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ABSTRACT
The results of experimental studies of the process of electroslag remelting of titanium in a chamber furnace at different values 
of pressure in the melting space, from vacuum to excess pressure, are given. Experiments were carried out during the melting 
of ingots with a diameter of 85 and 105 mm from titanium alloys VT1-0 and VT22 using fluoride-chloride flux AN-T4. The 
pressure of the inert gas in the furnace chamber was varied from 20 to 300 kPa. It is shown that in the entire studied range of 
pressures, the electroslag process proceeded stably with the formation of ingots with a high-quality side surface and a dense 
structure, without pores, slag inclusions and other internal defects. Experimental data on the effect of pressure in the melting 
space on the gas composition and structure of titanium ingots are given. The possibility of reducing the hydrogen content in 
titanium alloys by carrying out the electroslag process in vacuum conditions is shown. It was also established that the VT1-0 
titanium ingot, melted under vacuum conditions, is characterized by a larger grain size compared to the ingot obtained under 
excess pressure.
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INTRODUCTION
Due to the high chemical activity of titanium, in par-
ticular its interaction with atmospheric gases at tem-
peratures above 400‒450 °C, electroslag remelting 
(ESR) of titanium alloys should occur exclusively 
in chamber furnaces in a protective inert atmosphere 
[1‒3]. Usually, in the ESR of titanium, the melting 
space is pre-vacuumed, and then filled with an inert 
gas (argon). The melting process is carried out under 
excess pressure of argon (120‒140 kPa), which pre-
vents air inflow in the event of leaks in the furnace 
units. At the same time, the melting process can be 
carried out both in a stagnant argon atmosphere and 
in a flowing one.

Such a scheme provides a reliable protection of 
the molten metal and consumable electrode heated to 
high temperatures from interaction with the air atmo-
sphere and also prevents the evaporation of alloying 
components with high vapor elasticity. However, it 
also has certain disadvantages compared to melting 
under vacuum conditions.

It is known that hydrogen, which belongs to the 
category of harmful impurities because it causes hy-
drogen embrittlement of titanium alloys, has a re-
versible solubility in titanium. As the temperature 
increases and the pressure decreases, the solubility of 
hydrogen in titanium decreases significantly. Because 
of this, when remelting titanium in a vacuum, it is re-
fined from hydrogen. This happens, for example, with 

vacuum-arc remelting (VAR) and electron beam melt-
ing of titanium alloys [4, 5]. When remelting titanium 
under excess pressure, hydrogen removal occurs to a 
much lesser extent or does not occur at all.

In addition, the remelting of titanium under condi-
tions of excess pressure creates, unfavorable conditions 
for the removal of moisture, which can be adsorbed 
by the material of the consumable electrode, salt res-
idues on the inner surface of the furnace chamber, etc. 
To a greater extent, this applies to the remelting of 
electrodes pressed from spongy titanium (or titanium 
shavings). This is due to the fact that in the process of 
storing the titanium sponge, during the production of 
consumable electrodes from it, their transportation and 
storage, physical adsorption of moisture by the devel-
oped surface of the sponge titanium (and residual chlo-
rine salts which were not completely removed from the 
sponge titanium) is possible. It should be noted that 
atmospheric gases physically adsorbed on the surface 
of the sponge are not dissolved in titanium. Therefore, 
during further metallurgical processing, in conditions 
of high temperatures and vacuum, they are removed by 
a vacuum system. In the case of remelting of spongy ti-
tanium electrodes under conditions of excess pressure, 
residual moisture can cause an increased content of hy-
drogen and oxygen in titanium.

The authors of works [6, 7] also point to the possi-
bility of grinding the microstructure of ingots melted 
by vacuum ESR. This effect is explained by a more 
uniform temperature distribution in the molten slag 
pool, alignment of the crystallization front, and an 
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increase in the local rate of solidification caused by 
the intensification of the hydrodynamic flows of the 
slag as a result of the evaporation of fluorides and the 
emission of CO.

In view of the above, it is of some interest to study 
the process of ESR of titanium under vacuum con-
ditions. Vacuum ESR can combine the advantages 
of ESR and VAR processes, in particular, to ensure 
high quality of the ingot surface formation, dense and 
homogeneous metal structure, reliable gas protection 
and hydrogen removal.

The aim of this work was to study the technolog-
ical features of the ESR process of titanium under 
vacuum conditions, to determine its effect on the gas 
composition and features of the structure formation of 
the ingot metal.

EXPERIMENTAL PROCEDURE
Experimental studies were carried out in the equip-
ment for chamber ESR of highly reactive materials 
developed in the E.O. Paton Electric Welding Insti-
tute (Figure 1). The installation is equipped with a 
chamber that ensures complete sealing of the melting 
space, a vacuum system, an inert gas supply system 
and pressure monitoring devices. The installation al-
lows the remelting process both under conditions of 
excess pressure up to 500 kPa, and under conditions 
of vacuum, when melting ingots with a diameter from 
60 to 260 mm.

Experimental melting was performed by remelt-
ing pressed consumable electrodes with a diameter of 
50 and 75 mm under fluoride-chloride AN-T4 flux, in 
copper water-cooled moulds with a diameter of 85 and 
105 mm. Electrodes of two compositions were used: 
made of spongy titanium TG 110, for titanium VT1-0 
(commercially pure titanium); made of spongy titanium 
TG 130 and K-5-1 master alloy (TU 48-4-306‒88) for 
VT22 alloy (Ti‒5Al‒5V‒5Mo‒1Fe‒1Cr, wt.%). Before 
melting, the melting space was evacuated to a pressure 
of 2.6 Pa (2∙10‒2 mm Hg), then filled with argon. Exper-
iments were performed at different values of argon pres-
sure, from a vacuum of 20 kPa to an excess pressure of 
300 kPa. Acceptable pressure values were chosen taking 
into account the results of work [8].

According to the results of the experiments, the 
stability of the electroslag process was evaluated, 
the gas composition and features of the structure for-
mation of the ingot metal were investigated. The gas 
composition was determined by the method of reduc-
tive melting of samples in a flow of inert carrier gas 
[9]. For this purpose, samples of a cylindrical shape 
with a diameter of 3 mm and a length of 3 mm (type 
MI-99) were produced.

RESULTS AND DISCUSSION
The results of the experiments are presented in the Ta-
ble 1 and in Figures 2‒7. In the entire studied range of 
pressures, from vacuum to excess pressure, the electro-
slag process was stable. This confirms the results of re-
search presented in [8], where acceptable ranges of low 
pressure were established when using AN-T4 flux.

The melted ingots had a good quality of side surface 
formation. For comparison, Figure 2 shows the appear-
ance of VT1-0 ingots obtained at pressures of 25 and 
160 kPa. When melting under vacuum conditions, the 
side surface turned out to be a little rougher (Figure 2, 
a) than under excess pressure (Figure 2, b). This can be 

Figure 1. Schematic of the experimental installation for the ESR 
in a vacuum condition: 1 — vacuum/pressure gauge; 2 — ion-
ization vacuum gauge; 3 — vacuum valves; 4 — inlet valve; 
5 — vacuum pump; 6 — argon cylinder; 7 — pressure regulator 
with rotameter; 8 — furnace chamber; 9 — consumable electrode; 
10 — slag pool; 11 — metal pool; 12 — ingot; 13 — water-cooled 
mould; 14 — camcorder

Table 1. The gas composition of titanium ingots obtained by ESR 
at different pressures in the melting space, wt.%

Alloy Pressure, 
kPa

Content weight, %

[O] [N] [H]

VT1-0
25 0.074 0.0060 0.0034

160 0.070 0.0056 0.0052

VT22

25 0.13 0.015 0.0052
50 0.14 0.027 0.0053
75 0.09 0.022 0.0065

100 0.14 0.020 0.0076
150 0.14 0.025 0.0068
200 0.14 0.027 0.0064
250 0.13 0.014 0.0070
300 0.13 0.015 0.0064
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explained by an increase in the hydrodynamic activity of 
slag and metal pools during melting in a vacuum, which, 
in turn, leads to a periodic change in the thickness of the 
slag skull on the surface of the ingot. However, in both 
cases no surface defects were found.

The results of gas analysis of the ingots metal are 
given in table 1 and in Figures 3, 4. The analysis of the 
obtained data indicates the absence of a clear regularity 
regarding the effect of pressure on the content of oxygen 
and nitrogen in the metal of ingots. In VT1-0 titanium 
ingots, a slight (by 5‒7 %) increase in the content of ox-
ygen and nitrogen was observed in the metal melted un-
der vacuum conditions (25 kPa) compared to the metal 
obtained under excess pressure (160 kPa) (Figure 3 a, 
b). However, the difference in the content of elements 
is within the measurement error, which does not give 
grounds to assert a certain regularity.

The absence of regularity in the effect of pressure 
(in the studied range of 25‒300 kPa) on the content 
of oxygen and nitrogen was also observed during the 
smelting of the VT22 alloy. In this case, the oxygen 
and nitrogen content in the experiments ranged from 
0.09 to 0.14 and 0.014 to 0.027 %, respectively, with-
out increasing or decreasing trends (Figure 4 a,  b). 
Obviously, such results are related to various ran-
dom factors that influenced the obtained data (mea-
surement errors, impossibility to maintain absolutely 
identical conditions for different experimental melt-

ing, etc.). This suggests the need for further statistical 
supplementation of the obtained results. Nevertheless, 
it can be stated that in the studied range, the pressure 
level in the melting space has no effect on the content 
of oxygen and nitrogen in titanium ingots.

As for the hydrogen content, a certain regularity 
was established in this case, both for ingots of com-
mercially pure VT1-0 titanium and for ingots of ti-
tanium VT22 alloy. It manifests itself in a decrease 
in the presence of hydrogen when conducting the 
ESR process under vacuum conditions (Figures 3, c, 
4, c). When smelting VT1-0 ingots, a decrease in the 
pressure in the melting space from 160 to 25 kPa led 
to a decrease in the hydrogen content in the metal 
from 0.0052 to 0.0034 wt.%., i.e. by 35 %. Similar 
results were obtained for VT22 alloy ingots. When 
the pressure decreased from 100‒300 kPa (overpres-
sure range) to 25 kPa, there was a regular decrease 
in the hydrogen content in the ingot metal from 
0.0064‒0.0076 to 0.0052 wt.% (by 25 % on average).

Thus, the data obtained give grounds to assert that 
it is possible to reduce the hydrogen content in titani-
um alloys by 20‒35 % by carrying out the ESR pro-
cess under vacuum conditions (20‒25 kPa).

Figure 5 shows the cross-sectional macrostruc-
tures of VT1-0 titanium ingots obtained by ESR at 
an inert gas pressure in the melting space of 25 and 

Figure 2. VT1-0 titanium ingots melted at a pressure of 25 kPa 
(a) and 160 kPa (b)

Figure 3. The content of oxygen (a), nitrogen (b) and hydrogen 
(c) in VT1-0 titanium ingots, depending on the inert gas pressure 
in the melting space of the ESR furnace

Figure 4. The content of oxygen (a), nitrogen (b) and hydrogen (c) in ingots of the VT22 alloy, depending on the inert gas pressure in 
the melting space of the ESR furnace
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160 kPa. In both cases, the metal structure is dense, 
without pores, non-metallic inclusions and other in-
ternal defects.

Figures 6‒7 present the results of metal macro-
structure analysis using the MIPAR software. The 
average grain size (equivalent diameter) in the ingot 
melted at a pressure of 25 kPa was 2.07 mm, and at 
160 kPa – 1.26 mm. That is, the ingot smelted under 
excess pressure had a finer-grained structure than the 
ingot smelted in a vacuum. On the one hand, this co-
incides with the data given in [10], where it is noted 
that the ingots of ESR under pressure have a more dis-
persed structure, compared to the ingots of tradition-
al ESR. On the other hand, it contradicts the data of 
the work [6], where the grain grinding of ESR ingots 
melted under vacuum conditions was found.

The effect of excessive pressure on the nature of 
structure formation can be explained by known fac-
tors: an increase in the degree of supercooling and the 
crystallization rate, a decrease in the size and more 
uniform formation of crystal nuclei, a decrease in the 
energy of interphase interaction at the melt-crystal in-
terface, etc. [11].

In our case, the influence of pressure on the forma-
tion of the structure of ingots can also be explained by 

its influence on the modes of ESR. Thus, it was shown 
in [8] that a decrease in the pressure in the melting 
space below the atmospheric pressure leads to a de-
crease in the melting current. In turn, this causes a 
decrease in heat generation in the slag pool (without 
a forced increase in the melting current due to the 
electrode feed rate), which affects the nature of metal 
structure formation, the local rate of hardening and 
the size of the grains of the cast metal.

Figure 7 shows the microstructure of VT1-0 ti-
tanium ingots obtained at different pressure values. 
Defects in the form of microporosity, cracks, non-me-
tallic inclusions were not detected. The metal is char-

Figure 5. Macrostructure of the cross-section of titanium ingots 
with a diameter of 80 mm, obtained by ESR at an inert gas pres-
sure of 25 (a) and 160 kPa (b)

Figure 6. Grain structure (a, b) and grain size distribution (c, d) in VT1-0 ingots obtained at pressure: a, c — 25 kPa; b, d — 160 kPa
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acterized by a coarse lamellar (acicular) structure 
with a disoriented intra-grain structure. The thickness 
of a-plates is on average 8‒15 μm. This structure is 
typical for titanium in the cast state and is formed due 
to high overheating of the melt and low crystallization 
rates. Fundamental differences in the microstructure 
of ingots obtained under vacuum conditions (25 kPa) 
and under excess pressure (160 kPa) were not found.

CONCLUSIONS
1. Ingots of titanium alloys VT1-0 and VT22 were ob-
tained by the ESR method in a chamber-type furnace 
at different values of pressure in the melting space, 
from vacuum to excess pressure. It is shown that in 
the entire investigated pressure range of 20‒300 kPa, 
the electroslag process was stable with the formation 
of ingots with a high-quality side surface and a dense 
structure, without pores, slag inclusions and other in-
ternal defects.

2. Experimental data on the influence of the pres-
sure in the melting space of the ESR furnace in the 
range of 20‒300 kPa on the gas composition of titani-
um ingots were obtained. The possibility of reducing 
the hydrogen content in titanium alloys by 20‒35 % 
by carrying out the ESR process under vacuum con-
ditions (20‒25 kPa) has been established. At the same 
time, a regular influence of the pressure in the melting 
space on the content of oxygen and nitrogen in tita-
nium ingots in the investigated range was not found.

3. It was established that the VT1-0 titanium ingot, 
melted under vacuum conditions of 25 kPa, is char-

acterized by a larger grain size compared to the ingot 
obtained at an excess pressure of 160 kPa. At the same 
time, the average equivalent diameter of the grains 
was 2.07 mm and 1.26 mm, respectively.
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