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Abstract
This paper presents the results of studying the behavior of the components of the
molybdenum-containing Al-(48-52)Mo-(6-9)Ti (wt. %) master alloy when it is dissolved
in liquid titanium. The nature and characteristics of the dissolution of the master alloy
in titanium were judged by the results of X-ray microanalysis of the matrix phases
(titanium, master alloy) and transition zones (phase boundary). In order to bring the
model closer to actual melting conditions, a vacuum arc melting of a titanium sample
was used, in which a certain amount of master alloy was encapsulated. The samples
were melted around the perimeter so that the liquid titanium only began to interact with
the master alloy, after which the melting process was stopped. The obtained results
suggest that the composition of the Al-Mo-Ti master alloy is changed by the diffusion
transition of molybdenum and aluminum into the titanium melt and counter diffusion of
titanium into the master alloy melt. At the same time, a decrease in the concentration of
molybdenum in the master alloy is compensated by aluminum and titanium. For every
1.0 wt. % of Al converted into Ti about 2.0 wt. % of Ti dissolves in the master alloy melt.
The revealed patterns of changes in the composition of the Al-Mo-Ti master alloy when
interacting with liquid titanium suggest that under vacuum-arc melting of titanium alloys
the dissolution of the master alloy should not lead to the formation of refractory phases.
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1. Introduction

Due to its unique physicomechanical properties, titanium and alloys based on it are
widely used in various industries [1–6]. The main alloying elements of titanium alloys
are aluminum (α-stabilizer) and molybdenum, vanadium (β-stabilizers) [6]. To prevent the
formation of refractory phases, these elements are introduced into the composition of
the pressed electrode for vacuum arc remelting only in the form of master alloys [7–9].

During the ultrasonic testing of titanium alloys billets, sometimes recorded elevated
signals, and at subsequent X-ray control of the templates, they reveal inclusions of
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increased density, which are defects characterized by a high (as compared to titanium)
melting temperature and a higher density. The study of the alloy microstructure shows
that the defects are melted in and have a transition zone. The central part of the defect,
as a rule, is processed with molybdenum. Compared to molybdenum-containing master
alloys, which are used in vacuum-arc smelting of titanium alloys, the defects contain less
aluminum.

Defects in titanium alloys, found after vacuum arc remelting, are often associated with
a high content of refractory phases introduced with master alloys. On the other hand, the
cause of the defect formation can be an incomplete melting of the master alloy, which
complies with the requirements of the technical specifications, in view of the separation
(loss) of the electrode fragment or large particle size of the master alloy, pressed into
the electrode. The duration of the alloying additives dissolution is limited by the time
during which they are in the liquid metal, i.e. deposited on the surface of the crystallized
alloy ingot. Naturally, when entering the alloy crystallization zone, the alloying additions
practically no longer dissolve. According to Elyutin V.P. and his co-workers [7] particles
of molybdenum, niobium with a particle size of 0.2-1.0 mm pass through the vacuum arc
remelt bath in less than a second. At the same time, the dissolution rate of molybdenum,
niobium in titanium, at 1800ºC at about 0.6 g / cm2 ⋅ s, reduces the mass of particles with
a particle size of 0.2 mm during the movement in the bath by no more than 10.0%.

Despite the fact that the vacuum arc remelting of pressed electrodes is the main
industrial process of titanium alloys smelting, the dissolution of alloying elements in
the titanium melt has been little studied. This paper presents the results of studying
the behavior for the components of the molybdenum-containing master alloy Al-Mo-Ti
(AMT) when it is dissolved in liquid titanium.

2. Materials and Methods of the Experiment

The interaction of master alloys with titanium during vacuum arc melting of alloys pro-
ceeds under conditions of uncontrolled mass exchange. Therefore, the nature and char-
acteristics of the dissolution of the Al-Mo-Ti master alloy in titanium were judged by
the results of X-ray microanalysis of matrix phases (titanium, master alloy) and transition
zones (phase boundary). In order to bring the model closer to actual melting conditions,
a vacuum arc melting of a titanium sample was used, in which a certain amount of
master alloy was encapsulated. The chemical composition of the master alloy Al-Mo-
Ti is presented in Table 1. According to the data [10], the master alloy is a solid solution
of titanium in Мо3Al8, the melting point (M𝑝) is close to 1620ºC.
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Samples of titanium capsuled by master alloy were prepared as follows. Cylinders of
15.0 mm diameter and 11.0 mm height were machined from a titanium rod of the grade
ВT1-00. From the end of the sample, a hole was drilled with the size of d = 9.0 mm, h
= 8.0 mm. A piece of master alloy weighing 0.15-0.80 g was placed in the cavity, then
the cavity was caulked with a titanium sponge. A number of samples were prepared by
pressing. Titanium crushed material, grade TPP – 3 (according to Russian classification),
was poured into the bottom of the mold, then samples of master alloys were placed in
the center, and poured with titanium crushed material again. Samples made by such
methods were placed in a laboratory vacuum arc furnace 5SA (manufactured by Centorr
/ Vacuum Industries), equipped with a copper hearth bottom and a non-consumable
tungsten electrode. The samples were fused around the perimeter so that the liquid
titanium only began to interact with the master alloy, after which the melting process
was stopped.

Table 1: Composition of the Al–Mo–Ti master alloy.

Composition, wt. %

Mo Ti Al Cr Fe Si

48-52 6-9 Ост. 0.3 0.6 0.5

The fused encapsulated samples were cut in the center of the sinkhole into two parts.
At the same time, inside the section, there was a zone into which a piece of the master
alloys was caulked into. Further, standard methods were used to prepare thin sections
— samples for X-ray microanalysis and metallographic examination. The studies were
carried out on a JSM-5900LV scanning electronmicroscope ( Japan) and anOxford INCA
Energy 200 energy dispersive X-ray spectrometer (United Kingdom).

Table 2: The composition of titanium, depending on the distance to the dissolving master alloy AMT (Figure
1a), wt. %.

Point Al Ti Mo Distance from
master alloy, µm

1 1.04 97.77 1.19 1220

2 1.01 97.53 1.46 1340

3 1.01 97.60 1.39 1360

4 1.15 97.10 1.75 1900

5 0.95 97.46 1.59 2200

6 1.10 97.34 1.56 2780

7 0.97 99.03 0.00 3400
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Figure 1: Fragment of the area characterizing the state of AMT master alloy after interaction with liquid
titanium with the indication of scanning points.

Table 3: Composition of the diffusion zones (Figure 1b), wt. %.

Points Al Ti Mo

1 12.12 60.24 27.64 Master alloy change

2 15.09 66.15 18.76

3 2.81 94.81 2.38 1 zone

4 2.12 95.69 2.19

5 2.31 94.96 2.74

6 1.45 96.45 2.10

7 1.06 97.46 1.48 2 zone

8 1.14 97.46 1.39

9 1.00 97.69 1.31

10 0.88 97.93 1.19

11 0.00 100.00 0.00 To the right of the insert

12 1.21 97.33 1.45 To the left of the insert

3. Results and Discussion

Since the melting point of the AMT master alloy is lower than that of titanium, under the
experimental conditions the encapsulated sample of the master alloy melted together
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Figure 2: A fragment of the structure, indicating the points for determination of the composition.

Table 4: Composition of AMT master alloy and titanium at the scanning points (Figure 2), wt. %.

Spectrum Al Si Ti Cr Fe Mo

1 26.38 0.26 38.12 0.00 0.15 35.09

2 2.60 0.11 93.97 0.00 0.00 3.32

3 0.00 0.08 99.92 0.00 0.00 0.00

4 8.60 0.12 76.57 0.00 0.00 14.71

5 13.12 0.09 56.04 0.13 0.14 30.47

with titanium — an interaction of two liquid phases occurred. A fragment of an incom-
pletely dissolved master alloy in titanium with dots deposited on it, in which the compo-
sition of the matrix phase (titanium) is determined, and the “residue” of the AMT master
alloy interacting with it, is shown in Figure 1.

Concentrations of aluminum, molybdenum and titanium were determined by the
EPMA method in the diffusion zone of the AMT master alloy dissolution, as well as in

Table 5: Changes in the composition of the AMT master alloy during its interaction with titanium.

Composition, wt. % Concentration change, % ±
Mo Ti Al Δ Mo Δ Ti Δ Al

48÷50 6÷9 41÷46 0 0 0

36÷37 36÷38 26÷29 -13 +30 -16

30÷33 39÷42 23÷27 -18 +33 -19

19÷27 60÷66 12÷15 -(20÷24) +(48÷50) -(27÷30)
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Figure 3: Changes in the composition of AMT master alloy on its dissolution degree in titanium.

titanium at a distance of up to 3400 μm from the master alloy. The results of the analysis
(Tables 2 and 3) suggest that a change in the composition of the AMT master alloy
occurs by the diffusion transition of molybdenum and aluminum into the titanium melt
and the counter diffusion of titanium into the melt of the master alloy. At the same time,
a decrease in the molybdenum concentration in the AMT master alloy is compensated
by aluminum and titanium. For every 1.0 wt. % of aluminum transitioned to titanium in
the AMT master alloy melt dissolves about 2.0 wt. % of titanium. Due to this nature
of dissolution, there is a change in the composition of the master alloy. Judging by
the results of the analysis, under experimental conditions, this led to the fact that at
the boundary of the two phases, the composition of the crystallized metal began to
correspond to the solid solution of molybdenum in Ti3Al (Ti3Al + Mo). The M𝑝 of an
alloy of this composition is 1750 - 1800 ∘C, i.e., slightly higher than titanium M𝑝. Under
conditions of metal overheating during the vacuum arc melting, this should not lead to
crystallization of the refractory new formed structures - products of the AMTmaster alloy
interaction with titanium.

During the experiments, it was also possible to see the earlier stages of the interaction
for the AMTmaster alloy with liquid titanium (Fig. 2, Table 4). From the obtained results, it
follows that the interaction of the AMT master alloy with titanium symbiotically reduces
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the concentration of Mo and Al in it. At the same time, a decrease in their content is
compensated by an increase in the titanium concentration.

The relationship of the composition for the dissolving of master alloy in titanium with
a change in the concentrations of Mo, Ti and Al in it is clearly presented in Table. 5 and
Fig. 3. From the obtained data, it follows that when the AMT master alloy is dissolved in
liquid titanium, no phase should be formed, the melting point of which exceeds 1750 -
1800 ∘ C.

From the compositions of the crystallized phases studied by us (in this experiment),
the most refractory may be the phase corresponding to the composition of TiAlMo0.5. Its
melting point (liquidus) does not exceed the specified limits.

Thus, the revealed patterns of changes in the composition of the AMT master alloy
during interaction with titanium allows to suggest that under vacuum arc melting of
titanium alloys the dissolution of AMT master alloy should not lead to the formation of
phases processed by molybdenum and simultaneously depleted by aluminum.

4. Conclusions

When studying the dissolution of the AMTmaster alloy in titanium, no phases processed
by molybdenum and depleted by aluminum were found. The Mo: Ti: Al ratios in the
studied samples of the master alloy after co-melting with titanium do not indicate the
possibility of the formation for refractory phases.
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