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This paper reports a comprehensive study that
investigated the quality of heat-resistant titani-
um alloys VT3-1 and VT9 obtained by the meth-
od of electron beam melting (EBM). It is shown
that EBM makes it possible to produce high-quali-
ty metal of ingots of heat-resistant titanium alloys
VT9 and VT3-1.

Semi-finished articles were made in the form of
bars from ingots obtained by the EBM method. It
was established that in the macrostructure of the
deformed metal there are no cracks, delamination,
cavities, metal and non-metallic inclusions. The
macrostructure of the metal of the bars corresponds
to 4 points for the alloy VT3-1 and 4-5 points for the
alloy VT9 on the 10-point scale of microstructures
of instruction 1054-76. It was shown that the metal
microstructure of forged bars of VT9 alloy consists
of primary p grains with a continuous or intermittent
a-rim along the grain boundaries 3—4 us thick. The
structure of the metal in the volume of grain — lamel-
lar type with partially globularized plates of the a
phase, plates of a-phase of close orientation form o
colonies measuring 10—40 us. The thickness of the
a plates is 1-5 us, between the plates or globules of
the a phase there is a layer of B phase with a thick-
ness of 1-2 us. The microstructure of the deformed
metal of titanium alloy VT3-1 consists of primary
P grains, the volume of which contains colonies of
lamellar o phases measuring 10—100 us. The thick-
ness of a plates is 1.5-3 us, the layer of B phase in the
intervals between a-plates is mainly 0.3-0.5 us. The
microstructure of semi-finished articles in the form of
deformed bars of alloys VT9 and VT3-1 corresponds
to type 4-6 according to the 9-type scale of the
microstructure of instruction 1054-76. Studies of the
mechanical properties of the obtained semi-finished
articles have shown that they meet all the require-
ments of regulatory standards that are put forward
by industry to the quality of the metal of heat-resis-
tant titanium alloys
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1. Introduction

Currently, there is a great need to obtain and use materials
for aviation and power engineering. Aerospace and aviation
technology needs light and durable materials that can com-
plement the heat-resistant alloys traditionally used in these
areas, based on nickel, cobalt, and iron. Heat-resistant alloys
based on titanium are one of the ways to solve this task. A
conventional technological method to produce titanium alloy
ingots is vacuum-arc remelting (VAR) of consumable elec-
trodes. The quality of the materials used for parts of responsi-
ble use is subject to high requirements, which are constantly
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being improved and become more stringent. Using exclusively
the VAR method for the production of titanium alloy ingots
does not always make it possible to obtain high-quality metal,
and in the case of violation of the technological process for
the production of titanium alloys, defects are found in the
ingots that reduce the quality of the metal. Therefore, in order
to widely use heat-resistant titanium alloys in various struc-
tures, it is necessary to improve the technology for obtaining
ingots and producing semi-finished articles from them. The
results of such studies are needed by practice because it seems
promising to use the method of electron beam remelting to
obtain high-quality titanium alloys.




2. Literature review and problem statement

Global trends in the development of technology for ob-
taining ingots of heat-resistant titanium alloys and the pro-
duction of semi-finished articles from them for the manu-
facture of parts are practically common for leading aviation
enterprises. The production of titanium alloys is associated
with difficulties caused by the high sensitivity of titanium to
impurities. Titanium interacts with many chemical elements,
in particular oxygen, nitrogen, hydrogen, carbon, resulting in
the formation of solid solutions or chemical compounds [1]. It
is shown in works [2, 3] that one of the main structural im-
perfections of titanium alloys is the presence of non-metallic
inclusions. And work [4] assumes that the uneven distribution
of alloying elements over the volume of grain in titanium
alloys leads to the destruction of articles. EBM technology
avoids these shortcomings but the possibilities for obtaining
complex alloyed heat-resistant alloys by this method have not
been sufficiently studied.

The high activity of titanium leads to the flow of physico-
chemical processes of interaction with gases, even in the solid
state. Therefore, non-metallic inclusions, in particular nitrides
and oxides, can be formed both in the process of smelting ingots
and at various stages of technological redistribution into fin-
ished articles. Non-metallic inclusions in the finished product
can be made from charge materials during the smelting process,
as well as formed during the heat treatment of the finished
product. Titanium actively interacts not only with gases but
also with other elements, including alloying components of
alloys. Thus, in [4], it is noted that this can lead to the forma-
tion of intermetallic inclusions, for example, TizAl, TiAl, TiCr
and others, due to local enrichment of individual volumes of
ingots with alloying elements. Therefore, in order to avoid these
problems, it is necessary to involve innovative technologies for
obtaining ingots of heat-resistant titanium alloys.

One of the promising areas of metallurgical production
of heat-resistant titanium alloys is electron beam melting.
It makes it possible not only to deeply clean these materi-
als from gas and volatile metal impurities but also greatly
simplifies the process of metallurgical redistribution and
ensures the production of articles with qualitatively new
mechanical properties. In [5], it is shown that EBM also
provides the possibility of obtaining ingots of titanium al-
loys by melting the primary charge of both spongy titanium
and ligature. However, the issue of obtaining heat-resistant
titanium alloys by the EBM method remains unresolved.

It is shown in [6, 7] that the strength of heat-resistant ti-
tanium alloys is determined not only by the degree of doping
but also by the parameters of pressure treatment, subsequent
heat, or thermomechanical treatment. Papers [8, 9] report the
results that show that increasing the strength of the alloy, as
arule, leads to a decrease in its ductility. This is a significant
drawback of the material in the manufacture of structures
from it that work on vibration, repeated statics, bending,
shock loads. Therefore, it is expedient to carry out work on the
choice of such technological modes that will make it possible
to achieve an optimal combination of the mechanical proper-
ties of heat-resistant titanium alloys obtained by EBM.

Studies [10, 11] note that more attention should be paid
to improving (o+p)-titanium alloys, optimizing the parame-
ters of deformation of ingots in the manufacture of semi-fin-
ished articles from them and strengthening heat treatment
modes because the structure and mechanical properties of
forgings, like other semi-finished articles made of titanium

alloys, depend on the deformation parameters and can vary
within fairly large limits. At the same time, a feature of
semi-finished products obtained by the forging method is
more significant heterogeneity and instability of the struc-
ture and mechanical properties, which is explained by a
wide range of deformation parameters within each forging.
Therefore, stable provision of the required quality of forged
semi-finished articles, as a rule, is a more challenging task
than ensuring the required quality of semi-finished articles
manufactured by other methods of plastic deformation.

The low thermal conductivity of titanium and its alloys
negatively affects the hot deformation process directly. Due to
the thermal effect of deformation with large degrees of forging,
significant overheating of the metal is observed in areas of
intense deformation, deterioration of its structure and prop-
erties. To prevent the formation of zones with an unfavorable
structure is possible only with a careful selection of the scheme,
degree, speed, and initial temperature of metal deformation.
In [12], it is shown that the temperature regimes of subsequent
forging operations, especially the final ones, depend on the re-
quirements that are imposed on the structure and mechanical
properties of the forgings, and on the structure of the original
blanks and the level of deformation. Therefore, the primary
forging of ingots or blanks must be carried out at temperatures
of single-phase B state. Such high-temperature forging not only
greatly facilitates the deformation process but also contributes
to a more complete and uniform processing of the cast struc-
ture, ensuring the production of a fine-grained macrostructure.

Consequently, it is expedient to conduct experiments on
the production of heat-resistant titanium alloys by the EBM
method and to study their quality.

3. The aim and objectives of the study

The aim of this study is to determine the structure and
mechanical properties of semi-finished articles made of
heat-resistant titanium alloys VT3-1 and VT9, which will
make it possible to show the prospect of using EBM to ob-
tain high-quality metal ingots.

To achieve the set aim, the following tasks have been solved:

— to carry out experimental smelting to obtain ingots of
heat-resistant titanium alloys VT3-1 and VT9 and to inves-
tigate their chemical composition and structure;

— to carry out work on the manufacture of semi-finished
articles in the form of bars from ingots of heat-resistant tita-
nium alloys VT3-1 and VT9;

— to investigate the macro- and microstructure of the de-
formed metal of the bars of titanium alloys VT3-1 and VT9,
obtained from ingots of electron beam melting;

—to determine the mechanical properties of the bars of
heat-resistant titanium alloys VT3-1 and VT9 of electron
beam melting.

4. The study materials and methods

The first widely used serial heat-resistant titanium alloy
was titanium (a+B)-alloy VT3-1, developed in 1957. The
alloy was used for GTE parts that operate for a long time
at temperatures up to 450 °C. Alloy VT3-1 is a deformed
heat-resistant titanium alloy of the Ti—Al-Mo—-Cr—Fe-Si
system and belongs to the two-phase a+p alloys of marten-
sitic class [7,9, 10]. The temperature of a+B«>p transition



is 970+20 °C. The macro and microstructure of semi-fin-
ished articles made of VT3-1 alloy depends on the conditions
of deformation and subsequent heat treatment. After the
final deformation in the (a+B) region, the grain size may be
different depending on the manufacturing conditions of a
workpiece: from the smallest (invisible) fiber to the grain
of 6 or more points [8, 9]. The optimal set of properties that
ensure reliable performance corresponds to the macrostruc-
ture of 4—8 points and the microstructure of types 5—8 [10].

After that, in 1958, titanium alloys VT8 and VT9 were
developed, designed for long-term operation at 500 °C. VT9
alloy is a two-phase (atB)-alloy. The high content of alu-
minum and silicon alloying provide higher heat-resistant
properties compared to the VT6 alloy. Titanium alloy VT9
is a deformable alloy and belongs to materials with high heat
resistance and resistance to corrosion manifestations. Alloy
VT9 is strengthened by heat treatment — quenching and
aging. The optimal combination of mechanical properties is
provided by double annealing. Parts can be made from it —
GTE discs, blades, and other parts of the compressor [10—-12].

The metal of heat-resistant titanium alloys VT3-1 and
VT9 was obtained according to the technology developed at
EEZ named after Paton, NAS of Ukraine, the technology of
electron beam melting with intermediate capacity. Experi-
mental melting was carried out on the electron beam installa-
tion UE5810, equipped with 7 cathode ray guns “Paton 300”
(Ukraine) with a capacity of 300 kW each. The installation
UE5810 (Ukraine) makes it possible to smelt ingots of titani-
um alloys with diameters from 400 to 1100 mm in length up to
4000 mm. The smelting process was carried out in a vacuum
of 0.1-0.01 Pa, which created the most favorable conditions
for the removal of hydrogen from the metal and made it impos-
sible to contaminate titanium with nitrogen and oxygen. The
use of intermediate tank ensured the removal of refractory
inclusions of high and low density [5].

For an accurate analysis of the content of alloying
elements in the ingots of the resulting alloys, the method
of inductively coupled plasma/optical emission spectrom-
etry (ICP-OES) was used on the ICP-spectrometer ICAP
6500 DUO manufactured by Thermo Electron Corpora-
tion (USA). To determine the content of oxygen, nitrogen
and hydrogen, samples of a cylindrical shape with a diameter
of 3mm and a length of 3 mm were made. The content was
determined on devices RO-316, TN-114 of LECO (USA).

To study the presence or absence of internal defects
in the form of non-metallic inclusions in titanium ingots,
as well as pores and leaks, the method of ultrasonic flaw
detection was used. The studies were carried out using the
ultrasonic flaw detector UD4-76 (Ukraine) by the echo-
pulse method with the contact control option. The operating
frequency of the analysis was 1.25 MHz, which provided the
maximum signal-to-noise ratio.

The deformation processing of the obtained ingots of
heat-resistant titanium alloys was carried out on a horizon-
tal forging machine produced by NKMZ with a nominal
force of 1200 tons (Ukraine) and a reversible rolling dou-
ble-rolled mill 500/350 of Skoda (Czech Republic).

The macrostructure of the ingots was studied on trans-
verse templets cut from the middle of the ingots. The struc-
ture was detected by etching the templets in a 15 % solution
of fluoric acid with the addition of a 3 % solution of nitric
acid at room temperature.

To identify the microstructure of the samples, etching
was carried out in a special reagent, which consists of a

mixture of hydrofluoric and nitric acids in the ratio: 1 part
hydrofluoric (HF) and 3 parts nitric (HNO3).

The sample structure was examined on the light micro-
scope “Neophot-32” (Germany) at various magnifications.
Photos of microstructures were obtained using the S-3000
digital camera from OLYMPUS (Japan).

Mechanical strength tests were carried out on standard
samples with a diameter of 5 mm with five times the cal-
culated length using machines for static load. Samples for
mechanical testing were cut along the diameter of the ingot
in cross-section. Tests for impact toughness were carried out
on pendulum copra using samples with a U-shaped incision.
Hardness control was carried out on Brinell’s press.

5. Results of studying the quality of semi-finished articles
from heat-resistant titanium alloys VT3-1 and VT9
obtained by the method of electron beam melting

5. 1. Production of ingots of heat-resistant titanium
alloys VT3-1 and VT9 by electron beam melting

In order to study the quality of the metal of heat-resis-
tant titanium alloys, experimental melting was carried out
to obtain ingots of titanium alloys VT3-1 with a diameter of
400 mm and VT9 with a diameter of 600 mm on the electron
beam installation UE5810. Ingots were obtained using elec-
tron beam melting technology with an intermediate capacity
and portion supply of liquid metal to a water-cooled pass-
through crystallizer (Fig. 1). When determining the techno-
logical parameters of melts, the modes of heating the surface
of liquid titanium in the crystallizer were used, which ensure
a homogeneous fine-grained structure of the ingot and high
quality of its side surface [5].

a

Fig. 1. The process of electron beam melting of ingots of
heat-resistant titanium alloys: a — alloy VT3-1; crystallizer
diameter, 400 mm; b — alloy VT9; crystallizer diameter, 600 mm

The composition of the initial charge was determined
by the results of calculations according to the mathematical
model of evaporation processes from the melt in vacuum under
electron beam melting conditions [13]. This model establishes
the dependence of the concentration of aluminum and other
alloying elements of the alloy in the ingot on the melting rate,
the concentration of alloying elements in the output charge
and the melt temperature. This makes it possible to predict
the chemical composition of the ingots of titanium alloys.

After smelting for cooling to a temperature below 300 °C,
the ingots were left in the vacuum chamber of the UE5810
installation at a residual pressure of not more than 10 Pa
for 6-8 hours. As a result, the side surface of the ingots
smelted by the method of electron beam melting had a metal-
lic color; an increased concentration of impurity elements on
the surface in the form of an oxidized or alfed layer was not
observed. The depth of surface defects of the “corrugation”
type on the surface of the ingots was 2—3 mm.



In order to remove surface defects, the side surface of
the obtained ingots was treated in vacuum using electron
beam melting technology [14, 15]. After melting, the sur-
face of the ingots of titanium alloys VT3-1 and VT9 has a
smooth mirror appearance, without visible cracks, breaks,
and other surface defects that may occur during electron
beam melting (Fig. 2).

Fig. 2. Ingots of heat-resistant titanium alloys of electron beam
melting: a — alloy VT3-1, @400 mm; 6 — alloy VT9, @600 mm

To assess the homogeneity of the distribution of alloying
elements along the length of the obtained ingots, the chemi-
cal composition of the samples taken at a distance of 50 mm
from the upper and lower ends of the ingot, as well as from its
middle was determined (Table 1). Samples for determining
the concentration of gas impurities in titanium alloys VT3-1
and VT9 were selected only from the main part of the ingots.

The study of the macrostructure of the metal of the ingots
showed that it is dense, homogeneous, with the absence of zones
that are etched differently, along the cross-section of the ingot.
There is no significant difference in the structure of the central
ingot zone and the peripheral zone. Defects in the form of pores,
shells, cracks, and non-metallic inclusions were not detected.
Segregation of alloying elements characteristic of vacuum-arc
remelting ingots was not detected. The crystal structure of the
metal is the same along the entire length of the ingots and is
characterized by crystals, close in shape
to equivocal. There are no sections of the
columnar structure.

The most important criterion for the
quality of ingots of titanium alloys is the

The microstructure of the cast metal of titanium al-
loy VT9 has a two-phase structure and consists of a- and
B-phases (Fig. 3, b). Primary B-grains have an o-phase rim,
the thickness of which is 5-10 us. In the volume of grain,
the plates of the a phase form colonies, the width of which
is 50—300 ps, the thickness of the a plates is 1.5—-6 us. In the
intervals between the a-plates there is a  phase with a thick-
ness of 0.3—1.5 um.

Fig. 3. Microstructure of cast metal of heat-resistant titanium
alloys: a — alloy VT3-1; b — alloy VT9

Table 1

The content of alloying elements and gas impurities in the ingots of heat-resistant
titanium alloys VT3-1 and VT9 obtained by the method of electron beam melting

absence of non-metallic inclusions in the | Alloy All . Content, wt%

metal, especially in the form of refractory | type | Y P4 Mo Si Fe Zr Cr O | N H

gitrogen-coptgining titanium particle§ or Upper | 6.08 | 351 0.28 017 | 1.64 | <0.1

titanium  nitrides [16]. When remelting | yg ["Middle | 598 | 352 | 027 | 047 | 162 | <01 | 0.10 | 0.01 | 0,002

“taﬁ“u{n “SH}gh electron b‘j‘,m melting Lower | 6.10 | 355 | 027 | 0.8 | 1.66 | <0.1

E;Ct}?;;i}{ ;ﬁz pi;;iﬁﬁiﬁzzlcjﬁg OCT1 90013-81 [5.8-7.0]2.8-3.8]0.20-0.35] <0.25 [1.0-2.0] <0.1 |<0.15]<0.05]<0.015

tions are created to ensure the removal of UPper 666 | 205 0.25 043 | 0.006 | 116

the above inclusions. VT3-1| Middle | 6.92 2.30 0.28 0.47 | 0.008 | 1.28 | 0.08 [0.005| 0.002
In the ultrasound examination of the Lower | 644 | 243 0.23 0.52 | 0.007 | 1.30

ingots, multiple reflections of small am- | GOST 19807-91 [5.5-7.0{2.0-3.0]0.15-0.40[0.2-0.7] <0.1 [0.8-2.0[<0.15[<0.05[<0.015

plitude were observed. This is typical of

cast metal and is the result of signal reflection from the grain
boundaries. The analysis found no signals that could be inter-
preted as large non-metallic inclusions, pores, and shrinkage
caverns.

The microstructure of the metal ingot a+B-alloy VT3-1
belongs to the structure of the martensitic type (Fig. 3, a).
The grains of cast metal of titanium alloy VT3-1 consist
of colonies of the lamellar a phase mainly about 300 pus in
size, the thickness of the a plates is 5-7.5 ps. The B-phase is
located in the spaces between the o-plates. An a-phase rim
is observed along the boundaries of some primary B-grains.

3. 2. Manufacturing semi-finished articles from ingots
of heat-resistant titanium alloys VT3-1 and VT9

In order to study the quality of the metal of ingots of
heat-resistant titanium alloys obtained by the EBM method,
work was carried out on the manufacture of deformed bars of
45 mm from the ingot @400 of the alloy VT3-1 and @300 mm
from the ingot @600 mm of the alloy VT9 (Fig. 4).

The thermodeformation treatment of VT3-1 alloy ingots
was carried out on a reversible rolling double-roll rolling
mill, by gradually running the ingot onto the @45 mm bar.
Rolling was carried out in several passes with intermediate



heating of workpiece during the deformation process. The
heating temperature of workpiece in the electrical resistance
furnace was 1050 °C.

Previous studies have shown that the temperature of the
polymorphic transformation (CCI) for VT3-1 alloy samples
was T=985 °C.

Fig. 4. Semi-finished articles in the form of rolled and forged
rods made of heat-resistant titanium alloys: a — @45 mm
from VT3-1 alloy; b6 — @300 mm from alloy VT9

To relieve residual stresses, heat treatment of the result-
ing bars was performed according to the following modes.
Heating to 950 °C; exposure in the furnace for 60 minutes;
moving to a furnace with a temperature of 550 °C; exposure
in the furnace for 135 minutes; air cooling.

Thermodeformation treatment of VT9 alloy ingots was
carried out on a horizontal forging machine with a nominal
force of 1200 tons by forging in three stages.

At the first stage, the @600 mm ingot was heated in a fur-
nace to a temperature of 1180 °C and kept for 8 hours. Forging
was carried out on flat molds in a square of 450x450 mm.

At the second stage, the resulting square billet was
heated to a temperature of 1100 °C, forged into a round bar
@360 mm, and cut into three parts.

At the third stage, the resulting bar was heated to a tem-
perature of 1100 °C and forged through a square to the finished
size of @300 mm. Next, we carried out the straightening.

The temperature of the end of forging at each stage was
not lower than 850 °C.

Previous studies have shown that the temperature of the
polymorphic transformation (CCI) for VT9 alloy samples
was 950 °C.

To relieve residual stresses, heat treatment of the result-
ing bars was performed. The heat treatment mode included
heating to 950 °C; exposure in the furnace for 60 minutes; air
cooling; heating in the furnace to a temperature of 550 °C;
exposure in the furnace for 360 minutes; air cooling.

5. 3. Investigation of the structure of semi-finished ar-
ticles from heat-resistant titanium alloys VT9 and VT3-1

The study of the microstructure, as well as the study
of porosity, was carried out on transverse and longitudinal
micro sections, which were cut from the metal of the result-
ing semi-finished articles in the form of bars. The etching of
micro sections occurred in the reagent; hydrofluoric acid is
an obligatory component of the reagent.

Longitudinal and transverse templets were cut from the
obtained forged bars @45 mm from heat-resistant titanium
alloy VT3-1 and @300 mm alloy VT9 to determine the mac-
rostructure. In the macrostructure of the metal of the result-
ing bars there are no cracks, delamination, cavities, areas of
liquation origin, metal and non-metallic inclusions visible to
the naked eye (Fig. 5). The background of the macrostructure
is brilliant. The macrostructure of the metal of the bars cor-
responds to 4 points for the alloy VT3-1 and 4—5 points for

the alloy VT9 on a 10-point scale of instruction 1054-76 [17],
which fully meets the requirements of the standards.

In addition, to assess the quality of the metal obtained by
the method of electron beam melting, according to standard
methods [18], a study of the microstructures of the obtained
semi-finished articles of heat-resistant titanium alloys VT3-1
and VT9 was carried out.

The studies have shown that the microstructure of sam-
ples of deformed metal alloy VT3-1 corresponds to type 5—6
of the 9-type scale of microstructures OST1 90197-89 [17].
The microstructure of the metal of the rod @45mm titani-
um alloy VT3-1 consists of primary B grains, the volume
of which contains colonies of plate a phases measuring
10—100 ps. The thickness of a-plates is 1.5— 3 us, the layer of
the B phase in the intervals between the a plates is less than
1 pm (mainly 0.3-0.5 ps) (Fig. 6, a).

The microstructure of samples of deformed rods @300 mm
of the alloy VT9 corresponds to type 4—6 of the 9-type scale
of microstructures OST190197-89 [17]. The metal of the rod
consists of B grains with a continuous or intermittent a-rim
along the grain boundaries, the thickness of which is 3—4 ps.
The structure of the wrought-iron rod in the volume of grain
is of a lamellar type with partially globularized plates of the a
phase (Fig. 6, b). Between the plates or globules of the o phase
there is a layer of B phase with a thickness of 1-2 us. Plates
of the a-phase of close orientation form a-colonies measur-
ing 10—40 ps. The thickness of a-plates is 1-5 ps.

W

a b

Fig. 5. Macrostructure of forged bars of heat-resistant titanium
alloys: a — alloy VT3-1, @45 mm; b — alloy VT9, @300 mm

Fig. 6. Microstructure of deformed metal bars of heat-
resistant titanium alloys: a — alloy VT3-1; b — alloy VT9

5. 4. Mechanical properties of bars of heat-resistant
titanium alloys VT3-1 and VT9

The mechanical characteristics of semi-finished arti-
cles in the form of @45mm bars made of VT3-1 alloy and
@300 mm rods made of VT9 alloy were determined at a
temperature of 20 °C. In order to check the compliance of the
mechanical properties of semi-finished articles with the re-



quirements of the standards, samples for stretching, impact
strength, and hardness were tested (Tables 2, 3).

As can be seen from the results obtained, all values of
the mechanical properties of the studied samples do not go
beyond the requirements of industrial standards, which indi-
cates the high quality of the metal.

Table 2

Mechanical properties of samples of deformed semi-finished
titanium alloy VT3-1

Sample No. s, MPa |d, %|y,% |KCU, J/cm?| Hardness, HB
1 1,100 16 | 31 32 331
2 1,126 18 | 31 31 316
3 1,088 20 | 34 30 321
0OST1.90173-75/980-1,225|>10|>30 >29 269-363
Table 3

Mechanical properties of samples of deformed semi-finished
product of heat-resistant titanium alloy VT9

Sample No. s, MPa |d, %|y,% |KCU, J/cm?| Hardness, HB
1 1,140 8 | 24 29 331
2 1,089 12 | 30 31 320
3 1,081 11 | 30 32 328
4 1,070 13 | 28 30 323
OCT1.90107-73|932—1,177| >6 |>14 >29 269-363

6. Discussion of results of studying the quality of the
obtained semi-finished articles from titanium alloys
VT3-1 and VT9

When smelting heat-resistant titanium alloys, complex
physicochemical processes of interaction between charge
materials and alloying components, a protective atmosphere
and conditions for heating and cooling of the metal take
place [5, 13]. Therefore, the choice of technology for smelting
heat-resistant titanium alloys and determining technological
modes of the melting process are decisive factors in obtaining
a high-quality metal. The use of high vacuum in combination
with a concentrated independent heating source gives EBM
technology significant advantages over other conventional
methods of obtaining ingots of heat-resistant titanium alloys.
And the presence of an intermediate tank generally brings
the quality of the resulting metal to a qualitatively new level
unattainable for other smelting methods.

The results of the study of heat-resistant titanium alloys
VT3-1 and VT9 obtained using EBM technology showed
that there are no defects in the volume of ingots. There were
no insubstantialities, non-metallic inclusions with a size of
more than 1 mm, as well as dense clusters of smaller inclusions.
The structure of the resulting EBM metal is dense, crystalline
heterogeneity and zonal liquation are absent. Segregation of
alloying elements characteristic of VAR ingots [19] was not
detected. The distribution of alloying elements along the
length of the ingots is uniform, and their content corresponds
to the grade composition of the corresponding alloys (Ta-
ble 1). This is ensured through the use of an intermediate
container in which the chemical composition is averaged and
inclusions of high at low density are removed.

It was determined that the content of gas impurities in
the ingots obtained by the method of electron beam melting
is significantly less than the maximum limit values. The
presence of a vacuum medium in the smelting zone and the

action of a concentrated heating source contribute to ensur-
ing the hydrogen content in the alloys 7.5 times lower than
required by the standards (Table 1).

In contrast to [19], the crystal structure of the metal of the
ingots is the same throughout the cross-section and is charac-
terized by crystals that are close in shape to equidistant. Sec-
tions of the columnar structure are absent in all cases. This is
achieved by conducting the process under modes that provide
aminimum depth of the liquid bath on the surface of the ingot
in the crystallizer.

The investigated microstructure of the examined barsis typ-
ical of heat-resistant titanium alloys VT3-1 and VT9 (Fig. 6).
The smaller structure of the alloy VT3-1 in comparison with
the structure of the alloy VT9 is explained by a greater general
degree of deformation of the metal. Thus, in the manufacture of
@45 mm bars, the degree of deformation was more than 98 %,
against 75 % in the manufacture of @300 mm bars.

Studies of the mechanical properties of samples cut from
semi-finished articles in the form of @45 mm rods from
heat-resistant titanium alloy VT3-1 obtained by cathode ray
melting showed some variation in properties (Table 2). The
reason for this may be the structural heterogeneity of the
metal samples. To obtain the best combination of strength
characteristics, more complex heat treatment modes are rec-
ommended for the resulting semi-finished articles.

Analysis of the mechanical characteristics of @300 mm
bars from VT9 alloy led to the conclusion that the mechan-
ical properties of semi-finished articles made of VT9 alloy
obtained by the EBM method fully comply with the require-
ments of the standards (Table 3).

A rather large margin of ductility of the studied metal
of both alloys attracts attention: the elongation of samples
is one and a half to two times higher than the minimum re-
quirements of the standards (Tables 2, 3) while the strength
limit is in the middle of the permitted range of values. This is
a characteristic feature for the metal of electron beam melt-
ing [5]. This is facilitated by the low content of gases, impu-
rity elements and inclusions, which is not always possible to
achieve by other smelting methods, in particular VAR [19].

Studies have shown that electron beam melting is an ef-
fective method of obtaining high-quality ingots of titanium
alloys VT3-1 and VT9, and the properties of semi-finished
articles made from these ingots fully meet the industry re-
quirements for heat-resistant titanium alloys. Thus, EBM
production of heat-resistant titanium alloy ingots is a com-
petitive technology for other conventional methods of man-
ufacturing these materials.

The use of the developed technology of EBM smelting
ingots of heat-resistant titanium alloys VT3-1 and VT9 may
be promising for obtaining other brands of heat-resistant
titanium alloys and requires additional research.

The limitation of the study is that all systems of doping of
heat-resistant titanium alloys, which can be obtained by the
EBM method, are not covered. In the future, it is necessary to
carry out experimental smelting to obtain ingots of heat-re-
sistant titanium alloys containing niobium and tin in their
doping system.

7. Conclusions

1. Our studies showed that electron beam melting makes
it possible to obtain ingots of heat-resistant titanium alloys
VT3-1 and VTY, which are characterized by chemical ho-



mogeneity and the absence of defects of cast origin or in the
form of refractory non-metallic inclusions.

2. The modes of deformation and heat treatment of
semi-finished articles in the form of bars made from heat-re-
sistant titanium alloys VT3-1 and VT9, obtained by the EBM
method, have been determined. Deformation treatment of
cast metal alloy VT3-1 obtained by the EBM method should
be started at a temperature of 1050 °C, alloy VT9 — 1180 °C.
To relieve residual stresses, it is necessary to perform heat
treatment of the deformed metal according to the following
modes — heating up to 950 °C; aging in the furnace for 60 min-
utes; cooling in air; heating up to 550 °C; aging in the furnace;
cooling in the air.

3.1t was found that the microstructure of the deformed
metal of titanium alloy VT3-1 consists of primary B grains,
the volume of which contains colonies of lamellar o. phase with
a size of 10—100 ps. The thickness of a plates is 1.5-3 s, the
layer of the B phase in the intervals between the a-plates is
mainly 0.3—0.5 us. It was shown that the microstructure of
the metal of forged bars of the VT9 alloy consists of primary 3
grains with a continuous or intermittent o-rim along the grain

boundaries with a thickness of 3—4 ps. The structure of the
metal in the volume of grain is of a lamellar type with partially
globularized plates of the a phase, the plates of the a-phase of
close orientation form a-colonies measuring 10—40 ps. The
thickness of a-plates is 1— 5 us, between the plates or globules of
the a phase there is a layer of B-phase with a thickness of 1-2 ps.
4. The mechanical properties of semi-finished articles
made from the ingots obtained by the method of electron
beam melting of heat-resistant titanium alloys VT3-1 and
VT9 meet all the requirements of current standards. In
terms of ductility, they exceed by one and a half to two times
the minimum requirements put forward by the industry to
the quality of the metal of heat-resistant titanium alloys.
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