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Abstract. The paper considers the possibility to decrease the temperature of pressure welding
of submicrocrystalline titanium alloy VT6 to the temperature 600 °С to []ocess sound welded
joint. The aim is attained by using the effect of low temperature superplasticity in the alloy with a
mean grain size no more than 0.2 m under conditions when deformation processes play a
leading role in formation of a solid state joint. The paper applies the ability to localization of plastic
flow. The special shaping of the sample having a zone with a less cross section area provides
steady localization of plastic flow directly in the zone of joining and promotes a flow of a material
under condition most favorable in terms of deformation energy (load, force), thus it optimizes
consumption of deformation energy. The results of FEM-code analysis of the stress-strain state
of various shape samples are given.

1. INTRODUCTION

Development of engineering, in particular, aircraft
industry demands creation of new resource saving
environmental safe technological processes using
advanced materials characterized by high service
properties. The improvement of a solid state joint
(SSJ) via increasing its strength due to reduction of
defects is still an urgent task.

Pressure welding (PW) is an advanced resource
saving processing direction in machine building and
its efficiency can be increased essentially by using
the effect of structural superplasticity (SP). This
phenomenon it has been established that acceler-
ated SP joining combined with attaining properties
of the basic material is based preferably on thermo-

mechanical processes and provided due to maxi-
mum realization of the main mechanism of SP de-
formation, namely grain boundary sliding, in the pro-
cess of pressure welding.

It is known [1] that PW is a structure unregu-
lated technological process. This fact essentially
limits the field of PW application for processing load-
bearing components. One of the reasons for not wide
application of PW for producing components out of
titanium alloys is a difficulty in processing sound
joint at small accumulated deformation of welded
elements. In the process of pressure welding under
the effect of compressive forces providing physical
contact and activation of welding surfaces the whole
entity of the welded elements is undergone defor-
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mation. The grain size and geometry of microridges
on contacting surfaces are main factors influencing
duration of a physical contact and, as a result, a
value of accumulated deformation of the welded el-
ements. The use of nanocrystalline (NC) materials
expands the field of pressure welding application
as one of the most acceptable technologies for pro-
cessing articles with high mechanical properties via
solid state joining.

2. EXPERIMENTAL PROCEDURE

Commercial two-phase titanium alloy VT6 with stan-
dard chemical composition (GOST 19807-91) was
used for investigations. The initial billets of the alloy
had a microstructure with a grain size of 2.2 m
(Fig. 1a). The NC structure with a grain size of about
0.2 m (Fig. 1b) was processed by means of mul-
tiple step forging [2].

Pressure welding under superplastic conditions
was performed using a vacuum device IMASH 20-
78 at different temperatures.

The mean grain size in materials was determined
on a transmission electron microscope JEM-2000
EX. Samples were examined on different structural
levels by the electron microscopy of thin foils, scan-
ning electron microscopic on JSM-840 and optical
metallography. The quality of welded joint was evalu-
ated by metallographic examination and by the ten-
sile test at the room temperature on INSTRON 1185
machine.

Fig. 1. VT6 alloy in states (a) and (b).

3. RESULTS AND DISCUSSION

The quality of a joint was evaluated on the basis of
results of tensile tests as well as by metallographic
studies of a relative volume fraction of pores in cross
section of the joint.

It is known that anisotropy of flow stress condi-
tioned by the presence of metallographic texture
[3] exerts a negative influence on working and ser-
vice characteristics of articles. The strength proper-
ties of the welded joint of the commercial alloy at
the temperature 900 °C improve with increasing a
strain value of SP deformation from 5 to 15% and
achieve a level of the basic material (Fig. 2).

Fig. 2. Micrographs of the solid state joint for the
VT6 alloy after pressure welding at 900°С.
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Fig. 3. Mic]og]a[hs of the solid state joint fo] the VT6 alloy afte] []essu]e welding at 8%% (а  and 7%% °С (b .

The transformation of the alloy to the NC state
decreases the grain size and increases the total
long range area of non-equilibrium grain boundaries
being conditioned by essential activation of diffu-
sion processes. This determines a leading role of
the mechanism of grain boundary sliding in defor-
mation. Pressure welding performed under condi-
tions of low temperature SP within the temperature
]ange 8%%….7%% °C at the strain value 5% provided
processing a sound solid state joint (Fig. 3).

The experimental results obtained in the papers
[4,5] testify a leading role of thermo-mechanical pro-
cesses in formation of a solid state joint. Due to
that while developing definite techniques of pres-
sure welding one should study in detail the stress-
strain state in the zone of a welded joint.

The complex full-scale and design experiments
have been performed to consider the feasibility of
pressure welding of submicrocrystalline titanium
alloy VT6 using the effect of low temperature super-
plasticity. The quality of the joint has been evalu-
ated in terms of its metallography and reasoning
from results of tensile tests. The zone of the welded
joint was in the center of the tested sample traverse
to the axis of tension.

For formation of a solid state joint at low tem-
peratures, the strain values to be realized in the
zone of welding should be minimal. In this connec-
tion, the ability to localization of plastic flow was
applied.

The special shaping of a sample having a less
cross section area in the zone of welding provides
stable localization of plastic flow directly in this zone
and promotes temperature-strain rate conditions
under which the effect of superplasticity occurs. Due

to that the created force conditions are more favor-
able for realization of material flow and consump-
tion of force is optimized. At that the main deforma-
tion should be localized in the area of joining
whereas the major gauge portion is deformed weakly.

Unlike the samples with a constant cross sec-
tion area, in the samples with an alternating cross
section area the localization of deformation at com-
pression occurs at once in the zone of joining, and
since the locally deformed volume is determined by
geometrical characteristics of the sample, localiza-
tion occurs by different rules (Fig. 4).

It is known [6] that deformation processes play
an important role in the process of welding under
conditions of low temperature superplasticity. That
is why the analysis of the stress-strain state in the
zone of joining is highly urgent. With this purpose
universal FEM-code software ANSYS 5.7 was ap-
plied [7].

4. MATHEMATICAL MODELING
RESULTS

The static statement task of deformation of an elasto-
plastic body has been considered. For describing
its mechanical properties the element PLANE182
having elasto-plastic properties was selected. At that
the symmetry of the billet along the axis OX was
taken into account and the piecewise-linear s~e
dependence was set which corresponded to the
properties of titanium alloy VT6 with the NC for the
specified strain rate = 7.5.10-4 s-1. Since a value
of material softening under conditions of SP defor-
mation is very small, it was not taken into account.
While setting boundary conditions one took into
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account that the welded samples were subjected
to deformation under similar conditions and welding
led to adhesion of their contacting surfaces. In other
words, the symmetry along the axis OY was obeyed
too, and consequently, the immobility of the con-
tacting surface along the axis OX. Modeling of the
external action was made by setting the displace-
ment of the back end surface that corresponds to
setting and control of the program of deformation
used in the full-scale experiment performed by a
loading machine.

The ANSYS numerical solutions of the bound-
ary task set in such a way allow estimating the
stress-strain state of the welded sample and, con-
sequently, provide more detailed evaluation of ex-
perimental results.

It is seen that in the sample with an alternating
cross section having a less radius (Fig. 4) the value
of normal reducing stress along the axis of defor-
mation (stress tensor component 

хх
) is about 1590

MPa in this zone and in the other portion of the
sample its value ranges from 1170-324 MPa. Dur-
ing deformation of the sample with a constant cross
section (Fig. 5) the normal stress in the area adja-
cent to the contact boundary does not exceed 1210
MPa and in the major portion of the sample its value
being distributed more uniformly is about 1120 MPa.
Evidently due to that at essentially higher deforma-

Fig. 4. Pattern normal effort with dedicated near contact zone.

tion energy (force, load) (466 J as compared to 375
J for the sample with an alternating cross section)
these samples are not joint.

The transformation of the microcrystalline struc-
ture of titanium alloy VT6 to the submicrocrystalline
structure results in improvement of its pressure
weldability and increases the quality of the welded
joint. The decrease in the grain size increases the
total grain boundary extension in the alloy. Due to
that the importance of grain boundary sliding in the
vicinity of the joint increases and grain boundary
diffusion becomes more intensive. The full-scale
experiments have shown that the increase in the
temperature of welding up to 700 °C decreases the
required strain necessary for attaining a sound joint
value to 5%. The low strain value required for forma-
tion of a welded joint evidently testifies the increas-
ing role of diffusion between contact surfaces with
increasing temperature. However, the negative as-
pect of the elevated diffusion is an accelerating
growth of grains that indicates the return of the
submicrocrystalline structure to the microcrystal-
line state, and, as a result, the loss of unique physical
and mechanical properties of the processing alloy.

As calculations show, in the samples with a lo-
calized deformation zone the normal stresses de-
crease from 1590 MPa in the center of the deforma-
tion core to 1170 in its periphery. These data fit the
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Fig. 5. Pattern normal effort with contact square of cross section.

Fig. 6. Shift deformation in pattern with dedicated near contact zone.

results of studies of the deformed samples accord-
ing to which the welded joint weakens on the con-
tour of the contact surface and an external ring of
stress concentration is localized there. Moreover,
due to barrel type shaping (marked by an arrow in
Fig. 4) of the specified localized zone a stress con-
centrator also occurs at its boundary with the basic

portion of the sample. The shear stresses xy ( xy)
in this area differ essentially from the ones in the
other portions of the deformed body and are mini-
mum (about 2440 MPa) (maximum in absolute val-
ues). Correspondently, a value of shear strain xy

achieves 0.106 (Fig. 6) that leads to crack forma-
tion.
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However, it is known that localization of plastic
deformation at compression is conditioned by a
geometrical shape of a deforming body. Thus,
changing the initial configuration of the deforming
body we can influence the character of deformation
localization and provide more beneficial conditions
for deformation in the zone of welding.

In this connection, let us consider a third type
sample with a smooth reduction of the cross sec-
tion area from the base to the surface of welding.
Fig. 7 shows such a sample with a radius of curva-
ture of 2 mm. The calculations show that at com-
pression by the same value the distribution of the
absolute value of normal stresses 

хх
 does not drop

and even grow from 1100 in the center (lines of axial
symmetry) to 1530 MPa near the surface of the
specified contact area that should provide its better
weldability. At that the deformation force of such a
sample is only 352 J being much less than in the
previous variant. Moreover, it is evident that the body
from the such shape billet is more stable to trans-
verse loads.

In the case when the radius of curvature is infi-
nite (Fig. 8) the deformation force is 353.706 J. The
normal stresses in the zone of contact and the cy-
lindrical portion of the billet are distributed more

Fig. 7. Pattern normal effort with flex increasing of cross square.

uniformly and range from 1200 MPa to 1090 MPa.
Consequently, the radius of curvature characteriz-
ing the zone of transition from the cylindrical por-
tion of the billet to the welded surface exerts a no-
ticeable influence on the character of the stress-
strain state of the welded billet and the final result
as a whole being an optimized parameter of the pro-
cess analyzed.

Fig. 9 shows the photo of the microstructure in
the zone of the joint of NC alloy VT6 processed at
temperatures 650 °С (a  and 6%% °С (b  using o[ti-
mized regimes. Metallographic studies did not re-
veal any pore in the zone of the joint.

Using the results of modeling a full-scale experi-
ment was carried out. The experiment on pressure
welding of bulk samples of nanocrystalline titanium
alloy VT6 at 600 °C was aimed to produce a joint
having a tensile strength above 1150 MPa at room
temperature.

5. CONCLUSIONS

So, the series of full-scale and modeling experi-
ments confirms the earlier established connection
of the effect of low temperature superplasticity with
solid state weldability of titanium alloys. They also
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Fig. 8. Pattern normal effort with linear increasing of cross section square.

demonstrate that application of submicrocrystalline
alloy VT6 provides optimal conditions for realization
of the effect of low temperature superplasticity at
pressure welding. This makes it possible to use
superplastic deformation for processing titanium
alloys within the temperature range 800-600°С and
design new resource saving technologies of pres-
sure welding.

Fig. 9. Mic]og]a[hs of the solid state joint fo] the VT6 alloy afte] []essu]e welding at 65% (а  and 6%% °С (b 
under condition s of low temperature superplasticity.
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