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Abstract

The effect of two processing routes on chemical composition, microstructure and mechan-
ical properties of plasma melted intermetallic ingots with nominal composition Ti-46Al1-8Ta
(at.%) was studied. The semi-products for plasma melting were prepared by: (i) cold single
action compaction of initial pure materials and (ii) induction melting of binary master alloy
with nominal composition Al-14Ta (at.%), its casting in a copper mould and mixing with Ti
sponge. The applied processing routes and selected parameters of plasma melting result in a
full dissolution of initial materials and homogeneous distribution of alloying elements in the
plasma melted Ti-Al-Ta ingots. The ingots prepared from the cold compacted materials show
high burnout of Al up to 3.7 at.% and contamination by O up to 1.31 at.%. Content of Al
is well adjusted in the plasma melted ingots prepared from the master alloy mixed with Ti
sponge and content of O is reduced to 0.69 at.%. The morphology of dendrites within columnar
and equiaxed grains indicates solidification via 8 (Ti-based solid solution with cubic crystal
structure) primary solidification phase. The microstructure of the grains is lamellar and con-
sists of a2(TizAl) and (TiAl) phases. Vickers hardness and compression yield strength of
the plasma melted ingots is higher than those measured in a benchmark Ti-46A1-8Ta (at.%)
alloy with convoluted v + a2 type of microstructure. The compression strength of the ingot
prepared from the cold compacted semi-products is by 20 % higher than that of the ingot
prepared from the master Al-Ta alloy mixed with the Ti sponge.
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1. Introduction

Due to low density, high specific strength, high
Young’s modulus and oxidation resistance at high
temperatures, TiAl-based alloys represent a good al-
ternative to nickel-based superalloys currently in use.
A major effort has been made over the last twenty
years to introduce these materials into the market-
place as engineering components. Nowadays, TiAl-
-based alloys are used as high-temperature structural
materials for low pressure turbine blades of modern
aircraft engines [1-3], turbocharger wheels [4, 5] and
automotive exhaust valves [6, 7]. However, metallur-
gical processing including melting and casting of these
alloys is still constrained by several limitations due to

high reactivity of the melt [8-11] and the strong in-
fluence of the alloy chemistry on microstructure and
mechanical properties [12, 13]. The most important
factors affecting ingot metallurgy of TiAl-based alloys
are: (i) amounts of specific alloying elements includ-
ing impurities and (ii) applied melting process. Several
ingot manufacturing techniques are suitable for pro-
cessing of TiAl-based alloys: (i) vacuum arc remelting
(VAR) [14], (ii) plasma arc melting (PAM) [15], (iii)
electron beam melting (EBM) [14], and (iv) induc-
tion skull melting (ISM) [16]. Among those methods,
plasma melting enables to achieve extremely high tem-
peratures of the plasma arc with turbulent gas flow,
which allows good mixing of alloying elements in the li-
quid bath for good chemical homogeneity of processed
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Fig. 1. Initial pure materials used for processing of semi-
products.

ingots [15]. Melting under inert gas (Ar or He) pre-
vents high evaporation of alloying elements such as Al
or Cr. Plasma melting in a cold hearth avoids alloy
contamination by the crucible and allows preparing
ingots of the highest purity [15].

The aim of the present work is to study the ef-
fect of two processing routes on chemical composition,
microstructure and mechanical properties of plasma
melted ingots with nominal composition Ti-46Al-8Ta
(at.%). The studied alloy belongs to the 4" genera-
tion of cast TiAl-based alloys also called as “airharde-
nable”, which have been designed to form fine grain
structure at low cooling rates during heat treatments
[17-19].

2. Experimental procedure

2.1. Processing of semi-products for plasma
melting

Semi-products for plasma melting were prepared
from initial pure materials in the form of titanium
sponge (purity of 99.39 % and oxygen content of
600 wtppm), pieces of aluminium with dimensions
5x 5 x 2mm?® (purity of 99.998 % and oxygen con-
tent of 30 wtppm) and tantalum chips with dimen-
sions 1 x 2 x 0.3 mm? (purity of 99.95 % and oxygen
content of 150 wtppm), as shown in Fig. 1.

Two processing routes were applied: (i) cold single
action compaction and (ii) induction melting of mas-
ter alloy with nominal composition Al-14Ta (at.%),
its casting in a cold copper mould and mixing with
the Ti sponge. The cold single action compaction
of cylindrical Ti-Al-Ta semi-products was performed
at various compacting pressures ranging from 215 to
645 MPa in a metallic die with a diameter of 34 mm.
The induction melting of the master alloy was car-

ried out in AlyOs-based crucible (purity 95 %) with
an inner diameter of 60 mm and length of 110 mm un-
der a preliminary vacuum of 5 Pa. When aluminium
started evaporating, furnace was filled up with argon
(purity 99.995 %) to a pressure of 30 kPa and the melt
was stabilised at a temperature of about 1600°C for
various time ranging from 60 to 270 s. After the sta-
bilisation the melt was cast into a cold copper mould
with a diameter of 20 mm and length of 90 mm.

2.2. Plasma melting

Both types of the semi-products, i.e. the cold com-
pacted Ti-Al-Ta initial materials and induction melted
master Al-Ta ingots mixed with the Ti sponge, were
melted in a plasma furnace with a horizontal wa-
ter cooled copper hearth. To study the effect of ap-
plied processing routes on chemical composition, mi-
crostructure and mechanical properties of the plasma
melted ingots, other processing parameters of the
plasma melting were fixed as follows: (i) argon flow
rate of 501 min—!, (ii) constant rate of relative move-
ment of plasma torch of v = 170 emh™1!, (iii) four
plasma torch passes and (iv) maximum temperature
of the melt of about 1650°C. Dimensions of the cold
hearth allowed preparing ingots with a maximum size
of 30 x 30 x 270 mm? and a maximum weight up to
1.3 kg.

2.3. Ingot characterisation

Microstructure of the semi-products and plasma
melted ingots was studied by optical microscopy
(OM) and backscattered scanning electron microscopy
(BSEM). OM and BSEM samples were prepared us-
ing standard metallographic techniques and etched in
a reagent of 150 ml HoO, 25 ml HNO3 and 10 ml
HF. Quantitative metallography was performed on di-
gitalized OM micrograph using computerized image
analysis and software SigmaScanPro 5.

Chemical composition was measured by energy-
-dispersive spectroscopy (EDX) and laser induced
breakdown spectroscopy (LIBS) using a laser ele-
mental analyzer LEA S500. Oxygen content was meas-
ured with a LECO TC-436 N/O apparatus. For the
oxygen measurements, analysed samples with a dia-
meter of 8 mm and length of 20 mm were cut from the
plasma melted ingots. The surface layer was removed
by grinding and the samples were carefully drilled to
achieve fine chips. The melting of the chips was per-
formed in a graphite crucible under helium. Oxygen
was detected in the form of carbon dioxide using in-
frared detection.

Vickers hardness measurements were performed at
an applied load of 298 N. Average Vickers hardness
values were calculated from 30 independent measure-
ments. Cylindrical compression specimens with a dia-
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Fig. 2. Cylindrical Ti-Al-Ta semi-products prepared by
cold single action compaction.

meter of 6 mm and length of 9mm were lathe ma-
chined from the plasma melted ingots. The surface of
the compression specimens was polished to a rough-
ness better than 0.3 pm. Room temperature compres-
sion tests were performed on a universal testing ma-
chine Zwick at an initial strain rate of 1 x 10=%s~1.
Compression force needed for disintegration of the
cold compacted cylindrical Ti-Al-Ta semi-products
was measured in a direction perpendicular to their
longitudinal axis using a cylindrical punch with a dia-
meter of 40 mm.

3. Results and discussion
3.1. Cold single action compaction

Figure 2 shows the typical examples of the cold
compacted Ti-46A1-8Ta (at.%) semi-products with a
diameter of 34 mm and height up to 30 mm. Densifica-
tion of the semi-products Dy, was calculated according
to a relationship in the form

Dy = 22100, (1)
Pt

where p. is the measured density of the cold com-
pacted semi-products and p; is the theoretical dens-
ity of the Ti-46A1-8Ta (at.%) alloy. Both the densities
pe and py were determined from measured dimensions
and weight of cylindrical samples according to rela-
tionship

4dm
P = —57 2

where m is the weight, d is the diameter, and h is
the height of the measured samples. The index 7 is
associated with ¢ and t in the case of the cold
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Fig. 3. Dependence of densification and force for disin-
tegration of the cold compacted semi-products on applied
compacting pressure.

Fig. 4. Cast ingot from induction melted master Al-Ta
alloy.

compacted semi-products and fully dense Ti-46Al-
8Ta (at.%) alloy, respectively. The theoretical dens-
ity of Ti-46Al-8Ta (at.%) alloy is measured to be
pr = (4.960 & 0.009) g cm 3 using two fully dense cyl-
indrical samples with a diameter of 12 mm and length
of 140 mm, which were prepared by plasma melting,
centrifugal casting and hot isostatic pressing at a tem-
perature of 1260°C and applied pressure of 200 MPa
for 4 h. Figure 3 shows dependence of densification and
force needed for disintegration of the semi-products on
applied compacting pressure. Both the densification
and force for disintegration increase with increasing
compacting pressure. An optimal compacting pressure
is determined to be between 430 and 530 MPa. The
applied pressures lower than 430 MPa lead to an in-
sufficient strength of the semi-products and relieve of
the Ta chips during handling. The applied pressures
higher than 530 MPa lead to a difficult relieve of the
semi-products from the metallic die and high wear of
the die.

3.2. Induction melting of master alloy

Figure 4 shows the typical example of the induc-
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Fig. 5. OM micrograph showing dendritic microstructure
of master Al-Ta alloy.
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Fig. 6. Dependence of content of Al, Ta and O on stabilisa-
tion time of the melt during induction melting of master
Al-Ta alloy.

tion melted master Al-14Ta (at.%) alloy with a weight
of 0.44 kg, which was cast into the cold copper mould.
According to a binary phase diagram [20], liquidus
temperature of the master alloy is 1527°C, which
is significantly lower than that of 2997°C of pure
tantalum. Figure 5 shows dendritic microstructure of
the cast master ingots. The dendrites are composed
of 71.4 at.% Al and 28.6 at.% Ta that according
to the binary phase diagram [20] represents Al3Ta
intermetallic phase. Interdendritic region consists of
98.1at.% Al in the form of «(Al) solid solution. Fig-
ure 6 shows variation of average content of Al, Ta and
O with stabilisation time of the melt on a temperature
of about 1600°C. The average content of Al, Ta and O
is measured to be (81.5 +£1.1) at.%, (14.2 £+ 0.8) at.%
and (4.3 +0.7) at.%, respectively. The contamination
of the cast ingots by oxygen results from a reaction of
the melted alloy with Al,O3-based crucible. Visual ob-
servations of the Al,Os-based crucible clearly showed
evidence of deterioration of the crucible walls by the
melt.

3.3. Plasma melting

3.3.1. Chemical composition and homogeneity
of ingots

Figure 7 illustrates the typical example of plasma
melted Ti-Al-Ta ingot. The surface of the ingot con-
tains two different regions: (i) “weld bead” type of the
surface where the plasma torch passed along the ingot
at a constant rate of 170 cmh~! and (ii) “flat” type of
the surface where the plasma torch was stopped. The
width and length of the plasma melted ingots were
constant of 30 and 270 mm, respectively. The height
of the ingots varied between 14 and 30 mm and weight
between 0.8 and 1.3 kg depending on the weight of
the melted semi-products. Each plasma melted ingot
was cut in a direction perpendicular to its longitudinal
axis along marked positions 1, 2 and 3 (Fig. 7) to four

direction of the plasma torch ————>

“weld bead” type of surface

“flat” type of surface

A

10 mm

Fig. 7. Plasma melted Ti-Al-Ta ingot prepared from the master Al-Ta alloy mixed with the Ti sponge. Longitudinal pos-
itions for the measurements of chemical composition, microstructure evaluation and extraction of compression specimens
are indicated by the lines 1, 2 and 3.
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Table 1. Nominal and chemical compositions of benchmark alloy, semi-products and plasma melted ingots

Benchmark alloy

Cold compacted semi-products

Master Al-Ta alloy with Ti sponge

Element
Chemical Nominal Chemical composition Nominal Chemical composition
composition composition  of plasma melted ingots  composition  of plasma melted ingots
(at.%) (at.%) (at.%) (at.%) (at.%)
Ti base 46.0 base 45.0 base
Al 45.90 46.0 42.30 47.0 46.00
Ta 7.90 8.0 8.60 8.0 8.90
(0] 0.26 - 1.31 - 0.69

pieces and subjected to evaluation of chemical com-
position, microstructure, Vickers hardness and room
temperature compression properties.

Microstructural and chemical analyses of the plas-
ma melted ingots show that the initial materials in-
cluding hardly meltable Ta chips were fully dissolved
and homogeneously distributed. The local chemical
composition measured in the periphery and middle
parts of the ingots varied within the experimental er-
ror of the measurements. Table 1 summarises nominal
composition of the semi-products and measured chem-
ical composition of a benchmark Ti-46A1-8Ta (at.%)
alloy and plasma melted Ti-Al-Ta ingots. As seen in
this table, a significant burnout of Al up to 3.7 at.%
occurred during plasma melting of the cold compacted
materials. In addition, the content of O is significantly
increased up to 1.31at.% and the content of Ta ex-
ceeds the nominal composition by 0.6 at.%. The de-
crease of Al content can be explained by its evapora-
tion due to a high temperature of the melt and highly
inhomogeneous initial distribution of the pure metals
within the semi-products. The increase of oxygen con-
tent up to 1.31at.% can be attributed to: (i) insuffi-
cient rotary vacuum leading to a conservation of re-
maining air within the pores of the semi-products be-
fore flushing by argon and (ii) insufficient purity of the
applied argon atmosphere (argon purity of 99.95 %).
The increase of the Ta content up to 8.6 at.% can be
attributed to the burnout of Al during melting, which
was not compensated by adjusting chemical composi-
tion of the semi-products.

The chemical composition of the plasma melted Ti-
-Al-Ta ingots prepared from the binary Al-Ta master
alloy, which was mixed with the Ti sponge, is close to
the required nominal composition, as seen in Table 1.
In this case, the content of Al in the master alloy is
well adjusted to its expected burnout during melt-
ing. Since the content of Ta was kept at 8 at.% in
the semi-products, its content in the plasma melted
ingots exceeds by 0.9 at.% the nominal composition
due to burnout of Al. The content of O is signi-
ficantly reduced to 0.69 at.% when compared with
the ingots prepared from the cold compacted semi-
products. However, this content of oxygen is still sig-
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Fig. 8. OM showing the typical grain structure of plasma

melted Ti-Al-Ta ingot prepared from the cold compacted

semi-products. Positions of compression specimens is in-
dicated by the rectangles a, b, ¢ and d.

nificantly higher than a value of 0.26 at.% measured
in the benchmark alloy, as seen in Table 1. Such high
oxygen content in the plasma melted ingots can be
explained by the contamination of the master Al-Ta
alloy due to a reaction of the melt with the AlyOs-
-based crucible during induction melting.

3.3.2. Microstructure

Figure 8 shows the typical columnar and equiaxed
grain structure on transverse sections of the plasma
melted Ti-Al-Ta ingots. It should be noted that the
grain structure is affected by multiple plasma passes
and the height of the processed ingots.

Figure 9 shows the typical microstructure of the
plasma melted ingots prepared from the cold com-
pacted semi-products. Figure 9a illustrates the grain
morphology in the region of columnar to equiaxed
grain transition. An average diameter and length of
the columnar grains is measured to be (752 + 22) pm
and (3561 £ 230) um, respectively. A mean diameter
of the equiaxed grains is (185 +6) um. Cubic sym-
metry of the dendrites indicates that (8 phase (Ti-
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Fig. 9. Microstructure of plasma melted ingot prepared
from the cold compacted semi-products: (a) OM micro-
graph showing the typical grain structure, (b) BSEM mi-
crograph showing morphology and distribution of dend-
rites, (¢) BSEM micrograph showing lamellar v + a2 mi-
crostructure, network of remaining 3 phase and porosity P.

-based solid solution with cubic crystal structure)
is the primary phase during solidification, as seen
in Fig. 9b [21]. The microstructure of both colum-

Fig. 10. Microstructure of plasma melted ingot prepared

from the master Al-Ta alloy mixed with the Ti sponge:

(a) OM micrograph showing the typical grain structure,

(b) BSEM micrograph showing morphology and distribu-

tion of dendrites, (¢) BSEM micrograph showing lamellar
¥ 4+ a2 microstructure and porosity P.

nar and equiaxed grains is lamellar and consists
of bright coloured a9(TisAl) and dark coloured
~(TiAl) intermetallic phases [22], as shown in Fig. 9c.
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Fig. 11. Average Vickers hardness values of individual compression specimens: Z — specimens from the plasma melted ingot
prepared from the cold compacted semi-products, P — specimens from the plasma melted ingot prepared from the master
Al-Ta alloy mixed with the Ti sponge.

Mean interlamellar as-ao spacing is measured to be
(8114 16) nm. In addition, the microstructure con-
tains a white coloured network, which is formed by the
remaining [ phase [21] and fine solidification porosity
indicated in Fig. 9c.

Figure 10 shows the typical microstructure of the
plasma melted ingots prepared from the master Al-Ta
alloy, which was mixed with the Ti sponge. Figure
10a illustrates the grain morphology in the region
of columnar to equiaxed grain transition. An aver-
age diameter and length of the columnar grains is
measured to be (796 &+ 27) um and (4293 £ 253) um,
respectively. A mean diameter of the equiaxed grains
is (220 £ 8) pm. Figure 10b shows cubic morphology
of the dendrites which confirms the 3 primary solidi-
fication phase [21]. Figure 10c shows the typical lamel-
lar v 4+ a microstructure with a mean interlamellar
ag-ap spacing of (765 &+ 14) nm and fine solidification
porosity formed within columnar and equiaxed grains.

3.3.3. Mechanical properties

The specimens for Vickers hardness measurements
and compression testing were prepared from the plates
with a thickness of 7.5 mm, which were cut trans-
versally in the positions 1, 2 and 3 (Fig. 7) from the
plasma melted ingots. These plates were cut to smaller
pieces with dimensions of 7.5 x 7.5 x 10 mm? and sub-
jected to Vickers hardness measurements after grind-
ing. Figure 11 shows average Vickers hardness of in-
dividual compression specimen designated as Zjk and
Pjk, where Z is designated to the plasma melted ingot
prepared from the cold compacted semi-products, P is
designated to the plasma melted ingot prepared from
the master Al-Ta alloy mixed with the Ti sponge, j is
the position of compression specimen in the ingot (see
Fig. 7 and marked positions 1, 2 and 3) and k repres-
ents the position of compression specimen on a trans-

verse section of the ingot (see Fig. 8 and marked posi-
tions a, b, ¢ and d). The average Vickers hardness val-
ues vary between (3.89 & 0.05) GPa and (4.29 4 0.04)
GPa. These values are significantly higher than that of
(3.13 £ 0.01) GPa measured by Lapin et al. [23] for the
benchmark heat treated Ti-46A1-8Ta (at.%) alloy with
a convoluted v + ag type of microstructure. These
differences in the Vickers hardness can be explained
by a different chemical composition shown in Table 1
(variations in the content of Al, Ta and O) and fully
lamellar microstructure of the plasma melted ingots
when compared with those of the benchmark alloy. As
shown by Lapin et al. [13, 24, 25], increase of oxygen
content and decrease of interlamellar as-ais spacing in
TiAl-based alloys lead to an increase of Vickers hard-
ness and microhardness.

Figure 12 shows 0.2 % offset compression yield
strength (YS), compression strength (CS) and deform-
ation to fracture measured on individual compression
specimens at room temperature. An average YS is
measured to be (817+17) MPa and (776 +9) MPa
for the plasma melted ingots prepared from the cold
compacted semi-products (designated Z) and from the
master Al-Ta alloy mixed with the Ti sponge (des-
ignated P), respectively. These values of the YS are
higher than 0.2 % offset compression yield strength
of 655MPa measured by Lapin et al. [23] for the
benchmark Ti-46Al1-8Ta (at.%) alloy with the convo-
luted v + a9 type of microstructure. In the case of
the plasma melted ingot prepared from the cold com-
pacted semi-products, this difference in the YS can
be explained by a slightly different chemical composi-
tion of the ingot (lower Al content and slightly higher
Ta content), fully lamellar microstructure and signi-
ficantly higher oxygen content of 1.31 at.% when com-
pared to that of 0.26 at.% measured in the benchmark
alloy [23]. Oxygen is known to act as a solid solution
strengthening element which increases yield strength
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Fig. 12. Compression yield strength, compression strength and deformation to fracture of individual compression specimens:
Z — specimens from the plasma melted ingot prepared from the cold compacted semi-products, P — specimens from the
plasma melted ingot prepared from the master Al-Ta alloy mixed with the Ti sponge.

of TiAl-based alloys on the expense of decreasing
room-temperature ductility [26]. An increase of the
YS (776 MPa) of the plasma melted ingot prepared
from the binary Al-Ta master alloy mixed with the Ti
sponge when compared with that of the benchmark
alloy (665 MPa) can be explained by higher content
of Ta and O (Table 1) and fully lamellar microstruc-
ture (Fig. 10c). An average compression strength is
measured to be (1186 & 20) MPa and (990 + 18) MPa
for the plasma melted ingots prepared from the cold
compacted semi-products and from the master Al-Ta
alloy mixed with the Ti sponge, respectively. Gener-
ally, the CS of the plasma melted ingot prepared from
the cold compacted semi-products is higher by 20 %
than that of the ingot prepared from the binary Al-Ta
master alloy mixed with the Ti sponge. This differ-
ence in the CS can be explained by different chemical
composition (Table 1) and microstructure of the in-
gots (Figs. 9 and 10). For both types of the plasma
melted ingots, an average compression deformation to
fracture is measured to be (6.3 +0.6) % with some
variations resulting mainly from some porosity within
the compression specimens formed during solidifica-
tion of the ingots in the cold hearth.

4. Conclusions

The investigation of the effect of two processing
routes on chemical composition, microstructure and
mechanical properties of plasma melted ingots with
nominal composition Ti-46A1-8Ta (at.%) leads to the
following conclusions:

1. Increase of compacting pressure from 215 to
645 MPa increases densification and force for disinteg-
ration of the cold compacted Ti-Al-Ta semi-products.
An optimal compacting pressure is determined to
be between 430 and 530 MPa. The applied pressures

lower than 430 MPa lead to an insufficient strength
of the semi-products and the applied pressures higher
than 530 MPa lead to a high wear of the metallic die.

2. During induction melting the stabilisation time
of the melt ranging from 60 to 270 s has no significant
effect on average chemical composition and homogen-
eity of the master Al-Ta alloy. Contamination of the
master alloy by oxygen results from the reaction of the
melt with AloO3-based crucible during melting.

3. The applied processing routes and selected op-
timal parameters of plasma melting result in a full
dissolution of initial materials and homogeneous dis-
tribution of alloying elements in the plasma melted in-
gots prepared from the cold compacted Ti-Al-Ta semi-
products as well as from the induction melted master
Al-Ta alloy mixed with the Ti sponge.

4. The plasma melted ingots prepared from the
cold compacted pure materials show high burnout
of Al up to 3.7at.% and contamination by O up to
1.31 at.%. Content of Al is well adjusted in the ingots
prepared from the master Al-Ta alloy mixed with the
Ti sponge and content of O is reduced to 0.69 at.%.
However, both types of the plasma melted ingots have
excess of Ta which was not adjusted by a change of
nominal composition of the semi-products.

5. The plasma melted Ti-Al-Ta ingots contain
columnar and equiaxed grains whose distribution de-
pends on the height of the ingots. The morphology of
dendrites indicates § (Ti-based solid solution) primary
solidification phase in both types of ingots. The mi-
crostructure of the grains is lamellar and consists of
ao(TigAl) and ~(TiAl) intermetallic phases. The in-
gots prepared from the cold compacted semi-products
contain remaining 3 phase in the form of a network.

6. Vickers hardness and compression yield strength
of the plasma melted Ti-Al-Ta ingots are higher than
those measured in the benchmark Ti-46A1-8Ta (at.%)
alloy with convoluted v + as type of microstructure.
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The compression strength of the ingot prepared from
the cold compacted semi-products is by 20 % higher
than that of the ingot prepared from the master Al-Ta
alloy mixed with the Ti sponge.
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