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Alloys based on y-aluminide are a promising class of heat-resistant materials
for the manufacture of parts of modern aircraft engines, the maximum oper-
ating temperature of which is in the range of 600—-700°C. The main ad-
vantages of these alloys are the combination of low density, high structural
stability, and heat resistance. However, due to the natural characteristics of
intermetallic compounds (structure ordering, strong covalent bonding), -
alloys are characterized by low plasticity compared to traditional titanium
alloys that complicates the industrial application of these alloys and increas-
es the complexity of the process of manufacturing semi-finished products
and final parts. For the successful use of y-alloys and their introduction into
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modern aircraft engines, it is necessary to increase their technological plas-
ticity, while ensuring high strength and heat resistance characteristics. One
of the most effective ways to accomplish this task is by means of alloying and
modification. The work considers the influence of alloying elements niobium
and molybdenum, as well as the modifying element rhenium, on the morphol-
ogy, phase composition and mechanical characteristics of the y-alloy in the
Ti—Al system. The optimal concentrations of the elements Nb, Mo and Re in
the titanium aluminide-based Ti—29Al-7Nb—2Mo alloy are determined, en-
suring a two-fold increase in the mechanical properties of the alloy due to the
weakening of covalent bonding forces. Using the method of high-
temperature thermal analysis, it is established that the introduction of nio-
bium, molybdenum and rhenium into the intermetallic does not change the
sequence of transformations and the temperature ranges of phase-regions
existence.

Key words: titanium aluminides, modifiers, phase composition, x-ray micro-
analysis, x-ray phase analysis.

Cronu Ha OCHOBI Y-aJIIOMiHiZY € TePCIEKTUBHUM KJIACOM JKaPOMIITHUX MaTepi-
SJIiB AJIS BUTOTOBJIEHHS JMETAJiB CyYacHUX aBiallilHUX OBUTYHIB, MaKCUMAJb-
Ha poboua TemMmepaTrypa AKHUX JIeXKUTh y AianasoHi 600—700°C. T'omoBHuMU
mepeBaraMu IIMX CTOIIIB € ITOEJHAHHA HU3bKOI I'YCTUHU, BUCOKOI CTPYKTYPHOIL
crabiibHOCTH, KapoMminuocTtu. OgHAK, V 3B’ SA3KY 3 MPUPOIHIMHU 0COOIHMBOCTS-
MU iHTEpMeTaJiTHUX CIOJNYK (BHOPAZKOBAHICTH CTPYKTYPH, CUJILHUN KOBa-
JIEHTHU# 3B’sI30K), Y-CTOIAM IpUTAMaHHA HU3bKA IIJIACTUYHICTh MOPiBHAHO i3
TPASUI[ITHNMI TUTAHOBUMU CTOIIAMMU, IO YCKJAJHIOE IIPOMUCJIOBE OCBOEHHSA
IUX CTOIIiB i MiABUIIy€e TPYAOMiCTKiCTh HmpoOIlecy BUTOTOBJIEHHA HamiBhabpu-
KaTiB i KiHNeBUX AeraJiB. [Jda yCcHinIHOro BUKOPUCTAHHSA Y-CTOIIIB i BIpoBa-
I)KEeHHs B CyYacHi aBiamifini ABUTryHN He0OXigHO MiABUIMUTY IXHIO TeXHOJOTi-
YHY Ta KOHCTPYKIIIMHY MJIaCTUYHICTL 3 OMHOYACHUM 3a0€3IMeUeHHIM BUCOKUX
XapaKTepUCTUK MiIlHOCTH Ta sKapomimHocTu. OauH 3 HAWOiIbII e(peKTUBHUX
c10co0iB BUKOHAHHSA IIHOTO 3aBAAaHHS HOCATAETHCA IMIJIAXOM JeI'yBaHHA Ta MO-
nudikyBaHHsa. B poboTi po3riAgHyTO BILIUB Jer'yBaJibHUX enemMeHTiB HioGito Ta
Mouni6meny Ta MmoaudikyBaabHOTO eleMeHTy PeHito Ha MopdoJioriio, has3oBuii
craH i MexaHiuHi xapakTepucTuku y-crouny cucremu Ti—Al. Busnauerno ontu-
MaJibHiI KoHIeHTpallii esementiB Nb, Mo ta Re y cromi Ha ocHOBIi amomimigy
Turany Ti—-29A1-7Nb—2Mo, 1110 3a6e3eUy0Th IiABUINEHHA PiBHSI MexXaHiu-
HUX BJIACTUBOCTEH CTOIY ¥ 2 pasu 3a paXyHOK IIOCJa0JIeHHS CUJI KOBAJIEHTHOTO
3B’s13KYy i3 BBegmeHHAM Moaioneny Ta Hiobito Ta sminu mopdoJorii 3a paxyHoOK
TMOBEPXHEBO-aKTUBHOI il MoaudikaTopa. 3 BUKOPUCTAHHAM METOAM BUCOKO-
TeMIIepaTypHOI TepMiuHOI aHAIi31 BCTAHOBJIEHO, 110 BBeAeHHA Hiobiro, Mouri-
6meny Ta PeHilo B iHTepMeTaIigHMII CTOII He 3MiHIOE IOCIiOBHICTEH IEepeTBO-
PeHb i TeMIepaTypHi Aisima3soHu icHyBaHHS (pasdoBux objacTeii.

Karouosi caosa: amominigu Turany, mogudikaropu, ¢pasoBuil cKIam, MiKpo-
aHaJisa, peHTreHo(a30Ba aHaJIiza.
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1.INTRODUCTION

Titanium aluminide-based alloys, or y-alloys, are one of the most prom-
ising materials for producing blades for new-generation gas turbine
engines. Compared to other structural materials used in the aviation
industry, the most important advantages of aluminide-based alloys are
low density, high specific strength and modulus of elasticity, and high
structural stability. The main forming technology for the production
of titanium aluminide parts is casting technology [1-5], which is the
most economical production process for obtaining products of complex
shape. The microstructure of casting products is characterized by a
coarse-grained structure, because of which they will be inferior in
properties to products obtained, for example, by deformation or addi-
tive technologies [6].

To date, the largest numbers of studies on the influence of parame-
ters and type of structure on mechanical properties are carried out on
fourth-generation titanium aluminide alloys [7—9]. These alloys con-
tain modifiers for the formation of an equilibrium lamellar structure
with a small colony size, which provides high heat resistance and suffi-
cient values of plasticity and fracture toughness.

The main direction of modification is the use of surface-active ele-
ments, the mechanism of action of which is adsorption on the surface
of grains, which contributes to the change in the surface activity of
crystals and the diffusion rate and leads to a change in the shape and
size of crystals [10, 11]. The main criterion for choosing a surface-
active modifier is low solubility in the lattice of the base metal, i.e., ti-
tanium.

Lanthanides and rare earth elements are used as modifiers in titani-
um alloys — Se, Y, B, La, Ce, Nd, Dy, etc., the most effective and widely
used of which are B and Y, Re is less commonly used [12—14]. Low bo-
ron content significantly changes the microstructure and properties.
Since the atomic radius of boron (0.91 A) differs from that of titanium
(1.46 A), at a boron content of more than 0.10%, compounds TiB,
TisB4, TiB: are formed in the form of a coarse-needle framework along
the grain boundaries, which reduces plasticity [15]. Therefore, the op-
timal B content is important, ensuring refinement of the structure and
at the same time uniform distribution of boride release.

Yttrium has favourable thermodynamic characteristics, which al-
lows it to influence the structure of titanium alloys [16]. Yttrium does
not dissolve in titanium due to the large difference in their atomic ra-
dii [17]. Having a greater affinity for oxygen than titanium and a
number of other elements, yttrium reacts with elements at grain
boundaries.

Rhenium lowers the polymorphic transformation temperature of
titanium. At rhenium concentrations up to 0.6%, the hardness of tita-
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nium increases more than two-fold [18]. Because the difference in
atomic radii with Ti is only 6.6%, rhenium has a higher solubility in
titanium than yttrium. However, there is currently insufficient in-
formation on the influence of rhenium on the morphology, phase state
and mechanical characteristics of y-alloys.

Therefore, the work investigates the effect of Rhenium concentra-
tion at the level of 0.2—0.3% on the structure and properties of the Ti—
29A1-7Nb—-2Mo alloy based on titanium-aluminide intermetallic com-
pound.

2. MATERIALS AND METHODS

The object of study in this work was titanium aluminide ingots of the
composition Ti—29%Al alloyed with molybdenum and niobium, fol-
lowed by modification of the alloy with rhenium. To study the influ-
ence of microadditions of the modifying element on the structure for-
mation of the cast material, ingots of different compositions were
melted in a vacuum arc furnace in a copper crystallizer using a non-
consumable tungsten electrode. The ingots had the shape of washers
with a diameter of 65—70 mm, a thickness of =12 mm, and a weight of
=~200g.

The limiting concentration of Rhenium was selected based on the
analysis of literature data, which indicate that the optimal content of
modifying elements in alloys based on titanium aluminide is no more
than 0.2...0.4%[10, 12, 13]. At higher content of modifying elements,
the efficiency of cast grains refinement in general decreased. There-
fore, the limiting concentration of rhenium content was selected at the
level of 0.2—-0.3%.

The chemical compositions of alloys were studied by the spectral ref-
erence-free method on an energy-dispersive x-ray fluorescence analys-
er “Expert 3L”. Etching of samples for metallographic studies was per-
formed in the “Titan” reagent with the composition
HF:HNO;:H20 =1:2:6. The assessment of the template macrostructure
was carried out with the naked eye along the thickness of the ingot.
The study of the microstructure of the ingot material was performed
using an optical microscope “AxioObserver 5” at magnifications of
%x25...200. The study of the structure and distribution of alloying ele-
ments at higher magnifications was performed on a JEOL JSM IT-300
scanning electron microscope equipped with an Oxford Instrument X-
Max80 x-ray spectral energy-dispersive microanalysis system.

Mechanical properties for tensile testing were determined according
to DSTU ISO 6892 1:2019. Samples for testing were cut in the trans-
verse direction to the ingot axis. Registration of diffractograms was
carried out on a DRON-4 diffractometer in the Bragg—Brentano geom-
etry with a MoK, radiation in the angle range from 5° to 60° with a step
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of 0.05° and an exposure of 4s at each point. Differential thermal
analysis was carried out on an automated analyser manufactured in the
G. V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine
in a helium atmosphere with a heating rate of 20 K/min.

3. RESULTS AND DISCUSSION

The chemical composition and mechanical properties of the obtained
ingots are given in Tables 1 and 2, respectively. The alloy of the base
composition Ti—29Al (alloy No. 1) belongs to the first generation tita-
nium aluminide based alloys and has low strength and almost zero duc-
tility (Table 2). The production of ingots of the Ti—29A1-7TNb—2Mo al-
loy (alloy No. 2), which belongs to the fourth generation alloys, in-
volves the use of double remelting. During the first remelting, refrac-
tory alloying elements (niobium and molybdenum) are introduced into
the alloy. During the second remelting, aluminium is added to the re-
sulting ingot, taking into account evaporation losses. This allows min-
imizing aluminium losses and ensuring guaranteed dissolution of re-
fractory alloying elements and uniform distribution over the ingot
cross-section.

From the analysis of Table 2, it is determined that when niobium and
molybdenum are introduced into the alloy, an increase in mechanical
properties is achieved by weakening the covalent bond between Titani-
um and aluminium atoms. The increase in strength and ductility for
the alloy with rhenium is likely associated with a change in the mor-
phology of the initial alloy.

Qualitative and quantitative phase analysis of the alloys was per-
formed using x-ray diffractometry (Fig. 1). It was found that regard-
less of the change in chemical composition, the main phase content is
unchanged and corresponds to a mixture of a.- and y-compounds in dif-
ferent ratios (Table 2). The base alloy has a higher percentage of .-
phase, and with the introduction of p-stabilizers and a modifier, the
content of y-phase increases, which leads to an increase in plasticity
characteristics. This is due to the formation of a slightly distorted lat-
tice of the y-phase due to alloying with niobium and molybdenum [6,
19], as well as due to a change in the shape and size of the structural

TABLE 1. Chemical composition of alloys.

Alloy Svstem Element content, wt. %

No. v Al [Nb|[Mo[ O [ Ti [Re
1 Ti-29Al 29.4 - - 0.12 base -
2 Ti-29Al-7Nb-2Mo 28.7 7.4 2.1 0.13 base -

3 Ti—29AI1-7Nb—2Mo—0.2Re 32.7 7.6 1.31 - base 0.27
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TABLE 2. Phase composition and mechanical properties of alloys.

Phase composition of the alloy

Alloy No. cuw, MPa 5, %
Ol2 Y
1 77 23 230 —*
2 16 84 385 0.4
3 14 86 510 0.6

“not determined due to the high fragility of the sample.

components of the alloy with the introduction of rhenium. The in-
crease in the percentage of y-phase with the introduction of niobium
and molybdenum allows us to assert the action of the above elements as
y-stabilizers.

The macro- and microstructures of the alloys are shown in Figs. 2
and 3. Comparison of the macrostructure of alloys of different compo-
sitions clearly demonstrates the influence of modifiers on changing its
morphology. Thus, the macrostructure of the original Ti—29Al alloy
consists of large grains of irregular shape of different sizes (Fig. 2a),
the Ti—29Al-7Nb—2Mo alloy with niobium and molybdenum consists
of large shiny grains with a clear boundary, corresponding to 8-9
points on the 10-point scale of macrostructures of titanium alloys [20]
(Fig. 2b). The introduction of rhenium in an amount of 0.2% led to the
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Fig. 1. XRD patterns of alloys: No. 1—Ti—-29Al, No. 2—Ti—29A1-7Nb—2Mo,
No. 3—Ti—29A1-7Nb—-2Mo—-0.2Re.
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Fig. 2. Macrostructure of alloys after etching: a—alloy No. 1, b—alloy No. 2, c—
alloy No. 3.

formation of a macrostructure of 5 points (Fig. 2¢).

Metallographic study of ingots (Fig. 3) revealed that the microstruc-
ture of alloys is characterized by a lamellar structure consisting of a
two-phase mixture of (a2+y) phases. The complex introduction of alloy-
ing elements and modifier led to a significant change in the morpholo-
gy of the structural components of alloys compared to the structure of
the initial composition.

The microstructures of Ti—29Al and Ti—29Al-7Nb—2Mo alloys (Fig.
3a, b) are typical for the cast state of titanium alloys, i.e., coarse-
grained, characterized by large grains, the internal volume of which is
represented by colonies of plates (lamellas) of a.- and y-phases, disori-
entated within one grain. The length of the plates is 100-400 um, the
thickness is 5—15 um.

When rhenium is introduced into alloy No. 2 in an amount of 0.2%
(Fig. 3c), the colonies of (as+y)-phase plates are oriented in a single di-
rection within one grain. In addition, there is a thinning of the struc-
tural components of the ingot to 2—3 um and a reduction in the length
of the plates to 100-250 yum, which in turn contributes to an increase
in the strength limit of the alloy by 1.5 times compared to the initial

Fig. 3. Microstructure of alloys: a—alloy No. 1, b—alloy No. 2, c—alloy No. 3.
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data.
To determine the uniformity of the distribution of the main alloying

elements across the cross-section of ingots of the Ti—29Al, Ti—29Al-
TNb—-2Mo, and Ti—29A1-7TNb—-2Mo-0.2Re alloys, x-ray spectral micro-
analysis (XSMA) was performed in the mapping mode (Fig. 4).

Thus, the light areas of the structure are depleted in aluminium,
while the dark areas, on the contrary, are enriched. According to the
stoichiometric composition of the intermetallics TisAl (o2-phase) and
TiAl (y-phase) and the solubility limit of aluminium in the correspond-

Nb Lal *™ Mo Lal Lol Mo Lt

b c

Fig. 4. X-ray spectral microanalysis of alloys in mapping mode: a—alloy No. 1, b—
alloy No. 2, c—alloy No. 3.
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ing compounds according to the phase diagram [21], the light areas of
the structure can be classified as a.-phase, the dark areas as y-phase. The
results of XSMA correlate with x-ray phase analysis, which shows a
higher percentage of y-phase in the composition of alloy No. 3 (Table 2).

According to the Ti—Al phase diagram (Fig. 5), the phase composi-
tion of the alloys at room temperature corresponds to a mixture of
compounds a. (TisAl)+y (TiAl).

In terms of the content of molybdenum and niobium, more intense
colours in Fig. 4 correspond to the areas of the as-phase. From the sol-
ubility graph of alloying elements in TisAl and TiAl intermetallics
[22], it is established that the solubility of B-stabilizers is greater in
the y-phase lattice: the solubility limit of molybdenum in the TisAl lat-
tice is no more than 1.5 at.%, in the TiAl lattice, it is of about 9 at.%:;
the solubility limit of niobium is of 12 at.% and 28 at.% for a.- and y-
phases, respectively. That is, the content of molybdenum and niobium
in the alloys is close to the solubility limit of the specified elements in
the as-phase.

The high-temperature differential thermal analysis was used to
study the thermal effects observed during continuous heating of sam-
ples from the experimental alloys (Fig. 6). Comparison of the curves
with the Ti—Al diagram allows us to state that the endoeffects in the
temperature range of 1110-1200°C are due to the transition of the or-
dered as-phase into the disordered a-phase with the h.c.p. lattice by the
reaction asto—a+y with subsequent transition to the single-phase a-
region. Thermal effects in the temperature range of 1200—-1300°C are
not confirmed in the diagram and may be associated with the oxidation
of the samples during heating or the process of separation of secondary

0 20 Al nac%
T

T.°C

1490 °C

sge, 1460°C

36%
1400 61,57,

S 52,5%

11118 °C
1000

TiAl
Pty m

1 1
1o 50 Al ar%

G00

Fig. 5. Ti—Al phase diagram with a plotted line of chemical composition (in terms of
aluminium content) of the studied alloys [21].
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Fig. 6. Thermograms of alloys: No. 1—Ti—29Al, No. 2—Ti—29A1-7Nb—2Mo, No.
3—Ti—29A1-7Nb—2Mo—0.2Re.

phases. The following endoeffects at a temperature of 1350-1400°C
are associated with the transition to the B-region, i.e., a polymorphic
transformation occurs. Thermal effects observed up to 1100°C, accord-
ing to [23, 24], can be caused by the ordering-disordering processes oc-
curring in intermetallic phases. Thus, it is determined that the intro-
duction of alloying and modifying elements into an intermetallic alloy
does not change the sequence of transformations and the temperature
ranges of the existence of phase regions.

Thus, it has been established that alloys based on titanium alu-
minide of the Ti—29Al system are characterized by low ductility due to
the structural features of the intermetallic compound. The introduc-
tion of alloying elements, in this case molybdenum and niobium, con-
tributes to the improvement of the mechanical characteristics of the
alloy by weakening the covalent bond between titanium and aluminium
atoms. The addition of molybdenum and niobium to the Ti—29Al alloy
improves the mechanical characteristics of the alloy by weakening the
covalent bond between titanium and aluminium atoms. Due to the in-
troduction of the modifying element rhenium into the alloy, the
strength is increased to 510 MPa, which is 1.5 times higher compared
to the data for the Ti—29A1-7TNb—-2Mo system, and the plasticity is in-
creased to 0.6%. The increase in mechanical characteristics due to the
modification is achieved by changing the morphology of the structural
components of the alloy; the coarse-grained structure of the original
alloys with the length of the a.- and y-phase plates of 100—-400 pm has
changed to thinner lamellae with a thickness of up to 2—3 pm and a
length of up to 250 ym.

According to x-ray phase analysis, the phase composition of the al-
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loys corresponds to a mixture of a.- and y-phases in different percent-
age ratios. In the alloy of the basic composition Ti—29Al, the content of
the az-phase prevails, with complex alloying and modification in the
phase composition of the alloys, the y-phase with higher values of plas-
tic characteristics prevails. Thus, the introduction of a modifying ele-
ment does not lead to a change in the phase composition of the alloy,
but contributes to an increase in mechanical properties by changing
the morphology of the structural components.

4. CONCLUSIONS

1. The optimal concentrations of alloying elements Nb, Mo and modify-
ing element Re in an alloy based on titanium aluminide system have
been determined, which ensure an increase in the mechanical proper-
ties of the Ti—-29A1-7Nb—-2Mo-0.2Re alloy.

2. The mechanisms of influence of alloying (molybdenum, niobium) and
modifying (rhenium) elements on the structure and properties of the ti-
tanium aluminide based alloy have been established: increased plasticity
is achieved by weakening the covalent bond forces upon the introduction
of molybdenum and niobium and by changing the morphology of the
structure due to the surface-active action of the modifiers.

3. Based on the data of x-ray phase analysis, it was established that al-
loying with molybdenum and niobium leads to a change in the phase
ratio in the alloy based on titanium aluminide. In unalloyed aluminide,
the content of as-phase prevails (up to =77%). After introducing nio-
bium, molybdenum and rhenium, the alloy mainly consists of y-phase
(=2 84%) and a small amount of as-phase (216%). This phase ratio re-
sults in increase in mechanical characteristics up to 1.5 times com-
pared to the properties of unalloyed titanium aluminide.

4. By the method of high-temperature thermal analysis, it was estab-
lished that the introduction of niobium, molybdenum and rhenium in-
to the intermetallic alloy does not change the sequence of transfor-
mations and the temperature ranges of existence of phase regions.

5. The obtained level of properties allows us to consider the Ti—29Al1-
TNb—-2Mo—-0.2Re alloy for use as a material for aircraft products.
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