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Abstract: Currently, there is a request from aerospace and aircraft for the construction materials with sufficiently high
mechanical strength, thermal creep, corrosion and oxidation resistance. The conventional alloys used for these purposes
are too heavy. At the same time, alternative light materials such as Ti—Al-based alloys have many flaws, when they are
produced by conventional methods. This work considers the possibility to produce the Ti—Al-based alloys by the method
of a wire-feed electron-beam additive manufacturing (EBAM). We study the chemical and phase compositions, micro-
structure and microhardness of a bimetallic Ti—Al alloy, obtained by this method. It is found the formation of five charac-
teristic regions between titanium and aluminum parts of the bimetallic billet. The mixing zone consists of TiAl and TiAls
intermetallics, that is confirmed by the investigation of microstructure, chemical and phase compositions. According to
XRD (X-ray diffraction) and EDS (energy-dispersive X-ray spectroscopy) analyses, it can be assumed that TiAl interme-
tallic prevails over TiAl; one. The average microhardness of the mixing zone equals to 450 HV (=4.4 GPa). This zone has
developed dendritic microstructure, and even distribution of the phases without link to dendritic and inter-dendritic zones.
The cracks appearing in this area are filled with the material of the upper layers, so the whole material is poreless and de-
fect-free. Thus, the results of this work have shown a fundamental possibility to produce the intermetallic Ti—Al alloys
with the use of the EBAM.

Keywords: clectron beam additive manufacturing; titanium aluminide; Ti—Al; TiAls; titanium; aluminum; intermetal-
lics; microstructure; microhardness.
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alternative alloys that would be light enough and have all

INTRODUCTION

Conventional alloys used for aerospace and turbine en-
gines are superalloys based on Ni, Co, or Fe. They provide
sufficient mechanical strength, high thermal creep, corro-
sion and oxidation resistance [1]. All of these groups of
alloys have a quite high value of density, that influences
the efficiency in terms of sensible lifting force usage, fuel
waste and CO, emission as a result [2]. Hence, there is an
obvious question about the possibility of obtaining such

the aforementioned properties.

Low density (=3.8 g/cm?), good resistance to high tem-
perature creep, and oxidation are essential properties of Ti—
Al-based alloys, which take note attention of the aerospace,
aircraft and automotive industries. These alloys have a sig-
nificantly higher specific yield strength compared to con-
ventional alloys such as Ti and Ni-based alloys, especially
in the temperature range of 600-1000 °C [3]. In addition,
TiAl intermetallic has a slight advantage in cost and density
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compared to Ti-alloys, which average density is =4.5 g/cm3
[1]. The intermetallic can also compete in value of density,
strength and possible exploiting temperatures with tradi-
tional Al-based alloys applied in aircraft industry [4].
The main disadvantage of TiAl intermetallic constraining it
from widespread usage was low plasticity (less 2 %) at
room temperature [5]. Although there were approaches to
improve plasticity by severe plastic deformation and ther-
mal treatment, which included: strengthening by nanotwins
or precipitates, formation of nanograin gradient structure
or a bimodal microstructure [6]. The use of these mecha-
nisms allows to achieve strain to failure of ~14 % in TiAl
intermetallics. Moreover, understanding of phase trans-
formations, and use of thermal treatment enabled the start
of application of Ti—Al-based alloys in automobile and
aircraft industries [7; 8].

Conventional fabrication and processing of Ti—Al-based
alloys have a range of difficulties. The most cost-effective
way of fabrication is casting, but this method delivers
the coarse-grained lamellar samples with high anisotropy
and well-known flaws [9-11]. There is a study where
authors overcame the disadvantages of casting by selection
of temperatures, cooling rates and crucible materials. They
succeed in obtaining a homogeneous structure without mac-
roscopic defects, although some protrusions on the surface
have been detected, and there was a need for post pro-
cessing [12]. Obviously, such quality of products is unac-
ceptable for aircraft and aerospace applications.

Other conventional methods such as powder metallurgy,
and wrought processing (rolling, forging, extrusion) have
many drawbacks. Their common disadvantage is the large
working cycle of machining to obtain the required accuracy
and shape of the parts. The additional machining also leads
to the need for heat treatments and waste of material. Pow-
der metallurgy is always related to high porosity, oxygen
impurities, low plasticity, and additional processing re-
quirement [13].

Currently, researchers try to find the best production
way of the intermetallic in the field of additive manufactur-
ing (AM) methods. The main advantages of AM technolo-
gies are cost-effectiveness (there is no need for additional
machining with waste material), high dimensional accuracy
and variability of the shape of the parts. These methods can
be divided into three main groups in terms of a feedstock
usage: a wire-feed AM, a powder-feed AM, and a powder
bed fusion AM [13—15]. The first two allow obtaining parts
in the wide size range with high building rates, when
the third is not suitable for large parts but has good dimen-
sional accuracy, and lower surface roughness. The last
method has an important disadvantage, regardless of which
heat source is used (laser or electron beam). The problem is
the high temperature gradient, and the cooling rate of
the material in the process. This leads to an inhomogeneous
structure with a lot of cracks [13—15]. Although some re-
searchers suggest numerical thermokinetic models of a lay-
er growth that allow to optimize the process of powder
melting. It is shown that the scanning mode, in particular
the electron beam scanning step, most of all affects
the quality of the surface layer [16].

The choice of electron beam as a source of energy is op-
timal in terms of price, stability and control of the AM pro-
cess in comparison with laser beam and arc. The perfor-
mance executing in a vacuum, that is necessary during

the working of titanium, delivers a high purity of a resulting
product [17; 18].

The use of wires as a feedstock allows to minimise
the quantity of impurities and pores, and avoid the structur-
al inhomogeneity as a result. This approach also has a big-
ger potential in terms of its use in industry, because of the
assortment, availability and quality of wires are significant-
ly greater than those for powders [19; 20].

The work is aimed to consider the possibility to produce
Ti—Al-based alloys by the method of a wire-feed electron-
beam additive manufacturing. We study the chemical and
phase compositions, microstructure and microhardness of
the additively obtained bimetallic material, with the focus
on the transition zone between the Ti- and Al-based parts.

METHODS

The bimetallic billet presented in Fig. 1 a was fabricated by
the method of a wire-feed electron beam additive manufactur-
ing. The installation for electron-beam additive manufacturing
(EBAM) consisted of a vacuum chamber, a wire feeder, an
electron beam source and a movable three-axis table. It was
engineered in the Institute of Strength Physics and Materials
Science (Siberian Branch of the Russian Academy of Scienc-
es). The feedstock was presented by two kinds of wires. The
materials of wires were titanium (Grade 2; Ti—0.25Fe—0.2H—
0.20-0.1Si-0.07C-N0.04) and aluminium (EN ISO 18273;
99.8A1-0.13Fe—0.01Cu—0.01Mn-0.02Si-0.01V). A diameter
of wires was 1.2 mm for both materials. The billet moved
and melted under an electron beam along a substrate made
of a mild steel. The chemical composition of the steel was
Fe—1.9Mn-0.8Si—-0.08C wt. %. The change of Z-coordinate
and rotation by 180° occurred for each next layer. The first
14 applied layers were made of titanium wire, and then
the material changed and to 14 layers of aluminium were
deposited. An approximate height of each layer in the result-
ant billet was about 0.5 mm. During the process, a beam cur-
rent was changing from 55 to 33 mA for titanium layers, and
from 13 to 16 mA for aluminium ones. A scanning frequency
and a wire feed rate were 100 Hz and 5.8 mm/s respectively.
The process of EBAM was carried out in a vacuum chamber
at a pressure of 107 Pa. The studied sample with dimensions
of 13x7x1 mm in size shown in Fig. 1 b was cut off a billet
by electrical discharge machining.

The sample was mechanically ground and polished.
The solution consisted of hydrofluoric acid, nitric acid, and
water in the proportion of 25:7:3 was used for etching of
the sample. Microstructure and surface morphology of
the sample were studied on Apreo 2 SEM scanning electron
microscope (SEM, Thermo Fisher Scientific, Czech Repub-
lic) in back-scattered electrons (BSE) mode. LEO EVO 50
SEM (Zeiss, Germany) with an energy dispersive spectro-
scopy (EDS) device was used for elemental composition
analysis. The definition of phase composition of the speci-
mens was performed by X-ray diffraction on DRON 7 dif-
fractometer (Bourevestnik, Saint Petersburg, Russia) with
Co-Ka radiation. XRD analysis was performed for the sec-
tion cut in parallel to the substrate in the intermediate be-
tween Ti and Al regions highlighted with a dashed line in
Fig. 2. AFFRI DMS8 microhardness tester (Affri, Italy) was
applied for rough assessment of mechanical properties.
The load on the Vickers indenter was 100 g, and a load time
of 10 s was used.
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b

Fig. 1. EBAM-fabricated Ti—Al alloy billet (a)
and extracted sections for study of the microstructure (M) and phase composition (PCA) (b)
Puc. 1. 3acomoexa cnnasa Ti—Al, nonyuennas memooom IJIAII (a),
u ceuenusi, eblopanmvle 0 ucciedosanus muxpocmpyxkmypul (M) u ¢pazosoeco cocmasa (PCA) (b)

Fig. 2. The common view of the studied sample extracted from the EBAM-fabricated bimetallic billet as shown in Fig. 1 b.
Numbers I, II, III, IV, V show characteristic zones revealed by etching of the sample.
1 — the zone of the titanium layer near the substrate material where their mixing is realized;
11 — the part of the titanium layer located next to the mixing zone of titanium and aluminum,
111 — the mixing zone of the Ti and Al components in the melting pool;
1V — the intermediate layer between the mixing zone and the region of pure aluminum; V — the layers of pure aluminum
Puc. 2. Obwuii 6uo uccnedyemoeo 06pazya, U36IEYEHHO20 U3 OUMEMAITUYECKOU 3a20MO6KU, NOIYYeHHOU Memooom DJIAIT
u nokazannou Ha puc. 1 b. Hugppwt 1, 11, 111, IV, V 0603nauarom xapaxmephule 30Hbl, 6bli6leHHbIE MPAGLEHUEeM 00pa3yd.
1 — 30na cnos mumana 6onusu Mamepuana nOONONCKU, 20€ OCYWEeCMEISICMCI UX CMeWUBAHUe;
1I — vacmb mumano6020 051, pacnoNOACEHHAs PLOOM € 30HOU CMEWUBAHUS. MUMAHA U ATIOMUHUS,
11T — 30na cmewusanus komnonenmos Ti u Al 6 niasunvrou eanne;
1V — npomesicymounslil cou medxncoy 30HOU CMEUUBAHUSL U 0OLACIIBIO YUCMO20 ATIOMUHUSL, V — CILOU YUCTO20 AIOMUHUS
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RESULTS

Fig. 2 presents the metallographic image of the studied
sample extracted from the EBAM-fabricated bimetallic
billet. The difference of tones from dark-grey of Ti to light-
grey of Al is seen after etching of the sample. Areal is de-
fined as the zone of the titanium layer near the substrate
material where their mixing is realised. Area II is the part of
the titanium layer located next to the mixing zone of titani-
um and aluminium. The mixing zone marked as area III
corresponds to the mixture of the Ti and Al components in
the melting pool. Area IV was defined as the intermediate
layer between the mixing zone and the region of pure alu-
minium. The last region is presented by the layers of pure
aluminium and corresponds to area V.

Areas V and I are the furthest regions from the mix-
ing zone, and their compositions correspond to the wire
materials made of pure aluminium and titanium, respec-
tively. Since the mixing zone and the nearest regions are
the main area of interest, the elemental composition
analysis for areas V and I was not performed. According
to EDS data, the elemental composition of area VI is
presented by aluminium, titanium is almost absent
(<1 %) (Table 1). Area III contains high values of Al
(=52 %) and Ti (=44 %). According to TiAl phase dia-
gram such ratio of components can match y-TiAl phase.
SEM-image of microstructure shows that there are
cracks filled with aluminium layers in the mixing zone
(Fig. 3 a). It is noticeable that area III has developed
dendritic microstructure (Fig.3 b). The absence of
a composition contrast in BSE mode of SEM-imaging
shows the even distribution of the phases without link to
dendritic and inter-dendritic zones. Thus, area III is more
attractive and takes attention in terms of finding Ti—Al
compositions. Because of that, the further research is
focused on this area. Area II contains the significant vol-
ume of titanium (=90-92 %) and iron (=7-9 %), but al-
uminium is almost absent (<1 %).

According to XRD pattern of EBAM-fabricated sample
in area III, the phase composition is presented by TiAl and
TiAls phases (Fig. 4). The small peak corresponded to 41.5°
(111) can be explained only by the presence of insignificant
quantity of a-Ti phase. The intensity of the peaks, especial-
ly the first two most intensive peaks of 45.0° (111) and
52.4° (002), shows that TiAl intermetallic noticeably pre-
vails over TiAls. In addition, we can not deny the presence
of aluminium since it has common peaks with TiAl inter-
metallic phase.

Since the interfaces between the areas II, III, and IV are
not flat, the Ti and Al layers adjacent to area III are in
the field of X-ray analysis. Due to this, the a-Ti phase stabi-
lised by aluminium from the upper regions of area IV ap-
pears in area III. At the same time, stabilization of the -Ti
phase is observed in area II due to the presence of iron dif-
fusing from the substrate (Fig. 5, Table 1).

Microhardness of EBAM-fabricated bimetallic Ti—Al
alloy sample varies throughout the whole billet. This means
the significant difference of strength properties of all its
areas (Fig. 6).

The microhardness of areas I and II is =530 HV
(=5.2GPa) and ~=390HV (=3.8 GPa), respectively.
The average value of microhardness for area III is 450 HV
(=4.4 GPa). There is a region related to area IV with devia-

tion from the pH value of pure aluminium where the micro-
hardness is about 70 HV. The value of aluminium layer
corresponded to area V equals to 30 HV.

DISCUSSION

As it was shown above in Fig. 2, the EBAM method al-
lowed to obtain the bimetallic billet of Ti—Al system. Vari-
ous regions can be easily distinguished by their grey shades
into five characteristic areas, with different chemical and
phase compositions. The microhardness testing results also
allow to differ them by the noticeable changes of micro-
hardness along the height of the sample.

The first deposited layers, related to areas I and II, are
supposed to the initial phase composition of Grade 2 titani-
um wire presented by a-Ti phase. But the microhardness
values of these areas are significantly higher than usual for
Grade 2 pure titanium consisted of a-Ti phase (=1.5 GPa)
[21]. It is shown that, according to the results of XRD ana-
lysis, area II is presumably presented by PB-Ti solution
(Fig. 5). The formation of B-Ti phase in pure titanium is
possible, when the temperature of heat treatment achieves
the point of phase transformation equal to =590 °C, with
following quenching [22]. The temperature of melting pool
achieved by the EBAM process is significantly higher than
590 °C, but the cooling rate is quite low [23]. This means
that the phase composition will be presented by the o-Ti
phase as a result. Although, the presence of iron in these
areas confirmed by the EDS data is high, and sufficient for
preventing of the a-Ti-phase formation, since iron is
a strong stabilizer of the B-phase [24]. The increase of mi-
crohardness values occurring from area II to area I in
the direction of the substrate should be related to the change
of chemical and phase composition [25]. According to
phase diagram of the Fe-Ti system this can be a result of
FeTi-intermetallic appearance [22]. An increase in the con-
centration of iron, in the direction of the substrate, contrib-
utes to an increase in the volume of the intermetallic phase,
and hence the strength characteristics.

The EDS data of area III, shows a small deviation from
equiatomic ratio between aluminium and titanium compo-
nents to the side of the former (Table 1). The XRD analysis
confirms that obtained alloy in this area is presented by
TiAl and TiAls intermetallics, Al, and o-Ti phases (Fig. 4).
Presumably the presence of aluminium in area III, provides
the small appearance of a-Ti phase, since the former con-
tributes stabilisation of a-Ti phase [24]. Moreover, the pure
Al can be detected in this area because of filling the cracks
with the aluminium (Fig. 3 a). When the layers in the area
III solidified, the material of the upper aluminium layer of
area [V filled these cracks. Thus, there is the process of the
“healing” of these cracks which appear in area I1I while the
following deposition. Due to this, there are no voids or
cracks in the mixing zone. It is also obvious that a quantity
of the aluminium phase in this area should not be large.
This follows from the fact that, according to EDS data, the
quantity of titanium is large, and cannot be presented only
by the trace amount of a-Ti phase. The average value of
microhardness in area III is 450 HV (=4.4 GPa) and corre-
sponds to the possible range from 3 GPa to 5 GPa for TiAl-
based intermetallics (Fig. 6) [26]. This range is quite wide,
because the microhardness depends on the microstructure,
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Table 1. EDS data for areas I, III, IV of the EBAM-fabricated Ti—Al alloy sample
Taénuya 1. Pesynomamur 3J]C onsa obnacmeii 11, 111, IV cnnaea Ti—Al, nonyuennoeo memooom DJIAIT

Al Ti Fe
Area Spectrum
Atomic %

1 99.87 0.11 0.02

v 2 99.99 0.01 0.00
3 99.80 0.11 0.09

4 52.55 42.83 4.62

11T 5 57.07 40.96 1.97
6 58.15 38.85 3.00

7 0.06 90.70 9.24

I 8 0.89 91.40 7.71
9 0.24 92.45 7.31

Spectrum |
Spectrum 3

Spectrum 5

Spccimam

ESe e
1 mm

b

Fig. 3. SEM-image of microstructure and EDS points for areas II, II1, IV (a)
and BSE mode SEM-image of area IlI (b) of the EBAM-fabricated Ti—-Al alloy sample
Puc. 3. COM-uzobpascenue muxpocmpykmypul u modex 3/[C ons obnacmeni 11, 111, 1V (a)
u COM-uzobpadicenue 6 pescume OPD obnacmu IlI cnnasa Ti—Al, nonyuennozo memooom DJIAII (b)
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Fig. 5. XRD pattern of EBAM-fabricated sample in area Il
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Fig. 6. Microhardness vs the distance from the substrate of EBAM-fabricated sample
Puc. 6. 3asucumocms MUKpomeepOOCmu 0m paccmosnus Om NOOIOAHCKU 00pazya, nonyuenno2o memooom IJIAIl

exact phase composition stoichiometry and elemental com-
position. Moreover, it is extremely difficult to obtain ho-
mogenous single phase intermetallic. Thus, the phase com-
position of this area is commonly presented by the mixture
of TiAl and TiAl; intermetallics, and the former one pre-
vails over the latter.

Area IV was defined as the intermediate layer between
the mixing zone and the region of pure aluminium marked
as area V. According to EDS data, the elemental composi-
tion of area IV is presented by aluminium, titanium is al-
most absent (<1 %) (Table 1). As it was aforementioned,
the microhardness of area IV is higher than typical for pure
aluminium (Fig. 6). This can be related to the formation of
a small transition zone between area Il and pure aluminium
layer of area V. Possibly, this zone is the mechanical mix-
ture of pure aluminium and TiAls intermetallic and the Al-
based solid solution Al (Ti). Although the zone is quite
small and, apparently, does not correspond to the EDS data
presented for area IV. Thus, this zone requires more precise
study of the chemical and phase composition. Since
the microhardness of area V equals to that of pure alumini-
um, it can be suggested that areca V has the same chemical
composition [27].

CONCLUSIONS

The possibility to produce Ti—Al-based alloys by
the method of a wire-feed electron-beam additive manufac-
turing is presented in this study. The chemical and phase
compositions, microstructure and microhardness of the ad-
ditively obtained bimetallic material Ti—Al system, with
the focus on the transition zone between the Ti- and Al-
based parts are carried out.

The method allows us to obtain Ti—Al-based alloy pre-
sented by the mixture of TiAl, TiAls; intermetallics and
an insignificant amount of pure aluminium and titanium
phases. The intensity of XRD peaks, the chemical composi-
tion ratio, and the value of microhardness show that TiAl

intermetallic noticeably prevails over TiAl;. The average
microhardness of the mixing zone is 450 HV (=4.4 GPa).
This zone has developed a dendritic microstructure, and
even distribution of the phases without link to dendritic and
inter-dendritic zones. The cracks appearing in this area are
filled with the material of the upper layers. Thus, the
whole material of obtained bimetallic material is defect-
free. Although the fact of iron presence from the substrate
material in the billet layers requires changing and optimis-
ing of EBAM mode for obtaining of a high-quality bime-
tallic billet.
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Annomayun: B Hacrosiee BpeMs B a3pOKOCMHYECKOH MPOMBIINIJIEHHOCTH M aBUAaCTPOCHUH CYIIECTBYET 3alpoc Ha
HOBBIE KOHCTPYKIIOHHBIE MaTepHalibl, 001a1alonye J0CTaTOYHO BBICOKOH MEXaHHYEeCKOH MPOYHOCTHIO, TEINIOBOH IMOJI3Y-
YeCThI0, CTOMKOCTBIO K KOPPO3HU M OKHCIIEHHIO0. OOBIYHBIC CIUIABBI, HCIIOIB3YEMBbIC JJISI 9THX LEJICH, CIMIIKOM TSKEbI.
B T0 xe Bpemsi anbTepHATHBHBIC JITKUE MaTeprallbl, TAKUE KaK CTIaBbl Ha 0CHOBE Ti—Al, IMEIOT MHOXKECTBO HEIOCTATKOB
MIPY TIPOM3BOJACTBE TPAJULIMOHHBIMA MeTofaMu. B nmanHOW paboTe paccMOTpeHa BO3MOXKHOCTB IOJYHYEHHS CIUIABOB Ha
ocHOBe Ti—Al METOmMOM MPOBOIIOYHOTO AIEKTPOHHO-TYYCBOTO aATUTHBHOTO mpomsBoxacTBa (DJIAIL). HU3yueHsl xummde-
CKuit ¥ (ha30BBIi COCTABBI, MUKPOCTPYKTYPa I MUKPOTBEPAOCTh OMMETAITHYECKOTO ciiaBa Ti—Al, oMy4eHHOTO JaHHBIM
MetonoMm. OOGHapykeHO 00pa3oBaHWE ISTH XapaKTepHBIX OOJacTell MEXIy TUTAHOBOW W aJIOMHHHUEBOW HacTAMHU OnMe-
TaJUTMYEeCKON 3aTOTOBKH. 30HA CMEIIMBAHM COCTOUT U3 mHTepMeTtaumaoB TiAl u TiAls, 9Tto moaTBep>KAaeTcss HCCIemno-
BaHHMEM €€ MHUKPOCTPYKTYPbI, XUMHUYECKOTO U (a30BOro cocrtaBoB. 1o pesyibraraM pPEeHTTEHOBCKOTO JAU(PPAKIHOHHOTO
aHaJM3a M SHEPrOJUCIIEPCHOHHONW PEHTICHOBCKOW CIIEKTPOCKONHMU MOYKHO HPENIONIOKHUTh, YTO 00beMHas 10JIsl UHTEpMe-
tanaa TiAl B 30He cMmemnBanus Bbllle, yeM 1ois (asel TiAls. CpeaHsisi MUKPOTBEPIOCTh 30HBI CMEIIMBAHUS COCTABIIS-
er 450 HV (=4,4 I'lla). B 30He cMmemmBaHus cOpMHpPOBAIACH pa3BHUTasi ACHAPHUTHAsS MHUKPOCTPYKTypa M paBHOMEpPHOE
pacripenenenue $a3 6e3 MPUBSI3KU K ASHAPUTHBIM U MEK/ICHIPUTHBIM 30HaM. TpENiHbL, TOSBISIONMECs B 3TOH 00acTy,
3aIOJHAIOTCS MaTepHaJIOM BEPXHHX CIIOEB, TO3TOMY MaTepHai OecrioprCThIi B 0e31eeKTHBIH. JTO MOKa3bIBaCT IPHHII-
MHAJIBHYI0 BO3MOXXHOCTB ITOYYEHHSI MHTEPMETATHAHbIX ciutaBoB Ti—Al ¢ ucronp3oBanuem DJIATL.

Knrouegwie cnoga: >neKTpOHHO-ITyYEBOE aVIMTHBHOE MPON3BOACTBO; amoMuHnA Tiutana; Ti—Al; TiAls; Turan; amromu-
HUH; HTHTEPMETAJUIUABL; MUKPOCTPYKTYpa; MUKPOTBEPAOCTb.

bnazooapnocmu: Pabora BBINOJIHEHA B paMKaX rOCyIapCTBEHHOTO Hay4HOTO 3agaHusd VHCTHTYTa QU3HKU IPOYHOCTH
u marepuanoseneans CO PAH, nmpoext Ne FWRW-2022-0005).
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