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Abstract The effects of the main process variables on the
stir zone microstructure in friction stir welds were inves-
tigated for Ti—6A1-4V. Welds were produced by employ-
ing varying welding speeds under a constant rotation speed
or different rotation speeds at a constant welding speed.
The stir zone microstructure was examined by optical
microscopy and transmission electron microscopy. It was
found that the stir zone microstructure was determined by
the parameters controlling temperature and deformation
history during the friction stir welding. A bimodal micro-
structure characterized by primary o and transformed f
with lamellar o« + f or a full lamellar microstructure
composed of basket-weave o + [ lamellae could be
developed in the stir zone. The microstructural evolution
mechanism in the stir zone was discussed.

Introduction

Titanium and its alloys have high specific strength and
excellent corrosion resistance, and thus have been exten-
sively applied in the aerospace, chemical and nuclear
industries. Since the introduction of titanium and titanium
alloys in the early 1950s, Ti-6A1-4V has in a relatively short
time become the most widely used titanium alloy due to its
excellent comprehensive properties [1]. In recent years, the
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demand for Ti—-6Al-4V is increasing due to the scarcity of
resources and their growing expense especially in the
aerospace sector. Almost all conventional welding tech-
nologies have been applied to join Ti—-6Al-4V. However,
the application of fusion welding techniques to Ti-6Al-4V
resulted in formation of brittle coarse microstructure, severe
distortion and high residual stress. Therefore, solid-state
joining processes would appear to be more suitable for
avoiding the problems associated with the melting of the
materials to be welded.

Friction stir welding (FSW) has attracted a great deal of
attention in the industrial fields due to its many advantages.
Since its invention in 1991, FSW has been successfully
applied to the joining of the various Al, Mg and Cu alloys
[2-6]. In recent years, friction stir welding of high melting
temperature materials such as steels, nickel and titanium
alloys has become a research hotspot [7-9]. However, FSW
of high melting temperature materials is difficult to create
sound joint because of tool limitations [10, 11].

Until now, there has been limited information in the
archival literature regarding the FSW of titanium alloys,
and thus the microstructural development in the FSW
welds of titanium alloys is still not well understood
[12-25]. Therefore, the oo + f§ titanium alloy, Ti—-6A1-4V,
is friction stir welded by a W-Re pin tool in the present
paper, and the microstructural evolution in the stir zone
(SZ) is studied to reveal the relation between microstruc-
ture and process parameters.

Experimental procedure
The as-received material was 2-mm-thick mill-annealed

Ti—-6A1-4V sheet with the chemical composition of Al
6.15, V 4.00, Fe 0.30, C 0.10, N 0.05, H 0.015, O 0.20 and
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Ti balance (wt%). Welding experiments were performed
using a special welding system equipped with a W-Re pin
tool designed by the Harbin Institute of Technology,
P.R. China. The pin tool used in the present study was
conical shape. The tool shoulder diameter was 11 mm; the
pin length was 1.8 mm and the pin was tapered from 6 mm
at the shoulder to 4 mm at the pin tip. Welds were made
along the longitudinal direction of the sheet (perpendicular
to the rolling direction of the sheet) with welding speeds of
25, 50 and 100 mm/min at a constant rotation speed of
400 rpm or with rotation speeds of 400, 500 and 600 rpm
under a constant welding speed of 75 mm/min. A 2.5° tilt
was applied to the pin tool for all the welding experiments.

The transverse weld cross-sections were cut by electrical
discharge machining and prepared by standard metallo-
graphic procedure. Samples were mounted in epoxy and
ground with abrasive paper. The microstructures were
observed by optical microscopy (OM) and transmission
electron microscopy (TEM). The polished weld cross-sec-
tions were chemically etched using Kroll’s reagent (13 mL
HF, 26 mL HNO; and 100 mL H,O) and then observed on
an Olympus-PMG3 OM. Thin-foil disk specimens were cut
from the SZ for the TEM observation. The specimens were
first mechanically polished to a thickness of 0.1 mm and
then twin-jet electro-polished in a solution (6 vol.%
HC1O4 + 34 vol.% C4HyOH + 60 vol.% CH;0H) at —40
°C. TEM observations were performed on a Philips CM-12
microscope operated at an accelerating voltage of 120 kV.

Fig. 1 Optical micrographs of
a weld cross-section, b BM and (a)
¢ HAZ

Results and discussion
Features of the microstructural zones

A typical cross-section of the Ti—6Al-4V friction stir weld
is shown in Fig. la. The thermo-mechanically affected
zone (TMAZ) is not found outside the SZ on either
advancing side or retreating side, thus the weld only con-
sists of SZ, instead of SZ + TMAZ. The absence of TMAZ
in titanium alloy FSW welds has also been reported in
references [20-22]. The SZ is clearly visible around the
weld center. The sideward lighter zone is the base material
(BM), and the narrow gray zone between the SZ and the
BM is the heat affected zone (HAZ). A full penetration
weld is obtained and the weld thickness is slightly smaller
than the BM. The weld cross-section looks like ‘basin-
shape’ and process parameters have little influence on the
weld cross-section appearance. No volumetric defect is
observed in the cross-section of any of the welds.

Optical micrograph of the BM is shown in Fig. 1b. The
BM has an initial microstructure characterized by elon-
gated primary o + transformed f. It is indicated that the
BM is rolled in the « + f temperature range, and then
annealed below the f-transus temperature followed by air
cooling. The white and grey regions in the OM image
represent primary o and transformed f, respectively.

The shape of the HAZ is influenced by the process
parameters. However, temperature in the HAZ is below the
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p-transus temperature for any of the welds, and thus there
is little difference in the HAZ microstructure between
welds obtained with varying parameters. A typical optical
micrograph of the HAZ is shown in Fig. 1c. The micro-
structure of the HAZ is similar to that of the BM but with
an increase in the volume fraction of f, which can be
explained by the o — f transformation in this region
during the heating stage of FSW. However, high-temper-
ature residence time in the HAZ is relatively short so the
increase in the volume fraction of f§ is not significant.

Microstructure of the SZ

The SZ microstructure in the weld is significantly influ-
enced by the process parameters. The effects of welding
speed and rotation speed are discussed, respectively.

Effect of welding speed on the SZ microstructure

Figure 2 shows the effect of welding speed on the SZ
microstructure in the welds produced at a constant rotation
speed of 400 rpm. The SZ microstructure in all the welds is
characterized by primary o + transformed f. This means
the maximum temperature in the SZ does not exceed the
p-transus temperature. The details of the transformed f in
the SZ cannot be revealed by OM due to the quite fine
microstructure.

Primary o grain size is an important factor affecting the
mechanical properties of titanium alloys [26]. As seen in

Fig. 2 Optical micrographs of
the SZ in the welds produced at
a constant rotation speed of
400 rpm: a 25 mm/min,

b 50 mm/min, ¢ 100 mm/min
and d primary o size as a
function of welding speed

Fig. 2, the mean size of primary o in the SZ increases with
increasing welding speed. For welding speeds of 25 and
50 mm/min, primary o« size in the SZ is much finer than
that in the BM. When welding speed rises to 75 and
100 mm/min, primary « size in the SZ is gradually close to
that in the BM. The size of primary o as a function of
welding speed in the welds made at 400 rpm is shown in
Fig. 2d. With increasing welding speed, primary o size
increases from 2 to 11 pm.

Effect of rotation speed on the SZ microstructure

Figure 3 shows the effect of rotation speed on the SZ
microstructure in the welds produced at a constant welding
speed of 75 mm/min. The SZ is composed of primary
o + transformed f when a rotation speed of 400 rpm is
adopted. It can be concluded that the peak temperature in
the SZ of the weld produced at 400 rpm is also below the
p-transus temperature. However, the SZ is characterized by
a full lamellar microstructure when the rotation speeds of
500 and 600 rpm are used. It is suggested that the SZ
temperature is above the fS-transus temperature, and thus a
full lamellar microstructure is formed during cooling from
the p-field [27].

The lamellar microstructure in the welds produced at
500 and 600 rpm is obvious, as shown in Fig. 3. Prior f
grain size increases with increasing rotation speed. This
phenomenon is attributed to prior f grain growth when
higher rotation speeds are applied. It is well known that

Primary « size, pm

25 50 100 BM
Welding speed, mm/min
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Fig. 3 Optical micrographs of
the SZ in the welds produced at
a constant welding speed of

75 mm/min: a 400 rpm,

b 500 rpm, ¢ 600 rpm and

d primary f§ size as a function of
rotation speed

higher rotation speed would cause a higher peak tempera-
ture and a longer dwell time above the f-transus temper-
ature in the SZ, which results in coarser prior f§ grains [28].
The size of prior f§ as a function of rotation speed in the
welds made at 75 mm/min is shown in Fig. 3d. Since the
as-received material and the weld for 400 rpm are pro-
cessed below the f-transus, only prior f§ size in the welds
produced at 500 and 600 rpm is given.

Evolution mechanism of the SZ microstructure

The evolution mechanism of the SZ microstructure is fur-
ther revealed by TEM. In the present study, two kinds of
welds are examined. One is the welds for the welding
speeds of 25 and 100 mm/min at a constant rotation speed
of 400 rpm, and another is the welds for the rotation
speeds of 400 and 600 rpm at a constant welding speed of
75 mm/min.

Effect of welding speed on the evolution mechanism

Figure 4 shows the TEM images of the SZ in the weld for
400 rpm and 25 mm/min. The SZ is characterized by dis-
location-free equiaxed primary o and transformed f with
lamellar o 4+ f3, thus the microstructure in the SZ can be
defined as a bimodal microstructure. The existence of
dislocation-free equiaxed o indicates that fully dynamic
recrystallization (DRX) occurs in the SZ [29]. The tem-
perature in the SZ is close to the fS-transus temperature,
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thus o — f transformation occurs during the heating stage
of the welding process. During the cooling stage of FSW,
f — a + P transformation occurs and alternate lamellar
o + f is formed. The selected area electron diffraction
(SAED) patterns have confirmed the existence of the
alternate o and f phase in the lamellar microstructure, as
shown in Fig. 4.

The microstructure of the SZ in the weld for 400 rpm
and 100 mm/min is also a bimodal microstructure, as
shown in Fig. 5. However, there exists some difference in
detailed microstructure. Unlike the weld for 400 rpm and
25 mm/min, there are considerable amount of fine sub-
grains within primary o as well as DRX « in the SZ, as
shown in Fig. 5a. This phenomenon indicates that the DRX
process is not fully developed in the SZ of the weld for
400 rpm and 100 mm/min.

As mentioned above, primary « size in the SZ increases
with increasing welding speed when a constant rotation
speed of 400 rpm is adopted. It has been reported in Al alloy
FSW welds that the mean grain size in the SZ decreases
with increasing welding speed for a given rotation speed
[30, 31]. The FSW performed at higher tool rotation speed
or higher ratio of rotation speed/welding speed results in an
increase in both the degree of deformation and the peak
temperature of thermal cycle. The increase in the degree of
deformation during FSW results in a reduction in the
recrystallized grain size according to the general principles
for recrystallization [29]. The effect of deformation may
be more obvious on the SZ microstructure for the welds
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Fig. 4 TEM images of SZ in
the weld for 400 rpm and

25 mm/min: a DRX «,

b lamellar o + f, ¢ SAED
pattern of o phase and d SAED
pattern of 8 phase

Fig. 5 TEM images of SZ in
the weld for 400 rpm and

100 mm/min: a DRX o and «
sub-grains and b « + f lamellae

produced at a constant rotation speed of 400 rpm when
lower welding speeds are used. That is the reason why DRX
is not fully developed and primary o size in the SZ increases
with increasing welding speed.

Compared with the weld for 400 rpm and 25 mm/min,
fine lamellae are formed in transformed f in the SZ of the
weld for 400 rpm and 100 mm/min, as shown in Fig. 5b. It
is known that § would transform to finer lamellar micro-
structure at a higher cooling rate. This is thought to be the
reason why the higher welding speed leads to a decrease in
lamellae width.

Effect of rotation speed on evolution mechanism

The discussion of the effect of rotation speed on the SZ
microstructure evolution in the welds produced at a constant

welding speed of 75 mm/min is focused on the welds for the
rotation speeds of 400 and 600 rpm at a constant welding
speed of 75 mm/min.

A full lamellar microstructure is developed within prior
f grains in the weld for 600 rpm and 75 mm/min, as seen
in Fig. 6a. Unlike the parallel « + f lamellae in the weld
for 400 rpm and 75 mm/min, basket-weave o + [§ lamellae
are formed in the weld for 600 rpm and 75 mm/min. It is
well-known that the corresponding transformation of the
slip planes of the body-centered cubic f titanium into the
basal planes of the close-packed hexagonal o titanium and
the respective orientations of the slip directions are given
by the orientation relationship: {0001},/{110}; and
(1120),//(111)p. The six slip planes and the two slip
directions of the f§ titanium unit cell give a maximum of 12
variants of orientation to the «. Consequently, this results in
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Fig. 6 TEM images of SZ in
the weld for 600 rpm and

75 mm/min: a basket-weave
lamellar o + f§ and b low
dislocation density o lamellae

a very characteristic microstructure similar in appearance
to the weave pattern of a basket and is therefore referred to
as basket-weave structure [27].

A higher magnification of the basket-weave o + f§
lamellae is shown in Fig. 6b. It is interesting to note that
the SZ contains dislocation-free colony o as well as o
colonies with low dislocation density in the weld for
600 rpm and 75 mm/min. This observation agrees with the
results of Juhas et al. [25]. However, randomly oriented
twins and a high dislocation density in the Ti—-6Al-4V
FSW welds have been reported in references [17, 24]. It
can be argued that the dislocation density within the grains
must be dependent on process parameters. As for the
parameters used in the present study, the material behind
the tool can still be above the f-transus temperature when it
is no longer being deformed and thus experiences no
deformation as it cools below the f-transus temperature,
and thus dislocation-free colony « as well as o colonies
with low dislocation density are developed.

Conclusions

The o + f titanium alloy, Ti—-6Al-4V, was friction stir
welded using different welding speeds and different rota-
tion speeds and then microstructural evolution of the SZ
was examined. The SZ microstructure was determined by
the process parameters controlling temperature and defor-
mation history. For the weld produced at the constant
rotation speed of 400 rpm, the SZ temperature was below
the f-transus temperature and a bimodal microstructure
characterized by primary o + transformed f with lamellar
o + f was formed in the SZ due to DRX, and primary o
size increased but the lamellae width in transformed f
decreased with increasing welding speed from 25 to
100 mm/min because of the comprehensive action of
deformation extent and cooling rate. For the welds pro-
duced at a constant welding speed of 75 mm/min, the SZ
temperature was below the [-transus temperature when a
rotation speed of 400 rpm was used and the microstructure

@ Springer

in the SZ was also a bimodal microstructure, while the SZ
temperature was above the [-transus temperature when
rotation speeds of 500 and 600 rpm were used, and thus a
full lamellar microstructure characterized by basket-weave
o + f lamellae was developed in the SZ.
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