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FEATURES OF OBTAINING TITANIUM ALLOYS OF Ti—Al-Si-Zr-Mo-Nb-Sn
SYSTEM UNDER CONDITIONS OF ELECTRON-BEAM FOUNDRY
TECHNOLOGY

The article is devoted to the problem of obtaining a heat-resistant complex alloyed titanium alloy
of Ti-Al-Si-Zr system additionally alloyed with Molibdanium, Niobium and Stannum under the
conditions of electron-beam foundry technology. On the basis of current trends in the development
of heat-resistant titanium alloys, an analysis of compositions development for operating at
temperatures of 600 °C and potentially capable for operating at temperatures up to 700 °C has
been performed. It is concluded that the well-known commercial alloys, which are implement
the mechanism of solution hardening, as well as alloys based on intermetallic have a number
of disadvantages and do not fully meet the current requirements for this class of materials. It is
shown that the development and creation of titanium alloys, which can combine the mechanisms of
solution and silicidal hardening is the most promising solution for a significant increase of their high
temperature characteristics. One example of such a group of alloys is the composition Ti-7Al-1Si-
4Zr-1Mo-1Nb-1Sn, developed at IPM NAS of Ukraine. Such an alloy is not too costly and somewhat
lighter than its existing counterparts. The production of finished and semi-finished from such alloys
is usually carried out by casting methods or by metallurgical electron-beam melting technology.
From the view point of such alloys experimental nature, there is a need to study the technological
features of smelting such material, determine the behavior of components in the melting process
and melt preparation, obtain high-quality workpieces for further thermomechanical processing
and research. To solve these problems, the most appropriate is the use of electron-beam foundry
technology. In the course of the experimental alloy smelting experiments, melt preparation of the
required chemical composition technological features were identified, among which the main ones
were the procedure for aluminum addition and the mixing of elements with high density.

Keywords: heat resistant titanium alloys, Ti—-Al-Si-Zr—-Mo—Nb-Sn system, electron-beam foundry
technology, casting of titanium and its alloys.

Titanium alloys are one of the most promising materials of our time due to the
combination of high specific strength, ductility, corrosion resistance and the possibility
of varying these characteristics over a wide range both by alloying, deformation, heat
treatment and their combination [1, 2]. These materials have a wide field of application
and are characterized by a large number of existing chemical compositions. In general,
titanium alloys are divided into 5 groups — three basic (by phase composition) and two
conditional. The main ones include a-, a+f3-, and B-titanium alloys, and conditional ones
include eutectic alloys and intermetallic-based alloys [2].

Compared to nickel-based superalloys, most titanium alloys are inferior in their ability
to withstand loads at high temperatures. Nickel-based alloys, despite the low melting point
(1455 °C), can be used at operating temperatures of 900-1000 °C. Relatively low heat re-
sistance of titanium alloys is primarily caused by the low Young’s modulus (~ 112 GPa for
pure titanium) and the presence of polymorphic transformayion at 882 °C (near this tem-
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perature, the elasticity and strength characteristics are dramatically reduced). Most of the
heat-resistant titanium alloys developed have operating temperatures not higher than 600
°C [3]. Therefore, the urgent issue in the field of modern development of titanium alloys
is the development of new heat-resistant compositions that are able to work effectively
at temperatures of about 700 °C [4, 5].

The principles of titanium alloys with high heat resistance creation are based on the
material structural-phase characteristics and the mechanisms of their formation and
existence. The possibilities of solid solution hardening are largely exhausted, though one
can note the brilliant development of materials such as IMI-834, TIMETALL-1100 and
others. (USA), BT-18, BT-23 (USSR). The working temperature of such alloys is limited to
600 °C. A number of materials additionally alloyed with V, Cr, Mn, Nb, W and the so-called
XD-TiAl with boride hardening were created on the basis of titanium y-aluminides. These
materials significantly outperform the finest metallic materials in specific heat resistance
and elastic modules over a wide temperature range (up to 600 °C) and exhibit high heat
resistance and fire resistance. The research and development of these materials is
ongoing in the United States (Howmet), Germany (Daimler Benz, Eisenforschung GmbH,
Motorenund Turbinen Union, Deutsche Titan GmbH), Japan (NRIM), Russia (VIAM,
Prometheus). However, despite the aforementioned advantages, limited plasticity and
brittleness at normal temperatures hinder their practical use. Ti,Al-based intermetallic
materials, additionally alloyed with a significant amount of niobium (~ 20%), especially
Ti,NbAl-based alloys, have a relatively high specific weight, low Young’s modulus and
strength. The price of such alloys remains relatively high [4, 6, 7].

Due to such facts, the materials with two strengthening mechanisms connection - solid
soluble and dispersive due to the formation of silicides seem to be more attractive [8-10].
Titanium alloys in which silicidal hardening is realized have non-deficient components in
their composition, and their value is about level of commercial alloys.

Some of these alloys require improved processability, low temperature ductility and
optimization of chemical composition to work at elevated temperatures. Soitis important
to understand the complex alloying of the alloys and the mutual effective operation of their
components. For example, aluminum and silicon are the main elements that provide creep
resistance and heat resistance of an Ti-based alloys. Some refractory elements such as
W, Mo, Nb and some others can stabilize these properties sdditionaly. Zirconium and
tin, which are isomorphic titanium strengthening elements, have a positive effect on the
strength and are able to increase alloys ductility [1, 2, 11-13]. According to this principles,
Ti-Al-Sn-Zr-Mo-Nb-W-Si alloys have been created in recent years, and seemed to
be capable of operating at temperatures above 600 °C. They are characterized by a low
content of aluminum and silicon. Examples of such compositions are Ti—-6,5A1-2Sn-4Zr-
1Mo-3Nb-0,5W-0,2Si and 6,2AI-3Sn-3Zr-1,5Mo-1,5Nb-0,5W-0,15Si [14, 15].

At the I.M. Frantsevich Institute for Problems of Materials Science NAS of Ukraine
similar systems alloys are being developed. The Ti-Al-Si-Zr—-Mo—-Nb-Sn alloy is devoid of
tungsten for a number of reasons. The high density of this element and the technological
complexity of its addition increases the cost of obtaining a high-quality finished nd semi-
finished products, which are usually obtained by casting methods.

One of the most promising casting method for the production of such type titanium
alloys s electron-beam foundry (or casting) technology (EBCT), developed at the Physical-
Technological Institute of Metals and Alloys NAS of Ukraine. This method is the closest
derivative of the basic industrial technology for smelting of this type of materials - electron
beam melting process.

EBCT is a method in which an electron beam generated by an electronic gun acts as
an independent source of heating. The electron beam heats the metal, deposited in a
copper water-cooled crucible equipped with an electromagnetic melt stirring system.
The electromagnetic stirring (EMS) ensures the movement of the metal in the crucible,
resulting in heat exchange processes, homogenizing the chemical composition and
forming the required melt volume. Also, metal charge can be used both in the form of a
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consumable electrode billet, and in the form of a lumpy charge (chips, sponges, waste).
The disadvantages of the technology include the loss of metal at the level of 1-7%,
depending on the component and its content. In this regard, the overall complexity of
obtaining multicomponent alloys of the exact chemical composition process is noted.
However, this technology is by far one of the most effective ways of producing high quality
titanium castings [16].

In [17-19], the efficiency of using electron beam technology to produce a variety of
cast products using a wide range of titanium alloys is proved. First of all, the purity of the
metal, product defect and structural-phase characteristics are noted. Examples of castings
obtained by this method are shown in the figure.

The research objective was to obtain a cast billet from an alloy of the following chemical
composition: (7-8)Al—(3-4)Zr-(0,9-1,1)Si—(0,7-1)Mo—(0,8-1,2)Nb-(2-3)Sn (%, wt.). For
the smelting process, a skull of technically Grade?2 pure titanium was selected. Technically
pure Grade? titanium and Zr-1Nb alloy were used as a lumpy charge. Pure silicon in the
form of scales, molybdenum and niobium in the form of staples and tin in form of granules
were also used.

The order of insertion and placement of the charge inside the crucible is very important
for the smelting of heavily alloyed titanium alloys containing significant amounts of
aluminum and high density components at the same time. Thus, titanium and zirconium
were charged in crucible, and refractory components such as niobium and molybdenum
were placed on top. It was decided to inject aluminum, silicon and tin under the electron
beam focus area and to fuse it into the metal bath at the end of the melting process to
reduce their evaporation time and to reduce the loss of components, especially aluminum.

Figure. Examples of cast titanium semi-finished products
appearance (a) and cast products (b) obtained under EBCT
conditions
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During the melt preparation, a slight melting of the skull side walls was performed first
to cover its bottom. This technique serves as a benchmark for determining the volume of a
liquid metal bath at the end of the melting process. The deposited metal layer after blurring
opens the bottom of the skull, which is usually the most oxidized. Thus, a slight decrease
of the vacuum in the final stages of melting indicates that at present the melt volume
corresponds to a volume of charged charge. The vacuum returns almost immediately to
its previous values.

Further there is a simultaneous gradual fusion of titanium and zirconium with refractory
components. The melt of titanium and zirconium is quite homogeneous, and the mixing
of small portions of refractory components significantly increases the degree of their
absorption and ensures their even distribution in the volume of the liquid metal bath.
Addition of a liquid charge with high partial pressure components state is useful to provide
in the end of the process to reduce their evaporation.

The smelting of the experimental alloy was based on the above principles for the first
experiment. Further process analysis is contributed to changing the algorithm of work.
The table below shows the results of three experimental smelting processes.

Chemical composition of charge and obtained ingots (wt. %), Ti-balance

Experiment 1 Experiment 2 Experiment 3
Element task
charge ingot charge ingot charge ingot
Al 9,2 12,45 12,5 6,94 8,2 6,9 7-8
Zr 4 3,53 3,5 2,5 4 3,49 34
Si 1,6 1,36 1,33 1,17 1,2 1 0,9-1,1
Nb 0,82 0,56 0,9 0,98 1,18 0,7 0,8-1,2
Mo 0,82 0,56 0,9 0,8 1,15 0,79 0,7-1
Sn 2 1,55 2,3 1,9 2,5 1,9 2-3
Weight, kg 7,25 5,65 5,712 5,7 6,93 6,9 5,5-7,5

The first experiment was performed according to the regime, which performed a
gradual increase of electron beam heating power up to 45-60 kW with further activation of
electromagnetic stirring. The melting was carried out until the temperature of the cooling
water, which cools crucible, stopped at the required level, which corresponded to the
heating power of 80-90 kW. After this, a charge consisting of aluminum, silicon, and tin
was fed to the electron beam focus area via the manipulator. The injection lasted 1 minute
and the melting after the injection lasted the same.

Analyzing the data in the table, we can conclude that the addition of colder metal into
melt significantly lowered the total temperature of the liquid metal bath and led to metal
freezing on the walls of the skull. Thus, the aluminum dissolved only in less than the required
volume of melt remaining in the liquid state. Despite the rather high melting power, the
melting time after the injection of the fusible components was not enough.

During the second experiment, the as-cast ingot from previous experiment was used.
Addition charging with molybdenum, niobium and tin have been provided via deposition
inside the crucible. The melting was carried outin a similar mode, but the maximum power
of electron beam heating was 75-80 kW. This time, the point of the melt downpour was
the cooling water temperature, value of which exceeded by 0,5 °C, compared to previous
experimental regime. The purpose of this solution was to blur the volumes of metal, frozen
in the previous experiment and thus to fuse addition molybdenum, niobium and tin from
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the bottom of a skull. As can be seen from the chemical composition data in the table, the
accuracy of the results was quite high. The biggest discrepancy was that of zirconium content.
It can be explained due to the fact that zirconium has a much lower magnetic permeability
than titanium and a substantially higher density. So, over time, some of it may accumulate
on the walls of the skull and settle at the bottom without distribution if the volume of the liquid
metal bath is maintained at a constant level during the last period of melting.

The conclusions drawn from the previous two melts were used for the third experiment.
The as-cast ingot, obtained in the second experiment, was remelted with adding Mo,
Nb and Zr inside the crucible as the charge. Small amounts of Si, Sn and Al were added
in small amount from the manipulator at the end of the melting process. The liquid melt
preparation mode was similar to the second test mode, but its duration was 30 % longer.
The duration increase was pursued by the goal of increasing the volume of the melt and
obtaining the casting of more liquid metal volume. The temperature of the cooling crucible
was 15 % higher, than during the first test and 10 % higher than the second. As a result,
a obtained sample was had the best requirements.

According to the results of the experiments, the following features of the complex-
alloyed Ti—-Al-Si-Zr-Mo—-Nb-Sn composition smelting conditions under EBCT conditions
were determined:

EBCM is a promising method for producing as-cast parts and semi-finished products
from complex titanium alloys with high amount of aluminum and refractory metals.

It’s clarified, that Zr and other comparably heavy elements are able to sediment on
the bottom of skull without increasing of liquid metal volume during the melting process.

To obtain an accurate chemical composition of as-cast part it should be considered
the loss of Zr, Sn, Mo and Nb at the level about 25-32 %.

Addition of Al and Si is better to provide by their injection from a liquid state, including
moderate considering of their loss during further melting process.
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di3nKo-TeXHONOriYHWIA IHCTUTYT MeTaniB Ta crnnasis HAH YkpaiHu
* [HCTUTYT Npobnem MmaTtepiano3HascTea iM. |. M. @paHuesunya HAH Ykpainu

OCOBJINBOCTI OOAEP>XXAHHA TUTAHOBUX CIJIABIB CUCTEMU
Ti-Al-Si-Zr-Mo—-Nb-Sn B YMOBAX
ENNEKTPOHHO-NMPOMEHEBOI JINBAPHOI TEXHOJIOTIT

PoboTa npucBsiyeHa nMTaHHI 0AePXaHHS XapOMILHOro CKi1aaHOeroBaHoro TMTaHOBOIro CriiaBy
cuctemun Ti-Al-Si-Zr nogartkoBo nerosaHux Mo, Nb Ta Sn B ymoBax e/1eKTpOHHO-MPOMEHEBOT
JINBAPHOI TexHosorii. Ha 0CHOBI cy4yacHUX TeHAEHLiVi PO3POBKY XapPOMiILHUX TUTAHOBUX Cr/1aBiB
rpoBeAeHo aHai3 Po3pP0OOK KOMMIO3ULLiN, SIKi npaLo Tk Mpyv Temneparypax 600 °C Ta noTeHLUiiHO
3aarHi npauoBarty npu Temnepartypax 4o 700 °C. 3pob6/1eHO BUCHOBKHY, 1O BiOMi KOMEPLiviHi
criiaBu, B SIKUIX peasli3oBaHO MexaHi3mM TBEPAO PO34YUHHOI0O 3MILHEHHS, & TaKOX CrilaBy Ha OCHOBI
iHTepmeTanigiB MaroTeb pPsia HEAOJIIKIB Ta HE B rOBHIVi MIpi BiANoOBIiAaTb Cy4aCHUM BUMOram, siKi
BUCYBAIOTbCS 10 AAHOro Kaacy marepiasniB. loka3aHo, 10 po3pobKa i CTBOPEHHS TUTaAHOBUX
CrniaBiB, IKi MOXYTb MOEAHYBaTV B COOi MEXaHI3MV TBEPAOPOIYNHHOIrO Ta CUMILMAHOIO 3MIiLJHEHHS
€ HavibinbLL NepcrnekTUBHUM PILLEHHSIM AJ1s1 3Ha4YHOIrO MiABULLIEHHS IX BUCOKOTEMepaTypHuX
xapaktepuctuk. OaHuM i3 npuknaaiB Takoi rpynv crnasiB € komnoauuis Ti-7Al-1Si-4Zr—1Mo-
1Nb-15n, po3pobneHa B INIM HAH Ykpainn. Takuii crinaB € He HaaTo BapTICHUM Ta AeLL0 J1ernm
3a icHyto4i aHanorn. BupobHuLTBO rotoBux BUpOOIB Ta HaniBgabpukartiB 3 Takux Cri/iaBiB 3a3Buyait
3AIVICHIOETLCS MeToAaMu UTTs, abo 3a AOMNOMOro MeTaaypriiHoi TeEXHOIOorii eN1eKTPOHHO-
npomeHeBoro neperiiary. 3 ornisay Ha eKCrepuMeHTasIbHUV xapaKkTep CriiaBy BUHUKAE noTpeba B
JOCJIAKEHHI TEXHOIOMHHMX OCOBIMBOCTEN BUIM/IaBKV TAKOro Martepiasy, BU3Ha4eHHi 0CobmMBOCTE
rnoBeAIHKM KOMIMOHEHTIB B MPOLEeCi NPUroTyBaHHs PO3rjaaBy Ta OAEPXaHHI SIKICHUX 3aroTOBOK
J1/151 10Aa/1bLLIOi TePMOMEXaHIYHOI 06pO0OKM Ta AOCHIAKEHb. [151 BUPILLIEHHS UnX 3aAa4 HarbinbLL
JI0Li/IbHUM € 3aCTOCYBaHHS €/1EKTPOHHO-NPOMEHEBOI JINBaPHOI TEXHO10ri. B XOA4i eKCrepuMeHTiB
3 BUINJIaBKN €KCIIEPUMEHTA/IbHOIrO CriaBy BU3HAYEHO TEXHOJIOMYHI 0COBIMBOCTI MPUroTYBaHHS
po3rnnaBy He0OXiAHOro XiMiHHOro ckiaay, cepen sikux OCHOBHUMY Byv — rnpoueaypa BBEAEHHS
QJIIOMIHIIO Ta 3aMilLlyBaHHSI €/1EMEHTIB 3 BUCOKOIO I'YCTUHOIO.

KnouoBsi cnoBa: xapomiuHi TutaHosi crinasu, cuctema Ti—Al-Si—-Zr—-Mo-Nb-Sn, enekTpoHHO-
npoMeHeBa JInBapHa TEXHOJIOrIS, INTTS TUTaHy Ta Voro CriJiaBiB.
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