.28/0.30 mm) layer thicknesses an%'
three (380/390/400 m/s) velocities.

The work done energy for 16 layers was the
highest compared to 10, 12, and [Bgers in
(0.26 mm/layer, 390m/s, TFS:0.045) analysis. 10.
With the highest deflection of the plate and the
increase in the contact time of the bullet in the
plate, bullet reached the highest diameter,
deformed in the form of an ellipse, and causejx_jl
morelocal damage to the plate.

As the number of layers increased, the plate and
work done energy increased, while the bullet

496

Twaron®/ ep

energy decreased with its spe&te bullet lost
Miniraum113% and maximomh 28:49% 6f its
energy with full perforation at 0.06 ms
(0.26 mm/layer, 390 m/s, TFS:0.045)

oXYy ar mour wa s
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