https://doi.org/10.15407 /ufm.25.04.736

P.E. MARKOVSKY'*, S.V. AKHONIN 2-**,
V.O. BEREZOS 2 ***, 0.0. STASIUK ' **** V.|, BONDARCHUK,
D.V. ORYSHYCH', Ye.l. LIPCHANCHUK?, and O.V. ZATSARNA'
'G.V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine,
36, Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine
2E.O. Paton Electric Welding Institute of the N.A.S. of Ukraine,
11, Kazymyr Malevych Str., UA-03150 Kyiv, Ukraine

* pmark@imp.kiev.ua, p_markovsky@yahoo.com, ** akhonin.sv@gmail.com,
*¥% ewi.nasu@gmail.com, **¥* olek.stasiuk@gmail.com

LAYERED TITANIUM-BASED MATERIALS
MANUFACTURED WITH CAST AND WROUGHT:
PRODUCTION, COMPOSITION, MICROSTRUCTURE,
AND MECHANICAL PROPERTIES

The features of formation of the structure, composition and certain mechanical pro-
perties of layered materials based on titanium and its alloys during melting by the
electron-beam cold-hearth melting technique are considered. The influence of composi-
tion in two-layer structures Ti64 (Ti—-6Al1-4V)/LCB (low-cost beta Ti—1.5A1-6.8Mo—
4.5Fe) and Ti64/Ti5553 (Ti—5Al-5V—-5Mo—3Cr), as well as 4-layer Ti5553/Ti64/c.p.Ti
(commercial purity titanium)/Ti64 is studied. The processes of formation of transition
layers at the boundaries between alloys after both the smelting and the subsequent
deformation by rolling, as well as after heat treatments, are studied. A relationship is
established between the composition and the formed microstructure, on the one hand,
and hardness, strength, ductility, and fracture under 3-point bending, on the other
hand. A comparison of the titanium-layered materials produced by this method with
the results provided by other technological approaches is carried out, and the advan-
tages of the proposed technology are shown.
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1. Intfroduction

Titanium alloys are important structural materials possessing many com-
binations of unique physical and mechanical properties that other metallic
materials cannot provide [1-3]. However, having a unique combination of
specific strength, fatigue strength, chemical resistance and non-magnetic,
they have certain disadvantages, for example, relatively low wear resis-
tance. These disadvantages can be eliminated, and the advantageous prop-
erties can be significantly enhanced through the formation of multilayer
structures based on titanium [4—7]. These laminated (multilayered) struc-
tures of titanium alloys and materials on the base of titanium are promis-
ing structural materials for many applications. Their promise is due to the
possibility of obtaining a unique combination of properties, when some
layers, for example, surface layers, provide high strength, fatigue or wear
resistance, while others have high ductility [4—9]. Such layered structures
can be formed using a variety of technological approaches. For instance,
in the case of conventional alloys of homogeneous composition, a layered/
gradient microstructure can be formed by means of surface (local) heat
treatment [10—14]. In a certain sense, similar materials include those ob-
tained by surface chemical-thermal treatment [15, 16], or by applying
coatings using various methods [17-19]. To form thicker layers, it is
more technologically advanced to use powder metallurgy methods [9, 20],
or the recently actively developing methods of additive technologies [6,
21]. The work [22] also can be mentioned, in which a two-layer Ti64/c.p.Ti
material was produced by explosion welding, and its dynamic behaviour
was studied.

However, it was shown earlier that the most cost-effective and simple
way to produce titanium alloys on an industrial scale is a single electron-
beam cold-hearth melting (EBCHM), followed by direct rolling [23—-25].
Moreover, this approach makes it possible to produce not only the common
widely used Ti—6Al1-4V (wt.%) alloy, but also other, more complex alloys
with achieving high mechanical and special service properties [26, 27]. In
a certain sense, something similar is the surfacing of titanium materials
with an electron beam using Ti—6Al1-4V wire [27]. However, this process
has relatively lower productivity and higher cost of final products as com-
pared with conventional EBCHM. The superiority of the conventional EB-
CHM method consists in both its higher productivity and the possibility of
using either pure metals or master alloys as starting materials whose cost
is much lower as compared to wires, and especially to pre-alloyed titanium
alloy powders used in several 3D-printing approaches [28—30]. Therefore,
in this work, the possibility of producing multilayer titanium alloys by
alternate surfacing of titanium alloys of different chemical compositions
produced by melting the original pure metals/alloys with an electron beam
was considered for the first time. The main idea was to combine/alternate
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layers of alloys that have different strengths and ductility, which, as was
shown earlier, should significantly increase some special properties of
such a layered material [4—-9].

2. Features of Material Production and Testing Procedures

The multilayer ingot was produced using the electron beam melting tech-
nique by layer-by-layer horizontal surfacing of different grades of alloys
in a stationary copper mould on the UE-208M electron-beam unit [30—33].
The features of the process were as follows (see Fig. 1, a). A composite
blank of (3) appropriate grades of alloys was loaded into the stationary
box. The composite billet consisted of the materials required to form the
layers in the ingot (Alloys 1—-4). The difference in the structure of the fi-
nal ingot (2- or 4-layered one) is shown in Figs. 1, b and c¢. The positions
and weights of the layers corresponded to their deposition order and thick-
ness in the melted multilayer ingot. The deposition was carried out in a
stationary horizontal copper water-cooled mould (I in Fig. 1, a and gen-
eral view in Fig. 2).

The unit was evacuated to the working vacuum in the melting cham-
ber (6.6—12)-102 Pa. Under the electron beams of two guns (2), the com-
ponent charge billet (3), which was fed horizontally, melted and flowed to
the bottom of the copper mould (I). The liquid metal in the mould was
uniformly heated over the entire plane by electron beams (2). The metal
melted into the copper mould and solidified from the bottom up. At the
end of the melting of the first component of the workpiece, the power of
electron beam heating of the surface of the melt was reduced until its
complete solidification. After that, the initial metal of the second compo-
nent was melted in a copper crucible, the melt (5) of which was spread
evenly over the entire surface of the previous layer (4) which had already
solidified.

During the formation of a liquid layer of the metal of the second com-
ponent, the power of electron beams was increased to values that provided
the metal mirror with liquid over the entire surface of the copper mould.
After the deposition of the second component, the power of the electron
beam was gradually reduced in order to prevent the formation of shrink-
age voids and looseness in the upper part of the multilayer ingot until
complete solidification of melt of the second component. Thus, the process
was repeated until the required number of metal layers was formed in a
multi-layer ingot (Fig. 3). Depending on the change in the melting point
of the metal in the deposited layers, the power of electron beams was also
changed accordingly. Specially selected technological modes of the process
ensured a reliable connection of the metal layers after solidification over
the entire deposited surface and prevented melting of the previous layer
by the next one. It should be noted that increasing or decreasing the heat-
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Fig. 1. Schemes of multilayer ingot manufacturing with electron-beam melting tech-
nique (a) and design of cast billets consisted of two alloys (b) and three alloys in four
layers (c)

Fig. 2. Copper water-cooled mould Fig. 3. Process of melting a layer of
multilayered ingot

ing power of the layers made it possible to provide any thickness of the
transition zone between individual layers with a gradual change in chemi-
cal composition. This technology of electron beam melting makes it pos-
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Fig. 4. General view of cast (a) and machined (b) cast billets of 4-layered Ti64/c.p.Ti/
Ti64/Ti5553 material

sible to produce multilayer ingots with any number and width of layers
(Fig. 4, a). After producing the multilayer ingot, its side faces were me-
chanically processed to eliminate defects of foundry origin (Fig. 4, b).

After machining, the billets were heated up to 1000 °C, kept at this
temperature for 1.5 h, and then rolled with industrial scale mills via cross-
rolling scheme [23]. Heat treatments, namely, annealing and strengthen-
ing STA (solution treatment and ageing), were performed in electric re-
sistant-heating furnace in air atmosphere on the samples cut from the
rolled plates. The choice of heat-treatment regimes was based on the low-
est beta-transition temperature (7Ty) of the alloy included in the layered
material. For instance, for two-layered materials, the lowest T, had LCB
and Ti5558 alloys with 815 “C and 860 °C, respectively. In the four-layered
material, c.p.Ti had the lowest T, (850 °C).

Microstructure after different stages was examined with light (LM)
and scanning electron microscopy (SEM) using OLYMPUS XL70 (Japan)
and TESCAN Vega3 and Mira3 (both Czech Republic) microscopes, respec-
tively. Local chemical compositions were determined by energy-dispersive
x-ray (EDX) spectroscopy with Oxford Instruments (UK) or Bruker (Ger-
many) devices.

Mechanical properties were studied by means of measuring Vickers
hardness with Wolpert 432 SVD (Germany), and 3-point flexure with IN-
STRON-8802 (USA) machines. Details of testing procedures are described
in Refs. [35, 36].

3. Layered Material Characterization
3.1. As-Cast State

The macrostructure of cast two-layer materials is characterized by the
presence of columnar grains elongated in the vertical direction that is re-
lated to the direction of heat transfer during solidification (Fig. 5). Be-
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tween the layers of alloys that differ in composition, transition zones are
observed; in the case of the LCB/Ti64 material, these zones are much
wider as compared to the Ti5553/Ti64 material (Fig. 5, a vs. b). In the
4-layered ingot, the columnar crystallites are most visible in the layer of
c.p.Ti, while in both Ti64 and Ti5553 layers they are less pronounced
(Fig. 5, o).

The microstructures of all layers were very typical for used alloys in
the cast state. Ti64 layers in all cases have coarse-grain (hundreds of mil-
limetres) lamellar microstructure (Figs. 6, a and b). The LCB microstruc-
ture was characterized by coarse p-grains, the boundaries of which were
not decorated by the boundary a-phase (Fig. 6, c¢); fine acicular a-phase
precipitates were observed in these grains (Fig. 6, d). The microstructure
of Ti5553 alloy in the 4-layer material was not quite normal, i.e., sections
with the a-phase precipitates of different sizes were observed (Figs. 6, e,
7). Most likely, this is a consequence of either the difference in tempera-
ture-kinetic solidification conditions, when the upper layers (with coarser
particles of the a-phase) were formed due to slower cooling, or due to a
lower concentration of alloying elements in this layer.

It should also be noted that the boundaries between the layers of dif-
ferent alloys in most cases looked rather broad in terms of their micro-
structure (Figs. 6, g, k). Only the interlayer boundary between Ti5553 and
Ti64 alloys in the 4-layer ingot appeared clearly defined and narrow (Fig. 6,
i), probably due to a certain ‘favourable’ crystallographic orientations of
the B-grains in these areas of the adjacent layers.

7 18

Ti5553
ﬁ} = Fig. 5. Macrostructu-
Py re of multilayered
[EE castings in transverse
section: a — LCB/
Ti64, b — Tib553/
Ti64, and ¢ — Tib553/
Ti64/c.p.Ti/Ti64. Ar-
rows indicate visible
transition zones be-
tween alloys’ layers

c.p.Ti
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Fig. 6. Microstructures of multilayered metals in dif-
ferent zones: (a, b) Ti64, (¢, d) LCB, (e, f) Ti5553, and
in transition zones between (g) LCB and Ti64, (k, i)
Ti5553 and Ti64, (I) Ti64 and c.p.Ti. Arrows in (g-I)
indicate possible interlayers between the layers. (a—d,
g, h) LM (light microscopy), (e, f, i) SEM (scanning elec-
tron microscopy), SE (secondary electrons)

The formation of relatively wide transition zones between the layers is
well explained by the results of their local chemical analysis and micro-
hardness measurements.
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Fig. 7. Chemical elements’ (a) and hardness (b) distributions within transition zone of
casting between LCB and Ti64 layers
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Fig. 8. Chemical elements’ (a) and hardness (b) distributions within the transition zone
of casting between Ti5553 and Ti64 layers

For example, in the 2-layer material Ti64/LCB, changes in the content
of alloying elements, especially molybdenum (about 9 wt.%, i.e., higher
approximately 1.5 times), were observed in a section of about 9 mm wide
(Fig. 7, a). Possibly, it is a result of hindered diffusion of this element
across the boundary between the lower layer of Ti64 alloy and the LCB
layer deposited above, when elemental metals (not master alloys) are used.
As a result, this heterogeneity of the chemical composition caused a sig-
nificant increase in hardness (up to 590 HV) approximately in the centre
of the transition zone (Fig. 7, b).

In the case of the two-layer Ti5553/Ti64 material, due to the pecu-
liarities of the ingot manufacturing technology (the use of pre-alloyed
Ti5553 alloy instead of pure alloying elements as in the case of LCB), the
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Fig. 9. Chemical elements’ (a) and hardness (b) distributions in cast Ti5553/Ti64/
c.p.Ti/Ti64 billet

chemical composition changed gradually on the boundary between the lay-
ers, without extrema for individual alloying elements (Fig. 8, a). Due to
this, the hardness distribution curve in this material is also gradual, and
the difference in the hardness of the Ti5553 and Ti64 layers is compara-
tively small (Fig. 8, b).

Thus, the use of pre-melted alloys as charge materials provides the
production of a layered material that is more homogeneous in chemical
composition in comparison with using elemental alloying elements.

Keeping this fact in mind, conventional alloys Ti64, c.p.Ti, and Ti5553
were used as initial casting materials to produce a 4-layer ingot. In the
latter case, taking into account the significant evaporation of chromium
during electron-beam melting, this element was additionally added follow-
ing previously found dependences for various chemical elements [30, 37,
38]. The distribution of chemical elements across the cross-section of the
ingot (Fig. 5, ¢) is shown in Fig. 9, a. The fact that the amounts of alu-
minium and vanadium in the neighbouring layers of Ti5553 and Ti64 (left
side of Fig. 9, a) slightly differ is quite understandable since they are
quite close in both alloys. However, a noticeable amount of molybdenum
diffused into this Ti64 layer, i.e., quite unexpected. At the same time,
molybdenum is practically absent in the lower layer of Ti64 (right side of
Fig. 9, a). It is also worthwhile to note a rather significant diffusion of
alloying elements (first of all aluminium) from the two upper layers
(Ti5553 and Ti64) into the middle layer of c.p.Ti. The hardness distribu-
tion over the cross-section of the 4-layer ingot (Fig. 9, b) agrees quite well
with the chemical composition of the material. The minimum values (of
about 220 HV) correspond to the c.p.Ti layer, i.e., they exceed the values
typical for unalloyed titanium due to the diffusion of Al, V, and Mo. The
hardness of the upper (Ti5553 + Ti64) and lower (Ti64) layers is approxi-
mately twice higher than that of the c.p.Ti layer.
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3.2. Rolled and Heat-Treated States

Rolling was performed with a traditional cost-efficient procedure em-
ployed for EB-melted titanium materials [23-26, 28, 30]. It consisted of a
furnace heating up to 1050 °C that was close to the beta-transition 7', (the
temperature of the polymorphous a + 3, — B-transformation [2]) for Ti64
alloy (the highest one among the alloys used) and exposure for at least 1
hour. Since all alloys were in an as-cast state and had coarse B-grains be-
fore deformation, such furnace heating did not lead to additional coarsen-
ing of the grains. Heated billets were cross-rolled to a final 14 mm thick-
ness. Number of rolling passes was varied from 6 to 9, depending on the
hot stiffness of the material. A typical example of the rolled plate is
shown in Fig. 10.

The regimes of the heat treatments were chosen also based on the T,
temperatures of the alloys present in each layered specimen. Two types of
heat treatments were used: (i) annealing aimed at stabilization of phase
compositions and microstructures, and (ii) strengthening with so-called

n - ikl n o i A oo B

Fig. 10. General view of rolled bilayer plates from (a) Ti64, and (b) LCB sides, and (¢)
4-layers plate from Ti5553 side

Table 1. States of layered materials as objects of the studying
the micro-structure, chemical compositions, and some properties

(FC—furnace cooling, STA—solution treatment and ageing, WQ—water quenching)

No Materials Treatment
1 |LCB/Ti64 As-rolled +
2 + Annealing (800 °C, 2 h, FC) +
3 + STA (840 °C, 1 h, WQ) + Ageing (538 °C, 6 h)
4 |Ti5553/Ti64 As-rolled +
5 + Annealing (800 °C, 2 h, FC) +
6 + STA (850 °C, 1 h, WQ) + Ageing (538 °C, 10 min) +
7 + STA (850 °C, 1 h, WQ) + Ageing (538 °C, 6 h)
8| Ti5553/Ti64/c.p.Ti/Ti64 | As-rolled +
9 + Annealing (800 °C, 2 h, FC) +

10 + STA (850 °C, 1 h, WQ) + Ageing (600 °C, 6 h)
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solution treatment and ageing. All states investigated and treatments em-
ployed are listed in Table 1.

3.2.1. Two-Layer LCB/Ti64 Material

In the as-rolled state, this two-layer material had a wider zone between the
LCB and Ti64 layers than in the as-cast state (especially compared to the
plate thickness of 14 mm) (Fig. 11). Moreover, within this zone, some
lamination was observed in both the fine microstructure and the distribu-
tion of alloying elements (Figs. 11, b and c). First of all, this applies to
Mo, the maximum peak of which increased to almost 20 wt.% (cf. Figs. 11,
c and 7, a). This change in the chemical composition of the material as a
result of rolling (hot deformation) looks very unusual. The phenomenon of
uphill diffusion has already been observed under some specific conditions
of external impact [37, 38], including deformation and increased tempera-
tures. Because of such a change in the chemical composition, the phase

II1
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]

i

LB Ti-6-4
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100 rLcB l l Ti-6-4

Content of element, wt. %

9 4 6 8 10 Fig. 11. Panorama (a), and typical distribu-
tion of chemical composition (b) across lay-
ered LCB/Ti64 material in as-rolled state
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Fig. 12. X-ray diffraction patterns from different layers of LCB/Ti64 material in as-
rolled state (a) and amount of phases in layers (b) calculated based on the XRD data

Fig. 13. Martensite needles appeared upon hard-
ness test in transition layer (II in Figs. 11 and 12)

composition of these layers turned out to
be quite expected. Fig. 12 shows the re-
sults of layer-by-layer x-ray diffraction
analysis (Fig. 12, a) and calculated frac-
tions of the B- and a-phases (Fig. 12, b) in
the LCB/Ti64 material after rolling. Thus,
the metastable B-phase predominates in the
zones I-III where strain-induced o”-
martensite forms even during hardness
measuring (i.e., under plastic deformation caused by indentation of a dia-
mond pyramid), what is typical for such concentrations of B-phase stabi-
lizing alloying elements [39].

Fine microstructure of bi-layered LCB/Ti64 material in an as-rolled
state (Figs. 14, a—g) had the a-phase non-uniform both in morphology and
size, as well as in its amount in local zones. As we move from the surface
into the bulk, relatively coarse plates/needles of the a-phase (Fig. 14, a)
are first replaced by finer particles (Fig. 14, b) which become fewer and
fewer (Fig. 14, c), and even a field of the a-phase free of them appears
(Fig. 14, d). Further, the density of fine a-particles increases again
(Fig. 14, e). Then, with a gradual transition to the Ti64 layer (Fig. 14, f),
the microstructure becomes coarse-lamellar, i.e., is typical for this alloy
(Fig. 14, g).

Subsequent annealing at 800 °C (see Table 1) caused decomposition of
the metastable B-phase and stabilization of o + B-phase composition, name-
ly, the microstructure is finer in the LCB layer (Figs. 14, & and i) and
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Fig. 14. Microstructure (layer-by-layer) of LCB/Ti64 material in as-rolled (a—g), an-
nealed (2—j), and STA-hardened (%, [) states in locations (numbers (I), (II), etc. accord-
ing scheme in Fig. 11, b). SEM, (a, k, k) SE, (b—g, i, j, ) BSE (backscattered electrons)
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coarser in the Ti64 layer (Fig. 14, j). The boundary between these layers
is not clearly visible (Fig. 14, i). STA hardening heat treatment (ibid) re-
sulted in almost the same microstructure of the LCB (Fig. 14, k) and Ti64
(Fig. 14, 1) layers.

It can be noted that the traces of deformation such as twisted coarse
a-plates are observed after both heat treatments (Figs. 14, a, g, j, and [).
This fact indicates that the deformation applied upon rolling, and heating
during subsequent heat treatments did not provide conditions enough for
the recrystallization of the phases in this bimetal.

3.2.2. Two-Layer Ti5553/Ti6 4 Material

As was shown above for as-cast state, the two-layer Ti5553/Ti64 material
had no extrema in the distribution of alloying elements; due to this, the
boundary between the layers was smooth (Fig. 8). This situation still the
same after rolling; the a-phase crystallites in both layers of Ti5553 and
Ti64 became significantly finer (compare Figs. 15, a, b with Figs. 6, a, b,
and Figs. 6, h, i), and the boundary between these layers was smooth, very
uniform and rather indistinct (Fig. 15, ¢). Primary a-phase and -phase
were well seen in both layers, but the amount of the latter was higher for
stable equilibrium conditions of these alloys, which indicates that the ma-
terial was cooled rapidly enough from the rolling temperature, so a meta-
stable state of the phases was fixed.

Annealing resulted in some coarsening of the a-phase plates (see Figs.
15, d and e vs. Fig. 15, a; Figs. 15, f and g vs. Fig. 15, b for Ti5553 and
Ti64 layers, respectively). It can be noted that in this material, similar to
the LCB\Ti64 material, complete recrystallization of the a-phase did not
occur, i.e., grain boundaries curved by deformation are observed in the
Ti64 layer (Fig. 15, f).

The strengthening STA heat treatment significantly changed the mi-
crostructure of the material (Fig. 15, h). As a result, a bimodal micro-
structure was formed in both layers, consisting of primary, relatively
coarse crystallites of the a-phase (a,) and a fine mixture of secondary a
(o) and P phases between them (Figs. 15, i, j). The aspect ratio between
the primary a-phase and the pB-transformed o+p-mixture is small; howev-
er, this made it possible to somewhat increase the hardness of these layers
as will be shown below.

3.2.3. Four-Layer Ti5553/Tié 4 Material

In the Ti5553 and Ti64 layers of the 4-layered material, the changes in the
microstructure both after rolling and after all heat treatments were like
the above-described case of the 2-layered material. As some differences,
one can note the rather wide and ‘winding’ boundary between the Ti5553
and Ti64 layers (Fig. 16, a, b), as well as the boundary between the c.p.Ti
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Ti5553

5553

Fig. 15. SEM (BSE) microstructure of bilayer Ti5553/
Ti64 material in the as-rolled (a, b), after annealing
(c—g), and STA-hardened (h—j) state

and Ti64 layers, which is rather difficult to distinct due to poor etchabi-
lity (Fig. 16, ¢). Such broadening of boundaries can be explained by the
diffusion of alloying elements, which was quite active and over relatively
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£ 1i5553]

Fig. 16. SEM (SE) micro-
structure of 4-layered ma-
terial in: (a, b) as-rolled,
(¢) annealed, and (d, e)
STA-hardened states. Ar-
rows (a, c¢) indicate ap-
proximate position of the
boundary between layers

large distances (see Fig. 9, a). It is also possible to note somewhat larger
sizes of particles of the primary a-phase (o) in the STA-hardened layer of
Ti5553 (Figs. 16, d and e). The most probable reason for this is the longer
time the material was exposed to high temperatures since the melting time
of the 4-layered material was longer than that of the 2-layered ones.

4. Mechanical Behaviour
4.1. Hardness

Figure 17 shows the results of hardness tests performed with layered ma-
terials in different states, namely, in as-cast, rolled, after annealing, and
after STA-hardening treatments. The presented data allow tracing of how
the hardness distribution profile changed due to deformation and subse-
quent heat treatments. In the LCB/Ti64 material, rolling followed by an-
nealing led to a significant decrease in hardness in all areas, i.e., both in
both layers and in the transition zone between them (Fig. 17, a, curve 2
vs. curve 1). STA-hardening heat treatment, as expected, increased hard-
ness in all zones (Fig. 17, a, curve 3), but its level remained lower than in
the initial as-cast state.

In the two-layered Ti5553/Ti64 material, hardness measurements
were made on a larger number of variants of microstructural states. Fig.
17, b presents changes in hardness around the conventional central line in
the middle of the transition zone between Ti5553 and Ti64 alloys. From a
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LCB/Ti64, (b) Ti5553/Ti64, and (c)
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comparison of these data, it can be concluded that in the as-rolled condi-
tion, the hardness smoothly changes from 380-390 HV in the Ti5553
layer to 340 HV in the Ti64 layer (Fig. 17, b, curve 1), which indicates
approximately the same work hardening of both layers. Annealing (800 °C,
2 h; curve 2, ibid.) led to the relaxation of defects; metastable phases ap-
peared upon deformation and formed stable and relatively softer o+f3-
structure. Solid solution treatment (850 °C, 1 h) also caused relaxation of
all deformation defects, and after water quenching it caused some soften-
ing of the material except the very top layer of Ti5553, depleted of -
stabilizing elements and probably additionally saturated with oxygen and
nitrogen (Fig. 17, b, curve 3). Additional ageing at 538 °C (usually applied
for alloys like Ti5553 [40]) was performed in two ways: (i) with very short
isothermal exposure for 10 min, which could provide the highest strength
due to the realization of earlier stages of metastable -phase decomposi-
tion and precipitation of fine and hard o-particles [39], and (ii) 6-hour
ageing forming less strong, but stable a+3-state (see Figs. 15j and 16, e).
However, such a difference in the ageing modes did not result in a notice-
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able difference in the hardness of both alloys (Fig. 17, b, curves 4 and 5).
This negative result is apparently a consequence of either too low heating
temperature for quenching or insufficient content of alloying elements in
the Ti55553 layer due to their diffusion into the transition zone (see Fig.
8, a). Nevertheless, both ageing modes allowed an increase in the hardness
of both layers of alloys to an average of 420-440 HV.

Unexpectedly, the most complex in its composition 4-layer material
had the smoothest dependencies of hardness distribution across the cross-
section (Fig. 17, ¢). Another unexpected effect is that rolling and subse-
quent heat treatments had minimal effect on the hardness level on both
sides of the material (curves 2 and 3 vs. curve 1), while in the centre
(c.p.Ti) the hardness was unchanged at about 220 HV.

The general conclusion of the analysis of the curves presented in
Fig. 17 is that the applied technological approach allowed the production
of layered materials with variable hardness, and hardness changed in two
ways. In the first material (LSB/Ti64), the hardest layer (up to ~580 HYV)
is in the centre of the plate and is surrounded on both sides by softer lay-
ers with a hardness of 370 and 310 HV. The other two materials have a
softer core, and in the case of Ti5553/Ti64 the difference between the
edges and the centre is not too big (90 HYV). In the case of the 4-layered
material, the difference is quite large: the c.p.Ti centre has a little more
than 200 HV, while at the edges the hardness can reach more than 450 HV.

4.2. Three-Point Flexure

It was quite expected that the presence of layers differing in composition
and hardness would influence in a certain way other properties of the lay-
ered materials. Figure 18 shows some results of 3-point flexure tests of
Ti5553/Ti64 material in two conditions, after annealing and in the STA-
strengthened state, under loading applied on both sides. The curves’ com-
parison clearly shows that the main difference between these two struc-
tural states is their ductility. In the annealed state, ductility is signifi-
cantly higher. When a bending

load from the Ti64 alloy (curve 2
in Fig. 18) is applied, both maxi- 2000 4 2
mum strength (2110 MPa) and
ductility (deflection of 15.3% & 1500 | L
with plastic transition to frac- 2

[}

4 1000 1 3 |
Fig. 18. 3-point flexure of 2-layer :‘:ﬁ:}zg’ Egiii;‘)p
Ti5553/Ti64 material in the annealed 500 B STA hor d’ene 4, Ti5553 top
(1, 2) and STA-hardened (3, 4) states —— STA hardened, Ti64 top
tested with load applied from Ti5553 0 L L L L L L L
(1, 3) and Ti64 (2, 4) sides. Strain rate 2 4 6 8 10 12 14 16
102 s! Strain, %
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Fig. 19. Fracture surfaces
of two-layer Ti5553/Ti64
material in the annealed
stated after 3-point flex-
ure test with load applied
from Ti64 side (curve 2 in
Fig. 18). Arrows (c¢) indi-
cate the boundary between
layers

ture) are achieved. When the load was applied from the reverse side of
Ti5553, the sample fractured almost immediately after the beginning of
plastic deformation (curve 1 ibid.). The samples in STA-hardened state in
both cases (load applied from both sides) fractured at the stage of elastic
deformation, and the fracture occurred at earlier stages when the load was
applied on the Ti5553 side (curve 3 vs. curve 4, ibid.).

An explanation for this behaviour of the layered materials can be
found by comparing the standard characteristics of these alloys tested by
bending and by analysing the fracture surfaces of the tested specimens.
For example, the Ti64 alloy in the annealed state, depending on the type
and dispersion of the microstructure, had strength of ~900 MPa and duc-
tility (relative elongation) within the range of 10-20% under tensile tests
[2, 41]. Under 3-point bending, the strength was 1900 MPa, but flexure
strain varied from 10 to 25% [35]. More alloyed and hard Ti5553 alloy
even in the annealed state had strength of 1050 MPa and an elongation of
about 10-14% [41-45]. No data on 3-point bending tests for Ti5553 alloy
in the annealed o + B-condition were found in the literature. However,
considering the general relationship between tensile and bending proper-
ties, it can be assumed that the 3-point bending strength of Ti5553 could
exceed 2000 MPa. Thus, the main difference between the two alloy layers
is their strength.

The fracture surface of the tested Ti64/Ti5553 sample in an annealed
state after loading on the Ti64 side is presented in Fig. 19. The surface of
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Fig. 20. Fracture surfaces of 2-layer Ti5553/Ti64 mate-
rial in the annealed stated after 3-point flexure test
with load applied on Ti5553 side (curve 1 in Fig. 18).
Arrows (b) indicate the boundary between the layers

the Ti64 layer had a ductile fracture pattern with dimples (Fig. 19, a). The
dimples repeated the shape of the a-phase lamellas (Fig. 19, b). The bound-
ary between the layers remained smooth and did not have any special fea-
tures (Fig. 19, c¢). The surface of the Ti5553 layer appears flatter with
pronounced banding, probably reflecting the metal layers deposited during
the melting process (Fig. 19, d). At higher magnification, it becomes clear
that at the micro-level this layer also fractured ductile (Fig. 19, e).

Comparing these results with the data on the mechanical properties of
the two alloys and taking into account the loading scheme, we can come to
the following conclusion. Applying a bending load to the softer Ti64 layer
(which is subjected mainly to compressive stresses [33]) results in the
greatest tensile stress acting on the lower Ti56553 layer. This lower
Ti5553 layer is deformed until it reaches its maximum strength, after
which a main crack appears in it, which propagates upward until the en-
tire sample is completely fractured.

A different situation occurs in the case of application of bending load
on the Ti5553 layer, when the maximum tensile stresses arise in the lower,
less strong Ti64 layer (Fig. 20). Despite the character of fracture was still
ductile on the micro-level in both layers (Figs. 20, a, c¢), and boundary
between them did not make any visible influence (Fig. 20, b), some de-
lamination took place inside the Ti64 layer (Fig. 20, d). Obviously, the fact
that Ti64 has lower strength than Ti5553 caused earlier fracture of this laye-
red material as compared to the previous case (cf. curves I and 2 in Fig. 18).
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g {200 um] o B R
Fig. 21. Fracture surfaces of 2-layer Ti5553/Ti64 material in the STA-strengthened

stated after 3-point flexure test with load applied on Ti64 side (curve 4 in Fig. 18).
Arrows (b) indicate the boundary between the layers

Fig. 22. Fracture surfaces of 2-layer Ti5553/Ti64 material in the STA-strengthened
stated after 3-point flexure test with load applied on Ti5553 side (curve 3 in Fig. 18).
Arrows (b) indicate the boundary between the layers

After the STA-hardening heat treatment even with a ‘soft’ regime
(No. 7 in Table 1), the tensile strength of both materials increased: for
Ti64, up to approximately 1100 MPa, and for Ti5553, up to #1250 MPa
[2, 41]. As a result, the character of the fracture surfaces changed drasti-
cally (Figs. 21, and 22). In both cases, when the load was applied on Ti64
or Ti5553 sides, the fracture was brittle with evidence of cracks’ propaga-
tion along the B-grain boundaries (Figs. 21, a, b) or subgrains (a-packets
colonies inside B-grains, Figs. 22, a—c). This fact indicates that the inte-
rior volume of B-grains is stronger than the grain-boundary a-phase after
hardening [2, 42, 46]. In this STA-hardened state, the interlayer between
two alloys affects the deformation and cracking of the sample (Figs. 21, b
and 22, b). Finally, such embrittlement led to the very early fracture of
layered material on the stage of elastic deformation (curves 3 and 4 in Fig.
18). Like in the case of the annealed state, the specimen in which load was
applied on a stronger Ti5553 side fractured earlier in the hardened state
(curve 3, ibid.).
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Fig. 23. The stress—strain curve for
4-layered sample in the annealed (800 °C,
2 h) state for the 3-point test with strain
rate 102 s! (a), and sample after the test
(b,¢). 1, 2, 3, 4 layers (c) indicate Ti5553,
Ti64, c.p.Ti, Ti64, respectively. The ar-
row (c) indicates a place of applying the
c bending force

The test of the 4-layer sample also showed a very interesting result.
Figure 23 shows the stress—strain curve (a) and the appearance of the
sample after the test (b). Comparing this curve with similar data for the
2-layer Ti5553/Ti64 material (Fig. 18), it is possible to conclude that
strength characteristics (yield strength (YS) is 1522 MPa, ultimate tensile
strength (UTS) is 1903 MPa) are a little bit lower in the case of the 4-lay-
ered sample. However, ductility (flexure strain) is at least 7% higher.
Moreover, unlike all 2-layer samples, the 4-layer one did not break (Fig. 23,
b). Additionally, it should be noted that the crack visually was stopped on
the boundary between the top Ti64 and lower Ti5553 layer, and the end of
the crack is slightly deviated from the point of application of the bending
force (Fig. 23, c).

SEM observations of fine microstructure revealed a crack stop in the
upper Ti5553 layer (Fig. 24, a, b). The end of the crack is a network of
small cracks distributed over fine elements of the microstructure, probab-
ly colonies of a-plates (Fig. 24, b). The first wide expansion of the main
crack with a sharp change in its direction is observed at the boundary
between the Ti64 and Ti5553 layers (Fig. 24, ¢ and d). However, the crack
branches and opens most widely earlier within the middle layer of the
c.p.Ti (Fig. 24, a). At the boundary between the Ti64 and c.p.Ti layers, a
fairly fine-dimple relief is visible on the crack surface, which repeats the
o + P structure of the two-phase alloy (Fig. 24, e). Inside the c.p.Ti layer
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. ATi5559

Fig. 24. SEM (SE) micro-
structure (a—d), and frac-
ture surfaces (e—h) of the
4-layer sample after the
3-point bending test with
zoomed (b—h) areas mar-
ked by A-F (a). Arrows (c,
g) indicate the boundaries
between the layers

itself, the dimples are somewhat coarser (Fig. 24, f). The sharp change in
the direction of crack propagation in this layer is most likely due to the
structure of the metal deposited layer-by-layer and a greater distance of
the influence of the stresses around the crack tip in the less strong metal
[47]. At the boundary between the c.p.Ti and the lower Ti64 layer, frac-
ture traces repeating the elements of the two-phase microstructure appear
again (Fig. 24, g). In the lowest Ti64 layer, from where the crack began to
grow, cleavage planes are visible (Fig. 24, h), which is a sign of the fairly
rapid ‘explosive’ nature of the crack initiation and early growth.

Thus, summarizing the results of the study of this 4-layer material
after 3-point bending tests, we can conclude the following. At the initial
stage of deformation, the two upper layers of Ti5553 and Ti64 are de-
formed by compression, while the middle layer of c.p.Ti and, especially,
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the bottom Ti64 layer are deformed by tension. C.p.Ti is the most ductile
with the lowest level of yield strength, but the tensile strain is the highest
in the bottom Ti64 layer. When the strength limit is reached in this Ti64
layer, a crack explosively forms, and very quickly penetrates deep into the
c.p.Ti layer above it, since the stress in this unalloyed titanium layer al-
ready significantly exceeds the yield limit and metal is intensely deformed
plastically. When approaching the stronger Ti64 layer and, then, the
Ti5553 layer, the crack somewhat slows down, and the boundaries between
the layers slightly change the direction of growth.

4.3. Comparison with Other Layered Titanium Materials

Currently, titanium-based laminated materials are produced mainly by a
few different technologies, first of all, different cladding methods, and
powder metallurgy [6, 9, 48—53]. Among cladding technologies, explosion
welding attracts the greatest interest, as it allows not only joining tita-
nium alloys of different chemical compositions [47] but also titanium with
steels [49, 50]. Titanium coating on steel is used to protect port and off-
shore structures from corrosion in seawater [53]. However, the main pur-
pose of such layered materials’ application is to use them as elements of
armour protection [50—-52].

Comparing titanium-based layered materials with each other is quite
difficult since they differ in a large number of parameters — composition,
structure, and manufacturing methods. First of all, this concerns the com-
parison of their mechanical characteristics. In most cases described in the
literature, low-alloy titanium alloys were joined, when the maximum hard-
ness on the Ti64 side did not exceed 340 HV [50]. A slightly higher hard-
ness (400 HV) was reached in the transition layer between c.p.Ti and low-
alloy steel when joining by vacuum rolling due to the formation of a dif-
fusion zone enriched with iron [52, 57]. However, the presence of a steel
layer in the material significantly increases the overall specific weight of
the material. The higher hardness values can be achieved by introducing
high-modulus particles (like carbides of borides) into the titanium matrix
[68—56]. Such an approach allows enhancing hardness up to 800-1000 HV
and higher, with rather good ductility of the matrix [53, 58]. The main
methods for manufacturing such composites are additive technologies:
powder metallurgy and 3D-printing. This combination of characteristics
provides several unique properties, such as armour resistance.

However, if we compare the various methods of manufacturing multi-
layer titanium material in terms of their ease of manufacture and process
productivity, then we can set quite clear priorities. For example, the use
of powder metallurgy methods requires the production of specialized press
forms, the use of powerful pressing equipment and high-vacuum high-
temperature furnaces. The consequence of this is the complexity and mul-

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 4 759



P.E. Markovsky, S.V. Akhonin, V.O. Berezos, 0.0. Stasiuk, V.I. Bondarchuk et al.

tistage nature of the technology, as well as the fairly high cost of the final
products, especially in small-scale production. Approximately the same
problems, namely relatively low productivity and high cost, also apply to
most 3D-printing technologies, especially those based on the use of expen-
sive pre-alloyed powders and lasers as sources of heating. At the same time,
the electron-beam melting considered in this paper is a very productive
and effective technique for smelting titanium alloys. As was shown earli-
er, the use of this technique for producing titanium ingots in combination
with subsequent rolling with one heating provides the most economical
way to produce rolled Ti64 alloy suitable for use as armour material for
battlefield vehicles [23, 24]. Electron-beam melting allows the production
of ingots weighing several tons in one cycle, which is unachievable with
any of the additive techniques. Besides, the presence of an intermediate
cold hearth in the equipment allows the production of layered materials
directly during the melting process, which is unachievable with other
melting methods, such as vacuum arc melting with consumable electrodes.

5. Summary

Electron-beam melting can be successfully used to manufacture multilayer
materials based on titanium and its alloys. This technique allows produc-
ing materials that combine layers that differ in composition, structure
and properties, with good adhesion between them. Such layered materials
have special properties. The choice of their composition, as well as the
methods of thermomechanical and thermal treatment after melting and
solidification, should be done based on the features of the subsequent use
of these materials.
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ITAPYBATI MATEPIAJI HA OCHOBI TUTAHY,
BUT'OTOBJIEHI JIUTTAM I KYBAHHSAM: BUPOBHUIITBO,
CRJIALL, MIKPOCTPYKTYPA TA MEXAHIYHI BJIACTHBOCTI

PoaraanyTo ocobGimBoCcTi (hopMyBaHHSA CTPYKTYPU, CKJIAAy W OKpPeMUX MeXaHiuHUX
BJIACTUBOCTEM IIIapyBaTUX MaTepiajiB Ha OCHOBI THTaHy Ta IHOT0 CILJIaBiB, BUTOTOBJIE-
HUX METOIOM €eJIEKTPOHHO-IIPOMEHEBOTO ILJIaBJIEeHHS 3 IPOMiKHOI €MHicTIO. 3’sCOBaHO
BILIUB CKJIaIy OKPEeMUX IIapiB Ha (popMyBaHHSA ABOIIAPOBUX CTPYKTYp Marepiaiis: Ti64
(Ti—-6Al-4V)/LCB (ausbkoBapTticuoro 6era-Ti—1.5A1-6.8Mo—4.5Fe) i Ti64/Ti5553 (Ti—
5A1-5V-5Mo0—3Cr), a Tako:xk 4-maposoro Ti5553/Ti64/c.p.Ti (TuTany TexHiuHoi umc-
Totn)/Ti64. [ocrifkeHO mpOIleCH YTBOPEHHSA MHEPexXifHUX IIPOIIapKiB MiXK OKpeMUMU
CIIaBaMU SAK IIiCJs MJIABJEHHS Ta MMOJaJbIoro mnedOpMyBaHHS BaJbI[IOBAHHAM, Tak i
micyisg TepMoo0Opo0IeHb. BeTaHoOBIEHO 3B’ A30K MiK CKJIaJ0M i c)OPMOBAHOIO MiKPOCTPYK-
TYPOIO, 3 OJTHOTO OOKY, Ta TBEPAiCTIO, MIIIHICTIO, MJIACTUYHICTIO I pYHHYBAaHHSIM 34 BUII-
poOyBaHb 3-TOUYKOBUM BUTUHOM, 3 iHIIIOro 0OKy. IIpoBemeHO MOPiBHAHHSA TUTAHOBUX
mapyBaTHX MaTepianis, ofep:KaHUX UM CII0CO00M, 3 BUTOTOBJIEHUMHU i3 3aCTOCYBaHHSIM
iHIIX TEXHOJIOTIYHUX MiAXO0MAiB, a TAKOK ITOKA3aHO IepeBaru 3arporoHOBaHOI TeXHOJIO 1.

KarouoBi croBa: TuTaHOBI cIIIaBu, IIapyBaTi MeTajieBi MaTepiasu, IJIaBJIeHHS eJIeKTpPO-
HHUM IIPOMEeHeM 3 IIPOMi’KHOI0 €MHICTIO, TBEPAiCTh, MII[HICTh, IIJIACTUUYHICTD.
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