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INVESTIGATION OF TORSIONAL STRENGTH OF THE VT6 

WELD JOINT PRODUCED BY LINEAR FRICTION WELDING  

G. R. Suleimanova,1 R. R. Kabirov,2 M. V. Karavaeva,1  UDC 669.295:621.791.14 
Yu. A. Ershova,3 and A. P. Zhilyaev2 

Results of measurement of torsional strength of the weld joint of the VT6 titanium alloy produced by linear 
friction welding are presented. For a comparison, the same method was used to test monolithic specimens of 
the VT6 alloy. Torsional strength values of the weld joint (τUS = 861 MPa and φ = 110°) correspond to the 
strength of the monolithic material. In this case, the specimens fail along the base metal. 
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INTRODUCTION 

Linear friction welding (LFW) is a method of joining parts of machines and billets in the solid state in which 
heat liberated as a result of friction is used to produce a weld joint. The process of forming a one-piece joint using LFW 
can conditionally be subdivided into several stages [1, 2]. In the initial stage, the surfaces being joined come into 
contact under the action of axial loading (Fig. 1). Then under the influence of friction forces between billets, heat is 
liberated in the contact zone causing plasticization of thin layers of the material adjacent to the joint line. In the third 
stage, the plasticized layers are extruded from the joint under the effect of axial loading and form the so-called burr. 
Together with the burr, various nonmetallic inclusions and pollutants of the metal surface, forming juvenile surfaces, 
are extruded; as a result, in the fourth stage interatomic bonds are formed together with a one-piece weld joint under the 
application of an axial force in the absence of friction.  

Joining titanium alloys by conventional methods of fusion welding calls for the application of some protective 
gases to reduce weld joint pollution in the process of liquid phase treatment. In addition, the joints of titanium alloys 
obtained by the method of arc welding lose their plasticity in comparison with the initial material due to the formation 
of a martensitic structure and its subsequent coarsening in the region adjacent to the joint [3–5]. Linear friction welding 
widely used to join dissimilar materials, including steel, aluminum, titanium, and intermetallic alloys, is free from these 
disadvantages. It can be used to join gear wheels, chains, hinges, wheels of turbines, electric buses, and bimetallic cutter 
blades as well as to replace damaged compressor blades [6]. 

In the last few years, increasing importance has been attributed to a study of weld joint fracture and influence 
of various structural and technological factors on the fracture characteristics [7]. Investigation of the strength of weld 
joints is an important and urgent problem. The weld joints are traditionally tested on tension, compression, and-or 
bending; however, the characteristics obtained during such tests incompletely reflect the stressed state arising during 
system operation. Additional data can be provided by investigations of the torsional strength of materials. However, the 
works devoted to investigation of the mechanical properties of weld joints by the torsion method are few in number in 
the literature. 
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The purpose of the present work is the determination of the torsional strength characteristics of the VT6/VT6 
weld joint. Since the failure most clearly reflects the structure and properties of the material in the local volume in 
which the fracture proceeds, fractograms of fractured surfaces are also investigated. 

MATERIALS AND METHOD OF RESEARCH 

We investigated titanium VT6 belonging to high-strength two-phase martensitic titanium alloys. The base 
alloying elements in this alloy are aluminum (6%) and vanadium (4.5%) [8]. To investigate the weldability of VT6 with 
VT6, parallelepiped specimens 35 mm high having cross section 13  26 mm2 were used. Mechanically treated billets 
were made from hot rolled bar according to IS 1 90006-86. Before welding, the VT6 alloys were subjected to rolling 
with reduction of 45–50% and subsequent annealing at a temperature of (800 ± 10)°С. 

Among the main preset parameters determining the welding process were the frequency, amplitude of 
vibrations, rolling and shrinkage forces, time of welding, and amount of shrinkage. The parameters of the LFW process 
of the specimens used in the present work are presented in Table 1.  

Tests for torsion were performed according to GOST 3565-80 [9]. For this purpose, specimens with 
a cylindrical working part having the diameter d = 3 mm and the calculated length L = 15 mm with heads at the ends for 
fastening in grips of a test machine Instron were manufactured. The mechanical characteristics were calculated in 
accordance with GOST 3565-80. To elucidate the structure, the prepared microsections etched with a solution of fluoric 
and nitric acids in water were used. The microstructure was investigated using an Olympus GX-51 optical microscope 
and a TescanMira 3 LMH scanning electron microscope. The microhardness was measured using a Duramin-1/-2 
microhardness tester with a step of 0.5 mm and a load of 2 N applied for 10 s. The x-ray structure analysis was 
performed with a DRON-3M diffractometer using CuK radiation. All measurements were carried out for a welded 
VT6/VT6 specimen in four zones, including the joint zone, the zone of thermomechanical effect (ZTME), the zone of 
thermal effect (ZTE), and the base metal zone.  

RESULTS OF INVESTIGATIONS 

Microstructure 

Figure 2 shows photomicrographs of structures in transverse cross sections of the weld joint. Investigation of 
the welded structure demonstrated the presence of four zones: 1) recrystallized (joint zone), 2) ZTME, 3) ZTE, and 

TABLE 1. Main Technological Regimes of Welding 

Main Technological Parameters 
Vibration 
frequency, 

Hz 

Amplitude of 
vibrations, 

mm 

Friction force, 
kN 

Forging force, 
kN 

Shrinkage, 
mm 

Welding time, 
s 

Pressure, 
MPa 

50 2 35 35 4 ~1.5 100 

 Vibrational 
force 

Compression 
force Compression 

force 

 

Fig. 1. Scheme of LFW. 



4
l
t
w

m

n

r

w
p

M

M

 

4) base metal. 
large and prac
termination of 
welding in the
They have the
The prevailing
martensitic str
direction; no b
namely, the m
direction of vib
region. 

Here Z
strong plastic d
was observed 
phase are disti
structure does 

Microhardnes

Figure
Microhardness

 

2

2

3

3

4

4

5

H
V
 

In the joint zo
ctically equiax
f the plastic def
e process of in
 structure of b

g size of the ph
ructure was ob
boundaries of th

metal grains are
brational force

ZTE (Fig. 2c)
deformation oc
during welding
inguished. In t
not change no

ss 

e 3 shows the m
s in the joint z

Fig. 2. Micros

-10 -8 -6 -
200 

250 

300 

350 

400 

450 

500 

Distance from

a 

Fig. 3. Mic

one (Fig. 2a) i
xial recrystalliz
formation of m
creasing the h
asket weaving 

hase componen
bserved. In the
he initial β-pha
e elongated in 
e. Such structur

 is the zone w
ccurs. Here a s
g. In the micro
this zone, the 
ticeably and co

measured micr
zone (Fig. 3a)

structure of zon

-4 -2 0 2 4

m the central jo

crohardness dis

in which the h
zed grains of t

metal under the
eating tempera

g formed in the
nts was 12 m.
e ZTME (Fig. 
ase are observe
the direction p
re is a consequ

where the trans
small rotation o
ostructure of th
material does 
orresponds to t

rohardness of t
) was maximu

nes including j

4 6 8 10 1

int plane, mm

stribution for th

heating temper
the β-transform

e action of the v
ature as a resu
e process of de
 Within the lim
2b), α-phase g
ed. The region
perpendicular 
uence of notice

sition from the
of the metal fib
he base metal z
not experience

the initial state

the VT6/VT6 j
um, which was

oint (a), ZTME

2

  

 

-3
200

250

300

350

400

450

500

H
V

 

D

he weld joint (

ature correspo
med phase for
vibrational forc

ult of action of 
formation near

mits of the recr
grains can be 
n is characteriz
to the axis of 

eable plastic de

e base metal w
bers in the dire
zone (Fig. 2d)
e thermal and 
 (rolling with s

joint with shrin
s explained by

E (b), ZTE (c),

-2 -1
Distance from th

b

(a) and initial V

onded to the sin
rmed during fa
ce (back and fo

f the friction fo
r the As3 (882
rystallized β-gr
seen elongated
ed by the meta
load applicatio

eformation in th

without deform
ection of action
, thin-plate pre
mechanical ac

subsequent ann

nkage of 4 mm
y the formatio

, and base meta

0 1 
he central joint p

VT6 material (b

ngle-phase β-r
ast cooling aft

forth motions) d
orces were obs
2°С) temperatu
rains, the fine n
d in the deform
allographic stru
on, that is, alo
he two-phase (

mation to the zo
n of the friction
ecipitations of 
ctions; therefor
nealing at 800

m and the base
n of the fine-n

al (d). 

2 3
plane, mm  

b). 

817

region, 
ter the 
during 
served. 
ure [8]. 
needle 
mation 
ucture, 
ng the 
(α + β) 

one of 
n force 
the α-
re, the 
С). 

metal. 
needle 

 



m
w
w

w

X

i
t

 818

martensitic stru
was also conf
welding proce
and hence to m
was equal to th
(Fig. 3b) demo

X-ray structu

The x
(HDP) lattice 
domains (CSD

Figure
indicated zone
the zone direct
dislocation den

Torsion test 

Figure
and the failure

TABLE 2. L
VT6/VT6 W

Zone 

Joint 
ZTE 

ZTME 
Base metal

ucture within t
firmed by the 
eeded at a lowe
material harden
hat of the base
onstrated its su

ural analysis 

x-ray diffraction
(α'- and α-ph

Ds), and the mic
e 5 shows the
es. As expected
tly adjacent to 
nsity decreased

e 6 shows the 
e was observed

Lattice Parame
Weld Joint 

a, Å 

2.928144 
2.926674 
2.926280 

l 2.924408 

Fi

the limits of a s
microstructura
er temperature

ning. The zone 
e VT6 material
ufficiently unifo

n pattern of a 
hases) prevaile
crostresses are

e distribution 
d, the CSD siz
the joint (Fig.

d with increasin

fractured spec
d along the ba

eters (a and c)

±Δa, Å 

0.000025 
0.000027 
0.000022 
0.000206 

ig. 4. X-ray dif

small recrystal
al data (Fig. 2
e in the two-ph
of the base me

l. A comparati
orm distributio

welded specim
ed. The lattice
e given in Table
of coherently

ze was minima
 5), which was
ng distance fro

cimens. The fr
ase metal. Figu

), CSD Size (d

c, Å 

4.667944 0
4.671081 0
4.671124 0
4.669430 0

ffraction patter

llized β-grain t
2a). In the nex
hase zone, ther
etal did not und
ve study of the

on. 

men is shown i
e parameters (
e 2. 

scattering do
al in the joint z
s also confirme
om the joint.  

racture was ob
ure 7 shows th

d), and Micros

Δс, Å d,

0.000103 8
0.000073 7
0.000060 7
0.000394 12

rn of the welde

that led to an in
xt zone the de
reby leading to
dergo significa
e microhardne

in Fig. 4. Phas
(a and c), the

omain sizes an
zone, and the d
ed by the incre

bserved outside
he torque–twis

stresses (<ε2>1/

, nm 
±Δd, 
nm 

81.0 3.8 
78.2 6.6 
79.7 2.5 
24.3 4.1 

d VT6/VT6 sp

ncrease in the a
eformation of t
o an increase i
ant changes, an
ss of the initia

ses with hexag
size of the c

nd the disloca
dislocation den
eased microhar

e of the joint a
st diagrams for

/2) in the Indic

< 2>1/2103 

2.16 
1.56 
1.55 
0.60 

pecimen. 

alloy strength, 
the materials d
in the defect d
nd the microha
al annealed spe

gonal densely p
coherently scat

ation density 
nsity was maxim
rdness (Fig. 3a

and transitive 
r the torsion te

cated Zones of

± Δ<ε 2>1/2

0.09 
0.09 
0.08 
0.07 

 

which 
during 

density 
ardness 
ecimen 

packed 
ttering 

in the 
mal in 

a). The 

zones, 
ests of 

f the 

103



V
n

g
τ

 

 

 

VT6/VT6 join
near the failure

As can
grain structure
τUS = 810 MP

 

50 

75 

100 

125 

150 

C
S

D
  d

 , n
m

 

Base

Fig.
indi

Fig.
mon

nt specimens an
e. 
n be seen from

e was larger tha
Pa, and the tw

-3 -2 -

e  

ZTE 
ZT

. 5. Changes 
icated zones. 

. 6. Specimen
nolithic specim

nd of the initia

m the torsion-tw
an that of the w
wist angle φ b

-1 0 1

Joint 
TME ZT

Fig. 5 

of the CSD d

ns after torsion
men VT6 is sho

Fig. 7. To

al VT6 materi

wist diagram, th
weld joint havin
before fracture

1 2 3

Base

ZTE
TME 

d (solid curve

n test (the V
own at the botto

ortion-twist dia

al. The inserts

he twist angle φ
ng the plate str
e was about 1

0.0

0.5

1.0

1.5

2.0

D
is

lo
ca

tio
n 

de
ns

ity
  

 
 1

0 -1
4 , m

 -2
 

e) and dislocat

VT6/VT6 weld 
om). 

agram for VT6

s show the spe

φ before fractu
ructure. The ten
110 = 1.9 ra

tion density ρ

joint is show

6/VT6 and VT6

ecimen microst

ure of the base 
nsile strength o

ad. The VT6 t

Fig. 6 

ρ (dashed curv

wn at the top

 

6. 

tructures in the

metal with equ
of the weld join
tensile strengt

ve) in the 

p, and the 

819

e zone 

uiaxial 
nt was 
th was 

 



τ
j

t
m

F

t
w

p

t

n
t

 820

τUS = 860 MPa
joint zone are
characteristics 
torsion allow 
monolithic ma

Fractograms 

Figure
the character o
which demons
fracture center
elongated pits 
planes, or visc
fracture center
the viscous com
of plastic defo

Durin
normal stresse
the final failur

Fig.
fina
VT6

a, and the twist
e explained by

are higher th
us to conclud

aterial. 

e 8 shows frac
of fracture for b
strates its high
r of the welde
in the presenc

cous detachme
r of the monoli
mponent (Fig. 
rmation and de

ng torsion, equ
es, and parabol
re zone (Fig. 8g

. 8. Fractogram
al failure (cut) 
6 (h). Here 1 in

t angle φ befor
y the formatio
an those of th

de that the wel

tograms for th
both failures is
her ductility in
ed specimen (
ce of such wav
ent [10]. In th
ithic material (
8f), traces of r

emonstrate hig
uiaxial pits we
lic pits were ob
g), the pit relie

ms of the zones
(c and g); exte
ndicates the fin

re fracture was
on of the recr
he base metal.
ld joint charac

he fractured VT
s viscous, but t
n comparison 
(Fig. 8a). In th
vy relief is call
he final failure 
(Fig. 8e), the s
ripples or of th
gh ductility of f
re observed in
bserved in the 
f caused by vis

s of the fractur
ernal view of th
nal failure zone

s approximatel
rystallized stru
The obtained 

cteristics are s

T6/VT6 weld j
the failure surf
with the joint
he transitive v
led the surface
 zone (Fig. 8c

smoothed fract
e so-called ser
fracture. 
n the failure r
remaining fail

scous plastic fr

re center (a and
he final failure
e and 2 indicate

ly 265 = 4.5 r
ucture compris

strength chara
sufficiently hig

joint and initia
face in the mon
t. Pores are no
viscous zone (
e smoothed und
c), pits are elo
ture surface can
rpentine slip ch

egions corresp
lure regions in
racture was ob

d e), viscous c
e zone of the V
es the fracture 

rad. High stren
sing α'-marten
acteristics of t
gh and corresp

al VT6 materia
nolithic materia
oticeable in th
(Fig. 8b), the 
der tension, sp
ongated. In the
n be seen. In t

haracterize the 

ponding to fra
n response to ta
served. 

omponent (b a
VT6/VT6 joint 

center. 

ngth properties 
nsite whose st
the weld joint
pond to those

al. It can be see
al is more smo

he fractogram
failure surface

plitting along th
e fractograms 
the transitive z
microlocal cha

acture in respo
angential stres

and f), and 
(d) and of 

of the 
trength 

under 
of the 

en that 
oothed, 
of the 
e with 
he slip 
of the 
one of 
aracter 

onse to 
ses. In 

 



 821

Investigation of the fracture histograms demonstrated that the fracture zone was characterized by viscous 
(fibrous) failure both for the weld joint and monolithic specimen. In the monolithic material, the bumpy smoothed relief 
was observed that testified to considerable plastic deformation preceeding failure. The direction of pit elongation 
indicated the direction of fracture development in the microvolume as well as the direction of crack front propagation. 
In the process of fracture pits deepen as a result of contraction of bridges between them. Small extention but sufficient 
depth of pits demonstrates high torsional strength of the joint and initial material. 

CONCLUSIONS 

In this work it has been shown that the chosen regime of linear friction welding allows a high-quality joint of 
the VT6 alloy to be obtained. The structural investigation of the specimens of the VT6/VT6 weld joint demonstrated the 
presence of the following zones in the region near the joint: recrystallization zone, strong plastic deformation 
(thermomechanical) zone, transitive (thermal) zone, and base metal zone. The microhardness was maximal in the joint 
zone, which indicated the formation of the fine-needle martensitic structure within the small recrystallized β-grain 
leading to the increased strength of the alloy. 

The analysis of the failure surfaces demonstrated that the fracture zone was characterized by viscous (fibrous) 
failure, small extension, but sufficient depth of pits for both the weld joint and the monolithic specimen which 
demonstrated high torsional strength of the joint and initial material. The characteristics of the torsional strength 
(τв = 810 MPa and φ = 110 (1.9 rad)) confirmed sufficiently high characteristics of the weld joint corresponding to the 
strength of the monolithic material. In this case, fraction occurs along the base metal.  
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