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MICROSTRUCTURE AND PROPERTIES
OF TITANIUM-BASED MATERIALS PROMISING
FOR ANTIBALLISTIC PROTECTION

Titanium-based materials, which combine high strength and hardness of surface
layer along with sufficient ductile characteristics of the matrix metal, are very
promising for various applications, particularly, as armoured components in mili-
tary-industrial complex. Above-mentioned combination of properties can be achieved
by means of the creation of multilayer structures, which consist of layers possessing
different physical and mechanical properties. In the present study, microstructure
peculiarities, mechanical and antiballistic protection properties of the layered Ti-
based materials are investigated. Two different ways were used for fabrication of
such the layered structures. The first one is a conventional metallurgical (ingot-
wrought) method followed by the surface rapid heat treatment of the Ti—-6Al-4V
and T110 alloys for fabrication of graded structures with different mechanical
properties over the material depth. The second one is an elemental powder metal-
lurgy method for fabrication of the structures combining layers of the Ti—-6Al-4V
alloy and composites based on it and hardened with TiC or TiB particles. Ballistic
tests of the obtained materials are carried out for different types of projectiles with
different kinetic energy and hardness of the core; features of the penetration of
the hitting elements are performed depending on the material structural state. It is
proved that materials with graded and layered structures demonstrate undeniable
advantages in the antiballistic protection characteristics as compared with homoge-
neous alloys of the same thickness.

Keywords: titanium alloys, layered and graded microstructures, mechanical charac-
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1. Intfroduction

High levels of strength and corrosion resistance at low specific weight
of titanium-based materials ensure their widespread use in aviation,
chemical industry, medicine, etc. [1, 2]. Titanium alloys are also suc-
cessfully used for military applications [3—6], in particular for the man-
ufacture of armoured elements of battlefield vehicles and military
equipment, as well as for personnel protection. Replacement of tradi-
tional steel armour elements on titanium ones having comparable stren
gth characteristics of these materials can significantly reduce the weight
of structures and increase the period of their operation.

The general modern trends in the creation of protective armoured
elements consist in simultaneous achieving a high strength and hard-
ness with sufficient characteristics of ductility of the material. A prom-
ising way to achieve this is to create multilayer (graded) structures
[7—9], which consist either of a homogeneous chemical composition of a
material, the microstructure and properties of which vary in depth, or
combine essentially different in nature and mechanical properties of
materials (metals, composites, ceramics) in one product to achieve the
required complex of properties in general. It is well known that in order
to provide sufficient impact anti-ballistic protection, armoured elements
must have a high-strength and hardness of surface layer, which pro-
vides deformation and inhibition of piercing elements (bullets, shells),
and deep layers with high ductility, which will prevent the cracking and
destruction of the armour element.

The goal of this work was to study the possibility of obtaining mul-
tilayer (graded) structures of titanium-based materials, including the
Ti—-6Al-4V (VT6) alloy and metal matrix composites (MMC) based on it,
as well as the T110 alloy, and the potential of their mechanical and pro-
tective properties. Two different approaches for the creation of such
structures were investigated, one of which was based on the conventio-
nal casting and wrought technological approach followed by rapid heat
treatment of the surface of the material (SRHT), and the another—on
the technologies of blended elemental powder metallurgy.

2. Materials and Experimental Procedures

Ti—-6Al-4V (wt.%) alloy was employed as a basic material for study,
also T110 (Ti—5.5A1-1.2V-1V-0.7Zr—3.8Nb—2Fe; wt.% ) alloy was stud-
ied. Materials (sheets or plates) with uniform or graded structures were
obtained using conventional melting followed by subsequent thermome-
chanical processing and heat treatments, while multilayer structures—
using powder metallurgy approach.

Melting was performed by electron-beam cold hearth method (made in
NVC ‘Titan’ from E.O. Paton Institute for electric welding, NAS of Ukraine).
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Obtained ingots of the Ti—6Al-4V and T110 alloys having diameter 200
mm were subjected 3D hot pressing and then rolled into sheets or plates
which thickness ranged from 4 to 14 mm. Details of used technological ap-
proach are given in Refs. [10, 11]. Graded structural states were created
with SRHT made by induction method [7—9] followed by final aging.

Another approach employed was based on blended elemental pow-
ders method of production of plate-specimens having dimensions 90 x 90
mm and thickness 10—25 mm having 2-3 layers each of which differed
in its chemical composition. Composition of different layers corres-
ponded to Ti—6Al-4V and MMCs on its base with 5-10% (by volume)
of TiB or TiC hardening particles. Powder mixtures were done with
particles titanium hydride, which size varied from <40 pm to <150 pm,
and hydrogen played a role of temporary alloying element activating
sintering processes and cleaning particles surfaces from impurities [12,
13]. In the manufacture of mixtures of the specified composition, pow-
der of 60AI-40V (wt.%) master alloy was added, and in MMC layers
5—10% of the reinforcing particles of TiC or TiB, (both having size less
than 30 um) were added. These mixtures were layer-by-layer filled to a
mould, and pressed at a pressure of 150 MPa, forming the pre-forms
consisting of several layers, and then sintered in vacuum at 1250 °C for
4 hours. The processes of desorption of hydrogen from hydrogenated
titanium and the transformation of powder mixtures of each layer into
massive chemically and microstructurally homogeneous materials (alloy
or composites) with formation of a strong bond between layers of differ-
ent composition took place during sintering. TiC particles during sinter-
ing process are inert to other powder particles, while TiB, particles re-
act with dehydrated titanium particles according to TiB, + Ti — 2TiB
reaction, forming a TiB phase in the appeared Ti—6Al-4V matrix.

The microstructure of the materials on different stages of treatment
and after testing was investigated by methods of optical (OM) and scanning
electron microscopy (SEM). To determine the basic mechanical characteris-
tics of the material of each individual structural state, their Vickers hard-
ness, and tensile properties (according to the ASTM E8 standard) were
measured, while for the multilayer (as well as graded) samples as a whole,
their mechanical properties were measured by three-point flexure method
(according to the ASTM E290 standard). Characteristics of ballistic resist-
ance were evaluated for materials with different structural states (includ-
ing graded and layered ones) in accordance with Ukrainian State Standards
(DSTU V4103-2002 and DSTU 3975-2000) in the research and testing Lab-
oratory of Weapons and Special Protective Materials of the Ivan Chernia-
khovsky National Defence University of Ukraine, which is certified accord-
ing ISO/IEC 17025:2006. The main characteristics of the weapons and
ammunitions used during the ballistic tests are listed in Table 1.

As concerns the data in Table 1, we have to highlight the following points.
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Table 1. Characteristics of used ammunition and weapons.
Note that in the tests, we used ballistic barrels (BS) instead of standard weapons

No. Weapon Ammunition Bullet core diameter,
(bullets) mm
1 Hand gun APS 9418 Pst 7.2
2 Hand gun TT 7.62425 Pst 6.0
3 BS AK-47 5.45439 PS 4.1
4 BS AK-47 5.45439 PP 4.2
5 BS SVD 7.624954 R LPS 6.0
6 BS AKM 7.62439 BZ 6.1
7 BS SVD 7.62454 B-32 6.1
No. Bullet Bullet Kinetic Bullet feature

weight, g | speed,m/s energy, J

5.9 310-340 340-370 ‘Soft’ steel core

5.5 380-410 540-570 ‘Soft’ steel core

3.4 900-930 1450-1550 | ‘Soft’ steel core

3.61 900-930 | 1500-1600 |‘Hardened’ steel core

9.6 840-880 | 3200—-3800 |‘Soft’ steel core

7.4 740-770 | 2100-2200 |‘Hardened’ steel core + incendiary mix
10.4 830—-860 | 3500-3800 |‘Hardened’ steel core + incendiary mix

N OOk W

Table 2. Typical mechanical properties of investigated alloys
(10 mm thick plates) after different regimes of heat treatment

Tensile properties

Ultimate

No. State Yield tensi Uniform Total .
strength, ensile elongation, | elonga- Reductuf)n
MPa strength, % tion. % of area, %
MPa ’
VT6
1 |Initial (after rolling) 991 1021 1.21 6.54 30.2
2 | Annealed at 880 °C, 2 h, 910 965 4.15 12.65 47.51
furnace cooling
3 |Annealing 1050 °C, 1 h, 895 924 3.22 8.24 28.35
furnace cooling
4 | Annealed at 880 °C 1260 1295 2.64 7.91 32.4
(2 h) + RHT + 550 °C (6 h)
T110
5 |Initial (after rolling) 1040 1104 5.44 14.10 33.27
6 |Annealed 880 °C (1.5 h), 980 995 7.21 16.20 42.61
furnace cooling
7 |Annealed 880 °C 1300 1380 3.12 8.22 34.21

(1.5 h)+ RHT + 550 °C, 6 h

288 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 2



Microstructure and Properties of Ti-Based Materials for Antiballistic Protection

m 10(21m ﬂ 20_pm ﬂ 50_pm

a 5 um ﬂ 10 pm
Fig. 1. The microstructure of investigated titanium alloys VT6 (a—d) and T110 (e—k)
in the states: (a, e) after rolling, (b, f) after annealing at 880 °C, (¢) — after annea-
ling at 1100 °C, (d, g, h) — after SRHT. Here, OM (a—f) and SEM (g, k) methods
are used

(i) The used ammunitions allowed to vary the kinetic energy of bul-
lets in a wide range — from 340-570 J for hand guns (specific kinetic
energy related to relevant calibre 12 J/mm?) to 3200-3800 J (specific
energy — up to =85 J/mm?).

(ii) Used ballistic projectile elements can be divided into three types.
The first-type projectiles (bullets): kinetic energy is exclusive damaging
factor (bullets with ‘soft’ steel core, i.e. cores are not quenched for a
high hardness, pts. 1-3 and 5 in Table 1). The second-type projectiles:
bullets are characterized by two damaging factors — kinetic energy and
high hardness of steel core (quenched for hardness over 700 MPa, pt. 4
in Table 1). The third-type projectiles: bullets are characterized by a
combination of three factors: kinetic energy, hard steel core, and have
an incendiary mix.
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3. Results and Discussions
3.1. Cast and Wrought Alloys with Graded Structure

Both alloys investigated in the cast and wrought state were character-
ized by microstructure partially transformed from coarse-grained lamel-
lar, in which some residues of the primary grain boundaries were ob-
served (Fig. 1, a, e). Subsequent annealing at the temperatures of
two-phase o + B-field allowed in VT6 alloy partially and in T110 com-
pletely transform intragrain o-phase from lamellar to globular morphol-
ogy (Fig. 1, b, f). Annealing at the temperature of single-phase p-field
formed coarse-grained structure with lamellar a-packets inside (Fig. 1,
¢). These heat treatments caused in essential changes in tensile proper-
ties (Table 2).

Application of SRHT, as it was mentioned above, allowed to create
in titanium alloys especial graded phase and structural states. Such pha-
ses and states are characterized, e.g., by combination of hardened sur-
face layers (Fig. 1, d, g; their tensile properties are given in Table 2,
pts. 4 and 7 for VT6 and T110, respectively). Such layers have more
ductile substrate that has properties of annealed at the temperatures of
two-phase o + B-field (Fig. 1, b, f, pts. 2 and 6 in Table 2 for alloys VT6
and T100, respectively). Thus, the application of stabilizing and par-
tially transforming deformed microstructure annealed at the tempera-
tures of o + p-field after thermomechanical processing ensured improve-
ment of ductility in the both alloys as compared with just deformed
states (cf. pts. 1 and 2 with pts. 5 and 6 in Table 2). Application of
rapid heat treatment significantly improves the strength characteristics
of the surface layer while keeping a sufficient reserve of plasticity (pts.
3 and 7 in Table 2)*.

3.2. Ballistic Tests
3.2.1.T110 Alloy

Typical example of ballistic tests of T110 (taking as an example plates
with thickness 4.5, 10, and 14.5 mm; every result was averaged from at
least 3 shots) are presented in Table 3. Analysis of presented data allows
extracting as follow.

(i) There were no revealed material piercing (Fig. 2, a, b) during
ballistic tests of 4.5 mm thick sheets for all types of microstructural
states, using such hand guns as APS and TT with bullets of ‘soft’ steel

Since the production of samples for tensile testing from plates subjected to sur-
face treatment (SRHT) is problematic, specimens for these tests were subjected to
bulk rapid heat treatment (RHT) under the regimes similar to SRHT. Details of
such a bulk RHT are given in Refs. [14—16].
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Table 3. Results of ballistic tests for plates of 14.5 mm T110 alloy
after various treatments

Not pierced Pierced
‘Weapon/ammunition
No. State Specifi
Bullet Kinetic Specific ki- | Bullet | g, .. kgflcﬁdlc
speed, energy, netic energy, | speed, enef ¢ enef ¢
m/s J J/mm? m/s gy, J/mii’z,
Sheets 4.5 mm thick
APS/TT PS
1 | As-deformed 338/415| 337.01/473.02 | 5.31/10.39 | 908 1478 | 63.2
2 | Annealed 880 °C
(1.5 h) 332/412| 325.16/466.80 | 5.11/10.24 | 911 1496 | 63.8
3 | Annealed 880 °C
(1.5 h) + SRHT 1342/428| 345.04/503.76 | 5.43/11.05 | 894 1425 | 62.4
Plates 10 mm thick
PP LPS
4 | As-deformed 928 1554 66.66 825 3267 | 71.68
Annealed 880 °C
(1.5 h) 919 1524 65.37
LPS
826 | 3275 | 71.85
PP BZ
6 | Anneal 880 °C
(1.5h) + SRHT | 934 | 1575 | 67.52 764 | 2158 |47.32
LPS
880 | 3717 | 81.55
Plates 14.5 mm
LPS BZ
7 | As-deformed 885 3759 82.48 763 2154 | 47.26
8 | Annealed 880 °C
(1.5 h) 872 3650 80.08 762 2148 147.13
LPS
9 | Annealed 880 °C
(1.5 h) + SRHT 882 | 3721 | 82.11
BZ B-32
768 | 2182 | 47.92 855 | 3801 | 83.40

core of 9 and 7.62 mm calibres, respectively, having specific kinetic
energy up to ~11 J/mm?. This case corresponds to the bullets of the
first-type projectiles: see details in Table 1 (pts. 1 and 2) and Table 3
(pts. 1-3). At the same time, testing by PS bullets having three times
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higher kinetic energy (pt. 3 in Table 1) led to the complete piercing of
sheets in all structural states.

(ii) The 10 mm thick plates in as-rolled state undergone testing by
both PP bullets (second-type projectiles) having specific kinetic energy
65-67 J/mm?, and LPS bullets (first-type projectiles) with higher spe-
cific kinetic energy — above 71 J/mm?. The same material but in an-
nealed state, which were characterized by equilibrium phase composi-
tion and equiaxed microstructure of globular type (Fig. 1, ) and have
better characteristics of ductility, was pierced by bullets of the second-
type projectiles. Treated by SRHT plates having graded microstructure
with hardened surface layer also were not pierced by both types of
above-mentioned bullets. However, impact ballistic testing of these
plates with graded microstructure by bullets of the third-type projectiles
caused to complete piercing.

These results allow to assert that T110 alloy can provide enough
antiballistic resistance against bullets of the (above-mentioned) first and
second types in 10 mm plate in microstructural states having some spe-
cial balance of strength and ductility obtainable by thermomechanical
processing (accumulating some residual stresses), or by special heat
treatment, namely SRHT. At the same time application of annealing at
the temperature of o + B-field despite of usually desired for many prac-
tical applications transformation into globular type of microstructure
[1, 6], however, has obviously insufficient strength characteristics com-
pared to two other structural states.

(iii) Testing of 14.5 mm thick plates in two structural states just
as-rolled and after subsequent annealing at 880°C, 1.5 h overcome bal-
listic impact tests with high-energy first-type projectiles (LPS) and sec-
ond-type projectiles (PP) (pts. 7 and 8 in Table 3). While tests by third-
type projectiles having relatively low specific kinetic energy (up to
48 J/mm?2, BZ — pt. 6 in Table 1, and pt.7 in Table 3) caused in pierc-
ing. Ballistic impact tests by third-types projectiles (bullets including
BZ) overcome plates surface hardened by SRHT (pt. 9 in Table 3), which
was pierced by high-energy (having specific kinetic energy over 83 J/
mm?) third-type projectiles that combine all three affecting factors.

From the foregoing it can be asserted that the T110 alloy could
achieve sufficient resistance against piercing by the elements of the
third-type projectiles in case of a such balance between strength and
plasticity, which can be provided as a result of special heat treatment
(SRHT) gradient microstructure only.

3.2.2. VT6 Alloy

Ballistic tests of 4.5 mm thick sheets of this alloy showed actually the
similar results like sheets of T110 alloy of the same thickness. In other
words, they withstood tests by the first-type projectiles having low spe-
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cific kinetic (hand guns APS and TT in Table 1, cf. ¢ and d with a and
b in Fig. 2). Visible difference was found when tested 10 mm plates of
VT6 alloy (all types of microstructures including subjected SRHT) when
them were pierced by projectiles of both first (having high specific ki-
netic energy) and second type (PP) (Fig. 2, g and h). In other words, the
best achieved balance of strength and ductility of upper layer in this
alloy (pts. 2 and 4 in Table 2), contrary to T110 alloy of the same thick-
ness (pts. 6 and 7 in Table 2), is not enough to ensure ballistic resistance
against such projectiles. Also 14.5 mm thick plate of this VT6 alloy
undergo tests with above projectiles, however, even in gradient state
(after SRHT) such plates were pierced by third-type projectiles with low
specific kinetic energy (BZ, Fig. 2, k and [).

Thus, comparing testing results for T110 and BT6 alloy sheets of
the same thickness, we can assert as follow.

(i) At a thickness of 4.5 mm, actually they are equally resistant dur-
ing testing with the first-type projectiles possessing small kinetic energy
(APS and TT).

(ii) Tests for other types of the projectiles (first type with high ki-
netic energy as well as second and third types) showed T110 allow has
irrefutable advantageous over the BT6 alloy.

(iii) The best ballistic resistance goes to the T110 alloy with graded
microstructure generated via the SRHT.

3.2.3. Peculiarities of the Damaged Area Depending
on the T110 Ti-Alloy Structure

We have to note that in spite of a large number of the works dealing
with investigation of ballistic resistance of titanium alloys, there are no
works paying attention to the microstructure effect. Only works [5, 17]
showed that globular-type microstructure of Ti—6Al-4V alloy is more
resistant as compared with the lamellar-type microstructure. Such a
result [17] was obtained for projectiles of the calibre of 12 mm projec-
tiles at a velocity of 1000 m/s. Similar conclusion (about the advantage
of the globular-type microstructure) follows from the analysing a lot of
tests for the same alloy after different types of thermomechanical treat-
ment (i.e., with different microstructure) [5]. Above-mentioned and our
results unambiguously indicate about significant influence of the micro-
structure of titanium alloys on their resistance with respect to the im-
pact ballistic damage or even destruction.

First of all, we compared peculiarities of the deformation and damage
of the T110 alloy sheets during their piercing depending on the microstruc-
ture type. Figure 3 represents typical examples, where one can see as follow.
In case of the piercing of the sheets in the as-rolled state (Fig. 1, e),
there is a cracking (delamination) of the metal along the origin

ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 2 293



O.M. Ivasishin, P.E. Markovsky, D.G. Savvakin, O.0. Stasiuk, V.A. Golub et al.

a b

c d
Bullet

e f

g h

294 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 2



Microstructure and Properties of Ti-Based Materials for Antiballistic Protection

k l

Fig. 2. Typical plates of T110 (a, b, e, f, i-l) and VT6 (c, d, g, k) alloys with thick-
ness of 4.5 mm (a—d), 10 mm (e—k), and 14,5 mm (i—[) after testing via different
types of ammunition. Front (a, ¢, e, g, i, k) and back (b, d, f, h, j, l) sides are imaged

ﬂ 500 pm ﬂ 2 mm ﬂ 1 mm

Fig. 3. General view (SEM images) of pierced zones in the T110 alloy plates of
4.5 mm thickness after testing by the first-type bullets (LPS): (a) — state after roll-
ing, (b) — annealed for the globular microstructure, (¢c) — after SRHT

boundaries of non-recrystallized grains. However, the damage is ge-
nerally plastic, indicative of which is the deflection of certain layers
along the bullet motion (Fig. 3, a). The globular and recrystallized
structure after the annealing (Fig. 1, f) also underwent plastic defor-
mation, but (in contrast to the as-rolled state) homogeneously (Fig. 3,
b). One can see the extremely brittle fracture of the hardened
SRHT structure accompanied with fragmental delamination and cleav-
age (Fig. 3, ¢).
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Fig. 4. General (SEM) view of damaged zone (a) and
the microstructure of the material around it (b—g) of
the T110 alloy after the tests with bullets of the first
type (LPS): (b, ¢) annealing at 880°C for 1.5 hours, (d, €)
50 state after rolling, (f, g) after annealing at 880°C for
a 22 MM 1 5 hours + SRHT. Plates thickness is 7 and 10 mm

Detailed analysis of the alloy microstructure in the areas close to
the bullet-formed channels showed the following. The first-type projec-
tiles generate a ‘crater’ (Fig. 4, a), in the upper part of which the mate-
rial adjacent to the edge can even have not an observed deformation
(Fig. 4, b). That is the projectile not only undergoes deformation when
gets contact with the sheet surface, but rather partially ‘cut out’ a cer-
tain part of the material. Adiabatic shear bands (ASB), which lie at an
angle of 30—45° upwards, are observed in the areas closely the region of
the projectile piercing (Fig. 4, c¢). In the sheets, tested just after the
rolling, we observed both cracking (rather along the not-recrystallized
but elongated in rolling direction initial B-grains) and significant plastic
deformation of the material between the cracks (Fig. 4, d, ¢). The struc-
tural features of the SRHT-processed sheets consisted in the formation
of the branched net of the small cracks in the upper heat-hardened
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@ 5 mm b 2mm| [, 20 um

a Emin s0m) |7 20,

Fig. 5. SEM-images of damaged zone (a, b) and microstructure of the material
(10 mm thick plate) around it (c—f) for T110 alloy after tests with bullets of the
second type (PP), where (a, c¢) correspond to the annealing at 880°C for 1.5 hours,
(b, d—f) — annealing at 880 °C for 1.5 hours + SRHT

layer (Fig. 4, f), while in the lower ductile layers, we observed the for-
mation of the ASB similar to the case of annealing at 880°C, however,
these bands degenerated into the cracks (Fig. 4, g).

In case of the tests with the second-type projectiles, in the upper
part of the damage area, a ‘crater’ also appears. However, after a pos-
sible ‘cut out’ of the material from the surface and the delamination of
the copper coating and the melting of the lead filling of the bullet*, the
hard steel core, as a rule, has changed the angle of its penetration deep
into the sheet (Fig. 5, a). That is the shape of the damaged area was
different when the first- and second-type projectiles used. At the rela-
tively soft unhardened steel cores, whose hardness was approximate to
the hardness of titanium sheets, these cores were deformed (element A
in Fig. 6). Whereas the core, hardened with hardness more than twice
as high as titanium alloys, were deformed partially (element B in Fig. 6),
either did not deform or broke during tests (elements C in Fig. 6). At
that, the branched net of ASB appears in the annealed alloy sheets

* In all cases, as shown by the local microanalysis, the surfaces of the ‘craters’ and the
formed by the hardened cores of the channels were covered with molten lead. Some-
times, on the surface of ‘craters’, traces of copper shells of bullets were observed.
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Fig. 6. Steel core of bullets after
the test, where A corresponds to
LPS, B — PP, C — B-32 (left)
and BZ (right)

ﬂ 5 mm ﬂ 50 um 7‘ 200 pm m 50 um

Fig. 7. SEM views of damaged zone (a) and microstructure of
the material around it (b—e) in the 14.5 mm thick T110 plates
after the third type (BZ) bullets testing: (a, c—e¢) — annealing
e] 50 um| 4t 880 °C for 1.5 hours + SRHT, (b) — annealing at 880 °C

(Fig. 5, ¢). The difference in resistance to PP bullets of purely ‘ductile’
material (after annealing) and after additional surface hardening (SRHT)
is well illustrated by a comparison of Figs. 5, a and b. In the latter case,
the steel hardened core, judging by the form and the depth of the formed
channel, deviates at a greater angle and sooner loses its kinetic energy.
In the microstructure of the annealed material in the regions adjoining
the area of the damage, an extensive net of ASB is formed (Fig. 5, c¢),
which indicates about an intense dynamic deformation. Similar ASB
against a background of cracks were also observed in the SRHT proc-
essed material in the pier part of the sheets (around the ‘crater’; Fig. 5,
d). In the lower ductile layer, the microstructure was also characterized
by the ASB grid (Fig. 5. ¢) with small cracks observed in the transition
zone between the thermally strengthened surface and the annealed layer
in the middle of these bands (Fig. 5, f).

Typical examples of the structure of T110 alloy with different
microstructure after ballistic damage with the third-type projectiles are
represented in Fig. 7. It is clearly seen in Fig. 7, a, that the channel
formed in the SRHT-processed sheet from the BZ bullet is very similar
to that formed after the test by the PP bullets (Fig. 5, a). The difference
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lies in its size, as well as in the fact that its surface is covered not only
by lead, but also by the remnants of a burning incendiary mixture. The
principal difference from the previous case was that in the annealed
material in the area near the upper crater, a specific structure along the
channel wall was observed (Fig. 7, b). This may be the result of more
intense heating of the metal (possibly, until its melting and reaction of
the liquid metal with bullet materials) because of the joint action of
kinetic energy, solid core, and incendiary mix. In the surface heat-
strengthened layer of SRHT-treated sheets, mainly cracks were observed
(Fig. 7, b), but there were not detected changes in the structure of the
area adjacent to the channel (Fig. 7, d). In the deeper ‘ductile’ layer of
the SRHT-processed sheets, down to the bottom of the bullet-formed
channel, the ASB and associated cracks were observed (Fig. 7, e).

Thus, both the character of damage of the sheets and structural
changes in the metal of the T110 alloy in the areas adjacent to the dam-
age zone are determined by the character of the impact of damage fac-
tors and by the structure of the alloy.

3.2.4. Generalization of the Results and Conclusions

J. Fanning performed the most detailed investigations [3, 18] of an effect
of the thickness of different titanium-contained sheets on such character-
istic as a velocity of the bullet, when probability of the piercing is 50%
(Vs). He showed that when one type of the bullets is used (calibre
7.62x35.6 mm, mass 7.97 g, ‘soft’ steel core), the V,, parameter is line-
arly-dependent on the thickness of the sheets, moreover the best results
showed just Ti—6Al1-4V alloy [3]. The bullets used by Fanning are close to
those we used: LPS bullets of 7.62x54 mm calibre and 9.6 g mass. That
is at the same velocity, our bullets possessed 1.2 times higher kinetic
energy. Herewith, as we already mentioned above, author did not detect
any relationship to the microstructure. Since we used different struc-
tural states and essentially different weapons and ammunitions, we used
another approach to generalize the obtained results, viz. we represented
them on the diagram depending on the specific kinetic energy of the bul-
lets and the thickness of the sheets. Just this approach enables comparing
the results of tests not only for different materials but also for different
fire weapons, and was proposed and used in our previous works [11, 25].

Results of this analysis are presented in Fig. 8, where we can see
three principally different zones denoted via the lines (I, 2, 3). The
line 1 defines the necessary for protection ensured thickness of the sheets
of the T110 alloy, depending on the specific kinetic energy of the first-
type projectiles, which have a thermally not-hardened metal (steel) core,
that is, a core with hardness does not exceed the hardness of the surface
layers of the titanium alloy (approximately 350-370 HV). The line 2
determines the necessary thickness of the T110 alloy sheets depending
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Fig. 8. Influence of thickness of T110 alloy plates in different structural-phase states
on their resistance against piercing depending on specific kinetic energy of differ-
ent kinds of bullets. Here, I — corresponds to the testing by bullets with ‘soft’ (not
thermally hardened) steel core (first type), 2 — testing by bullets with ‘hard’ (ther-
mally hardened for hardness of more than 700 HV) steel core (second type), 3 — bul-
lets with thermally strengthened steel cores and an inflammatory mixture (third
type), and 4 — the dependence obtained by J. Fanning [3, 18] for 7.62 mm calibre
bullets with soft steel cores

on the specific kinetic energy of the second-type projectiles, which have
a thermally strengthened steel core with a hardness significantly excee-
ding the hardness of the thermally strengthened top-layer of the T110
alloy (i.e., more than 700 HV). The line 3 corresponds to the ballistic
test condition with the third-type projectiles, where thermally hardened
steel core is combined with an inflammable mixture. The areas below
and to the right of the given straight lines concern such values of the
thickness of the T110 titanium alloy sheets, which will provide them to
be impenetrable for the bullets (projectiles) of the corresponding type
and kinetic energy. Analysing the diagram, one can clear see that the
protection from the piercing depends not only on the kinetic energy of
the bullets (in proportion to which the required thickness of the sheets
increases), but also on the type of projectiles (bullets). Particularly, it
depends on the addition to a purely kinetic effect (line 1) such a factor
as the hardness of the core (line 2), and, especially, the combined action
of hardness and the incendiary mix (line 3).

In other words, when we add ‘additional’ factors, in order to be not
pierced, the thickness of the sheets should increase. Regarding the im-
pact factor of the structural state, it should be noted that the best re-
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sults of the stability of the T110 alloy correspond exactly to the SRHT-
treated sheets (most of the filled symbols in Fig. 8).

It should be noted separately that the results (line 4 in Fig. 8) ob-
tained earlier by J. Fanning [3] mainly for the Ti—6Al1-4V alloy (similar
to VT6) are much worse than those we obtained for analogous projectiles
(line 1). Thus, in case of a specific kinetic energy of, e.g., *80—85 J/mm?
(LPS bullets), a sufficient armour resistance can be provided by the only
7 mm thick sheets of SRHT-treated T110 alloy. Whereas, according to
Ref. [3], the sheet of the Ti—6A1-4V alloy should be at least of 18 mm
thick, that is 2.5 times higher.

3.3. Layered Structures, Obtained via
the Powder Metallurgy Method

3.3.1. Microstructure and Mechanical Properties

In a process of manufacturing multilayer structures via the powder
method *, during the sintering of blanks, the development of diffusion
processes (including, due to hydrogen’s effect on the material) leads to
the formation of a chemically and microstructurally homogeneous Ti—
6Al-4V matrix in each layer (Fig. 9). During the cooling, in each layer,
a structure of a lamellar type with dispersed grains (from 40-50 pm in
the matrixes of composites up to 80—120 um in the alloy) is formed, at
the same time, layers of the alloy and the alloy-based composites are
characterized by different residual porosity. In the layers, correspond-
ing to the composites, the TiC particles (Fig. 9, b) and the needle-shaped
TiB crystals (Fig. 9, ¢), formed in the process of high-temperature ex-
posure, are distributed uniformly in matrix. At that, the volume con-
tent of pores in composites with 5-10% TiC is 3—-4%, which is close to
the content of the pores in the Ti—-6Al-4V alloy (1.8-3.6%), while the
porosity of TiB composites is significantly higher (4.5-8%), increasing
with an increase in the content of the boride phase. An optimization of
the parameters of the powder process [19, 20], aimed to reduce porosity
and achieve similar values of the shrinkage of each layer, provided suf-
ficient adhesion and a strong connection between the alloy layers and
composites without the formation of cracks and additional porosity at
the layer interfaces (Fig. 10). Such features of the structure are indis-
pensable conditions for achieving high mechanical and protective char-
acteristics of multilayer material in general.

In order to determine the prospects for the application of such lay-
ered structures as protective armour components, first of all, the com-
plex of their mechanical characteristics was estimated.

* Phase-transformation processes, alloy formation and formation of microstructure
of the layered states are considered in d etail in Refs. [22—-24].
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Fig. 9. Typical (OM) images of microstructure of individual layers of Ti—6Al-4V
alloy (a) along with Ti—6Al-4V—-10% TiC (b) and Ti—6A1-4V-10% TiB (c¢) composites

7‘ 2 mm ﬂ 50 pm

Fig. 10. OM-image of macrostructure of the three-layer material (Ti—-6Al-4V alloy
along with composites with 5% and 10% of TiV) (a) and the distribution boundary
between the layers (b)

The basic mechanical characteristics were determined both sepa-
rately for each sintered material and for two-layer samples that combine
the Ti—6A1-4V alloy layer with various composites based on it (Table 4).
Data on mechanical characteristics are contained in Table 4, along with
a critical parameter such as residual porosity of sintered materials,
which in many cases is a determining factor for mechanical properties
of individual layers and multilayer samples. The individual Ti—6Al-4V
alloy layer demonstrates strength at tensile tests at the standard level
for the corresponding cast and deformed material (969-1034 MPa). At
the same time, the elongation of the sintered alloy is somewhat lower
than the standard values (7.2-8.3% vs. >10%) due to the presence of
porosity, which was 1.8-3.6% . The reason for the different final poros-
ity of the Ti—6Al1-4V alloy in various samples is the need for a control-
led shrinkage of certain layers via the changes in the parameters of the
powder process for providing the integrity of the multilayer structures
[19, 20]. That is why the alloy neighbouring to the layers of the carbide
and boride composites had a different porosity.
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The porosity factor becomes especially critical when boride particles
are added to the Ti—6Al-4V matrix. The presence of these particles af-
fects the processes of sintering, increasing the volume content of pores
in the formed composites. An increase of the content of high-modulus
TiC and TiB particles results in an increase of the hardness and strength
of the formed composites [21] as compared with the Ti—6Al1-4V alloy.
However, in our case, only the composite strengthened with carbide par-
ticles has a tendency to increase the hardness, as well as an increase of
the strength and plasticity during testing via a three-point flexure
method. In contrast, for composites with boride particles, this effect is
suppressed by an increase in the volume content of pores (Table 4). In
tensile tests, the elongation and strength of the resulting composites are
sharply reduced due to the presence of hard carbide or boride particles
and residual pores. In case of such method of the loading, the compos-
ites are destroyed practically brittle even before reaching the yield
strength.

Table 4. The main mechanical characteristics of materials of individual layers
and two-layer samples consisting of Ti—6A1-4V alloy and composites on its basis

Two-layer samples
Individual layers (composite layer/
Ti—6Al-4V layer)
Material Tensile properties Three-point flexure
Porosity, | Hardness, method testing
%o HV o Flexure RN
UTS, MPa €, % strength, MPa Strain, %
Ti-6Al-4V 1.8-3.6 | 299-345 |969-1034 | 8.3-7.2 1680" 15.4"
Ti-6Al-4V-5TiC 3.8 333 708 <1 2140 18.5
Ti-6Al1-4V-10TiC| 3.6 373 618 0.1 2158 14.0
Ti-6Al1-4V-5TiB 4.5 327 847 0.1 1710 10.3
Ti—-6A1-4V-10TiB 8 324 512 0.1 1660 9.0

* Flexure tests for individual alloy layer.
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a b

Fig. 12. Experimental samples with two- (a) and three-layered (b) structures after
ballistic tests via PP (a) and BZ (b) type of bullets

On the other hand, the loading scheme for the tests via the three-
point flexure is more in line with the loading plan with a ballistic im-
pact, so this method allows more adequate prediction of the material
behaviour during ballistic testing. From the data in Table 4, it can be
concluded that, with the involved method of manufacturing multilayer
samples (cold pressing and vacuum sintering without applying deforma-
tion processes), greater prospects for achieving high mechanical (and,
consequently, protective) characteristics have composites hardened with
TiC particles than TiB ones. In addition, from Table 4 it can be seen that
the creation of a two-layer structure during tests on a three-point
flexure, in comparison with an individual Ti—6Al1-4V alloy, gives a po-
tential for increasing strength, and in some cases, plastic characteristics.
This suggests that changing the thickness of individual layers and their
layout in multilayer structures makes possible regulation of the com-
plex of characteristics of strength and plasticity in general.

In order to determine the conditions for the achievement of the bet-
ter mechanical characteristics of multilayer structures, the flexure tests
were accompanied with a series of experiments on the manufacture of
samples consisting of three layers. The first layer (1)—Ti—6Al-4V alloy;
the second layer (2)—Ti—6Al-4V-based composite with 5% strengthening
particles; finally, the third layer (3)—Ti—6Al-4V-based composite with
10% strengthening particles. During the experiments, we tested sam-
ples that differed in three parameters: the type of particles in compos-
ites (TiB or TiC), the mutual arrangement of the three above-mentioned
layers relative to the flexure force (e.g., I-2—-3 or 1-3-2), and their
individual thickness conserving unchanged the total (overall) thickness
of the samples. We confirmed that all above-mentioned parameters sig-
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a 5 mm @ 5 mm ¢ 2 mm

Fig. 13. Comparison of the cross-section of the areas where the third-type bullets
(B32) hit into the experimental samples with two-composite layers on the top and an
alloy layer on the bottom (a, ) and an commercial plate of Ti—-6Al-4V alloy having
uniform microstructure (¢). Arrows in the figures left and in the middle indicate the
interphase boundary between the layers. The images are obtained via the SEM

nificantly affect the balance of strength and plasticity. When these
parameters were changed, the flexure strength of the three-layer sam-
ples varied from 1100 MPa to 2200-2300 MPa, and the deformation
varied from 6 to 24% . A typical example of a change of the mechanical
characteristics, depending on only one parameter (the mutual thickness
of the layers), in the flexure tests is given in Fig. 11 for samples that
contain some composite layers strengthened with TiC particles. These
results allowed determining the parameters for obtaining 2-3 layer
structures with promising characteristics for practical usage.

3.3.2. Results of Ballistic Tests

Obtained (via optimized powder process parameters) two—three-layer
flat samples were tested for suitability for use as armour protection
components. For comparison, the industrial (cast and hot deformed)
plate of Ti—6Al-4V, with a thickness of 23 mm and a homogeneous
microstructure was also tested at the same conditions. The image of the
samples after the ballistic tests is depicted in Fig. 12. Materials consist-
ing of two—three layers of different composition (including composites
with different content of TiC or TiB particles and Ti—-6Al-4V alloy)
exhibit high protective properties, which exceed the characteristics of
the plate of a homogeneous Ti—6A1-4V alloy with the same thickness,
which Fig. 13 clearly demonstrates. Experimental two—three-layer
samples withstood the impact of bullets of different types and calibre,
including armour-piercing BZ bullets. At that, the depth of penetra-
tion of the armour-piercing bullet into the layered structures was
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about 18 mm, while a uniform plate of 23 mm thick alloy was pierced
through and through.

4. Conclusions

1. A detailed study of the stability of titanium T110 and VT6 alloys,
obtained by the standard vacuum melting and hot-deformation techno-
logy, as well as metal-matrix Ti—-6Al-4V-based composites hardened
with solid particles of TiC and TiV, versus the damage with different
types of weapons and projectiles (bullets) in the certified laboratory
conditions was performed.

2. Testing the plates (sheets) of titanium alloys obtained with con-
ventional the cast and wrought technology, and subjected to various
heat treatments for the formation of different types of microstructure,
showed the undeniable advantage of the T110 alloy over the VT6 (Ti—6-
Al-4V). At the same time, the best resistance of the T110 alloy is re-
vealed after a surface high-speed thermal treatment, which allows crea-
ting a graded state that combines a thermally strengthened surface with
a ductile matrix.

3. The data obtained in the work allowed determining the impact
ballistic resistance of the titanium alloys in the form of the dependence
of the thickness of the plates (sheets) on the specific kinetic energy of
the bullets. In addition, we ascertained how these characteristics depend
on the types of used projectiles: bullets with ‘soft’ unhardened steel
cores, bullets with highly hardened steel core, and bullets, in which the
hardened core combines with an incendiary mix.

4. Based on previously obtained data on optimization the structure
and mechanical characteristics of multilayer materials obtained by the
blended elemental powders method, this approach was used to fabricate
two- and three-layer Ti—6Al1-4V (VT6) alloy-based experimental plates, in
which the surface layers were composites strengthened with the TiC par-
ticles. Ballistic tests with the same bullets (used for tests obtained via the
standard casting method of the same composition VT6 alloy) established
an undeniable advantage of the layered material of the same thickness.
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MIKPOCTPYKTYPA TA BJIACTUBOCTI MATEPIAJIIB
HA OCHOBI TUTAHY, ITEPCIIEKTUBHUX
IJISA ITPOTUBAJIICTUYHOI'O BAXHUCTY

TuranoBi MmaTepianu, AKi HOEJHYIOTH BUCOKY MiI[HiCTh i TBepAicTh MOBEPXHIi Ipu moc-
TaTHIX IJIACTUYHUX XapaKTEePUCTUKAX OCHOBHOTO METAaJy, € IePCIeKTUBHUMU IJIA BU-
KOPHUCTAaHHSA B PiBHUX Traly3saXx TEeXHIKM, 30KpeMa, B IKOCTi OpoHeeJIeMeHTiB y Bilich-
KOBO-IIPOMUCJIOBOMY KoMILIeKci. OmepsxaTu BuUllleBKa3aHy KOMOiHAIil0 BJIaCTUBOCTE
MOJKJINBO, CTBOPIOIOUM MAaTepiayiu, SKi CKJIAZAI0ThCA 3 MEKiJTbKOX Iapis, IMo Bigpis-
HAIOTbCA 3a CBOIMU (PiBMKO-MeXaHIYHMMU XapaKTepuCcTHKaMu. B poboTi gocurimkeHo
0CO0JIMBOCTI MIKPOCTPYKTYPH, MEXaHIUHMX XapaKTePUCTHK i OajicTuuHOl cTifikocTu
TaKMUX MarTepiajiB, CTBOPEeHUX 3a ABOMa migxomamu. Ilepimum € cTaHZapTHUM Migxim,
110 TTOEAHY€E BUTOTOBJIEHHA Ta rapAdy nedopMalliio 3JIMBKiB 3 HACTYIIHUM IOBEPXHE-
BUM IIBUAKICHUM TepMmiunuM o6pobsenHsm cmaasis BT6 (Ti—6Al1-4V) ta T110, mo
CTBOPIOE B HUX I'DAJIi€EHTHI CTPYKTYPHI CTaHU, 31 3MiHOIO MeXaHIYHUX XapaKTEePUCTUK
no riubuHi Marepiany. [HIIUM € MOPOIIKOBUI ITiAXiM IJIs CTBOPEHHS CTPYKTYP, AKi
moeaHYIOTh mapu ciiaBy Ti—6Al-4V i kommosuTis Ha fioro ocHoOBi, 3MiI[HEHMX dYac-
ruakamu TiB a6o TiC. IIpoBemeHo GasicTuuHi BUIpPOOYBaHHS OfepKaHUX MaTepiajis
pisHMMU THmamMu HAOOIB, II0 BiAPiBHATHLCA KiHETHMUYHOIO eHeprieio, TBEPIiCTIO ocep-
Id Ta HAABHICTIO 3alajlOBAJbHOI CyMillli; DOCJiZMKeHO OCOOGJMBOCTI MPOHUKHEHHS
YPasKaJIbHUX €JIEMEHTiB, 3aJI€JKHO BiJl CTPYKTYpPHOTO cTaHy Marepiainy. [loBeneHo, 110
MaTepiasu 3 rpaJi€eHTHOIO Ta IIapyBaTOIO0 CTPYKTypaMy MalOTh He3allepeuHi mepeBaru
3a 3aXVCHUMH IIPOTHUOATICTUUHUMU XapPaKTEePUCTUKAMU, MOPiBHAHO 3 OZHOPiAHUMU
TUTAHOBUMHU CTOIMAMU Ti€l K TOBIIUHMU.

KarouoBi cioBa: TuTaHoBi cnnasu, IapyBara Ta I'paJi€eHTHA MiKPOCTPYKTYpH, MeXa-
HiyHi XapakTepuCcTUKHU, OadicTuuHi BUIPOOYBaHHS.

308 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 2



Microstructure and Properties of Ti-Based Materials for Antiballistic Protection

O.M. Heacuwun!, I1.E. Maprosckuii!, ][.I. Cagsarun!, A.A. Cmaciok!,

B.A. I'ony62, B.U. Muprnenuro?, C.I'. Cedos?, B.A. Kyp6an?, C.JI. Aumoniox?

! WucturyTt meramnopusuku uMm. I'.B. Kypaiomosa HAH VEKpaunsl,
oynabpB. Axagemuka BepHaackoro, 36; 03142 Kue, YKpauna

2 HannoHaJ bHBI YHUBEPCUTET 000POHLI YKpauHsl M. ViBana YepHIXOBCKOTO,
Bosnyxodaorckuit mpocmekt, 28; 02093 Kue, Ykpauna

STII «<AHTOHOB»,
ya. Tymonesa, 1; 03062 Kues, YKkpauHa

MUKEPOCTPYKTYPA 1 CBOVICTBA MATEPMAJIOB HA OCHOBE TUTAHA,
IMEPCIIEKTUBHBIX IJI ITPOTUBOBAJIJINCTUYECKOM 3AIIUTHI

TuraHoBble MaTepUasabl, KOTOPbIE COBMEIIAaIOT BBHICOKYIO IIPOYHOCTb M TBEPAOCTH IIO-
BEPXHOCTH IPU AOCTATOUHBLIX IIJIACTUYECKUX XaPaKTEPHCTHUKAX OCHOBHOI'O MeTaJljia,
SIBJIAIOTCS IIEPCIEKTUBHBIMY [JISI MCIIOJIb30BAHUS B PA3JNUYHBLIX 00JACTAX TEXHUKU, B
YaCTHOCTHU, KaK OPOHEsJIeMEeHThI B BOGHHO-IIPOMBIIIIJIEHHOM KOMILIEKce. [[oCTUYb TaKou
KOMOUMHAIINY CBOMCTB BO3MOJKHO, CO3IAaBas MATEPUAJIbI, COCTOSAIINE W3 HECKOJIbKHUX
CJI0€B, KOTOPBIE OTJINYAIOTCA II0 CBOUM (hMBUKO-MEXaHNUYECKUM XapaKTepucTukam. B
paboTe ucciIenoBaHbl 0COOEHHOCTH MUKPOCTPYKTYPBI U MEXAaHNUECKUX XaPAKTEPUCTUK
TaKHUX MaTepuajJioB, CO3OJAaHHBIX ABYMA IIYTAMMU. HepBBIM ABJIAETCA CTaH,Z[apTHBIﬁ
MeTaJIIyPrudecKuil MoaX0/ C TOCTIeAYIONIell TOBEePXHOCTHOM CKOPOCTHOM TePMUUYECKOMR
o6paboTroit moBepxHocTu cmiaBoB BT6 (Ti—6A1-4V) u T110, xoropslit opmupyer B
HUX I'PagueHTHbI€ CTPYKTYPHBIE COCTOAHUA, C USMEHEHHNEM MEeXaHNUYEeCKUX CBOfIC'TB
mo ryiyomHe MaTepuajia. BTOpOWl — MOPOIIKOBBIN IMOAXOM IJA CO3LAaHUS CTPYKTYD,
obbenuHAIUX ciou ciiaBa Ti—6Al-4V u KOMIO3UTOB HA €r0 OCHOBE, YIIPOYHEHHBIX
yactunamu TiB mam TiC. IIpoBemeHbl OasliMCTUYECKUE WCIBITAHUS IIOJYYEHHBIX
MaTePUAJIOB PA3HBIMU TUIIAMHU IIOPAKAIOIINUX 3JIEMEHTOB, KOTOPBIE OTINUYAIOTCS KUHE-
TUYECKON 9HEPrueil 1 TBEPAOCTHIO CEPAEUHNKA; NCCIeLOBAHBI 0COOEHHOCTHU IIPOHUKHO-
BEHUS MOPAKAIOIINX 3JIEMEHTOB B CTPYKTYPHI pPasHbIX TUIOB. J[JoKasaHO, UTO mMarTe-
pHUaJIbl ¢ TPAAUEHTHOI U CJAOUCTOM CTPYKTYyPaMU UMEIOT IIPEeUMYIIEeCTBO IO 3aIUTHBIM
MIPOTUBOOAINCTUUYECKUM XAPAKTEPUCTUKAM B CPABHEHUM C OJHOPOAHBIMM THUTAHO-
BbIMU CIlJiIaBaMu TOﬁ JK€e TOJIINUHBI.

KaroueBsie cioBa: TUTAHOBBIE CILJIaBBbI, CJIOMCTad U rpagueHTHasd MUKPOCTPYKTYPHI,
MeXaHU4YeCKue XxapaKTepuCTuKu, f0aIMCTUYeCKYe UCIIBITaHUS.
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