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Abstract

Three commercial titanium alloys: two-phase a+f Ti-6Al-4V (low alloyed), and T110 (Ti-5.5A1-1.5V-1.5Mo-4Nb-0.5Fe, higher-
alloyed), and B-metastable Ti-1.5A1-6.8Mo-4.5Fe were melted using EBCHM approach in the form of 100 mm in diameter ingots
with the weight of about 20 kg each. After 3D hot pressing at single B-field temperatures ingots were rolled at temperatures below
B-transus onto plates with thickness varying from 3 mm to 25 mm. Different heat treatments, including annealing at a+f or B-
field temperatures, and special strengthening Surface Rapid Heat Treatment (SRHT) which after final aging provided special
gradient microstructure with a hardened surface layer over ductile basic core, were employed. Mechanical properties were studied
with tensile and 3-point flexure tests. It was established that the best combination of tensile strength and ductility in all alloys
studied was obtained after SRHT, whereas at 3-point flexure better characteristics were obtained for the materials annealed at
temperatures of (a+p)-field. At the same time, ballistic tests made at a certified laboratory with different kinds of ammunition
showed essential superiority of plates having upper layers strengthened with SRHT. The effect of microstructure of the alloys,
plate thickness and type of used ammunition on ballistic resistance is discussed.

Introduction

The titanium alloys are a unique class of structural materials for many applications, especially aerospace and military, first of all,
due to their high specific strength well-balanced with other mechanical and service properties [1-3]. As for military equipment,
most titanium alloys are used in the manufacture of various types of armour [2-4]. At the same time, in addition to the
requirements for suitable physical and mechanical properties, the requirement for maximum cost reduction is put to such armour
materials. The latter requirement can be satisfied both by using the cheapest alloying elements on the melting of titanium alloys
[5, 6] and by maximally simplifying the technology of smelting and subsequent thermomechanical and thermal treatments [2, 7].
As it was shown in [2], single-melt Electron-Beam Cold Hearth Melting (EBCHM) approach in combination with direct rolling
allows to essentially reduce costs of titanium plates (sheets) to be employed as armour material. The present work was devoted to
the study of the influence of this technological approach on the mechanical properties and ballistic resistance of three titanium
alloys: two-phase a+f Ti-6Al-4V (low alloyed), T110 (Ti-5.5Al-1.5V-1.5Mo0-4Nb-0.5Fe, higher-alloyed), and B-metastable Ti-
1.5A1-6.8Mo-4.5Fe. Special attention was paid to the application of strengthening Surface Rapid Heat Treatment (SRHT) which
allows to form gradient microstructural states uniting hardened surface layers with ductile core [8, 9].

Materials and Experimental Procedure

The above mentioned alloys were melted with EBCH melting approach as 100 mm diameter and about 200 mm long ingots,
using titanium sponge and Al-V master alloy (for Ti-6-4) or pure Al, V, Mo, Nb, and Fe (T110), as well as pure Al and Fe-Mo
master alloy (for Ti-1.5A1-6.8Mo-4.5Fe). The ingots were melted at laboratory scale electronic beam unit UE-208 [10] by single
melting. Real chemical compositions of melted ingots (averaged for 3 different locations of ingots) were following: i) Ti-
5.8(wt.%)Al1-3.86V; ii) Ti-5,5A1-1,2V-1V-0,7Zr-3,8Nb-2Fe; and iii) Ti-1.6Al-6.3Mo-4.36Fe. All three ingots were subjected to
turning, 3D hot pressing, rolling and several types of treatments ensuring the formation of different microstructural states — all
details of these procedures were described in [9]. As a result, materials of several thicknesses (varying from 3 to 14.5 mm) were
obtained; their microstructure and mechanical properties were studied, and ballistic tests were performed using different weapons
and ammunition at a certified laboratory of Ivan Tchernyakhovsky National University of Defense of Ukraine. The details of
investigation and tests were also given in [9]. In the present study we used two types of bullets and ammunitions: the 1%t type
- 7.62 caliber bullets with “soft” (not-hardened) steel core, which impacted the target due to kinetic energy only. The bullets #1
were launched from a handgun TT and had mass 5.5 grams, average speed 420+12 m/sec, and specific kinetic energy10.5-12
J/mm?2 (hereafter designated as TT); the bullets #2 were launched from a machinegun and had mass 9.62 grams, average speed
819+15 m/sec, and specific kinetic energy 71-73 J/mm?2 (hereafter designated as LPS). The 2nd type bullets were launched from
a machinegun and had 5.45 mm caliber with hardened steel core, average speed 915+18 m/sec, and specific kinetic energy 65-67
J/mm2 (hereafter designated as PP).

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Results and Discussions

Typical examples of microstructures of studied plates and sheets after different treatments are presented in Fig. 1. As-rolled
conditions have pronounced laminated microstructure (Fig. la, d, g). Annealing at temperatures of two-phase a+f field (8800C
for Ti-6-4 and T110, and 7500C for Ti-1.6Al-6.3Mo-4.36Fe) formed microstructures in which intragrain a- particles are partially
globularized (Fig. 1b, e, h). Application of SRHT to all three alloys after annealing formed gradient microstructural state in which
upper layers underwent a sequence of polymorphous transformations, o+B,—Bhigh temp. —Pmetastabl.(in case of Ti-1.6Al-6.3Mo-
4.36Fe) or o+Pfo—Phigh temp.—P+a'(a") (in case of Ti-5-4 and T110), and after final aging hardened stable a+f state was
formed in the surface layers (Fig. 1c, f, i).

c f 1
Fig. 1 The microstructure of titanium alloys Ti-6-4 (a-c), T110 (d-f), and Ti-1.5A1-6.8Mo-4.5Fe (g-i) in the states: (a, d, g)
after rolling, (b, e, h) after annealing at temperatures of a+p field, (c, f, i) after SRHT. (a-h, f, i) OM, (c) SEM.

Mechanical properties of studied alloys in different microstructural states are listed in Table 1. First of all it is necessary to
mention that annealing in all cases decreased tensile strength and increased ductility as a result of residual stress relaxation and
stabilization of the phase composition, while subsequent SRHT caused essential increase in general strength, which is more
noticeable for more alloyed T110 and Ti-1.5A1-6.8Mo-4.5Fe alloys where high UTS is accompanied by rather a good ductility.

Another situation was observed for 3-point flexure tests which, as it was mentioned in [7, 11], resemble ballistic tests by the
scheme of the external force application. In this case the highest levels of strength were also observed for the strengthened by
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SRHT T110 and Ti-1.5Al1-6.8Mo-4.5F¢ alloys; however, the last alloy showed rather low and poorly reproducible ductility. At the
same time, Ti-6-4 alloy showed a better balance of properties in the as-annealed state as compared with SRHT one.

The decisive influence of microstructure type on the ballistic behavior of titanium alloys very clearly can be illustrated with
cross-sections of channels perforated in 4 mm thick T110 sheets shot through by LPS bullets of 7.62 caliber with “soft” steel core
(bullet of the Ist type in [9], which impacted the target due to kinetic energy only), mass 9.62 grams, average speed 915+18
m/sec, and specific kinetic energy 65+4 J/mm2 (Fig. 2). It is clearly seen that as-rolled material underwent ductile deformation,
and delamination took place along the boundaries of non-recrystallized and elongated in the rolling direction B-grains (Fig. 2a).
The annealed state was perforated in a fully ductile manner despite the fact that grains were not recrystallized, and the structure of
primary B-grains had no effect, obviously, because the ductility of material noticeably increased (Fig. 2b). Strengthened by SRHT
sheet showed delamination as well, but the fracture was absolutely brittle, obviously due to the fact that the balance between
strength and ductility strongly biased towards strength (Fig. 2c).

Table 1
Typical mechanical properties of investigated alloys (10 mm thick plates) after different heat treatments.
## Structural State Tensile properties® Flexure properties**
YS, MPa UTS, El, % RA. % YS, MPa FS,MPa | FSt, %
MPa
Ti-6-4

1 As-rolled 991 1021 6.54 302 1808 1936 2

Annealed 880°C_ 2 h 910 965 12.65 4751 1634 2094 =24
3 Annealed 880°C, 2 h + SRHT 1260 1295 791 324 1726 1986 16.2

+5500C, 6 h.
T110
4 As-rolled 1040 1104 14.10 3327 1620 2350 11.28
5 Annealed 880°C.2h 980 995 16.20 42,61 1638 2037 9.71
6 | Annealed 880°C,2h + SRHT 1389 1420 8.22 3421 1678 2156 13.58
+550°C, 6 h.
Ti-1.5A1-6 8Mo-4 5Fe
7 As-rolled 1160 1165 8.69 2311 1887 1887 -
8 Annealed 750°C, 2 h 1089 1090 1522 46.50 1785 2068 112
9 Annealed 750°C, 2 h + SRHT 1427 1465 7.2 19.55 1912 1994 28
+550°C, 6 rox.

*YS - yield stress; UTS - ultimate tensile stress; El - elongation; RA - reduction in area.
**YS - yield stress; FS - flexure stress; FSt - flexure strain.
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Fig. 2. General views of pierced channels in T110 alloy sheets of 4.5 mm thickness after testing by the 1st type bullets.
States: (a) - after rolling, (b) - annealed, (c) - after SRHT. SEM.

a

Fig. 3. Comparison of annealed 3.1 mm thick sheets of (a) T100 and (b) Ti-6-4 after ballistic tests with TT bullets; back
side views.

Fig. 3 illustrates the difference in ballistic resistance of 3 mm thick sheets made of T110 and widely used Ti-6-4 alloys after the

same annealing shot by 1st type TT bullets with the specific kinetic energy of about 11 J/mm?. Tt is clearly seen that both
materials were not pierced; however, in the T110 only small bulges appeared, and through-thickness cracks were not observed,
whereas in Ti-6-4 the bulges were bigger, and the material almost completely cracked.

Ballistic tests of thicker plates with more powerful ammunition of both types, namely LPS (Ist type) and PP (2nd type), also
showed essential sensitivity to the alloy composition and microstructural state. It is important to underline that all 7 mm thick
plates of Ti-6-4 with various microstructures (see Fig. la-1c) were perforated by both LPS and PP bullets, whereas T100 plates of
the same thickness were pierced by PP bullets in the as-rolled state only. The last effect can be explained by a significant
difference in hardness of T100 hardened surface (about 350-380 MPa) and hardened steel core of PP bullets (above 700 MPa).
Thicker (10 mm) plates of both alloys were not pierced; however, the damage caused by bullets (post-penetration effect) was
much worse in Ti-6-4 than in T110. When testing thicker (14.5 mm) plates, the result was almost the same in all cases
(compositions and microstructural states).

Ballistic tests of Ti-1.5A1-6.8Mo-4.5Fe¢ alloy showed the worst results among all alloys tested — only 14.5 mm thick plate
withstood the tests by those bullets which did not perforate other two alloys with a thickness of 10 mm. This result was somewhat
unexpected, since the standard tensile and 3-point flexure properties (pp. 7-8 in Table 1) of Ti-1.5Al-6.8Mo-4.5Fe alloy look
rather good, and earlier it was possible to obtain a very high balance of mechanical (tensile) properties on rods of this alloy after
special thermomechanical processing followed by controlled recrystallization [12]. Obviously, this negative result may be



MATEC Web of Conferences 321, 11036 (2020) https://doi.org/10.1051/matecconf/202032111036
The 14™ World Conference on Titanium

explained by the fact that Ti-1.5A1-6.8Mo-4.5Fe alloy after such a relatively simple thermomechanical processing had a
significant structural heterogeneity, namely laminations, which had a negative effect on properties [13], as well as finer a-phase
microstructure (for instance, compare Figs 1h with le). It should also be noted that after shooting by 2-3 bullets without serious
damage, the hardened plates of this alloy collapsed in unexpected places at the next bullet hit, which can be explained by the
complicated nature of appeared stresses accommodation.

Fig. 4. General views of the damaged zone (a-c), and microstructure around it (d-f) of the T110 alloy tested with bullets of
the 1st type (LPS, a, d), and bullets of the 2nd type (PP, d, c, e, f). (a, d) plate 10 mm thick annealed 880°C, 1.5 hours, (b, €)
in a state after rolling, (c, f) after annealing of 880°C, 1.5 hours and SRHT. SEM.

The influence of microstructure on ballistic resistance can be clearly illustrated on the example of T110 alloy, 10 mm thick plates
(Fig. 4). “Soft” core 1st type (which had approximately the same hardness as T100 alloy — about 350 MPa by the Brinell scale)
LPS bullets made just a surface crater about 4 mm deep (Fig. 4a); the outgoing from crater into depth cracks had length of a few
millimeters and were surrounded by Adiabatic Shear Bands (ASB, Fig. 4d). The 2nd type PP bullets (their core hardness
exceeded the hardness of titanium alloys at least by 2 times) in addition to the surface crater left deep channels in the plates of
both as-rolled and annealed material (Fig. 4b); some ASBs transformed into cracks (Fig. 4e). The plates with hardened by SRHT
surface had surface craters of approximately the same size; however, the channels left by hard bullet cores deviated at larger
angles and had a much shorter length (Fig. 4c), that indicates a greater absorption and/or dispersion of the bullet energy by the
surface layer. Microcracks in the bands similar to ASB are observed around the channel, but they have a serrated shape that
makes unclear physical nature of these bands (Fig. 4f).

A comparison of different alloys can be made using approach based on the employment of such independent and generalizing
parameter as the specific kinetic energy of bullets [9]. All three studied alloys are compared in coordinates “specific kinetic
energy — thickness of plates” on the example of ballistic tests with bullets of the Ist type (TT and LPS with “soft” steel core) in
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Fig. Sa. This presentation of obtained results illustrates that in areas to the left of each straight line ((1) — T110, (2) — Ti-6-4, and
(3) — Ti-1.5A1-6.8Mo-4.5F¢) sheets and plates of a given thickness are able to withstand the test by this type bullets with a given
kinetic energy, whereas on the right from the lines the materials can be perforated. Therefore, a simple comparison of these
results allows to conclude that T100 alloy has visible superiority over two others, and Ti-1.5A1-6.8Mo-4.5Fe is worth one. The
last conclusion was also made by J. Fanning for strengthened state via conventional solid solution and aging heat treatment for
TIMETAL-LCB alloy [3]; however, we think that this alloy still has some potential, and development of better thermomechanical
processing is required to discover it.
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Fig. 5. Dependencies between specific kinetic energy of bullets and thickness of tested plates. (a) — testing by bullets of the
1st type of different alloys: (1) — T110, (2) — Ti-6-4, (3) — Ti-1.5A1-6.8Mo-4.5Fe. (b) — testing of T110 in the state after
SRHT by bullets of (1) — 1st type with not hardened steel core, (2) — 2nd type with steel core hardened above 700 HV. (3) —
the dependence obtained for Ti-6-4 alloy tested with 7.62 mm caliber bullets with soft steel cores [3, 4]. Open symbols —
perforated, close symbols — not perforated.

The potential of T110 alloy illustrates Fig. Sb which represents the best results of tests with bullets of two types for plates with
different thicknesses in one state with gradient microstructure obtained by SRHT. Comparison of lines (1) and (2) shows the
influence of the difference in hardness between the core of bullets and tested plates. For example, when material was tested by
bullets with “soft” core (line 1) and specific kinetic energy of about 80 J / mm2, only 7 mm thick plates withstood it; however, if
core is at least twice harder than tested plate (line 2), bullets will not perforate plates thicker than 10 mm. So, the distance
between lines (1) and (2) illustrates exactly the effect of steel core hardness. It is also interesting to compare our results with the
data of detailed study performed by J. Fanning [3, 4] — the difference between lines (1) and (3) shows the superiority of T110
plates and used SRHT hardening over Ti-6-4 with standard (not specified) structural conditions.

Conclusions

1. Tree different alloys, T-6A1-4V, T110 (Ti-5.5A1-1.5V-1.5Mo0-4Nb-0.5F¢), and Ti-1.5A1-6.8Mo-4.5Fe, were melted with
electron beam cold hearth method and hot rolled into plates/sheets of different thickness, then they were subjected to several heat
treatments and ballistic tests using real weapons and ammunitions.

2. Itis shown that the best balance of mechanical properties and ballistic resistance was provided by plates with special gradient
microstructural states formed by Surface Rapid Heat Treatment.

3. TI110 (Ti-5.5A1-1.5V-1.5Mo-4Nb-0.5F¢) alloy has the best ballistic resistance in comparison with two other alloys when
tested by both type of bullets — with “soft” (not strengthened), as well as “hard” (thermally strengthened) steel cores.
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