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Triple layer titanium-based plate consisted of Ti—6Al-4V and CP-Ti layers
3D-printed on T110 substrate was tested for antiballistic protection. Micro-
structure after ballistic testing, hardness and three-point flexure character-
istics of the layered material were studied and analysed. Interfaces between
layers are important structure features contributing antiballistic protection
characteristics. 3D-printed layers demonstrated sufficient bonding without
porosity and other defects at interfaces, which resulted in promising antibal-
listic protection against high-energy B32 projectiles. Difference in micro-
structure, strength, hardness and ductile properties of individual layers re-
sulted in noticeable variation of mechanical behaviour of layered materials
depending on direction of applied force giving potential for further im-
provement of protecting characteristics.
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B pob6ori mocrimxeno anTubasicTUUHiI 3aXMCHI XapaKTEePUCTUKU TPhOXIIAPO-
BOI IJINTH, IO CKJIANAEThC 3 mapiB cromy Ti—6Al1-4V i rexuiuno uncToro Tu-
TaHy, MOOYyIOBaHUX MeTO0I0 3D-npyKy Ha migkaaguuii i3 cromy T110. ITicaa
OaJIicTUYHUX BUIIPOOYBaHb, JOCIiIKEHO i IpoaHaIi30BaHO MiKPOCTPYKTYPY, a
TAKOK TBEPJIiCTh Ta MeXaHIUHI XapaKTEePUCTUKM JaHOTO IIapyBaTOr0 MaTepi-
ANy TIPU HaBAaHTAXKEHHI MeTOm0I0 3-X TOYKOBOTO BUTHHY. IloBepxHi Mix I11a-
paM¥ € BaKJIVBUMM CTPYKTYPHUMU eJIEMEHTaMM, IIJ0 BHOCATH BKJIAJ B 3ara-
JIbHI 3aXWCHi XapaKTepuUCTUKU. 3D-IpyKOBaHi IIapu xapaKTepu3yoThCs JOC-
TATHBOIO CHUJIOIO 3B’sI3KY 6e3 mop Ta iHImmux ged)eKTiB MiK HUMHU, 1[0 3abesIiie-
yye HMepPCIeKTUBHI pe3ybTaTH MPU 3aXUCTi Bif OpoHebifinux Kyab B32. Pis-
HUIA B MiKPOCTPYKTYPi, MiITHOCTH, TBEPAOCTU Ta IJIACTUYHOCTHU iHAMBimya-
JBHUX IIIapiB Beje 0 3MiHM MeXaHiYHOI TOBEAiHKU IIapyBaTUX MAaTEPiAiB B
3aJIeKHOCTI BiJj HAIPAMKY IIPUKJIAJEHOT0 HaBaHTAMKEHHA, 110 A€ IOTeHIIi A
JLJIsI IIOJAJIBIIIOTO MOKPAIIleHHS 3aXNCHUX XapaKTEePUCTHUK.

Karouosi croBa: TuTanoBi cronu, 3D-ApyK, 6araToiaposi MmaTepisan, MiKpo-
CTPYKTYpPa, OPOHLOBHIIL 3aXNCT, MEXAHIUHI XapaKTePUCTUKH.

(Received July 19, 2022; in final version, August 16, 2022)

1.INTRODUCTION

Titanium-based alloys and metal matrix composites are used in aero-
space, medical, military and other applications owing to high strength
to weight ratio and excellent corrosion resistance [1-3]. Among other
applications, titanium-based materials are attractive for manufactur-
ing of armour protecting elements for personnel and combat vehicles
[3, 4], but relatively high cost of titanium makes this material less
competitive compared to armour steels.

Despite attractive set of mechanical characteristics, conventional
uniform titanium alloys like other uniform metallic materials possess
limited combination of strength and ductile properties. For this rea-
son, conventional titanium alloys sometimes do not ensure confident
protection against ballistic impact and penetration of projectiles. En-
hanced set of mechanical characteristics and better antiballistic pro-
tection can be achieved with creation of multi-layered structures ow-
ing to combination of various alloys and/or composites possessing no-
ticeably different strength and ductile properties as entire article [5—
10]. As an example, combination of high-strength hard composite or
alloy layer with lower-strength alloy having increased fracture tough-
ness and ductility allows to reach improved strength/ductility balance
which is not achievable for individual uniform materials. Moreover,
interfaces between layers in multi-layered structures can be important
elements for scattering and dissipation of kinetic energy of projectiles
[7]1.

3D-printing, also known as additive manufacturing (AM) [11-14]
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technologies have a great potential for production of titanium-based
and other metallic articles of complex shape, including multi-layered
structures. Proper selection of 3D-printing parameters provides at-
tractive mechanical characteristics of titanium-based articles for vari-
ous applications and also promotes decreased manufacturing cost for
near-net-shape products. The main research and development efforts
were dedicated to AM of Ti—6Al1-4V (wt.% ) material as the most wide-
ly used titanium composition over the world [13—-16]. At the same
time, 3D-manufacturing approach has wide opportunities for varia-
tions in chemical composition and, hence, mechanical characteristics
of entire articles and individual layers of their constituents.

The purpose of the present study was 3D-manufacturing of multi-
layered structures consisted of titanium alloys possessing quite differ-
ent strength and ductility levels; evaluation of their microstructure
and antiballistic protecting potential.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

Three-layer plate (Fig. 1) consisted of titanium alloys possessing dif-
ferent strength and ductile characteristics was manufactured and
studied in present investigation. Industrially produced cast and
wrought plate (10 mm thickness) of high-strength T110 alloy (Ti—

Fig. 1. Top and side view of manufactured 3-layer plate.
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5.5A1-0.5Zr—-4Nb—1.5V-1.5Mo—0.5Fe, wt.% ) was used as substrate
for 3D-printing of ductile low-strength CP-Ti layer and medium
strength Ti—6Al-4V alloy layer. The main characteristics of obtained
plate are listed in Table 1.

The CP-Ti and Ti—6Al-4V layers were deposed on T110 substrate
with the xBeam 3D Metal Printing method [17-19], which used wires
of corresponding compositions 3 mm in diameter and a profile electron
beam as a hollow inverted cone to melt a wire which is fed coaxially
with electron beam. Such electron beam configuration creates well con-
trolled concentration of energy on the heating surface (in the range of
102 kW /cm?) and provides desirable melting and cooling conditions,
thus, giving a number of exceptional technological possibilities for
manufacturing of high-quality articles [17-19]. CP-Tilayer 12 mm in
thickness was built on T110 substrate with subsequent 3D-printing of
top Ti—-6Al-4V 12 mm layer (Fig. 1). Finally, manufactured 3-layer
plate 190x190x34 mm was annealed in vacuum 1072 Pa at 650°C for 4 h
and cooled with furnace to reduce residual stresses in the material
arose during intensive thermocycling (local rapid heating and cooling)
upon 3D-processing.

Such structure of layered plate (materials with higher strength as
outer layers and ductile intermediate layer) should promote effective
stopping of projectile with possible its deformation and fracture by
outer layers (Ti—6Al-4V or T110) while ductile CP—Ti layer in material
depth is useful to prevent crack propagation and fracture of layered
material as a whole.

Antiballistic protecting characteristics of manufactured plate were
tested in certified laboratory at National University of Defence of
Ukraine named after Ivan Chernyakhovsky using B-32 bullets (7.62
mm and 12.7 mm calibres). On testing, the projectiles acted on the 3-
layers plate from both sides (Ti—6Al-4V and T110 layers) for compari-
son. Kinetic energy of each projectile was calculated basing on projec-
tile velocity determined with laser measuring device for each shoot.

After ballistic testing, the plate was cut using spark erosion method
to study the inner microstructure and fractured surfaces near projec-
tile impact craters with Light Optical (LOM; Olympus IX 70 micro-

TABLE 1. Main characteristics of 3D-printed 3-layer plate.

No. of layer Material | Thickness, | Method of production| Average

mm hardness, HV
1 Ti—-6Al-4V 12 3D-printed 377
2 CP-Ti 12 3D-printed 179
3 T110 10 Conventional cast and 365

Base/substrate wrought
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scope, Japan) and Scanning Electron Microscopy (SEM; TESCAN VEGA
3, Czech Republic), equipped with EDS micro-analyser (Bruker
QUANTAX, Germany). The hardness of individual layers was studied
with Wolpert 432 SVD (Germany) tester and automatic tester Qness
(Austria). Rectangular (55x10x10 mm) two-layered samples were cut
with spark erosion at Ti—6A1-4V/CP-Ti as well as CP-Ti/T110 inter-
faces along the plate to evaluate 3 points flexure characteristics of in-
terface areas between neighbouring layers using Instron 8802 machine.

3. RESULTS AND DISCUSSION
3.1. Characterization of Initial State of 3-Layer Material

The typical microstructures of the separate layers of 3D-printed mate-
rial are shown in Fig. 2. Both 3D-printed layers (Fig. 2, a, b) demon-
strated coarse-grained structures with clearly visible columnar-like 3
grains up to few mm length, and 0.2—1 mm width. The Ti—6Al1-4V layer
is characterized by fine lamellar o +  intragrain microstructure (Fig.
2, a), while in the CP-Ti layer a mixture of a crystals of lamellar and
equiaxed morphologies up to 400 um in size is observed (Fig. 2, b). Con-
trary, cast and wrought T110 substrate has relatively fine nearly equi-
axed o + f microstructure, in which a-particles are elongated in rolling
direction (Fig. 2, ¢). T110 and Ti—6Al-4V materials demonstrated rela-
tively high average hardness (365 and 377 HV correspondingly, Table
1), such result is expected due to alloying strengthening and fine mi-
crostructure of wrought T110 plate as well as due to fine o+ 3 intra-
grain microstructure of Ti—6Al-4V formed on rapid cooling during 3D-
printing. CP-Ti layer has the lowest average hardness of 179 HV.

Used 3D-printing regimes ensured tight bonding and good adhesion
between layers of different chemical composition without pores or oth-
er manufacturing defects at the interfaces. However, special attention
should be paid to transition zones between the layers, which were
formed upon melting of both materials during 3D-printing, because
these areas undoubtedly have a special influence on the mechanical be-
haviour of a 3-layer structure. Fig. 2, d showed a typical example of
microstructure of transition zone between 3D-printed CP-Ti layer and
the T110 substrate. It is seen, that repeated heating and cooling during
3D-building of CP-Ti layer changed microstructure within upper part
of cast and wrought T110 substrate from initially globular (Fig. 2, ¢) to
fine lamellar inside heat affected zone (HAZ, Fig. 2, d). Alloying ele-
ments distribution within this transition zone (interface area) between
CP-Ti and T110 layers within the same location is presented in
Fig. 2, e. From comparison of Fig. 2, e, d it is clearly seen that the al-
loying elements, especially aluminium, quite deeply penetrated from
the T110 substrate into the adjacent titanium layer.
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It is expected that the presence of such a wide and smooth redistri-
bution zone of alloying elements affects the mechanical characteris-
tics. Indeed, the hardness values measured over the interface area (at
an angle of 30° to the line crossing the interface in Fig. 2, d to obtain
more accurate data) completely confirms the distribution of alloying
elements (compare Fig. 2, f, e).

3.2. Results of Ballistic Testing

The general view of plate after ballistic testing is shown in Fig. 3. The
plate was tested with 4 shoots (Table 2), including 3 shoots from Ti—

Interface
area

1
eat affected zon

d

Fig. 2. Microstructures of 3D-printed Ti—-6Al1-4V (a) and CP-Ti layers (b),
cast and wrought T110 substrate (c), interface between CP-Ti and T110
layers (d). Distribution of alloying elements (¢) and HV microhardness (f)
within transition zone shown in (d).
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Continuation of Fig. 2.

6Al1-4V alloy side and 1 shoot from opposite T110 alloy side. The type
of projectiles, their kinetic energy and testing results are summarized
in Table 2.

Projectiles Nos. 1 and 2 (both 12.7 mm calibre) slightly differs with
their velocity and, hence, kinetic energies, which, however, led to
quite different results. The projectile No. 1 was stopped within back
T110 layer; this layer was fractured with delamination due to cracks
formation near hard projectile core (Figs. 3, b, 4, a). It should be noted
that this delamination occurred behind the fusion zone of CP-Ti and
T110 layers and around or immediately behind of HAZ in T110 (see
Fig. 2, d), in which there was a significant change in hardness (Fig. 2,

TABLE 2. Characteristics of used projectiles and results of shooting tests.

No. and side of | Projec- Speed, | Kinetic | Penetration |Specific ener-
shoot tile/Bullet m/s |energy, | depth, mm gy (kinetic
energy/S),
MJ/m?
1. Ti-6Al1-4V B32,12.7 820 16240 Pierced, but 131.34
side mm stopped in
back T110
layer (34 mm)
2.Ti-6Al1-4V B32,12.7 835 16838 Pierced 132.92
side mm
3. Ti—-6A1-4V  B32,7.62 835 3626  Not pierced, 79.51
side mm 21 mm
4.T110side B32,7.62 812 3429 Not pierced, 75.19

mm 22 mm
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Fig. 3. General view of plate after ballistic tests: Ti—6Al1-4V alloy side (a), T110
alloy side showing delaminated fractured area near projectile No. 1 cavity ().

7). The projectile No. 2 pierced entire plate with similar crack for-
mation within T110 layer immediately behind HAZ (Fig. 4, b). Taking
into account presented in Table 2 data, it is possible to conclude that
difference in the kinetic energy of 598 J (i.e., less than 4% ) between
bullets No. 1 and No. 2 is critical to overcome ballistic resistance of
tested 3-layer plate.

Projectile No. 3 having lower 7.62 mm calibre, markedly lower ki-
netic energy and specific energy (kinetic energy of projectile divided
by cross-section area of the crater, Table 2) pierced front Ti—-6Al-4V
layer and was stopped within next CP—Ti layer, the depth of impact ar-
ea crater was 21 mm (Fig. 4, ¢). Shooting with opposite T110 side (pro-
jectile No. 4, 7.62 mm calibre) also resulted in projectile stopping with-
in intermediate CP-Ti layer with similar penetration depth of 22 mm
(Fig. 4, d). Despite the kinetic energy of projectile No. 3 exceeds the
kinetic energy of projectile No. 4 by 197 J (or about 6% ), the penetra-
tion depth of projectile No. 4 is greater by 1 mm (or 4.7% ). From this
result it is quite difficult to conclude how much the Ti—6Al-4V and
T110 layers differ in their antiballistic properties, since they differ
somewhat both in thickness and in the type of their microstructure. It
can only be noted that due to the formation of some laminated struc-
ture in the T110 layer during rolling, transverse cracking occurred
during the passage of a hardened steel core (see Fig. 4, b, d), which, as
known, additionally absorbs the energy of shock waves [7].

3.3. Microstructure Investigations

Microstructure features of deformed layered plate near projectile im-
pact craters are shown in Figs. 5—7. The rough and porous surfaces of
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d

Fig. 4. Delaminated back T110 surface near projectile No. 1 impact area with a
12.7 mm bullet core stuck (a) and cross sections of the plate showing macro-
structures near penetration channels of projectiles No. 2 (b), No. 3 (¢), and
No. 4 (d).

projectile craters (Fig. 5, a) are covered with lead of projectile shell
molten on plate piercing. Independently on direction of projectile im-
pact (either from Ti—6Al1-4V or from T110 side) materials were severe-
ly deformed in the vicinity of craters with localized plastic flow and
formation of adiabatic shear bands (ASB) in all affected layers. Crack-
ing within individual layers as well as at the interfaces between adja-
cent layers was observed on high-speed deformation during ballistic
impact (Fig. 5, b). Cracks nucleated at projectile crater and propagated
in nearly perpendicular direction to crater axis (in parallel to layer in-
terfaces), while ASB network propagated in various directions mainly
along the projectile penetration craters (Fig. 5, c).
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The main distortion with not uniform deformation was observed for
front layer. For example, front Ti—6Al-4V layer was divided with ASB
into blocks noticeably shifted from each other, but obvious traces of
deformation were absent inside the blocks (Fig. 6, a). Interfaces be-
tween front and deeper layers were markedly deformed (Fig. 6, a) and
cracked (Fig. 6, b). Formation of crack along the edge of T110 heat af-
fected zone at the T110/CP-Ti interface (Fig. 6, b) can be explained
with localization of residual stresses arose during 3D-processing and
their partial preservation after annealing. Also, noticeable difference
in mechanical characteristics between hardened finest lamellar o + 8
structure of T110 HAZ and neighbouring layers (soft ductile single
phase oo CP-Ti from one side and relatively ductile initial equiaxed o +
+ B T110 structure from another side) can promote cracking in the vi-

Fig. 5. Typical view of projectile crater (shoot No. 2) surface covered with lead
(a) and general view of deformed layers near projectile crater (b) showing
main directions of cracks propagation and adiabatic shear bands (c). Projec-
tile impact direction is up to down.
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TiL6ALAV

Fig. 6. Deformed interface between front Ti—6Al-4V and CP-Ti layers (a) and
crack between front T110 and CP-Ti layers (b). Shoot No. 2.

cinity of HAZ during propagation and reflection of elastic stress waves
at the interfaces.

High kinetic energy of projectiles Nos. 1-2 (Table 2) is a reason of en-
tire plate piercing with fracture (Fig. 4, a) and delamination of back
T110 layer. The fracture of T110 plate has mainly brittle mode (Fig. 7,
a) with relatively low amount of ductile dimples. When T110 is a front
layer (projectile No. 4, Table 2), well-developed ASB network and nucle-
ation of cracks within severely deformed ASB areas was observed (Fig.
7, b) for this material. Interphase boundaries between o and 3 phase con-
stituents were determined as weak locations responsible for crack initia-
tion and propagation (Fig. 7, ¢). It should be noted, cracks are localized
mainly within cast and wrought T110 layer (Fig. 4) while 3D-printed
layers demonstrated much lower tendency for cracking. This fact sug-
gests high potential of used 3D-manufacturing technology.

3.4. Points Flexure Test Results

Three points quasi-static flexure tests were performed for two-layered
samples cut out from the 3D-printed plate in such a manner that will
allow to evaluate the contribution of interfaces between different ma-
terials in antiballistic protection characteristics. The corresponding
results are presented in Fig. 8. For both pairs of tested materials, side
of external force loading is extremely important for mechanical behav-
iour, it is well known fact usually taken into consideration for con-
struction of armour elements.

Loading from ductile CP—Ti layer resulted in higher strength char-
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Fig. 7. Microstructure peculiarities of T110 layer: mainly brittle fractured
back surface, projectile No. 1 (a); ASB with crack nucleated (b) and crack
propagation between o and 3 phase constituents (c), projectile No. 4.

acteristics but fracture of back Ti—6Al1-4V and T110 layers at relative-
ly low strain values (Fig. 8, curves 1 and 3, correspondingly). If load-
ing is performed from opposite side (i.e., Ti—-6Al-4V and T110 materi-
als, curves 2 and 4), two-layer samples demonstrate reduced strength
levels but considerably better strain characteristics with ductile fail-
ure mode due to high fracture toughness of back CP-Ti layer.

The 3-points flexure testing confirms generally known result about
better protecting characteristics of layered materials in the case if
high-strength material is used as front layer while quite ductile mate-
rial is used as back layer. These data allow to make some additional
comments on above results of ballistic tests.

The comparison of shoots No. 3 and No. 4 (both made with 7.62 mm
projectiles at similar kinetic energies) shows that penetration depths
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Fig. 8. Scheme of 3 points flexure test (a) and testing results for two-layer
samples (b): Ti—6Al-4V/CP-Ti (1—loading from CP-Ti side and 2—from Ti—
6Al-4V side); CP-Ti/T110 (3—loading from CP-Ti side and 4—from T110
side).

of projectiles are comparable independently on front side material for
ballistic impact (either Ti—6Al-4V or T110 layers). Such result is ex-
pected because of hardness and thickness (Table 1) of both noted layers
are comparable. Specific energies (kinetic energy/cross-section area of
projectile crater ratio) of 7.62 mm projectiles (75—-79 MdJ/m?, Table 2)
are high enough to form penetration channel throughout Ti—-6Al-4V
and T110 layers of used thickness. Both outer materials did not able to
deform hardened steel core of projectiles, but effective dissipation of
their kinetic energies occurred on impact because of energy was spent
for severe deformation of front layers and formation of craters. After
that, projectiles with noticeably reduced residual energies were
stopped within ductile CP—Ti layer.

The positive role of interfaces between layers, presumably, consists
of not only reflecting of elastic stress waves [7]. Some part of projectile
kinetic energy dissipated at the interfaces and spends to formation and
propagation of cracks along the interfaces (as shown in Fig. 6). So,
7.62 mm projectiles (shoots Nos. 3, 4) with reduced residual energies
can be easy stopped in next CP-Ti layer despite its lower strength and
hardness. At the same time, higher bonding forces between the layers
can be useful for better energy dissipation and, hence, better protect-
ing characteristics of layered armour elements.

Because of 12.7 mm projectiles have significantly higher mass, ki-
netic energies and specific energies (Table 2, shoots Nos. 1, 2), both of
them pierced all three layers with severe deformation of all materials
(Fig. 4, b). The number of cracks formed near projectile impact crater
and propagated along layers can be evidence of noticeable energy spent
during projectile penetration. Delamination of back T110 layer (shoot
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No. 1, Fig. 4, a) is also harmful for antiballistic protection. Increase in
total material thickness and/or addition of once more ductile back lay-
er can be recommended to improve protection against high-energy B-
32 12.7 mm projectiles.

In general, experiments described in present study confirmed that
layered titanium-based plate manufactured with 3D-printing approach
can be effectively used as armour material for protection against 7.62
mm projectiles. For sustained protection against much more powerful
12.7 mm calibre bullets, materials layout in layered plates as well as
thickness of individual layers and plates as a whole need further opti-
mization

4. CONCLUSIONS

1. Titanium-based triple layer plate consisted of Ti—-6Al-4V and CP-Ti
layers 3D-printed on cast and wrought T110 substrate was tested for
antiballistic protection against B32 projectiles of 7.62 mm and 12.7
mm calibres.

2. 3D-printed Ti—6Al-4V and CP-Ti layers possessed low propensity
for cracking and fracture as well as sufficient bonding between layers
without porosity and other defects at interfaces, while cast and
wrought T110 substrate demonstrated higher tendency for cracking
under high-energy ballistic impacts due to structure laminated on roll-
ing and formation of hardened heat affected zone during 3D-
processing.

3. Projectiles of 7.62 mm calibre were successfully stopped within in-
ner CP-Ti layer independently on what side (either Ti—-6Al-4V or
T110) was selected as front layer. Markedly higher kinetic energy of
12.7 mm projectiles resulted in piercing of the entire triple plate of 34
mm thickness, but in the case of a little bit smaller kinetic energy of
bullet its’ core stuck in three-layer material.

4. Three points flexure testing confirmed noticeable variation of
strength and ductile characteristics of layered materials depending on
direction of applied force. Thus, proper combination of relatively
strong and ductile materials as entire layered structure, including lay-
out and thickness of individual materials is a promising way to achieve
improved ballistic protecting characteristics.
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