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ABSTRACT

A complex of research work was performed on the base of EBM technology to produce high-strength complex titanium alloys
of Ti-Al-Zr—Si-Mo—-Nb-Sn system with silicon content, higher than the thermodynamically stable value in the solid solution.
Alloys of this system are promising for creation of a new class of materials with a high level of heat-resistant characteristics.
It is shown that EBM allows producing ingots of high-temperature titanium alloys of Ti—Al-Zr—Si-Mo—-Nb—Sn system, which
are characterized by sufficient chemical homogeneity and absence of casting defects. It is found that tin presence lowers silicon
solubility in the test alloys and intensifies silicide release. Here the structure is also refined. It is found that additional alloying
elements influence silicon solubility in titanium, forming complex silicides of (Zr, Ti)Si (Ti, Zr),Si type in the test alloys. It
is shown that the microstructure of the test cast alloys consists of platelike a-phase packets within primary (-grains, having
different crystallographic orientation.
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INTRODUCTION

In the recent decades significant attention is given to
development of alloys based on refractory and high-
ly reactive metals. Today, nuclear power engineering,
gas turbine construction, aeronautic and aviation engi-
neering require light and strong materials, which can
compliment a list of high-temperature alloys based on
nickel, cobalt and iron that are traditionally used in
these fields. High-temperature titanium-based alloys
are one of the ways of solution of this problem. Com-
plex titanium-based alloys are of particular interest.
They have high specific strength, heat- and corrosion
resistance properties in various media [ 1-3].

There are high requirements to the critical designa-
tion parts, which are constantly improved and become
more rigid. This, first of all, relates to the quality of
materials being used. Therefore, for the purpose of
widespread use of titanium alloys in different struc-
tures it is necessary to develop new titanium-based
materials with higher operation characteristics as well
as improve production of semi-finished products of
these alloys in future[4].

Any imperfections of chemical and structural ho-
mogeneity in titanium alloys result in decrease of
strength and life of the products. Production of tita-
nium alloys is related with the difficulties caused by
high titanium sensitivity to interstitial impurities, in
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particular, oxygen, nitrogen, hydrogen and carbon
and interaction with many chemical elements. This
leads to creation of solid solutions or compounds.
Moreover one of the main structural imperfections
of titanium alloys is the presence of nonmetallic in-
clusions. High activity results in occurrence of physi-
cal-chemical processes of interaction with gases even
in solid state. Therefore, non-metallic inclusions, in
particular nitrides and oxides, can be generated in a
process of ingots melting as well as at various stages
of technological redistribution into finished products.
Non-metallic inclusions can be introduced in the fin-
ished product from charge materials in the process of
melting as well as in heat treatment of the finished
product. Titanium actively interacts not only with gas-
es, but also with other elements, including alloying
components. Therefore, local enrichment of separate
volumes of the ingots with alloying elements can re-
sult in formation of intermetallic inclusions, for ex-
ample Ti,Al, TiAl, TiCr and others [5].

WORK RELEVANCE

Operating temperatures of the modern commercial ti-
tanium alloys do not exceed 600 °C that limits their
application [6]. Therefore, a problem of improve-
ment of mechanical characteristics of titanium alloys
at temperatures exceeding 600 °C is relevant for the
moment and requires solution. One of the perspective
directions for the problem solution is development
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of the titanium composites based on Ti—Al-Zr—Si—
Mo—Nb—-Sn system with silicon content exceeding
thermodynamically stable value in solid solution. Such
composites have a multiphase structure where strength-
ening of titanium matrix with refractory compound of
TiSi, takes place in a natural way in a process of solid-
ification. The alloys of this system are perspective for
development of a new class of materials with high level
of heat-resistant characteristics [7—11].

Today not all the methods of titanium ingots manu-
facture allow obtaining quality metal and violation of
a technological process of titanium alloy production
results in detection in the ingots of defects reducing
metal quality. The main factor affecting the material
quality, in particular, ones having low technological
plasticity, is a high quality of output ingot. An elec-
tron beam melting (EBM) can provide proper quality
of obtained ingot with uniform, not coarse structure
and good chemical homogeneity. The EBM allows
a wide range regulation of melting rate due to inde-
pendent heat source that in turn allows regulation of
duration of metal staying in liquid state. The EBM is
a technology that permits providing almost complete
removal of refractory inclusions of high and low den-
sity. Thus, the EBM allows rising a quality of titanium
alloy ingots.

Therefore, now mastering of the technology of
melting of high-temperature complex titanium alloys
of Ti-Al-Zr-Si-Mo—Nb-Sn system using EBM is a
relevant problem.

MATERIALS
AND INVESTIGATION METHODS

Most of the titanium alloys contain high amount of
alloying elements that somewhat complicates their
production using electron beam melting. Melting in
vacuum promotes random evaporation of alloying el-
ements with high vapor tension. So, melting of the in-
gots of complex titanium alloys using EBM provokes
a problem of assurance of set chemical composition

Figure 1. Process of melting of ingot of Ti—Al-Zr—Si-Mo—Nb-Sn
system titanium alloy of 110 mm diameter in electron beam unit
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of an ingot [13]. In this case aluminium is referred
to such elements. And concentration in the ingot of
elements with vapor density lower than vapor density
of titanium (Nb, Mo, Zr and Si) can even somewhat
rise. PWI of the NASU has carried out the fundamen-
tal investigations of the processes of evaporation of
components from a melt in vacuum [12]. They were
used to calculate a predicted chemical composition of
the ingots based on the results of which a calculation
of weight of the charge ingot components was carried
out. An alloying component with high density of vapor
(Al) was charged taking into account compensation of
evaporation losses. The charge ingot for melting of
ingots of high-temperature complex titanium alloys
of Ti—Al-Zr-Si—-Mo-Nb—Sn system was formed in
a nonconsumable bucket. Electron beam installation
UE-208M (Figure 1) [14] was used for melts.

To master the technology of melting of high-tem-
perature complex titanium alloys of Ti—Al-Zr—Si—
Mo—Nb—Sn system using EBM there were used ear-
lier mastered technological schemes of charging of a
consumable billet and melting modes [15].

Technological parameters of melting
of Ti—Al-Zr-Si-Mo—Nb—Sn system ingots
of 110 mm diameter

Meltingrate, kg/h .. ... 30
Height of portion simultaneously poured in a mold, mm .... 10
Power, kW:

inamold ... ... ... . . 20

in an intermediate crucible

The composition of metal of the obtained ingots
was determined using inductively-coupled plasma
method in optical emission spectroscopy (ICP-OES)
on ICP-spectrometer ICAP 6500 DUO. Content of
oxygen and nitrogen was determined by a method of
melting of analyzed sample of chips in vacuum in a
graphite crucible, heating of which was performed
using 900-1000 A current on RO-316, TN-144, RH-3
type devices of LECO Company (USA).

Quality of the ingot surface as for presence of
pores, cavities, non-metallic inclusions, and cracks
was determined visually without magnifying devices.
An ultrasonic testing method was used to determine
in the titanium ingots of internal defects in form of
non-metallic inclusions, pores or inhomogeneities.

The structural investigations of metal of the ob-
tained cast ingots were performed on the transverse
templates, from which the samples for metallographic
investigations were cut out. The sections of investi-
gated alloys were made using the method of mechani-
cal grinding with abrasive paper of different grain size
and polishing of the samples by abrasive paste with
chemical etching by a reagent of the following com-
position: 70 % H,0, 25 % HNO,, 5 % HF.
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Figure 2. Ingots of Ti—Al-Zr—Si—-Mo—Nb—Sn system titanium alloys of 110 mm diameter after EBM: a — 812-208 melt; b — 814-208

melt; ¢ — 815-208 melt

The structure of alloys was examined using optical
and electron microscopy methods. Metallographic in-
vestigations were carried out using optical microscope
Jenaphot-2000 by the method of scanning electron
microscopy on scanning microanalyzer JEOL Super-
probe-733. Standard Vickers method was used for mea-
surement of hardness at room temperature according to
the State Standard 299975 at 30 kg loading.

INVESTIGATION RESULTS
AND THEIR DISCUSSION

In order to provide high physicochemical character-
istics of the experimental titanium alloys at room and
elevated temperatures a complex alloying was per-
formed for the purpose of hardening of solid solution
by a-phase and dispersed particles of secondary phase,
in particular silicides. Following the specification a
series of melts was carried out (Figure 1) and cast in-
gots of high-temperature complex titanium alloys of
Ti—Al-Zr—Si—Mo—Nb-Sn system of 110 mm diame-
ter and 1000 mm length (Figure 2) with different con-
tent of alloying elements were obtained, namely 812-
208 melt — Ti—5A1-5Zr—0.8Si—0.3Mo—-0.1Nb alloy;

814-208 melt — Ti—6.5A1-5Zr—0.5Si—1.5Sn—0.1Nb
alloy; 815-208 melt — Ti—6.5A1-5.5Zr—0.8Si—0.6Mo—
0.5Nb—1.7Sn alloy.

A side surface of the obtained cast ingots after
cooling in vacuum to temperature below 300 °C is
clean, increased concentration of impurity elements
on the surface in form of oxidized or alpha layer is ab-
sent. Depth of the surface defects of corrugation type
makes 2-3 mm, defects in forms of tears, cracks or
lack of fusion are absent.

In order to evaluate quality of metal of the ob-
tained ingots there were carried out the investigations
of chemical composition of the samples taken on in-
got length from upper, middle and lower parts. The
results of analysis of chemical composition of metal
of the obtained ingots showed that the distribution of
alloying elements on ingot length is uniform.

As a result mechanical processing of the side sur-
face was performed and upper and bottom parts of the
ingots were cut (Figure 3). The templates were cut out
for performance of metallographic investigations and
production of the samples for mechanical properties
testing (Figure 4).

Figure 3. Appearance of ingots of Ti—Al-Zr—Si-Mo-Nb—Sn system titanium alloys of 110 mm diameter after side surface machining:

a — 812-208 melt; b — 814-208 melt; ¢ — 815-208 melt
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a b

Figure 4. Cut templates of ingots of 815-208 (a) and 812-208 (b)
melts for samples manufacture

Melted alloys corresponding to their composition
can be referred to pseudo-a-alloys: they consist of
a-phase and small amount of residual B-phase, the
structure also contains silicides (Figures 5, 6).

Microstructure of the investigated cast alloys rep-
resents itself the batches of lamellar a-phase in the

~
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limits of primary B-grains that have different crys-
tallographic orientation. Formation of the structure
takes place in the process of cooling, namely inter-
nal volume of B-grains is filled with chaotic o.-plates
as well as collected in the batches (a.-colonies), that
indicates inhomogeneity of the cast structure. The in-
termetallics start to segregate first of all on structural
defects, boundaries of grains and a.-plates stimulating
their growth. Primary silicides and silicide layers are
formed at decrease of silicon solubility in B-phase ac-
cording to the diagram of phase equilibrium of Ti-Si
system as a result of liquation processes at ingot solid-
ification (Figure 7) [16].

Fine silicides at the boundaries of a-plates are
formed in the process of eutectoid transformation and
further decrease of silicon solubility in the titanium

m EI)S[_MZIZ

Figure 5. Optical (a—d) and scanning electron (e—h) microscopy of cast alloy Ti—5Al-5Zr—0.8Si—0.3Mo—0.1Nb (melt 812-208)
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Figure 6. Optical (a—d) and scanning electron (e-h) microscopy of cast alloy Ti—6.5A1-5.5Zr—0.8Si—0.6Mo—0.5Nb—1.7Sn (melt
815-208)
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present in smaller quantity sometimes in the spaces of
o-plate batches in the places, where, probably, resid-
ual B-phase is present. The size of grains and plates
of a-phase depends on silicon content as well as ad-
ditional alloying in investigated cast titanium alloys.
For quantitative evaluation of the lamellar structure
the following parameters are used D (-grain size), d
(size of a-plates colonies) and b (width of a-plates).
The average size of the grains of cast alloys makes
approximately 300-500 pm, alloy 815-208 has finer
structure elements (a-plates and their colonies) in
comparison with alloy 812-208. Thus, in alloy 812-
208 the width of a-plates makes 3—5 um and in alloy
815-208 it is 2-3 um (see Figures 5, 6).

In the structure of alloy 812-208 the amount of sili-
cides on the boundaries of former 3-grains and between
o-plates is smaller than in alloy 815-208. Composition
of the latter differs by additional content of tin, which is
often used for titanium alloys doping for the purpose of
increase of their heat resistance. Addition of tin promotes
slowdown of processes of redistribution of the alloying
elements between a- and B-phases that rises thermal sta-
bility of high-temperature alloys [18].

CONCLUSIONS

1. Performed set of works showed that the electron
beam melting allows obtaining metal of ingots of
high-temperature Ti—Al-Zr-Si—-Mo—Nb—Sn system
titanium alloys being characterized with sufficient
chemical homogeneity and absence of defects of cast
origin (pores, cavities, inclusions of low and high
density).

2. It is shown that microstructure of examined cast
alloys represent itself the batches of lamellar o.-phase
in the limits of primary B-grains that have different
crystallographic orientation.

3. It is determined that additional alloying ele-
ments have significant effect on silicon solubility in
titanium. They form complex silicides of (Zr, Ti) Si,
and (Ti, Zr),Si type in the investigated alloys.
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Figure 8. Distribution of doping elements (a — Al; b — Si; ¢ — Zr) in cast alloy Ti-5A1-5Zr—0.8Si—0.3Mo-0.INb (815-208 melt)

4. 1t is shown that presence of tin reduces solubil-
ity of silicon in the investigated alloys and therefore
increases precipitation of silicides, at that the struc-
ture is also refined.

REFERENCES

1. Garmata, V.A., Petrunko, A.N., Galitsky, N.V. et al. (1983)
Titanium. Moscow, Metallurgiya [in Russian].

2. Khorev, A.l., Khorev, M.A. (2005) Titanium alloys, their ap-
plication and prospects of development. Materialovedenie, 7,
25-34 [in Russian].

3. Khorev, A.l. (2007) Theory and practice of producing of tita-
nium alloys for prospective structures. Tekhnologiya Mashi-
nostroeniya, 12, 5-13 [in Russian].

4. Antonyuk, S.L., Molyar, A.G., Kalinyuk, A.N. et al. (2003)
Titanium alloys for aircraft industry of Ukraine. Advances in
Electrometallurgy, 1, 9-13.

5. Babenko, E.P., Dolzhenkova, E.V. (2014) Examination of
fracture causes of VT23 alloy large-sized product. Metal-
lurgicheskaya i Gornorudnaya Promyshlennost, 3, 82-85
[in Russian].

6. Iliin, A.A., Kolachev, B.A., Polkin, L.S. (2009) Titanium al-
loys. Composition, structure, properties: Handbook. Moscow,
VILS-MATI [in Russian].

7. Firstov, S.0O. (2004) New generation of titanium-based ma-
terials. In: Fracture mechanics of materials and strength
of structures. Ed. by V.V. Panasyuk. Lviv, PMI, 609-616
[in Ukrainian].

8. Wu, T., Beaven, P., Wagner, R. (1990) The Ti,(Al, Si)-Ti (Si,
Al), eutectic reaction in the Ti—Al-Si system. Scripta Metal-
lurgica, 24, 207-212.

9. Salpadoru, H.H., Flower, H.M. (1995) Phase equilibria and
transformations in a Ti-Zr-Si system. Metall. Mater. Trans-
act., 26A(2), 243-257.

10. Kuzmenko, M.M. (2008) Structure and mechanical properties
of cast alloys of Ti-Si system. Fizyko-Khimichna Mekhanika
Materialiv, 44(1), 45-48 [in Ukrainian].

11. Firstov, S.0O., Kulak, L.D., Kuzmenko, M.M., Shevchenko,
0.M. (2018) Ti-Al-Zr-Si system alloys for high temperature
operation. Fizyko-Khimichna Mekhanika Materialiv, 54(6),
30-35 [in Ukrainian].

12. Paton, B.E., Trigub, N.P., Akhonin, S.V., Zhuk, G.V. (2006)
Electron beam melting of titanium. Kyiv, Naukova Dumka [in
Russian].

13. Akhonin, S.V., Severin, A.Yu., Berezos, V.A. et al. (2016) Pe-
culiarities of melting of titanium alloy VT19 ingots in elec-
tron beam cold hearth installation. Sovrem. Electrometall., 2,
23-27 [in Russian].




PRODUCING HIGH-TEMPERATURE TITANIUM ALLOYS OF Ti-Al-Zr-Si-Mo-Nb-Sn SYSTEM

14. Akhonin, S.V., Pikulin, A.N., Berezos, V.A. et al. (2019) Lab-
oratory electron beam unit UE-208M. Sovrem. Electrometall.,
3, 15-22 [in Russian]. DOI: htps://doi .org /10.15407/sem
2019.03.03

15. Akhonin, S.V., Firstov, S.A., Severin, A.Yu. et al. (2019)
Electron beam melting of heat-resistant titanium composites
of Ti-Si—Al-Zr-Sn. Sovrem. Electrometall., 2, 7-12 [in Rus-
sian]. DOLI: http://dx.doi.org/10.15407/sem2019.02.02

16. (2000) State diagrams of binary metallic system: Handbook,
Vol. 3. Ed. by N.P. Lyakishev. Moscow, Mashinostroenie
[in Russian].

17. Shevchenko, O.M., Kulak, L.D., Kuzmenko, M.M., Firstov,
S.0. (2020) Influence of zirconium alloying on structure
and hardness of quenched cast biocompatible Ti—-18Nb—-1Si
alloy. Metalofizyka i Novitni Tekhnologii, 42(2), 237-249
[in Ukrainian].

18. Solonina, O.P., Glazunov, S.G. (1976) Titanium alloys. Heat-re-
sistant titanium alloys. Moscow, Metallurgiya [in Russian].

ORCID

S.V. Akhonin: 0000-0002-7746-2946,
V.O. Berezos: 0000-0002-5026-7366,
O.M. Pikulin: 0000-0001-6327-3848,
A.Yu. Severyn: 0000-0003-4768-2363,
0.0. Kotenko: 0000-0002-0930-9536,

M.M. Kuzmenko: 0000-0001-8108-7088,
L.D. Kulak: 0000-0001-7861-0931,
O.M. Shevchenko: 0000-0001-6726-7269

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

S.V. Akhonin

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine.
E-mail: akhonin.sv@gmail.com

SUGGESTED CITATION

S.V. Akhonin, V.O. Berezos, O.M. Pikulin,

A.Yu. Severyn, O.0. Kotenko, M.M. Kuzmenko,
L.D. Kulak, O.M. Shevchenko (2022) Producing
high-temperature titanium alloys of
Ti—Al-Zr-Si—-Mo-Nb-Sn system by electron beam
melting. The Paton Welding J., 7, 39-45.

JOURNAL HOME PAGE
https://pwj.com.ua/en

Received: 11.04.2022
Accepted: 15.09.2022

xBeam Metal Printing

Allows no longer have to choose between fine accuracy, defect-free metal structure and high productivity. The new
patented solutions are based on the exclusive ability of gas-discharge electron beam gun to generate hollow conical
electron beam providing unique physical conditions for precisely controllable metal deposition and forming of desired

metal structure in produced 3D metal part.

Advantages.
xBeam 3D Printing has a set of technical, technological and commercial benefits that help it to stand out from any other
in metal additive manufacturing (more information in «The Paton Welding Journal» #9_2022).

DEVELOPED IN UKRAINE

https://xbeam3d.com/

45




