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ABSTRACT

Heat-resistant titanium-based pseudo-a-alloys have become widely applied in many sectors of modern industry, which is
due to a high level of their specific mechanical properties at higher temperatures. Application of electron beam welding
technology is the most rational when manufacturing parts and components from heat-resistant titanium alloys. Its special
feature are high rates of cooling of the weld metal and HAZ, which complicates welding of heat-resistant titanium alloy
Ti-6.5A1-5.3Zr-2.2Sn—-0.6Mo0—-0.5Nb—0.75Si, where the high silicon content ensures lower ductility characteristics at room
temperature. The influence of electron beam welding on the weld metal and HAZ structure, and on the mechanical properties
of the heat-resistant titanium alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si was studied. It was found that application
of electron beam welding with local heat treatment at 750 °C leads to reduction of the size of packages with Widmanstatten
morphology from 50-100 to 20—-50 um and increase in welded joint strength from 996 to 1041 MPa, which corresponds to base
metal strength.

KEYWORDS: heat-resistant titanium alloy, microstructure, mechanical properties, electron beam welding, local heat treat-
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INTRODUCTION

Heat-resistant titanium alloys combine high specific
values of strength, increased characteristics of fatigue
and crack propagation resistance, as well as corrosion
resistance [1, 2]. However, establishing the possibil-
ity of producing sound welded joints of advanced
heat-resistant titanium alloys is an urgent task in view
of the growing requirements to engine components
being designed [3, 4]. Heat-resistant titanium-based
pseudo-a-alloys are considered promising materials
in aviation and space engineering, and automotive
industry, owing to preservation of the a-structure at
elevated temperatures, which is due to maintaining
the temperature of polymorphic (0—f)-transforma-
tion at the highest possible level. During polymorphic
(o—P)-transformation, the hexagonal close packed
crystal lattice of the more heat-resistant o-titanium
loses its stability and develops into a cubic body-cen-
tered modification of the less heat-resistant B-titanium
[5, 6]. The highest heat resistance is demonstrated by
doped alloys of Ti—Si—X systems due to formation in
the cast state of a framework of strengthening phases
arising during eutectic crystallization [7]. One of the
directions for increasing the titanium alloy heat resis-
tance is creation of in-situ composites based on refrac-
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tory silicide compounds. In Ti—Al-Si system a contin-
uous series of eutectic compositions forms along the
surface of isoconcentration of isoconcentration close
to 10 at.% Si, where o-Ti is the matrix, and Ti,Si, has
the role of strengthening phase [8, 9]. One of such
promising alloys is the experimental pseudo-a-alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo0—0.5Nb-0.75Si, which
can be used to manufacture parts of GTE turbocom-
pressor rotor, as well as of the engine and cooling sys-
tems of internal combustion engines (ICE), because
their specific weight will be two times less, compared
to traditional materials [10, 11].

The great majority of structures from heat-resistant
titanium alloys are manufactured using the technolo-
gies of electron beam welding (EBW) [12, 13]. EBW
features are high quality of welding zone protection
from contact with atmospheric gases and welding
performance in one pass, as well as the possibility of
conducting local heat treatment (LHT) of the welded
joint in the vacuum chamber right after welding. The
possibility of performing local heating and further
heat treatment in the vacuum chamber is an essential
advantage of EBW technology [14, 15]. Preheating of
the welded joints is a rather effective technological
measure which is used in welding high-strength steels
to prevent cold cracking [16—18].
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Table 1. Modes of electron beam welding of heat-resistant titanium alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si

Beam Welding Preheating LHT LHT
Mode . .
current, mA speed, mm/s temperature, °C temperature, °C duration, min
1 90 7 - - -
2 —»— —»— 400 - -
3 —»— —»— —»— 750 10

EBW features high rates of cooling of the weld
metal and HAZ, which results in lower strength of
the welded joint of heat-resistant titanium alloys in
as-welded condition. In case of performance of weld-
ed joints on promising heat-resistant titanium al-
loy Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—0.5Nb—-0.75Si,
EBW is more complicated in connection with the
high content of silicon, which is several times higher
than silicon solubility in titanium in the weld metal
[19]. Influence of the thermal cycle of welding leads
to structural changes in the weld metal and HAZ of
this alloy resulting in development of a stressed state
and in formation of cold cracks, considering the low
ductility of silicon-alloyed metal [20, 21].

Thus, it is necessary to study the weldability of
new generation heat-resistant titanium alloys and to
determine the technological welding modes, which
will provide an optimal structure of the weld metal
and HAZ, in order to achieve a set of high mechanical
properties of the welded joints with the strength not
less than 90 % of that of the base material.

The objective of this work is studying the influ-
ence of electron beam welding on the structure of
weld metal and HAZ, as well as mechanical proper-
ties of welded joints of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si.

MATERIALS
AND EXPERIMENTAL PROCEDURE

Heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.25n—
0.6Mo—0.5Nb—0.75S1 is highly sensitive to the ther-
mal cycle of welding. Therefore, it is necessary to
study the influence of such technological measures,
available for electron beam welding, as preheating
and local heat treatment in the vacuum chamber, on
the possibility of producing defectfree welded joints.

Electron beam welding was performed in UL-144
machine fitted with ELA 60/60 power unit. Plates
made cut out of an ingot of heat-resistant titanium al-
loy of Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si
system produced by electron beam melting, were used
for investigations [22]. Hot-rolled plates from the
above-mentioned alloy 10 mm thick were produced
in a reversible two-roll rolling mill 500/350 of Skoda
Company [23]. Rolling began at the temperature of
1050 °C, the temperature of the end of rolling was
not lower than 800 °C. After rolling, the metal was
annealed at 900 °C for 1 h.

Chemical composition of experimental alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si was as
follows, wt.%: Ti — base; Al — 6.4-6.8; Zr — 5.1—
5.4, Sn — 1.8-2.5; Mo — 0.55-0.75; Nb — 0.5-0.6;
Si—0.74-0.76.

EBW of 10 mm thick samples was performed. Sam-
ples of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—
0.5Nb-0.75Si alloy were assembled without edge prepa-
ration or a gap. EBW modes for heat-resistant titanium
alloy Ti—60.5A1-5.3Zr-2.2Sn—0.6Mo0—0.5Nb—0.75Si are
given in Table 1. Figure 1 shows an example of a welded
joint of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—
0.5Nb-0.75Si alloy produced by EBW without applica-
tion of preheating or LHT.

Power of the electron beam during preheating and
LHT was 3 kW, which ensured up to 750 °C tempera-
ture in the treatment zone. The width of the treatment
zone with preheating and LHT along the weld was
30 mm. The temperature in LHT zone was monitored
with thermocouples and recorded using a multichan-
nel potentiometer KSP4. Figure 2, b gives an example
of the thermal cycle in welding with preheating up to
400 °C, Figure 2, ¢ presents the recorded thermal cy-

a

b

Figure 1. Welded joint of heat-resistant titanium alloy Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo—0.5Nb—0.75Si made by EBW (mode 1), in

as-welded condition: a — face; b — root side
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Figure 2. Thermal cycle in the HAZ in EBW of heat-resistant
Ti—6.5A1-5.3Zr-2.2S8n-0.6Mo—0.5Nb—0.758Si alloy: a — without
preheating or LHT; b — with preheating to 400 °C; ¢ — with
preheating to 400 °C and further LHT at 750 °C

cle in welding with preheating to 400 °C and postweld
LHT at 750 °C.

Examination of transverse sections of EB welded
joints on heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—
0.6Mo—0.5Nb—-0.75Si alloy showed that the macro-
structure of the base metal, weld metal and HAZ is
more homogeneous in the condition after preheating
and LHT (Figure 3).

. . o : : 100 um| [h

Figure 3. Macrosection of as-welded joint of heat-resistant titani-
um alloy Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo-0.5Nb—0.75Si made by
EBW (mode 3)

MICROSTRUCTURE

OF EB WELDED JOINTS OF HEAT-RESIS-
TANT TITANIUM ALLOY
Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo0-0.5Nb-0.75Si

The Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si al-
loy belongs to the group of pseudo-a-alloys, in which
the a-phase is the alloy matrix, and a certain amount of
the B-phase can form, depending on the specific con-
ditions of microstructure formation. Studies of the ini-
tial alloy structure immediately after rolling was over,
showed that the metal in as-rolled condition has a fine-
grained structure, formed by globular (equiaxed) grains
5-15 um in size, whereas precipitates of -phase crys-
tallites are observed along the boundaries of a-phase
grains in relatively small amounts (Figure 4).

Before welding, the alloy was vacuum annealed at
the temperature of 900 °C. Microstructure analysis indi-
cates that annealing led to a change in the alloy structure
morphology (Figure 5, a). During cooling after anneal-
ing, a Widmanstatten structure (basket weave structure)
was formed, which consisted of a- and B-phase platelets.
The size of individual packages of the Widmanstatten
structure, assessed by the maximal length of the platelets
in the package was 2050 um (Figure 5, b) which is in-
dicative of a significant increase in the size of grains of
the matrix o-phase during annealing.

Figure 6 shows the microstructure of weld metal
of EB welded joint of heat-resistant Ti—6.5A1-5.3Zr—
2.2S8n—-0.6Mo—0.5Nb—0.75Si alloy. Image magnifica-
tion is determined by the scale mark on the respective
photo. Microstructure analysis indicates that a typical
dendrite structure of cast metal forms in the weld zone
(Figure 6, a). It is dense and no defects such as poros-
ity, cracks or nonmetallic inclusions are detected in it.

20 um

Figure 4. Microstructure of the central zone of a hot-rolled sheet of Ti—6.5A1-5.3Zr-2.2Sn-0.6Mo—0.5Nb—0.75Si alloy in as-rolled
state
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The size of dendrite branches on the section surface can
be tentatively assessed by the difference in etchabili-
ty of individual areas, and it is equal to 100-500 pm.
Dendrite area boundaries have no excess phase pre-
cipitation, and are not the weak points of the material.
It is important that rapid cooling of the molten weld
metal in EBW results in formation of rather dispersed
packages of Widmanstatten morphology in the dendrit-
ic areas with package size (by the size of the largest
platelets) in the range of 20-50 wm, which is close to
the characteristics of dispersion of base metal structure.

Considering the high rate of cooling to tempera-
tures below T, the intragranular structure of the
weld metal is represented by martensite acicular
o'-phase (Figure 6, b), which forms due to f—a’
transformation. The primary grain boundaries have a
thin intermittent a-fringe, the thickness of which is
close to 1-2 um. The martensite needle thickness is
1-2 pm. Dispersed particles of titanium silicides of up
to 1 um size, as well as an intermittent layer between

.

o »

Figure 5. Microstructure of the central zone of a 10 mm hot-rolled sheet of Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo0—-0.5Nb—0.75Si alloy in
as-annealed condition

- P

the martensite platelets are also present in the weld
metal (Figure 6, ¢).

Microstructure analysis of the HAZ metal of EB
welded joint of heat-resistant titanium alloy Ti—6.5A1-
5.3Zr-2.2Sn-0.6Mo0—0.5Nb—0.75Si indicates that the
HAZ metal preserves the main morphological and di-
mensional characteristics of the base metal (Figure 7).

Obviously, B-phase precipitation in the a-phase
matrix, as well as potential formation of a,-phase
(Ti,Al) precipitates under the impact of the welding
heat and partial decomposition of metastable f-phase
blocks the growth of matrix grain. This assumption
is further confirmed by a certain reduction of the
amount of B-phase observed in the HAZ, compared
to the base metal structure. The HAZ width is equal to
approximately 500 um. HAZ metal consists of equi-
axed grains with lamellar intragranular structure, the
thickness of a-platelets in the colonies being equal to
1.5-5.0 um (Figure 7, b). Dispersed particles from less
than 1.0 to 1.5 um size are localized, mainly, within

Figure 6. Microstructure of weld metal of EB welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—-0.6Mo—0.5Nb—0.75Si alloy in

as-welded condition
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the platelets. In some places there are elongated layers
of another phase between the adjacent platelets of up
to 3—8 um length (Figure 7, ¢, d).

Determination of microhardness distribution
in EB welded joint of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si in
as-welded condition led to the conclusion that the mi-
crohardness level in different areas of the welded joint
is very heterogeneous (Figure 8).

The greatest microhardness values are recorded in
the weld metal at the level of 3000 MPa. The lowest
level of 2400 MPa was found in the base metal, and

y ¥ 20 um

c _ | XY ld b TRV iy
Figure 7. Microstructure of HAZ metal of EB welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb—0.75Si alloy in
as-welded condition

Sum

the medium one of 2500 MPa was determined in the
HAZ metal. It should be noted that a heterogeneous
microhardness distribution causes the heterogeneity
of the welded joint mechanical properties.

In order to ensure microstructure homogeneity, and
homogeneous distribution of microhardness in differ-
ent areas of welded joints of heat-resistant titanium
alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si,
EBW with preheating to 400 °C was used.

Microstructure analysis of weld metal of welded
joint of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—
0.5Nb—0.75Si alloy, made by EBW with preheating to

H, MPa
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Figure 8. Distribution of microhardness () in EB welded joint of heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb—

0.75S1 in as-welded condition
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400 °C indicates formation of a typical dendrite struc-
ture of cast metal in the weld zone (Figure 9). It is
dense and no defects such as porosity, cracks or non-
metallic inclusions are indentified in it. The weld met-
al consists of equiaxed primary -grains, elongated in
the direction of heat removal. The equiaxed grains are
localized predominantly along the weld axis.

There is an a-fringe along the primary grain bound-
aries, the thickness of which is 1.5-7.0 pm (Figure 9,
a). The size of the dendrite branches in the section
plane can be tentatively assessed by precipitation of
the a-phase interlayers along the boundaries of the
dendrite areas. It is equal to 200—300 pm. Precipitation
of such interlayers decreases the structure homoge-
neity and may potentially facilitate crack propagation
during fracture. The intragranular structure consists of
martensitic a-phase, which mainly forms small-sized

Figure 10. Microstructure of HAZ metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo0—0.5Nb—0.75Si alloy, made by
EBW with preheating to 400 °C, in as-welded condition

18
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Figure 9. Microstructure of weld metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si alloy, made by
EBW with preheating to 400 °C, in as-welded condition

colonies, the colony width being 5-20 umm (Figure 9,
b). Platelet thickness is from 1 to 2 um. Chains of dis-
persed particles are observed between a-phase plate-
lets.

As in the case of welding without preheating, ac-
celerated cooling of the molten weld metal results in
formation of rather dispersed packages of Widman-
statten morphology in the dendritic areas. In this case,
however, coarser packages with the size (by the size
of the largest platelets) in the range of 50—100 um are
formed that is larger than in welding without preheat-
ing, and larger than in the base metal structure. Com-
bined with formation of a-phase interlayers on the
boundaries of the dendritic areas and on the bound-
aries of individual Widmanstatten packages, this can
potentially facilitate crack initiation and propagation
during destruction.
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Figure 11. Distribution of microhardness (/) in welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo-0.5Nb-0.75Si alloy

made by EBW with preheating to 400 °C, in as-welded condition

Analysis of metal microstructure in the HAZ
of the welded joint of heat-resistant titanium al-
loy  Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo0—-0.5Nb—-0.75Si,
produced by EBW with preheating to 400 °C, indi-
cates that structure coarsening is observed in the HAZ
in welding with preheating, compared to base metal
structure (Figure 10). HAZ metal consists of equiaxed
primary grains of 50-300 pm size (Figure 10, b, ¢)
with an a-fringe, the thickness of which is 1-7 pm.
The intragranular structure is made up of lamellar
a-phase, which forms small colonies of up to 20 pm
size (Figure 10, ¢, d). Platelet thickness is 1.5-5.0 pm.
Isolated dispersed particles and their clusters are ob-
served in the gaps between the platelets (Figure 10, d).

Similar phase precipitates were observed also in
other areas of the welded joint of this alloy, as well as
in the welded joint made by EBW without preheating.
It can be noted, that structure of welded joints pro-
duced by EBW without preheating and with preheat-
ing is identical in the corresponding areas.

Thus, while the main morphological characteristics
of base metal (basket weave structure) are preserved,
the Widmanstatten package size is somewhat larger, and
formation of a-phase interlayers is observed on package
boundaries. Additional supply of thermal energy into the
welding zone due to preheating in EBW promotes tem-
perature increase in the welding zone and slows down
the cooling after completion of the welding process, that
leads to significant coarsening of the weld structure and
occurrence of grain growth processes in the HAZ.

Establishing the microhardness distribution in
EB welded joint of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb-0.75Si in the
condition after welding with preheating to 400 °C,
led to the conclusion that the microhardness level in

different areas of the welded joints is also very het-
erogeneous (Figure 11). The highest microhardness
values are recorded in the weld metal at the level of
3000 MPa. The lowest level was found in the base
metal at 2400 MPa.

To ensure a uniform distribution of microhard-
ness and a homogeneous microstructure in different
areas of welded joints of heat-resistant titanium alloy
Ti—6.5A1-5.3Zr-2.2Sn-0.6M0—0.5Nb—-0.75Si, EBW
with preheating to 400 °C and LHT at 750 °C for
10 min was used (mode 3, see Table 1).

Analysis of the produced welded joint microstructure
(Figure 12) indicates that a typical dendrite structure of
cast metal forms in the weld zone. It is dense, and no de-
fects such as porosity, cracks or nonmetallic inclusions
were revealed in it. The size of dendrite branches on the
section surface is equal to 100-150 um. The boundaries
of the dendritic areas do not contain any excess phase
precipitates and are not the material weak points. It is
important that rapid cooling of the molten weld metal
results in formation in the dendritic areas of rather dis-
persed packages of Widmanstatten morphology with
package size (by the size of the largest platelets) in the
range from 20 to 50 um, which is close to the character-
istics of dispersion of the base metal structure.

Smaller primary B-grains of 100-150 pm size (Fig-
ure 12, a) form in the weld metal than in the case of sim-
ple EBW with grains of 300400 pum size. In addition
to equiaxed primary grains localized near the axis, the
weld metal also contains non-equiaxed grains, elongated
in the direction of the heat removal (Figure 12, 5). The
intragranular structure of the weld metal is of lamellar
type (Figure 12, ¢), platelet width being 1-2 pm. Dis-
persed particles 1 pum in size or less are located both
along the platelet boundaries, and in the spaces between
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Figure 12. Microstructure of weld metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn-0.6Mo—-0.5Nb-0.75Si alloy, made by

EBW with LHT at 750 °C

them (Figure 12, d). It is obvious that the dispersed par-
ticles are titanium silicides (Ti Si,), which form in the
alloy being welded, due to its increased silicon content,
which is higher than its solubility in a-titanium.

The structure of HAZ metal of the samples with
different heat treatment is given in Figure 13. Micro-

structure analysis shows that the HAZ preserves the
main morphological and dimensional characteristics
of the base metal (Figure 13, a).

No differences were observed in the structure af-
ter application of different heat treatment modes. A
clearer definition of a-phase platelets due to B-phase

[ 20 um |

Figure 13. Microstructure of HAZ metal of welded joint of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb-0.75Si alloy, made
by EBW with LHT at 750 °C
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precipitation along the platelet boundaries and, pos-
sibly, formation of intermetallic particles, is seen in
the HAZ structure (Figure 13, ¢). Dispersed particles
I pm in size and less are located both in the fusion
zone near the HAZ along platelet boundaries, and in
the spaces between the platelets (Figure 13, d). Grain
size in the HAZ metal is equal to 200-500 pm.

Although application of different heat treatment
modes did not lead to any significant changes in the
welded joint microstructure, the difference in the inten-
sity of structure etching and in the amount of 3-phase on
the boundaries of a-phase platelets suggests that the me-
chanical properties of the joints could change under the
thermal impact, as a result of relaxation of mechanical
stresses and formation of excess phases.

Thus, the technology of electron beam welding of
heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo—0.5Nb—
0.75Si alloy with LHT allows producing a tight joint
without porosity, cracks or nonmetallic inclusions. At
EBW without heating a relatively fine-grained weld

structure forms and there is no HAZ microstructure
coarsening.

DISCUSSION OF THE RESULTS

It should be noted that a considerable coarsening of
the weld structure and increase of grain size in the
HAZ are observed in EBW with preheating to 400 °C.
Therefore, use of just heating for EBW of heat-resis-
tant  Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—0.5Nb—-0.75Si
alloy is not rational. It can be explained by an unde-
sirable range of cooling rates at EBW with only the
preheating. So, the cooling rate in the HAZ in EBW
without preheating or LHT is equal to 88—131 °C at
700-800 °C, the cooling rate in the HAZ in EBW
with preheating is 30-50 °C/s, and the cooling rate
in EBW with preheating to 400 and LHT at 750 °C is
8.3-8.8 °Cls.

Determination of microhardness distribution in the
welded joint of heat-resistant titanium alloy Ti—6.5Al—
5.3Zr-2.2Sn—0.6Mo—0.5Nb—0.75Si produced by EBW

H, MPa
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Figure 14. Microhardness distribution in EB welded joint of heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.2Sn—0.6Mo-0.5Nb-0.75Si
in the condition after LHT at 750 °C for 10 min (a), after annealing at 850 °C for 1 h (b)
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Table 2. Mechanical properties of EB welded joints of heat-resistant titanium pseudo-a-alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—

0.75S1, in as-welded condition

Mode Tp’,, °C T,,°C G, MPa G,,» MPa 3, % KCV, J/em?
As-annealed base metal - - 1027 996 2.7 13.9
EBW, mode 1 - - 996 901 - 12.3
EBW with preheating, mode 2 400 - 910 840 - 17.9
EBW with LHT, mode 3 —»— 750 1041 1012 - 17.4

with LHT suggested that microhardness distribution in
different areas of the welded joint is still nonuniform
(Figure 14, a). Note that the proposed LHT widened the
welded joint HAZ. The width of base metal area, where
an increase in microhardness values to 3000 MPa oc-
curred, expanded to that of the LHT zone, in this case to
30 mm. Furnace annealing should be used to achieve a
completely homogeneous metal of the weld, HAZ and
base metal. So, vacuum annealing of the welded joints
at the temperature of 850 °C intensified the diffusion
processes, which resulted in alloying element redistri-
bution in the welded joint structure. Microhardness dis-
tribution in EB welded joint of heat-resistant titanium
alloy Ti—6.5A1-5.3Zr-2.28n-0.6Mo—0.5Nb—-0.75Si in
as-annealed condition showed that the microhardness
level in different areas of the welded joints is homoge-
neous, being at the level of base metal microhardness
of 2100-2300 MPa.

Determination of mechanical properties of EB
welded joint of heat-resistant titanium pseudo-a-alloy
Ti—6.5A1-5.3Zr-2.2Sn—-0.6Mo—0.5Nb—0.75Si led to the
conclusion that the lowest strength values in as-welded
condition are demonstrated by joints made by EBW with
preheating to 400 °C, and they are equal to 910 MPa
(Table 2) or 88 % of BM strength after annealing. The
strength values are the highest in welded joints produced
by EBW with LHT at 750 °C (mode 3, see Table 1) and
they are equal to 1041 MPa, which is at the level of BM
strength. Welded joints made by simple EBW without
application of additional technological measures, have
medium values of strength at the level of 996 MPa or
97 % of BM strength.

The main difference of welded joints of heat-resis-
tant titanium pseudo-a-alloy Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo—0.5Nb—-0.75Si is the fact that application of
just the preheating leads to coarsening of the welded
joint microstructure and deterioration of their me-
chanical properties, while for pseudo-f3-alloys EBW
in combination with preheating allows producing a
finer microstructure of the welded joints, increasing
the welded joints strength and ensuring equal strength
of the welded joints to base metal [24].

Thus, EBW application in combination with LHT
when producing welded joints of heat-resistant tita-
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nium pseudo-a-alloy Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—
0.5Nb-0.75Si allows making welded joints equal in
strength to the base metal, and additional furnace
annealing should be used to ensure a homogeneous
structure in all the zones of the welded joint, including
the HAZ.

CONCLUSIONS

1. Investigations of the structure of welded joints of
heat-resistant titanium alloy Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo—0.5Nb—0.75Si revealed that application of
EBW with LHT at 750 °C leads to reduction of the
size of packages with Widmanstatten morphology
from 50-100 to 20-50 um and increase in welded
joint strength from 996 to 1041 MPa.

2. EBW of heat-resistant Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo—0.5Nb—0.75Si alloy with application of just the
preheating leads to a significant coarsening of the weld
structure and to occurrence of the grain growth process-
es in the HAZ with larger packages of Widmanstatten
morphology of 50-100 um size forming in the metal,
which is greater than in the base metal structure, and to
deterioration of the welded joint mechanical structure.

3. Determination of the mechanical properties
of the welded joints of heat-resistant titanium pseu-
do-a-alloy  Ti—6.5A1-5.3Zr-2.2Sn—0.6Mo—0.5Nb—
0.75Si produced by EBW with application of addi-
tional technological measures, such as preheating
and local heat treatment, suggests that welded joints
made by EBW with LHT at 750 °C have the greatest
strength values, equal to 1041 MPa, which is at the
level of base metal strength.

4. A technological process of EBW of heat-resis-
tant titanium pseudo-a-alloy Ti—6.5A1-5.3Zr—2.2Sn—
0.6Mo0—-0.5Nb—0.75Si with LHT is proposed, which
envisages preheating of the welded joints to the tem-
perature of 400 °C and LHT at 750 °C, which ensures
formation of a highly homogeneous fine microstruc-
ture in welded joints and provides strength values of
the joints of 1041 MPa in as-welded condition, which
is at the level of base metal strength.
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