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EFFECT OF MICROSTRUCTURE, DEFORMATION
MODE AND RATE ON MECHANICAL BEHAVIOUR
OF ELECTRON-BEAM MELTED Ti-6AlI-4V

AND Ti—1.5Al-6.8Mo—4.5Fe ALLOYS

Two commercial cost-efficient titanium alloys—a low-alloyed o+p3-Ti—6Al-4V (mas.%)
and a metastable B-alloy Ti—1.5A1-6.8Mo—4.5Fe melted with a single electron-beam
cold hearth melting approach—are employed in a present study as program materi-
als. The influence of microstructure formed by means of the subsequent thermo-
mechanical and heat treatments on both the mechanical behaviour (evaluated by
the deformation energy, U,) when tested using standard methods with different
deformation rates and the ballistic resistance of plate materials is investigated. As
revealed, the weakest dependence of U, on the strain rate corresponds to Ti—6Al-4V
alloy with microstructure morphology close to globular one, whereas in the same
alloy with a lamellar microstructure (annealed in a single-phase p-field) as well as in
Ti—1.5A1-6.8Mo—4.5Fe alloy with various microstructures, U, values significantly
depend on the rate of deformation. Moreover, only after annealing at a temperature
of the two-phase o+f field, the U, value for Ti—-6Al-4V upon three-point flexure at
varying deformation rate is equal to the sum of the corresponding values obtained
under tension and compression. During subsequent ballistic tests of plates of differ-
ent thicknesses, it is established that the best ballistic impact resistance corresponds
to the materials with higher U, values and lower strain-rate sensitivity. The dam-
age of alloys during all types of testing is discussed in detail in terms of possible
mechanisms of deformation and fracture.

Keywords: titanium alloys, microstructure, mechanical properties, mechanical be-
haviour, deformation rates, deformation energy, ballistic tests.
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Introduction

The titanium-based alloys and coatings are a unique class of structural
materials for many applications, and first of all aerospace and military,
due to their high specific strength, fatigue endurance, resistances to
crack growth and corrosion [1-6]. In some cases, these materials are
employed in parts working at high stresses and tough operating condi-
tions, particularly, in parts subjected to high-rate deformations and
high strengths. For instance, similar service conditions will take place
in the new generation of civil supersonic aircraft [7, 8] as well as in a
wide range of products for military use [9, 10]. Application of titanium
alloys as armour material is an extreme case of their use from the view-
point of mechanical properties. There is a large number of published up
to now works on the ballistic impact behaviour of different titanium al-
loys tested with different types of projectiles [9—19], but only few of
them paid some attention to different types of microstructure, and no
unambiguous relationships between microstructure and ballistic proper-
ties have been revealed [15, 18]. At the same time, in some previous
works, we showed the determining role of phase composition and micro-
structure in the mechanical behaviour of various titanium alloys tested
with different deformation rates (quasi-static range) on tension, compres-
sion and three-point bending [20—22]. Earlier [23, 24], Ti—6Al-4V (wt.%)
alloy produced via single-melt electron-beam with cold hearth melting
(EBCH) and then milled to assigned thickness without any final anneal-
ing was recognized as the most appropriate titanium armour material
from the viewpoint of price/properties (or reliability) ratio.

The goal of this work was to evaluate real possibility to improve
mechanical behaviour under deformation with different rates, and, fi-
nally, to enhance ballistic properties of two titanium cost-efficient al-
loys Ti—6A1-4V and Ti—1.5A1-6.8Mo—4.5Fe (wt.%) (so-called ‘low cost
beta’) produced with above-mentioned melting technique. To achieve
this goal, we used various types of subsequent heat treatment, which
allowed varying the structural and phase state of the alloys. With the
aim to evaluate possibility to obtain the best ballistic impact protection
properties, a special surface rapid heat treatment (SRHT) was employed
for the both alloys that allowed forming gradient microstructure with
strengthened surface layer combined with a ductile core [25—-2T].

Materials and Experimental Procedure

Two above mentioned alloys were melted with EBCH melting approach
in the form of 100 mm diameter and about 200 mm long ingots, using
titanium sponge and Al-V master alloy (for Ti—-6A1-4V) or pure Al, Fe
and Mo (for Ti—1.5A1-6.8Mo—4.5Fe). The ingots were melted at labora-
tory electronic beam unit UE-208 [28] by single melting. Real chemical
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compositions of melted ingots (averaged for three different locations of
ingots) were as follow: (i) Ti—5.8A1-3.86V and (ii) Ti—1.6Al-6.3Mo—
4.36Fe (wt.%). The ingots were subjected to superficial turning and
subsequent 3D pressing with total reduction of about 60% at single-
phase B-temperatures: starting temperature was 1100°C and 900°C for
the Ti—6Al-4V and Ti—-1.5A1-6.8Mo—4.5Fe, respectively. In more de-
tail, the melting and thermomechanical processing of Ti—6Al-4V and
Ti—-1.5A1-6.8Mo—4.5Fe alloys were described in [29] and [30], respec-
tively. After hot pressing, both alloys were rolled in standard mills at
temperatures of two-phase a + 3 field: Ti—-6A1-4V at 880 °C to the final
thicknesses of 23 mm and 11 mm, and Ti—1.5A1-6.8Mo—4.5Fe at 750 °C
to the thickness of 11 mm. Some rolled plates were annealed at different
temperatures of two-phase o +  and single-B-phase fields with aim to
obtain different types of microstructure. The SRHT was performed at
special induction heating device developed at the G.V. Kurdyumov Insti-
tute for Metal Physics of the National Academy of Sciences of Ukraine
[31]. All types and regimes of treatments employed in the present study
are listed in Table 1. Their application allowed us to obtain a wide range
of structural conditions, which varied in phase composition, type and
fineness of microstructure, and to form gradient states with hardened
surfaces combined with a ductile core.

Table 1. Treatments and microstructural states

H#HH# Type of treatment Regime of treatment Microstructure
Ti—-6Al-4V
1 |Hot deformation 3D hot pressing + rolling Laminated, not recrystal-
at 880 °C lized, unstable

2 | Annealing 880 °C, 1 h, Laminated, not recrystal-
in the o + B-field |furnace cooling lized, stabilized

3 | Annealing 1100°C, 1 h, Coarse-grained lamellar
in the B-field furnace cooling

4 |Surface rapid 80 kWt, 66 kHz, 1000 A, Gradient: hardened sur-
heat treatment 3 mm/s + aging 550 °C, 6 h |face (UTS > 1300 MPa

[29]), laminated core
Ti—-1.5A1-6.8Mo—4.5Fe

5 |Hot deformation 3D hot pressing + rolling at | Laminated, not recrystal-

750 °C lized, unstable
6 | Annealing 750°C, 1 h, Elongated p-grains, globu-
in the o + B-field |furnace cooling lar a, stabilized
7 | Quenching 900 °C, 0.5 h, Single-phase metastable 3
from f-field water quenching
8 |Surface rapid 80 kWt, 66 kHz, 1000 A, Gradient: hardened sur-
heat treatment 2.5 mm/s + aging 538 °C, face (UTS > 1550 MPa
6 h [30]), laminated o core
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Table 2. Characteristics of projectiles used in ballistic tests

. . Bullet Bullet Average Specific kinetic
## | Designation Caliber, mm | Mass, g Type of core speed, m/sec| energy, J/mm?
1 PP 5.45 3.61 |Hardened steel, 915+18 65+t4
ogival shape
2 LPS 7.62 9.62 |Soft steel, 840+27 78+5
ogival shape
3 B-32 7.62 10.4 Hardened steel, 845+20 8215
ogival shape

Microstructure of alloys after different treatments was examined
with light microscopy (LM) and scanning electron microscopy (SEM).
The SEM was also employed for investigation of fracture surfaces of
specimens after mechanical and ballistic tests. Tensile properties were
studied in accordance with the ASTM E8M standard on specimens with
gage length of 25 mm and gage diameter of 4 mm at INSTRON-3376
unit at different strain rates (quasi-static regimes). Three-point flexure
tests were done on bar samples with dimensions of 60x8x8 mm at IN-
STRON 8802 unit. All specimens for mechanical tests were cut in roll-
ing direction, and, at least, three specimens were tested for each micro-
structural state and deformation rate. Ballistic tests were performed in
the certificated Laboratory at the Ivan Chernyakhovsky National Uni-
versity of Defence of Ukraine using ballistic barrels and projectiles list-
ed in Table 2. The bullets had different calibres (diameters) and steel
cores (non-hardened soft (LPS) with hardness comparable to the hard-
ness of tested titanium alloys, i.e. about 300—-350 HV, or thermally har-
dened (PP and B-32) with hardness above 750 HYV). Different bullet
masses and speeds allowed varying specific kinetic energy during tests.
Ballistic tests were performed in accordance with Ukrainian Standards
B4103-2002 and 3975-2000.

Results
Microstructure

Typical microstructures of the alloys after different processing routes
are presented in Figs. 1 and 2. As seen from Fig. 1, hot deformation of
cast Ti—6A1-4V alloy did not lead to recrystallization, and microstruc-
ture was characterized by primary B-grains elongated in rolling direc-
tion with fine a-lamellas grown inside from grain boundaries (Fig. 1, a).
The thickness of these ‘flattened’ grains varied within the range of
20-100 pum due to intense and deep plastic deformation of initial cast
structure, in which the B-grain size reached several tens (or even hun-
dreds) of millimetres [29]. Further annealing at 880 °C (this tempera-

312 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 3



Effect of Microstructure, Deformation Mode and Rate on Titanium Alloys

Fig. 1. Microstructure of Ti—6A1-4V alloy in different states: a —
as-rolled, b — after annealing at 880 °C for 2 h, ¢ — after anneal-
ing at 1100 °C for 1 h, and d — after SRHT with LM

ture corresponds to the o + B field) did not changed both grain and in-
tragrain microstructure in as-rolled material (compare (Fig. 1, a and b),
but some B-grain boundaries (obviously, those with specific crystallo-
graphic orientation) were decorated by lamellar (or plate-like) a-phase.
This allows concluding that the density of defects introduced by rolling
was not enough to initiate recrystallization even on subsequent anneal-
ing at temperatures of o + § field. The increase in annealing tempera-
ture up to 1100 °C (single-phase p-field for this alloy) naturally caused
intense B-grain growth, and relatively coarse and inhomogeneous 3-grain
microstructure was formed with grain size varying from 50 to 500 um
due to inheritance of non-uniformity of initial microstructure after an-
nealing (Fig. 1, ¢).

After SRHT, the alloy had layered structure (Fig. 1, d), in which
near-surface upper layers had thickness of about 4 mm and consisted of
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Fig. 2. Microstructure of Ti—1.5A1-6.8Mo—4.5Fe alloy in different states: a — after
rolling and annealing at 750 °C for 2 h; b — after quenching from 900 °C into water
(metastable p-state); (c—e) — after SRHT, where ¢ — overall view, d — surface
layer, e — core. Here, a, d, ¢ — SEM; b, c — LM

B-transformed microstructure formed as a result of o + 3 — p trans-
formation during rapid heating and subsequent p — a (o) + B decomposi-
tion upon cooling [32].

Ti—-1.5A1-6.8Mo—4.5Fe alloy after hot deformation had laminated
microstructure without elongated p-grains (Fig. 2, a; initial cast micro-
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structure of this alloy was discussed in detail earlier [30]). Subsequent
annealing at 750 °C, 2 h (two-phase a+f field for this alloy) caused par-
tial transformation of intragrain a-phase from lamellar to globular one
(Fig. 2, b). It is important to underline that, in both cases, B-grain
boundaries were decorated by lamellar a-phase, which is generally con-
sidered as a structural element that embrittles titanium alloys [2]. The
application of SRHT to this alloy, like in above mentioned case, also led
to formation of gradient microstructure (Fig. 2, ¢): the top layer (about
40 mm) undergone a + 3 — B transformation and consisted of B-trans-
formed grains with diameter of 20-40 um (Fig. 2, d), whereas deeper
layers had initial fine globular-like microstructure (Fig. 2, e).

Standard Mechanical Tests

In present work, we did tensile and three-point flexure tests, while for
the discussion and evaluation of the influence of deformation mode and
rate on the mechanical behaviour of studied alloys we also used earlier
results of compression tests [22].

Tensile Tests

The mechanical behaviour of both alloys under tension in dependence on
their microstructure and tension rate was studied and discussed in de-
tail in the previous work [21], including Ti—6Al-4V and Ti-1.5Al-
6.8Mo—4.5Fe alloys produced by standard vacuum arc (VAR) melting
and multistep deformation routes. It is necessary to underline once again
that, in the present study, we employed single-melt EBCH alloy as start-
ing material and subjected it to thermomechanical treatments described
in the second section (‘Materials and Experimental Procedure’).
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Fig. 3. Typical engineering stress—strain curves of Ti—-6Al-4V alloy tested at diffe-
rent strain rates after 1 h annealing at 880 °C (a) and 1100 °C (b)
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ME 160 Fig. 4. Dependences of deformation en-
- ergy on tension rate for Ti—6A1-4V alloy
= 1 in different structural conditions: an-
5140 ;i 6-4, 880 °C nealing at 880 °C (1) and 1100 °C (2)

g 2 — Ti-6-4, 1100 °C

2120 \.\ Ti—-6A1-4V Alloy. Typical en-
2 '\-\,\\ gineering stress—strain curves of
g T~ g Ti—-6A1-4V alloy were character-
:§ 100 | . . \"'r\ ized by sharp transition from elas-
= 0.001 0.01 0.1 tic to plastic deformation (Fig. 3)

that is not typical for this alloy ob-
tained by VAR melting [2, 29]. Af-
ter o + 3 annealing (Fig. 1, b), the material had better combination of
strength and ductility (Fig. 3, a) as compared to annealing in the single
phase B-field (Fig. 3, ) which resulted to coarse-grained lamellar micro-
structure (Fig. 1, c). Increase in strain rate led to reduction of elonga-
tion for both structural conditions, but, in the latter case of coarse-
grained lamellar microstructure, this reduction was bigger. After SRHT,
the material was not tensile tested because it was impossible to machine
cylindrical samples adequately to obtain symmetrical two-layered mate-
rial. However, in the earlier works, it was shown that surface treatment
of this alloy allows improving tensile properties up to the level similar
to that after bulk rapid heat treatment when tested with some standard
tension rate [27].

Calculated dependences of U, on tensile strain for different strain
rates (Fig. 4) showed essential difference between these two structural
states. First, it should be underlined that, in the material annealed at
the temperatures of two-phase field, the U, value was higher and had
less pronounced dependence on strain rate as compared to the alloy an-
nealed in the single-phase field.

Ti—1.5A1-6.8Mo—4.5Fe Alloy. The influence of tension rate on me-
chanical behaviour of this alloy has been studied in detail in our previ-
ous works [20, 21, 34]. In the present study, we took as a program
material a newly melted by single-melt EBCH alloy which was subjected
to hot pressing and rolling as described in Ref. [30]. This program mate-
rial had specific microstructure features (Fig. 2) and crystallographic
texture as compared to earlier studied TIMETAL-LCB alloy of the same
composition, but melted by standard VAR technology [2] and subjected
to much heavier total deformation. Typical engineering stress—strain
curves for our material are presented in Fig. 5. It is interesting to note
that, in both principally different conditions—two-phase o + 3 fine glob-
ular (Fig. 2, a) and single-phase metastable B (Fig. 2, b), this alloy had
very similar stress—strain curves at the same strain rates (compare
curves I and 2 on Fig. 5, a, with curves 1 and 3 on Fig. 5, b). This fact

Tensile strain

316 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 3



Effect of Microstructure, Deformation Mode and Rate on Titanium Alloys

S 1000 ‘2 - 7 3
2 800 . |F .
% 1 — Annealed, 8:10 1 — Annealed, 8:10
5 600 2 — Annealed, 810~ | [ /4§ 2 — Annealed, 810
@400 - 3 — Annealed, 810 °
[
& 200 -
l/
0 1 1 1 1 1 1
5 10 15 5 10 15
a Tensile Strain, % b

Fig. 5. Typical engineering stress—strain curves of Ti—-1.5A1-6.8Mo—4.5Fe alloy
tested at various strain rates in different microstructural states: a — after anneal-
ing 750 °C for 1 h; b — after water quenching from 900 °C

Fig. 6. Deformation energy vs. strain ME 180
rate for Ti—1.5A1-6.8Mo—4.5Fe alloy in . N
two conditions: I — annealed in two- g 160 L -
phase a+p-field; (2 — quenched from .
B-field (metastable single-phase condi- 55140 N
tion) g kN
=120} 2
is unexpected and may be explained ,§ 1 — Annealed \\.\
. . - .
by very fine microstructure of the £ 100 | 2 — B-Metastable \'\.\\
alloy annealed at 750 °C. = ) )
. Yy
The dependences of Uy, on strain =~ 2 0.001 0.01 0.1

rate, calculated by tensile curves Tensile strain

for these two microstructural con-

ditions, are presented in Fig. 6. They also showed similar decrease in
deformation energy with deformation rate. Such dependence is rather
typical for this alloy [20, 21, 34], and was explained by factors: (i) high
density of interphase o/p boundaries, which are sites of plastic defor-
mation localization and nucleation of pores and cracks [34, 35] in an-
nealed condition, and (ii) by specific crystallographic texture in metast-
able condition, as it will be shown later.

A comparison of two materials from the viewpoint of dependences
of deformation energy on strain rate allows concluding as follows below.
The Ti—1.5A1-6.8Mo—4.5Fe alloy in both annealed o + [} and quenched
for metastable B-phase states, despite higher initial (at 103 s™!) levels
of Uy, is more sensitive to deformation rate as compared to Ti—-6Al-4V
alloy annealed in the two-phase a + 3 field.
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Three-Point Flexure

Ti—6Al-4V Alloy. The overviews of specimens after three-point flexu-
ral tests are presented in Fig. 7. As seen, the material with coarse-
grained lamellar microstructure cracked on earlier stages of plastic de-
formation (specimens I and 2), while, in the specimen with globular
microstructure, crack appeared on later stage of plastic flow when de-
formed at lower bending rate (specimen 3).

The flexural stress—strain curves illustrate essential superiority of
the material annealed in the two-phase a+f field over the coarse-grained
lamellar condition in both strength and especially ductility: the lami-
nated microstructure after a+f annealing had approximately 6 times larger
plastic deformation (compare Fig. 8, a and b). Gradient microstructure
after SRHT (Fig. 1, d) led to specific changes in flexure properties of
the alloy: the curves look like a combination of the first two versions—
strength level approached to the o+ annealed condition, while strains
were intermediate between these two structural states (Fig. 8, c).

Investigation of microstructure in the zones of intensive plastic
deformation allowed clarifying the features of the influence of micro-
structure on mechanical behaviour during flexural testing (Fig. 9). In
the case of coarse-grained lamellar microstructure, main crack propa-
gated from the bottom surface (where tension stress on flexure was
maximal) almost normally to this surface with rather small branching
(Fig. 9, a). The starting short crack was nucleated and grew initially
along a packet of a-lamellas (Fig. 9, b). At further, propagation crack
was deviated on boundaries of neighbouring a-phase packets with dif-
ferent crystallographic orientations (Fig. 9, c).

At the same time, after annealing at temperature of two-phase field,
there were no coarse equiaxed B-grains and intragrain a-lamellas, and
the main crack initially grew at an angle of 45° to the bottom surface
and changed the direction of growth when achieved length of approxi-
mately 3 mm (Fig. 9, d). There was no noticeable effect of microstructure
on crack propagation; however, at higher magnifications plenty of pores
were observed around crack on the etched surface of the specimens (Fig. 9,
e, ). The specimens after SRHT were not completely fractured at max-
imal bend angle, and cracks stopped at distance of 2—3 mm from the
thermally strengthened layer (Fig. 9, g): final cracks were shorter as

Fig. 7. Overviews of Ti—6Al-4V spe-
cimens after (I, 2) B-annealing (1100 °C,
1 h), and (8, 4) o + PB annealing (880 °C,
2 h), tested for three-point bending with
rates (I, 3) 103 s! and (2, 4) 10! s!
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compared to other structural conditions for the same rates and degrees
of deformation. In the ‘basic’ non-hardened layer, the main crack sev-
eral times changed direction and propagated mainly along the bounda-
ries of neighbouring a-phase packets (Fig. 9, &), while on the last stage
the crack crossed both these packets and individual a-lamellas (Fig. 9, i).

Ti—1.5A1-6.8Mo—4.5Fe Alloy. At higher flexure rate, all Ti—-1.5A1-
6.8Mo—4.5Fe specimens, in both a +  annealed and as quenched from
single B-phase conditions, were broken on the stage of elastic deforma-
tion (Fig. 10). Only metastable B specimens tested at lower flexure rate
had non-zero ductility; and this behaviour is opposite to Ti—6A1-4V al-
loy. Investigation of fracture surfaces of annealed specimens allowed
distinguishing three separate zones: I — crack nucleation and initial
growth, 2 — intensive growth zone, and 3 — final fracture (Fig. 11, a).
The overview of the first zone (indicated by arrow on Fig. 11, a, b) re-
vealed that crack appeared in sub-surface layer and initially grew by
ductile mechanism. However, when crack length reached about 30 pum,
the character of crack growth changed to a brittle one, and layered frac-
ture surface was observed in this zone (2 in Fig. 11, a and c¢).
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Fig. 9. Microstructure of Ti—6Al1-4V alloy after annealing 1 h at various tempera-
tures and three-point flexural testing: (a—c) 1100 °C (coarse-grained lamellar state),
(d—f) — 880 °C, and (g—i) — after SRHT. SEM data
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Fig. 11. Fracture surfaces of Ti—1.5A1-6.8Mo—4.5Fe
specimens in (a—c) o + B annealed and (d—g) metastab-
le B states, after three-point flexure with rate 10! ¢'.
Arrow (a) shows crack nucleation site. SEM data

Fracture surfaces of the specimens in single-phase metastable 3
state did not have evident signs of crack nucleation sites (Fig. 11, d).
Both initial zone of crack growth (perpendicular to the outer surface of
specimen) and zone of intensive propagation (parallel one) had the same
character characterized by mixture of ductile and brittle (cleavage) ar-
eas (Fig. 11, d) that was earlier observed in this alloy upon tensile tests
[34] and explained by specific orientations of B-grain boundaries rela-
tively to direction of applied tension stress. On the boundaries of cleav-
age areas (presumably, grain boundaries), a relief similar to lamellar
intragrain microstructure was observed (Fig. 11, f). In the zone of final
fracture, character of surface was ductile (Fig. 11, f).

Summarizing the results of tensile and three-point flexural tests, it
is possible to conclude that only Ti-6Al-4V alloy in annealed a + [} state
demonstrated ductile behaviour in both types of tests. This is obviously
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due to comparatively large area of uniform plastic deformation (Figs. 3,
a, and 8, b), while in another structural condition (Fig. 3, b) this alloy,
as well as Ti—1.5A1-6.8Mo—4.5Fe alloy (Figs. 5 and 10) underwent ear-
ly localization of plastic deformation, that caused much earlier failure.

Ballistic Impact Tests

Ti—6Al1-4V Alloy: 11 mm Thick Plate. The 11 mm thick plate of
Ti—-6Al-4V alloy was subjected to ballistic tests with two types of pro-
jectiles, which differed in calibre, mass, state of steel core, speed of
bullets, and therefore had different specific kinetic energies (see ## 1
and 2 in Table 2). The overviews of tested plates with different micro-
structural states are shown in Fig. 12. As seen, in as-rolled (without
final heat treatment) condition, the plate was pierced by 7.62 calibre
LPS bullet, and withstood a bullet of 5.45 calibre (Fig. 12, a, b). The
behaviour of plate annealed at two-phase o + 3 field temperature was
very similar (Fig. 12, ¢ and d), while, after annealing at single-phase 8
temperature (with resulting coarse-grained lamellar microstructure,

Fig. 12. Overview of 11 mm
thick Ti—-6Al-4V plates
after ballistic tests with
front (a, c, e, g) and back
(b, d, f, h) views for dif-
ferent conditions: (a, b) —
as-rolled, (¢, d) — after
B-annealing at 1100 °C for 1 h, (e, f) — after o + B annealing at 880 °C for 2 h, and
(g, h) — after SRHT (surface strengthening). Here, front (a, c, e, g) and back (b, d,
f, h) — views are presented. A — results of impact by bullets #1, B — results of
impact by bullets #2
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I:\\\‘{ G
Al A

Fig. 13. SEM images for half sections of shot targets (a, d, g, j) and typical micro-
structure of Ti—-6Al1-4V alloy (11 mm thick plate) after ballistic tests: (a—c) — as
rolled, (d—f) — annealed at 880 °C for 1 h, (g—i) — annealed at 1100 °C, and (j—I) —
after SRHT. PP bullets (#1 in Table 2)
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Fig. 14. SEM images for half sections of shot targets
(a, d, g) and typical microstructure of Ti—6Al-4V
alloy (11 mm thick plate) after ballistic tests: (a—c) —
as-rolled, (d—f) — annealed at 880°C for 1 h,
(g, h) — annealed at 1100 °C for 1 h. LPS bullets
(#2 in Table 2)

Fig. 1, ¢), the plate was pierced by bullets of both types (Fig. 12, e, f).
In other words, 11 mm thick plates of Ti—6Al-4V alloy with both lami-
nated microstructural states showed rather good resistance against pen-
etration of bullets with average specific kinetic energy ~65 J/mm?, and
could not stand against bullets with energy ~78 J/mm?2. At the same
time, the plate with B-transformed coarse-grained lamellar microstruc-
ture was not able to resists against even bullets with lower energy.
The most promising result for 11 mm thick plate was obtained in
as-rolled condition with subsequent special SRHT; this plate was not
pierced by both types of bullets (Fig. 12, g and %) that is in a good agree-
ment with the results of three-point flexure tests (Figs. 8, ¢, and 9, A, i).
In other words, the surface strengthening treatment allows obtaining a
condition with higher ballistic resistance, and the present results are
apparently better than the data obtained in J. Fanning’s work [9]. The
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Fig. 15. Overview of Ti—6Al-4V alloy (23 mm thick plates) after ballistic tests with
projectile #3 (Table 2, bullets B-32) for different conditions: (a, b) — after
B-annealing at 1100 °C for 1 h), (¢, d) — after o +  annealing at 880 °C for 2 h, and
(e, f) — after SRHT

peculiarities of plastic flow were studied on the sections cut from the
sites impacted by bullets (Fig. 13).

In the as-rolled specimen (Fig. 13, a), separate adiabatic shear bands
(ASB) with thickness of about 10—-12 pm were observed on the lateral
sides of the bullet channel (Fig. 13, b), while, in the lower part of the
crater, a B-transformed microstructure was found (Fig. 13, c¢; the depth
of this B-transformed layer was about 2 mm). This may be explained by
intensive local heating of the material above beta-transus, i.e. an essen-
tial part of kinetic energy transformed into a heat. Annealing at the
temperature of o + 3 field made material ‘weaker’; it was pierced by this
type of projectile (Fig. 13, d). Several ASB were observed near the mid-
dle section of the bullet channel (Fig. 13, ¢), and, in some places, pores
appeared inside the ASBs (Fig. 13, f). After annealing at the tempera-
ture of pB-field, the material was also pierced, and coarse cracks appeared
around the bullet channel where the bullet punched material (Fig. 13,
g). In upper part of the channel, no evidences of plastic deformation
were found (Fig. 13, h), while, in the bottom zone, multiple ASBs in-
clined at an angle of more than 45° were observed (Fig. 13, i). After
SRHT, the plate was not pierced by bullet (Fig. 13, j), and ASBs paral-
lel to the surface were found near the middle section of the channel
(Fig. 13, k) as well as in the ‘deep bottom’ — on the distance more than
3 mm from the channel tip (Fig. 13, [).

Figure 14 illustrates similar features of plates’ microstructures af-
ter shooting by LPS bullets (#2 in Table 2). First of all, it should be
mentioned that all microstructures (except after surface strengthening
by SRHT) were pierced by this relatively high-energy projectile (see

ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 3 325



O.M. Ivasishin, S.V. Akhonin, D.G. Savvakin, V.A. Berezos, V.I. Bondarchuk et al.

Fig. 16. SEM images for
half sections of shot tar-
gets (a, d, g) and typical
microstructure of Ti—6-
Al-4V alloy (23 mm thick
plate) after ballistic tests:
(a—c) — after B-annealing
at 1100 °C for 1 h, (d—f) —
after o + [ annealing at
880 °C for 2 h, and (g—i) —
after SRHT

Table 1), and bullet channels looked like punching out a ‘cork’ (Fig. 14,
a, d, g). Due to high localization of plastic deformation, the flow oc-
curred in the material adjacent to the bullets channels, that led to the
formation of cracks (Fig. 14, b, ¢), and only in some cases ASBs were
observed (Fig. 14, f). Besides, it should be mentioned that, in most duc-
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Fig.17. Overview of
11 mm thick plates of
Ti—1.5A1-6.8Mo—4.5Fe
alloy after ballistic tests
with projectiles (a, b) #1,

(c, d, g, h) #2, and (e, ) #3 for two conditions: (a—f) — after o + B annealing at
750 °C for 2 h and (g, ) — after SRHT strengthening

tile condition (after annealing at o +  temperature), some traces of
plastic flow were found close to the bullet channel (Fig. 14, ¢), while, in
less ductile one (after annealing at p-temperature; Fig. 14, k), fracture
took place without any visible changes in microstructure. At the same
time, in SRHT-treated plate, which was not pierced (Fig. 12, g, k), the
traces of deformation were similar to those observed for projectile #1
(Fig. 13, &, 1).

Ti—6Al1-4V Alloy: 23 mm Thick Plate. The overviews of specimens
shot with projectiles B-32 are shown in Fig. 15. As seen, the material
after annealing at the temperature of single-phase B-field with coarse-
grained lamellar microstructure was completely pierced, and the bullet
was stuck in the plate (Fig. 15, a, b). In two other structural states after
annealing at a+fp temperature (Fig. 15, ¢, d) and after SRHT (Fig. 15,
e, ), the plates were not penetrated through, and the ‘bulge’ effect was
noticeably less pronounced in the case of SRHT. These observations are
in a good agreement with the results obtained for 11 mm thick material
after the same treatments, and they confirm the positive influence of
both annealing at temperatures below the B-transus and surface strength-
ening treatment.
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Fig. 18. Half sections of
shot targets (a, e, g), de-
tails of fracture surfaces
and typical microstruc-
ture of 11 mm thick pla-
tes of Ti—1.5A1-6.8Mo—
4.5Fe alloy after ballis-
tic tests with projectiles
#1 (a, b), #2 (¢, d, e, [),
and #3 (g, h) for two conditions: after o +  annealing at 750 °C for 2 h (a—d) and
after SRHT strengthening (e—%). Here, the SEM data are presented

In more detail, the microstructure of the plates near the bullet
channels is shown in Fig. 16. After annealing at 1100 °C, the material
with coarse-grained lamellar microstructure was punched through (Fig.
16, a). There were no noticeable traces of plastic deformation near the
edges of bullet channel (Fig. 16, b); separate ASBs were found near the
bottom of the channel (where the bullet has already lost most of its en-
ergy), and these ASBs end by surface cracks (Fig. 16, c).

After annealing in two-phase o + 3 field, the material had another
type of B-grain structure and was also pierced through; however, the
bullet was completely stopped inside the plate (Fig. 16, d). Near the top
of the bullet channel, some deformation traces were found (Fig. 16, e),
and, in the bottom, ASBs and cracks were present as well (Fig. 16, f).
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Fig. 19. Deformation energy vs. deformation rate at different types of tests for a —
Ti—6Al-4V annealed at temperature of single-phase B field, b6 — Ti—-6Al-4V an-
nealed at temperature of two-phase o + 3 field, ¢ — Ti—1.5A1-6.8Mo—4.5Fe quenched
from temperature of single-phase f field (fine-grained metastable  state), d —
Ti—1.5A1-6.8Mo—4.5Fe annealed at temperature of two-phase o + 3 field. Data for
compression tests were taken from [23]. Open ‘star’ symbols on (a, b) indicate re-
sults with complete piercing of plates. Solid ‘star’ symbols (b, d) indicate results of
ballistic tests without piercing

After SRHT, the bullet did not penetrate through the plate, and a bulge
of about 2—-2.5 mm height formed on the rear side (Fig. 16, g). The
ASBs were observed both on the top (Fig. 16, £) and bottom (Fig. 16, i)
sections that indicates on the localization of plastic flow in both top
(thermally hardened) and bottom (ductile) layers. In other words,
hardened by SRHT, layer had relatively good reserve of general ducti-
lity, despite its higher strength, and its level of ductility was rather
close to that of the material annealed at temperatures of o + 3 field,
whereas the alloy with coarse-grained lamellar microstructure had too
low properties.

ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 3 329



O.M. Ivasishin, S.V. Akhonin, D.G. Savvakin, V.A. Berezos, V.I. Bondarchuk et al.

Ti—1.5A1-6.8Mo—4.5Fe. Typical examples of 11 mm thick plates of al-
loy Ti—1.5A1-6.8Mo—4.5Fe in different microstructural states after bal-
listic tests are presented in Fig. 17. First of all, it should be underlined
that, after annealing in two-phase o + [ field, the material was not
punched through by bullets of #1 type, however, some surface cracks
appeared (Fig. 17, a and b), while higher specific kinetic energies (bul-
lets #2 and #3) caused cracking (Fig. 17, c—f). Application of SRHT
allowed somewhat to improve ballistic resistance of the alloy against
projectiles #2 (Fig. 17, g and h), whereas bullets #3 still punched
through the plates.

In more detail, the fracture surfaces of the plates after ballistic
tests are shown in Fig. 18. After annealing in o + 3 field and impact by
projectile #1, the bullet channel had relatively ductile relief (Fig. 18, a,
b), while impact by more powerful projectile #2 led to completely brittle
fracture (Fig. 18, c and d). Another situation was observed in specimens
after SRHT: despite impact with projectile #2 also led to brittle frac-
ture (Fig. 19, g and h), projectile #1 caused only crater in the surface
strengthened layer (Fig. 18, e and f).

Under three-point flexure, the upper part of sample (where bending
force is applied) is compressed and the opposite side is stretched, with a
zero-load point located approximately in the middle between them.
Hence, in the first approximation, we can assume that this type of test
is a combination of stretching and compression tests. Thus, it can be
assumed that the energy of deformation U,,, which is spent on the three-
point bend, should be approximately equal to the sum of these energies
for two tests—tension and compression. Experimental data for compres-
sion, obtained with the same program materials, were taken from the
work [24]. The dependences of U, on deformation rate for the same ma-
terials and different methods of tests are represented in Fig. 19.

As can be seen from Fig. 19, this assumption is rather accurate for
the case of Ti—6A1-4V annealed in two-phase o+ field (880 °C, Fig. 19,
a). It should be also mentioned that similar situation was observed in
the same alloy with globular type of microstructure, and in commercial
purity titanium regardless of microstructure [26]. At the same time,
Ti—-6Al-4V and Ti-1.5A1-6.8Mo—4.5Fe alloys annealed in single-phase
B-filed (coarse-grained lamellar microstructure) have different behav-
iour (Fig. 19, b—d). Earlier in [26], this fact was explained by the influ-
ence of other factors, including structural and crystallographic texture.
Also, as it was established in Ref. [21], lamellar or needle-like a-particles
play an important role in mechanical behaviour of titanium alloys de-
formed with different rates, because their tips are places where defor-
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mational defects concentrate during plastic flow, leading to the forma-
tion of pores and then cracks.

Another moment to be emphasized is the following: Ti—1.5Al-
6.8Mo—4.5Fe in metastable single-phase B-condition had high ductility
that resulted in high U, values under tension and compression, while
for three-point flexure this parameter was rather high only for rela-
tively slow deformation rate (Fig. 19, c). Perhaps, this is a result of
probable decomposition of metastable B-phase during the complex mode
of deformation (and possible precipitation of embrittling particles of
w-phase, especially, taking into account local heating inside ASBs formed
at high deformation rates). Regarding this alloy in the two-phase a + 3
state, U, values for three-point flexure were much lower than for ten-
sile and compression tests. This is obviously due to the peculiarities of
microstructure (the presence of thin lamellar particles of a-phase whose
tips play above-mentioned role of stress concentrators) and the crystal-
lographic texture formed upon rolling, which may be unfavourably ori-
ented relative to the applied load.

The results of present study and previous data allow us to conclude
that the U, values of investigated alloys generally are determined by
their phase composition, microstructure, and structural and crystallo-
graphic texture, which, in turn, determine the balance between strength
and ductility, and this balance depends on deformation mode and rate
too. Thereby, relatively low-alloyed Ti—6Al-4V alloy with globular
(equiaxed) microstructure has rather high values of ductility. However,
hardening of this alloy by heat treatment cannot ensure high strength;
in the best case after special Rapid Heat Treatment (bulk), UTS does not
exceed 1300-1350 MPa [22, 27]. At the same time, metastable -alloy
Ti—-1.5A1-6.8Mo—4.5Fe can be thermally strengthened above 1500 MPa,
but high content of B-alloying elements and relatively low beta-transus
(temperature of o + 3, — P transformation [3]) do not allow to form equi-
axed microstructure with o-globules of, at least, 2-3 pm in diameter
and relatively low (as in Ti—-6Al-4V alloy) density of interphase a/p
boundaries which are preferable sites for pore and crack nucleation dur-
ing plastic flow [21]. These features caused low ductility of thermally
strengthened Ti—1.5A1-6.8Mo—4.5Fe alloy, which may be improved by
means of special treatment based on heavy cold deformation followed by
rapid recrystallization for forming fine p-grains (below 5—-7 um) [22,
36]. Such technological approach was employed for rod materials, but
its application for processing of plate material (taking into account the
possibility of technological equipment) seems quite problematic. As
shown in Refs. [22, 37], the best combination of high strength (above
1800 MPa) and good ductility can be obtained by rapid heat treatment
of such titanium alloy as VT23 (high-alloyed martensitic class alloy),
where the content of B-alloying elements is ‘intermediate’ between Ti—
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6Al-4V and Ti—-1.5A1-6.8Mo—4.5Fe. In this case, it is possible to expect
that U, will be higher, including high deformation rates.

Of course, the results of standard mechanical tests are difficult to
compare with the results of ballistic ones. Nevertheless, employing such
rather versatile parameter as U, and calculating (with some simpli-
fications) its values for ballistic tests basing on the speed of the bullet,
its calibre and the thickness of tested plate, we tried to fulfil this com-
parison. Though this approach is rather arbitrary, it allows to assess
the ballistic resistance of materials considering the relation between U,
values for the same deformation rates obtained in ballistic tests and, if
possible, by other standard methods. In other words, if U Ballistic >
> U Standard - material will be pierced, and if UjBallistic < [ Standard “material
will resist against ballistic impact. An attempt to make such a compari-
son is presented in Fig. 19, a, b, d, where the results of ballistic tests
are plotted by ‘star’ symbols. First of all, it should be noted that an
increase in strain rate by four orders of magnitude reduces U, levels
also by several orders. Despite the significant difference between U,
levels of studied alloys at low deformation rates, at rates 8-10*-8.2-10*
(these values were calculated for ballistic tests), deformation energy
varied within the narrow range of 5.7-7.4 J/mm?3, and difference be-
tween pierced and not pierced microstructural states was also very
small. It should be kept in mind that, in this comparison, we did not
take into account the influence of all other factors besides kinetic en-
ergy (e.g., the different hardness of bullets and test material). By the
way, our results showed some superiority of alloys after annealing in
two-phase a + 3 field and SRHT over the same materials with B-trans-
formed lamellar microstructure.

Conclusions

The obtained results allow drawing the following conclusions.

(1) The studied alloys obtained by EBMCH melting approach with
following hot 3D pressing and rolling had better properties (both stand-
ard mechanical at all deformation rates and modes, and ballistic im-
pact properties) after annealing at temperatures of two-phase a + 3 field.
In this condition, Ti—-6Al-4V alloy had microstructure with flat B-
grains elongated in rolling direction and fine a-lamellas inside these
grains, while Ti-1.5A1-6.8Mo—4.5Fe alloy had fine globular-type
microstructure.

(2) Annealing in single-phase p-field resulted in coarse-grained la-
mellar microstructures and led to a significant decrease in all mecha-
nical properties due to essential drop of ductility.

(3) Special SRH-treatment, which formed thermally strengthened
surface layer in combination with ductile core, allowed achieving the
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best level of ballistic impact properties as compared to other micro-
structural conditions studied in the present work.

(4) Good anti-ballistic properties of Ti—6Al-4V alloy can be ex-
plained by a unique combination of properties (of about 1000 MPa) with
high reserve of ductility (including high uniform plastic deformation in
not-coarse-grained lamellar state). This properties balance can be ob-
tained even after single-melt EBCH melting followed by hot deforma-
tion (rolling) without any final annealing. At the same time, Ti—1.5Al-
6.8Mo—4.5Fe alloy, despite of ability to obtain very high strength (not
less than 1500 MPa), is characterized by relatively poor ductility, and
first of all, small stage of uniform plastic deformation with early start
of localized plastic flow, especially, at increase of deformation rate.

(5) For a higher efficiency of surface hardening treatment in order
to form a gradient microstructure with increased anti-ballistic proper-
ties, attention should be paid to alloys with an intermediate (between
Ti—-6Al1-4V and LCB alloys) content of alloying elements. These alloys
have two benefits: (i) a well-developed globular microstructure can be
formed by annealing at o + 3 temperature; (ii) surface rapid heat treat-
ment allows achieving strength levels >1500 MPa.
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BIIJIUB MIKPOCTPYKTYPH, CIIOCOBY TA IIBUJIKOCTH
JTE®OPMAIIIT HA MEXAHIYHY HOBEJIIHKY CTOIIB
Ti-6Al1-4V I Ti-1,5A1-6,8Mo—-4,5Fe, BATOTOBJIEHHX
EJIEKTPOHHO-ITPOMEHEBHUM TOIIJIEHHAM

Ha mpukaaai ABOX IPOMHUCIOBUX €KOHOMHO JIETOBAHUX TUTAHOBUX CTOIIB, — MaJo-
snerosaHoro o + B-cromy Ti—6Al-4V (mac.%) i meracra6insuoro B-cromy Ti—1,5Al—
6,8Mo—4,5Fe, — BUTOTOBJIEHUX OLHOPA3OBUM €JIEKTPOHHO-IIPOMEHEBUM TOILJIEHHSIM 3
TIPOMi’KHOI0 €EMHICTIO, BUBUEHO BILINB (DOPMOBAHOI 3a MOAAJBIINX (TepMOMeEXaHiuHO-
ro Ta TePMiuHOTO) 0OPOOJISHb MiKPOCTPYKTYDPH HA MeXaHIUHY IMOBEAIHKY (BUPaKeHY
uyepes eHepriro gedopmanii U,) npu BUNPoOyBaHHAX 3 PiBHUMMU IIBUAKOCTAMH Je-
(opmarii Ta 6aricTuuHy crifikicTs. BecTaHOBIIEHO, IIT0 HAWMeEHINA 3aJIexHICT U Bij
mBuAKocTH medopmariii Bigmosigae cromy Ti—6Al-4V, BigmanseHoro sa TeMmieparypu
nBodasHoi o + J-obsacTu, B TO# 4ac AK Il JKe CTOI i3 IJIaCTUHYACTOI0 MiKPOCTPYK-
Typolo (micis BimmamioBaHHA B omHodasHiil f-obnacri), ax i cron Ti—1,5A1-6,8Mo—
4,5Fe y pisHUX CTPYKTYPHUX CTaHAX, XapaKTePU3YEThCA iHTEHCUBHUM MOHUKEHHAM
BeqmuyuHHu Up) 3 pocroM mBuakoctu gedopmarii. Okpim Toro, Tinmpku BigmaneHu# sa
TemIepaTypu ABodasHoi o + [}-o61acTu MaTepisaa micaa BUNpoOyBaHb HA TPUTOUYKOBUI
BHUT'MH XapaKTepHU3yBaBCA TUM, IO AJIA KOKHOI BUIKOCTU Jedopmanii Beanunna Uy
IOpiBHIOBAaJA CyMi aHAJOTIYHMX XapaKTEPUCTUK, OJEPIKAHUX BUIPOOYBAHHAMHU HA
poO3TATAaHHA Ta CTUCKaHHsA. [Ipy HacTymHUX OGaMiCTUYHMX BUNPOOYBAHHAX ILJIACTUH
WX CTOIIB Pi3HOI TOBIIWMHU OyJI0 BCTAHOBJIEHO, IO HaWJimmia GaicTUYHA CTiAKiCcTh
BifmIoBizmae maTepifnaM, AKi XxapaKTepuU3yIOThCA BeJIMKUMU 3HaueHHAMU U, Ta MeH-
mofo i yyTawmBicTIO A0 mBUAKOCTU Aedopmartii. JleTaabHO OOGTOBOPIOETHCSA IIOIIKO-
IKEeHHS CTOITiB IPU BUNPOOYBAHHAX PiBHUX TUITNIB 3 TOUKM 30Ppy HMOBipHUX MeXaHi3-
MiB medopmailrii Ta pyiHyBaHHS.

Karouosi ciioBa: TUTAHOBI CTONIM, MiKPOCTPYKTYDa, MEXaHIUHI BJIaCTUBOCTi, MEXaHIUHA
MoBeAiHKa, IMIBUAKOCTI nedopmailrii, eHepria gedopmarii, 6asicTuyHi BUIPOOyBaHHS.
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BJIUAHHUE MUKPOCTPYKTYPBI, CIIOCOBA 1 CKOPOCTH
JE®OPMAIINN HA MEXAHUYECKOE ITOBEJEHUE
CILJTABOB Ti-6A1-4V 1 Ti-1,5A1-6,8Mo-4,5Fe,
IIPUTOTOBJEHHBIX 3JIEKTPOHHO-JIYYEBOI IIJIABKO

Ha IIpruMepe OBYX IIPOMBINIJIEHHBIX JKOHOMHO JIETHPOBAHHBIX THTAHOBBIX CILJIA-
BOB, — MAaJIOJIETUPOBAHHOTO a + f-crutaBa Ti—6Al-4V (macc.%) u meracTabuUIBLHOTO
B-cmnasa Ti—1,5A1-6,8Mo—4,5Fe, — mpUroTOBJIEHHBIX OZHOKPATHON 3JI€KTPOHHOJY-
4eBOI IJIABKOM C IIPOMEXXYTOUHON €MKOCTBIO, M3YyUeHO BIUAHUE (DOPMUDPYEMOI Ipu
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TOCTEeAYIONNX (TePMOMEXaHUYECKON U TePMHUUYECKOIl) 06paboTKaxX MUKPOCTPYKTYPHI
Ha MeXaHUYecKoe IIOBeJeHMe (BBIpAKeHHOe uepesd sHepruio gedopmamum Up) npu
UCTOBITAHUAX C PA3HBIMU CKOPOCTAMU AedopManuu U OaJJINCTUUECKYIO CTOHKOCTD.
YcraHOBIEHO, UTO HaUMeHbIIas 3aBUCUMOCTb U OT CKOpOCTU Je(OopMamuu COOTBET-
crByeT cmiaBy Ti—6Al-4V ¢ 6usKoil K I1o0yaapHOil MOP(DOJIOTHel MUKDPOCTPYKTY-
pPBI, B TO BpeMd KaK 3TOT ’Ke CIJIAB C IIACTUHYATON MUKPOCTPYKTYpoOil (mocJie OT-
sKura B ogHoMasHoH B-o6isactu), Kak u cmias Ti—1,5A1-6,8Mo—4,5Fe B pasauyHBIX
CTPYKTYPHBIX COCTOAHUAX, XapaKTePU3yeTcd MHTEHCUBHBIM CHUMKEHUEM BeJIMUYUHbBI
U, ¢ pocrom ckopoctu gedopmamuu. Kpome TOro, ToJpKO OTOMXKIKEHHBIN IIPU TeMIIe-
patype nByx(dasHoOii o + [-o6sacTy MaTepuasl IIOCJe WHCILITAHUN Ha TPEXTOUEUHBIN
n3rub XxapaKTepU30BAJICA TE€M, YTO JJIA KaKJ0HU cKkopocTu Aedopmarnuu BeiruduHa Uy
Oblla paBHA CyMMe AHAJOTHMYHBIX XAPaKTEPUCTHUK, MOJYYEHHBIX WCIBITAHUAMU Ha
pacTsaKeHUe U cikaTtue. IIpu mocaenyoIInuX OaJIUCTUYECKUX HUCIBITAHUAX IJIACTUH
ATUX CILJIABOB PA3JIMUHOI TOJIIIUHBI OBIIO YCTAHOBJIEHO, UTO HAMJIYyUIllas OaJIUCTU-
yecKas CTOMKOCTb COOTBETCTBYET MaTepHajiaM, XapaKTePU3yeMbIM OOJIBIINMU 3HaUe-
HuAMHu U, U MeHbIIell eé YyBCTBUTEJBHOCTHIO K CKOpocT: Aedopmanuu. ITogpobHO
o0Ccy KAaeTcs MOBPEKIEHNE CIJIABOB IIPU UCIBITAHUAX PA3HBIX TUIOB C TOUKYU 3PEHUS
BEPOATHBIX MEXaHM3MOB AedopManuy U paspyrieHns.

KaroueBrpie coBa: TMTAHOBLIE CILIABBI, MUKDPOCTPYKTYpPa, MeXaHWYECKVE CBOMCTBA,
MexXaHWUYeCcKoe MIOBeJeHre, CKopocTu nedopManum, sHeprud nedopManuy, 0aJIIUCTU-
YeCKUe UCIIBITAHUA.
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