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Abstract

Thils study aims to determine the ballistic characteristics of the wwao steel plates with different hardmess levels and mix in the farm
of kayered in nomspermanent consiructions. Balistic testing by caliber 556 = 45 mm deformed full metal jacket on a sample plate
with each a thickness of & mm at a distance of 15 m with a normal angle of artack. The results of ballistic testing on both Sngle
plates are they can be pierced by a projectile. While for the layered plate, projectile can only penetrate the front side of the plabe.
Thie characteristic of each hole that is formed shows the difference caused by the level of hardress of the plate. On the rear part of
the plate, & bulge appears becawse of an impact from the front side of the plate_ In the Soft Plate appear high petals anounid thie hale
on the front side with the microstruciure deformed on the orater walls. While the hard plate forms small petals on the back side and
shighily defonmed crater walls. The Soft plate is perforabed due o deformation with petaling and fragmentation mechanism, wihile the

hiard plate is perforated due to plugging mechanism and adiabatic shear band and cradosd.
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1 Introduction
Ballistic resistant materials (armor) are material that can
withstand the pace of progectile fired from guns. It's devel-
oped and used in mildary or civil as the main constructbion
and addsteonal surface protection [1], and metallic armor
is the most mature class of armor materials and s still
widely used for ballistic protection today [2]. Armor mate-
rial has long been developed and has been made o contour
maps for ballistec performance of thick metallic armor
as reporied 3] Ome of the constructions that require
ballistic resistant material is Armored Fighting Vehicle
[AFY) with main material of steel plate [4]. The sucoess
of AFY 15 predicated on the alignment of their capabilities
with mission requirements [3], the mission cam be chase,
attack amd defense. The more theckness of the plate in use
then ballstic impact become higher, but cawses the vehicle
increasingly heavy, consequently declines the efficiency
and agility as reported [6].

Ballistic ressstant sieel has been created and developed
through quench temper and has been imvestegated in [7-9],
bainstic quench temper in [10, 11] to improve the sirength

amd hardmess. The more hardmess of the steel increases,
then ballistic resistance increases up toa certain value will
decreases and finally a failure ooours due 1o the process of
sheaning and cracked so perforated from ballstic impacis
has been reported m [12]. Failure mechanizm up to the per-
forated on the plate shapes britile fracture, radial fracture,
ductile bole growth, plugging, fragmentation and petaling
has been reporied [13], ductile bole formation, soft plug-
gimg. hard plugging and target shatter has been reporied
in [14]. Ballistic resistance of the steel is complex funcion
from mechanical properties, such as yield strength, fen-
sile strength, hardmess, ductiliy and charpy. Only one of
mechanical properties unable to be wsed to predict the bal-
listec resistance, an optimum combination of strength, hard-
ness amd foughness is exsenbal for good ballstic perfor-
mance [15]. Besides the hardness, the thickness of the sieel
plate also affects the ballistic impact as stabed i [8, 9]

In the case of projectile impact against hard steel plate,
it will form Adiabatic Shear Band (ASH) amd makesx
the plate cracked, broken, and eventwsally perforated,
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as reported in [16]. The higher the material bardness,
the easier the formation of ASB. Furthermore, the ASE
triggers plugging as a result of shear stress [17). Asin [15]
summarizes that ASH are formed in the process of
dynamic deformation at a high strain rate, heat gemer-
ated by the localized shear plastic deformation is hardly
emitted outside due o lack of time, so the temperature
rises suddenly in the local area. Heal on a narmow area
and the acceleration of plastic deformation are main factor
of the establshment of the band so that causes damage,
has been reporied [19). ASE formation of high strength
sieel depends on the bardness, thickness and percentage of
the hole made in the plate has been reported [9)

As i [20] reports performance of monolithic and da-
ble=layered shiclds against progectile impact with foar
types of projectiles of differemt weight and nose shape.
The simulations with finite element prove that the dow-
ble=layer configuration is able to improve the ballis-
tic resistance by B0 %—250 % for the flat-nose projec-
tile, compared 1o the monolithic plate of the same weight.
Whereas conical-nose projectile does not indicates signaf-
wcant differences. As in [21] also reports that the best con-
figuration double layered obtain the upper layer of high
ductility and low strength material and the lower layer of
bow ductiliy and high stremgih materzal.

As in [22] has alse been conducting experiments bal-
listic performance with blumt and ogival-nosed progec-
tiles of double-layered steel plates of different materials.
Result shows that the double«layered plates of the upper
byer with high strength and losw dsctility material and
the lower layer of low strength and high ductility have
higher ballistic limit velocsties than the configuration of
the opposite layering onder. The ogivalkmosed projectiles
are significantly smaller than those of blunt nosed progec-
tiles ballistic limit velocities.

Stwdy to compare monolithic with lyered plate using
several plates with the same todal thickness and manufac-
tured from the same material and different materials has
been mamy reporied. Construction of layered plates that
are mutually made hxed/permanent resulted in the impact
energy of the progectile will proceed directly io the next
plate layer. So in this method has been presented manue-
factunog to ome plate in front side that has the free (mon-
fixed/permanent) is slightly reparted.

In this paper will describe and amalyze the ability and
the characteristics determine the ballistic characteristics
of the two steel plates with differemt hardness levels and
mix in the form of layered with manufacturing o one

plte in front side that has the free (nonsfixedfpermanent)
by macro and micro ohservaton

1 Materials and methods

11 Sample preparation

Eaeel plate of & mm thickness with different hardness was
obtained from unebeat treatment steel for soft sieel plate
and heat treatment sieel for hard steel plate. Heat treat-
ment was carried out by austenibizing it at the lempera-
ture of 950 for 21 min, followed by water spray quench-
ing, and then tempered at the temperature of 250 for
2] min. Tahle 1 shows the chemical compositions of each
steel plate and Table 2 shows the mechamical proper-
tics. Standard test method for Brinell hardness of metal-
lic matermls with ASTM EID, tension testing of metallic
materials with ASTM EB, motched bar impact testing of
metallic materials with ASTM E23.

1.2 Ballistic testing
Zofi and hard plates were made for a panel (150 = 150 mm)
of ballistic test with single and dowble configuration
showx i the Table 3. In the double configuration, soft
plate was arranged on the back (back plate) with the aim
of ease in manufacturing and application. The front plate
is oot fixedfpermanently made on the back plate with a
loose tab system. Each panel plate was shot at a distance
of 13 m by using projectile caliber 5.56 ® 45 mm M-193
deformed full metal jacket with a normal attack angle (90
o the plate) in accordance with NI Standard 010800,

Table | Chemical ceenposition of stel plase

Belateriad Cheemmical Corsposition (% wiL)
OLLER 50 T, 0305 % Ma, LIRS % 5L 0013 % F,
Ln-heat QD0 % 5, D009 85 D, DA % Me, 022 % O,

Ircabed slecl 0005 % W, L2 % Wb, U029 % Ti, U012 % Al

Pl plaiey 003 % Sn, 0005 %5 P, D00 % En, 005 %6 Co,
huilisiin: Fe

246 % T, 1349 % Ma, 0,375 % Si, 002 %P,

heatl 1rcated 03T % O, OLEEE % M, 0342 % Mis, 43 %O,

sleel {hard OO0 5 W, D07 %e Mis, Gl 5 T4, 00047 % AL

plaii QL0005 % Sa, 006 % Ph, 00016 % Fa, 0003 % Ca,

il Fe
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The average velocity projectiles were 989 mfs measured
with the chronograph Prochrono®. The witness plats were
made of aluminum sheet with a thickness of 0.2 mm.
Fig. 1 is the usage of scheme panel and shooting positions
as well as the projectiles.

1.3 Analyzed preparation

The resulis of the tests were based on macro observabion
by using a macro camera and the micro samples were pol-
ished mechanically, and it was etched for 7 s with a 2 %
nital solution. Afterwards, this was observed and analyred
under the amd of a microscope optic.

3 Results and discussion

3.1 Macro ebservation

Projectiles can penetrabe single soft and hard plate (5 amd
H configuration) after hallisbics tests and both formed cra-
ters. Craters characteristic that formed on both plates were
different because it affected the level of hardness of each
plate. Around the crater bole in the soft plate, formed pet-

als om both sides which are the front face and back face of
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the projectile’s direction. The hard plate did not appear petal
st frmied broken lips around the crater bole on the front face
and petal with crack on the back face. Fig. 2 shows Macm
observation on single soft plate (S) and hard plates ().

The crater formed with a high petal on the front face
due o plastic deformation soft plate as shown in the
macro deformed around the petal (Fig. 2 a) front face)
High velocity ogivalftapered-nosed progectile (Fig. 1 bl
=0 that the projectile can be easily pierced 1o a soft plate.
Due to a puncture, then the plate was deformed to a
round of the hole and formed a high petal on the front
face. While on the rear face of the petals appeared small
(Fig. 2 a) rear face) with a different shape from the front
face. Petals on the rear face occurred due to former Fault
and deformation by projectile impact.

The petals were not formed on the fromt face of the hard
plate due 1o the plte character of the hard, brittle and
not easily deformed, so that the pointed projectile was
not capable of piercing the plate (Fig. 2 b) fromt face)
Petal formed irrespective because the plate was very brit-
tle by progectile impact so that lefi the former fault around
hole which were called broken lips. Piercing projectile
when impact the surface of the plate, the projectile became
biunt and due to the high thrust force, the plate can be bro-
ken up to penciraie the plate. The rear face plate formed
petals with cracks that indicated the materzl were britile
and low ductility {Fig. 2 bj rear facel.

Characters of the cross-section hole formed in the soft
plate enlarged on the back face (Fig. 2 a) cross saction)
this was the case beside deformation also occurred frac-
ture when the projectile inside the plate, and the fault was
pushed 1o the back face. At the hard plate did not occur
flakes so that the holes formed from the fromt face to the
back were relatively similar (Fig. 2 b) cross section).

Fig. 3 shows plate fault due to projectile impact and
hole formatson in the witness plate on the single plate test.
It proved that the soft plate besides ocourred due to defor-
mation also large fraciure amd small flake fracture that
spread (Fig. 3 a) and Fig. 3 cj) The Crater formed beside
due to propectiles puncture and deformation alse due to the
fracture on the plate on the back face (Fig- 3 aj). Fanlt plate
and projectiles spread so that caused large hole and small
holes around #t on the witness plate {Fig. 3 c).

The hard plate appeared single fracture was pushed
to the back (Fig. 3 b)) the fault also appeared relatively fat,
this proved that the progectile was mot able to pumcture plate
bt it projectile deformed be blunt. The single fracture peo-
etrabed the witness plate a form single bole {Fig. 3 djj.
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Fig. 2 Macro observation single soft and bard plac

Fig. 4 shows macro observation on the petals, bro-
ken lips and crater wall. The soft plate was produce hot
roll forming layered petals with resadual jacket attached
to petals (Fig. 4 a)). Besides the deformatson, the plate also
broke from the progectile impact. Fracture occurred on the
plate were ductile fracture was seen along the crater wall
(Fig. 4 b)). Petals were not formed on a hard plate because
fracture around the hole due to the brittle plate happened,
thus formed a broken lip (Fig. 4 c)). Single fracture in a
cylindrical shape pushed to the back face of the plate,
to form a sliding groove on the crater wall (Fig. 4 d)).

In the double plate (SS configuration and configuration
HS) obtained the ballistic test results as shown m Fig. 5.
Crater formed on the front and back side of the front plate
on soft and hard plate ssmilar to the single plate.

On the SS configuration (Fig. 5 a)) were soft plate « back
plate, the projectile had completely perforated the front
plate. Fromt plate formed petals on the fromt face and inner
side plate. The residual velocity of the projectile and plate
spall was still able to push the back plate so it deformed.
This deformation caused the back plate on the rear face
to form a bulge. The dominant fatlure model of the front
plate SS configuration were petalling and fragmentations,
while on the back plate was bulgmng.

Meanwhile the sample with HS configuration (Fig. 5 b))
were hard plate « back plate, on the fromt face seen spalls
on the crater ip and cylinder plugging shape were push-
ing back plate. High bardness and high strength plate
were able to resist the velocity and broke the projectile tip

better, although this hard plate had lower mmpact energy
than the soft plate. The petals did not visible oa the front
face and slightly visible on the inner side. Plugging that are
formed by the impact of progectiles able to push shight back
plate and smooth bulge on the rear sade of the back plate
appeared. Failure model of the front plate in HS configura-
tion was plugging which spall in lips crater on fromt face.
There were differences in the ballistic resistance
between SS and HS configuration. On the SS configura-
tion, projectile with an ogrvaltaperedenosed (Fig. 1 b))
was able to stab plate and plate deformed so #t formed
a petal on the front and back face. As in [9], have described
the same as formed petal and smooth crater on the low
strength and high strain steel plate dee to the high tem-
pemature tempering. The petal formed in the front and rear
on the mild steel plate due 7.62 mm AP projectile through
numerical simulations and experiments [23]. Low strength
on the plate caused plate casily penctrated by a projectile
although the high toughness and impact energy. Plate was
unable to withstand projectiles at high velocity with an
ogivaltaperedenosed. High strain on the plate caused
the plate casaly deformed thus formed petal on both the
fromt face and back face mn the first layer plate.
Furthermare, on the H configuration, the petals on the
front face were not found. Hard material with high strength
and low strain trends brittle. The projectiles cannot pierce
plate. High wvelocity projectiles were causing fractures
around the crater lip and then broken plate formed a cylin-
der plugging. Plugging mechanism occured because the end
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Fig- 3 Formation of fracture plat and hale wilncss plate.

&) foemation of feacture sofl plate, b) formaticns of fractuse

hard plate, ¢) hole witness plate from soft plate aad J) bole
wilncss plate from haed plate.

of projectile was blunt due to impact. Progectile caused fail-
ure by plugging which involved shearing used hemispher-
wcalenosed projectiles [24]. This plugging shape as formed
m high strength armor steel 10 mm of thickness impacted
by 7.62 mm deformable progectiles [I15] Real perforation
did not appear in this configuration because the cylinder
plugging restrained by the back plate. HS configuration
(high strength, low stram) will sigmificantly be a supersor
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Fig. 4 Fracture formation on single sofl sad hard plate.
4) petal in soft plaie, b) crater wall in sofl plate, <) beoken
Tips in bund plate and d) crater wall in bard plate.

ballistic resistance than the S configuration because of
its resistance capable of breaking the tip of the progectile.
It has also been submitted in [25], where the high strength
and low ductility matermal was Armox 5607 of the upper
layer, while the low strength and high ductility mate-
rial was Weldox 700E to used bluntsnosed projectile [22]
the target plates were made of 45 steel and Q235 steel used
blunt and ogival-nosed projectile.

Crater bole dameter formed in the plate larger than
the diameter of the projectile are used, it was due to plate
occur plastic deformation duning projectile impact at the
high velocity. Table 4 shows the complete dimensions of
craters formed.
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Table 4 Crater dimension focal plate formed projectle impact 5.56 45 mm caliber

Coafiguruion Hole diametcs High petal focest Hole &ametcr High petal back DoP back plate High bulge back
frosd Cace (mm) face (rmmm) back face (mm) face (mm) { ) plate (mun)

Soft plae (S) 626 i 246 146 - -

Hasd plate (H) 6RE - 6.58 1.20 - -

Sefi-soft plate (55) 708 244 .50 .08 6402 6.10

Hasd-sofl plinc (HS) 668 - - iR 222 1.20

The hole formed in the soft plate (S) formed a differ-
ent diameter with diameter progectile used 6.26 mm and
5.56 mm. Dmmeter that formed larger than the diameter
of the projectile. This proved to occur of plastic defor-
mation after projectile through the soft plate. Diameter
on the backside much larger (946 mm) than the diame-
ter on the front side as shown in cross-section holes are
formed (Fig. 3 a)). The greater diameter on the back side
was due to fracture m the plate when the projectile passed
through the plate. This was evidenced in the witness plate
(Fig. 4 ¢)) forming the main large hole and small holes
around st. Large hole due to the projectile passed through
a large plate and fracture, while small holes around the
main hole showed projectile or plate fragments separated
and penetrated the witness plate. Faislure on the soft plate
s0 that induced the formation of craters was a combination
of process petaling and fragmentation reported m [13],
which evidenced by the formation of petals and appear
small fracture or soft plugging process as reported in [14]
were the formation of holes with petals on the front side
and then formed the main fracture driven by a projectile.

Crater hole diameter formed in the hard plate (H) was
6.88 mm (Table 4), much larger than the projectile diam-
cter of 5.56 mm was used. This was due to the deformed
projectile while hitting the plate so that the projectile
diameter was great before the perforation plste. Diameter
formed on the front side and the back sxde of the same
(Fig. 3 b)), and did not visible small peeces pushed to the
back as evidenced in the witness plate was formed only
a single bole (Fig. 4 d)). A krge impact force cannot be
detained by the hard plate so that the plate of falled and
perforated with a plugging mechanism repocted in [13] or
hard plugging in [14]. Plugging s the formation of holes
due to a single fracture and sliding, while hard plugging
15 hole formation due to fracture that shifted that are pre-
ceded the formation of a small fracture on the sude face.

The character of the front plate hole on SS configura-
tion was ssmilar to the S configuration that was high petal
formation with a large diameter hole. It was also due to
the deformation of the plate due to prick of the projec-
tile’s tip. So did with the character of the hole on the front
plate HS configuration was the same with a hole on the



H configuration that was visible faults and plugging.
The remamed projectile energy that was absorbed at the
froat plate was still capable of forming a crater on the rear
plate so as to form a crater, although did not penctrate
(Depth of Penctration = DoP). A bulge on the back side
was visible either on the SS or SH configuration. A bulge
on SH configuration. The Depth of Penctration (DoP) on a
SS configuration plate was deeper than the HS configu-
ration plate, as well as the bulge height on the SS config-
uration plate was higher than the SH configuration plate.
This proved that the hard plate on the front sade was better
in resist ballistic pace compared with the soft plate.

3.2 Micro observation
Fag. 6 shows the microstructure on the soft plate, visible
structure of ferrite and peardite. Grains of Fernte and pearl-
ite in a furly remote area of the crater wall appeared rela-
tively round (Fig. 6 b)), while in the area close to the crater
wall of the seen oval (Fig. 6 c)) with an oval shape in line
with progectile direction. This formation due to defor-
maton proses while projectile penetrates mto the plate.
It proved that perforated of soft plate occurs plastic defor-
mation besades the fault occurred by progectile impact.
Fig. 7 shows martensitic structures on a hard plate
as quench temper process. Martensitic structure both in
arcas far from the crater walls (Fig. 7 a)) and n the area
near the crater walls (Fig. 7 b)) did not have a significant
difference. This proved that no or little deformation struc-
ture on a hard plate. Therefore, the hole was not as dom-
imated by deformation but due to a fault on a plate driven

Fig. 6. Microstracterc of soft plate.
&) the sade of the ballistic toating, b) forrite and peardite siructuse sormally
awsy from hode projectile impact and ) ferrde snd peaslite sructure s
defoemod due 10 of the mnpact of a projectdle

Pariod. Polytech. Mach. Eng., 54(3), pp. 189-198, 2020

by a progectile impact. Microstructure of hard plate show
in Fig. 8, crack in hard plate show in Fig. 9 and ASB for-
mation showed in Fig. 10.

Another area in the crater wall on the hard piate scen ASB
(Fig. 8), crack (Fig. 9) and ASB induced cracking (Fig. 10)
as has been reported in [9]. The ASB appeared due to high

Fig. T Microstructure of haed plase.
&) the far sidlc of hole projectile impact sad b) the edge of the hole
projectile impact

B et AR

Fig. 8 Microstructure of hand plae.

4) cratey hole ballistic impact, b) ASH on the hoales edae carved 1o lowand
the sl of peojectiic and ¢) ASH which appears in the fractes
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projectile direction =——»

Fig. 9 Cracks in the plaie kard

Fig. 10 ASB formaton whach caces the fracture

strain occured in the bard matersal so that the ASB dad not
appear clearly on the soft plate which casily deformed.

ASB formations with a curved shape with the arch
direction the same of projectile direction seen in almost
all the crater holes (Fig. 8 b)). ASB formation on the hard
plate cause crack trigger along band and produced frac-
ture. This showed before the fracture, hard palate which
was impacted in weak areas will deform into a white band
and then further cracked and broken [17). ASB induced
cracking formation (Fig. 8 ¢) and Fag. 10).

Cracks on the inside werealso seen in hardened steel with
an clongated shape m the direction of the rate of the pro-
jectile (Fig. 9) It did not found ASB around the crack,
50 the crack was not preceded by the formation of the band
as it occurred in areas of direct contact with the projectibe.
Cracks were not appear on the soft plate that were duc-
tile because soft plate casily deformed so that the impact
energy when exposed to impact from progectiles.

& the direction of §

4 Conclusion

The results of ballistic testing that used projectile calsber
5.56 % 45 mm M.193 deformed full metal jacket with a
distance of 1S m normal angle of attack on the soft plate
hard plate and double plate with a non-fixed/permanent
arrangement on the back plate can be concluded nto.

The projectiles can penectrate both single plates while
on double plate, only the fromt plate that is penetrable
while the rear plate 1s formed a bulge.

At the soft plate both on single and double plate appears
petal, on the front side due to punctured piercing projectile
and plastics deformation. Perforations mechansm occur
the fragmentation and petaling process.

The Bulge formed on the back plate caused by the
remained progectile impact emergy on the fromt plate.
Bulge on soft plate composition on front ssde is greater
than the composition of the hard plate on the front side, so
that hard plate can resist projectile better than soft plate.

At the hard plate, the diameter crater hole forma-
tion is greater than the diameter of the projectile due to
deformed progectile before penetrate plate, and hard plat
was not occur plastic deformation. Perforations mecha-
nism occur the plugging.

At the hard plate appears Adiabatic Shear Band and
cracking due to projectile impact.
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