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a b s t r a c t

Commercial purity titanium plates with 2 mm in thickness were successfully friction stir butt-welded at
a welding speed ranged from 50 to 300 mm/min. The measured peak temperatures during all the welding
processes were below the �/� phase transformation point. The microstructural characterization revealed
ccepted 8 February 2010
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that the stir zone has an equiaxial grain structure and low density of dislocations at lower welding speed,
but a high density of dislocations at higher welding speed. The optimized tensile property was obtained for
the specimen welded at 200 mm/min. The mechanical properties related to the microstructural evolution
were investigated and discussed by comparing with the Al (fcc) and IF steel (bcc) results.

© 2010 Elsevier B.V. All rights reserved.
ynamic recrystallization
all–Petch relation

. Introduction

Titanium and titanium alloys have been widely used in the
erospace industry due to their high specific strength, high heat
esistant and high corrosion resistant properties. Recently, titanium
lloys have also been explored as potential biomedical materials
ecause of their low allergy risk to the human bodies. When used
s structural materials, titanium and titanium alloys have been
enerally regarded as weldable by fusion welding methods like
rc welding, laser welding, etc. However, distortion of the fusion
elded materials usually takes place due to the low thermal con-
uctivity of titanium. Moreover, the titanium and titanium alloys
re highly reactive in the molten state and the formation of titanium
xide and porosities in the weld nuggets will inevitably results in
he degradation of the mechanical properties. Since the invention
f the friction stir welding (FSW) technique by TWI in 1991, the
SW of low melting point materials such as Al [1–4], Mg [5–6], and
u [7] have been widely investigated. Recently, the studies on the

riction stir weldability of widely used high melting point materials,
uch as cast iron [8], carbon steel [9–12], and stainless steel [13–16],
ave also started. However, there are only a few reports concern-

ng the FSW of titanium or titanium alloys [17,18,20]. Comparing

ith steel materials, the melting point of titanium is higher and
urable tools at high temperature are strongly required. In addition,
itanium possesses a stable hcp structure at ambient tempera-
ure and will transform to a bcc structure when the temperature
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is higher than 880 ◦C. The allotropic phase transformation might
occur during the continuous deformation, heating and cooling pro-
cess when the FSW is performed, which makes it more difficult to
obtain sound joints. With the development of rotation tools, nowa-
days titanium or titanium alloys can be successfully FSW processed
using high temperature durable tools like coated TiC tools and WC
alloys tools, etc. For example, Lee et al. [17] and Ramirez and Juhas
[18] succeeded in producing pure Ti joints and Ti–6Al–4V joints,
respectively. John et al. [19] investigated the residual stress of
FSW processed Ti–6Al–4V and more recently Mironov et al. [21,22]
reported detailedly the texture evolution in the FSW of Ti and
Ti–6Al–4V alloys. These interesting studies indicated that improved
mechanical properties of the joint of titanium or titanium alloys can
be accomplished by using the FSW technique. However, the effect
of the welding conditions on the microstructure and mechanical
properties has not been thoroughly studied.

In this study, 2 mm thick commercial pure titanium (cp-Ti)
plates were successfully friction stir welded at a temperature lower
than the �/� phase transformation point. The optimized welding
parameter was determined by comparing the mechanical proper-
ties of the joints obtained under different welding conditions. Also,
the differences in the mechanical properties and microstructure
were investigated and discussed by comparing with Al (fcc) and
steel (bcc) results.
2. Experimental procedures

Cp-Ti plates with dimension of 300l × 50w × 2t mm3 were butt-
welded by the FSW technique under the load-control mode.
The chemical composition of the cp-Ti is 0.007C–0.0013B–0.08O–

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
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dx.doi.org/10.1016/j.msea.2010.02.023
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Fig. 1. OM showing the microstructure of the as-received cp-Ti plate.
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ig. 2. Peak temperature measured in the stir zone welded at different welding
peeds.

.004N–0.05Fe (in wt.%). Tungsten carbide based alloy tools whose
houlder diameter was 15 mm, probe diameter was 6 mm and
robe length was 1.8 mm, were used for all the welding processes.
he tool rotation speed was fixed at 200 rpm and the welding
peed was varied within the range from 50 to 300 mm/min. Dur-
ng welding, a protective atmosphere of Ar gas flowed around the
ool to prevent the joints from being oxidized and the temperature
ise was measured by thermocouples placed under the bottom of
he cp-Ti plates. The microstructure in the stir zone was observed
y optical microscopy (OM), electronic backscattering diffraction
EBSD) and transmission electron microscopy (TEM). The dog bone-
ike tensile specimens were cut by an electrical discharge machine
erpendicular to the welding direction and the tensile tests were
arried out at a cross-head speed of 1 mm/min. The Vickers micro-
ardness distribution was measured under a load of 0.98 N for a
well time of 15 s along the centerlines of the cross-section with
n interval of 0.5 mm.
. Experimental results

Fig. 1 shows the OM images of the microstructure of the as-
eceived cp-Ti plate, which has an equiaxed grain structure with
ineering A 527 (2010) 3386–3391 3387

an average grain size of about 10 �m. A lamellar twin structure
can be found within some grains, which is indicated by the white
arrows in the figure.

Fig. 2 shows the measured peak temperature in the stir zone of
the cp-Ti welds processed at different welding speeds. It revealed
that the maximum temperature during the welding process can
reach 843, 694, 555 and 498 ◦C at a welding speed of 50, 100, 200
and 300 mm/min, respectively. This means that all the FSW of cp-Ti
was processed below the �/� phase transformation temperature,
despite of the welding speeds used in the present study. In addition,
the work-pieces were exposed at high temperature for a very short
time due to the rapid moving of the rotating tools. Therefore, it
is believed that no phase transformation occurred under all these
welding conditions.

Fig. 3 shows the EBSD maps and the corresponding {0 0 0 1}pore
figures for the stir zone obtained at a welding speed of 50, 100, 200
and 300 mm/min. Fig. 3(a) briefly illustrates the locations where
the EBSD measurements were carried out. The measured points
with a confidence index (CI) value less than 0.05 were blacked out
in the EBSD maps and removed from the calculation of the pore
figures. Generally, the stir zones all exhibit an equiaxial grain struc-
ture regardless of the welding speeds, indicating the occurrence of
dynamic recrystallization during the welding process. In addition,
the average grain size decreased with the increasing welding speed
due to the less heat input. In the stir zone welded at 50 mm/min as
shown in Fig. 3(b), some grains with a remarkably larger size can be
distinguished and are indicated by the white arrows, which should
be the secondary recrystallized grains due to the relatively higher
heat input during the welding process. The secondary recrystallized
grains all exhibit a red color indicating their [0 0 0 1] axes parallel
with the ND. From the corresponding {0 0 0 1} pore figures, it was
found that a strong crystallographic texture formed in the stir zone
and significantly depended on the welding speed. For the sample
welded at 50 mm/min, the texture intensity can achieve about 34.4
times random. However, the texture intensity decreased to 32.2,
25.0 and 15.3 times random when the welding speed increased
to 100, 200 and 300 mm/min respectively. This is quite different
with the other FSW processed materials like Al, Cu or Mg that the
stir zone usually exhibits a random grain orientation. Recently, the
strong texture formation in the FSW processed pure titanium was
studied in detail by Minorov et al. [22], who pointed out that the
grain structure evolution in the stir zone was mainly driven by the
texture-induced grain convergence.

The microstructures at the center of the stir zones were further
investigated by TEM observations and the typical TEM images of
the stir zone welded at 50, 100, 200 and 300 mm/min are shown
in Fig. 4(a)–(d). All the stir zones showed an equiaxed grain struc-
ture and the average grain size significantly decreased with the
increase of welding speed due to the reduced heat input. In addi-
tion, the dislocation densities inside the equiaxed grains increase
with increasing the welding speed. In Fig. 4(c) and (d), some
dislocation tangles can be observed, implying the incomplete or
continuous recovery of the cp-Ti.

For comparison purposes, the typical TEM images of the
microstructure of the FSW processed pure Al, IF steel and cp-Ti
are presented in Fig. 5(a)–(c), respectively. The FSW process of Al
and IF steel were carried out at a rotation speed of 400 rpm and a
traveling speed of 1000 mm/min, which also indicates a low heat
input during the welding for the specific materials. Compared with
FSW processed cp-Ti that dislocations of high density distributed
inside the grains, there are few dislocation that can be observed

in the Al and IF steel joints. This is because of the easy dislocation
annihilation due to the high stacking fault energy of pure Al and
the bcc crystalline structure of IF steel.

Fig. 6 shows the Vickers microhardness distributed along the
centerlines on the cross-sections of the stir zone, in which the bro-
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Fig. 3. (a) Schematic diagram showing the locations where the EBSD map was measured; and EBSD map of the stir zone welded at different welding speed of (b) 50 mm/min;
(c) 100 mm/min; (d) 200 mm/min and (e) 300 mm/min.

Fig. 4. TEM images showing the microstructure of the stir zone at welding speed of (a) 50 mm/min; (b) 100 mm/min; (c) 200 mm/min; and (d) 300 mm/min.
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e of FSW processed (a) Al; (b) IF Steel; and (c) cp-Ti.
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Table 1
Summary of the grain size and hardness of the samples welded under different
conditions.

Welding speed (mm/min) Grain size (�m) Hardness (HV)

Base metal 10 146

It is well known that for conventional polycrystals with grain
Fig. 5. TEM images showing the microstructur

en line indicates the hardness of the base metal. It can be found
hat the hardness in the stir zone increases with increasing weld-
ng speed. For example, the hardness increased from 150 HV in the
tir zone welded at 50 mm/min to about 190 HV in that welded at
00 mm/min.

Fig. 7 shows the tensile strength of the FSW of cp-Ti processed
t different welding speeds. The tensile strength of the base met-
ls is about 420 MPa and was also plotted with a dotted line in the
gure. For the samples processed at a welding speed smaller than
00 mm/min, the fracture occurred in the stir zone indicating that
he strength of the welded sample is less than that of the base metal.
owever, the tensile strength increases with increasing the weld-

ng speed due to the microstructure refinement. When the welding
peed increased to 200 mm/min, the tensile strength of the joint
xceeded that of the base metal. As a result, the specimen fractured
n the base metal during the tensile tests. To evaluate the tensile
trength of the welded joint, a miniature tensile specimen was cut
n dog bone shape with the gauge length completely within the

elded joint. The tensile tests of the miniature specimen showed
hat the tensile strength of the welded joint is about 450 MPa. How-
ver, when the welding speed increased to 300 mm/min, the tensile
trength of the specimens decreased again despite the rather sig-
ificant refinement of the microstructure. The low tensile strength
s due to the formation of weld defects in the stir zone caused by
he insufficient plastic flow during the welding process. Therefore,
he best welding speed for the FSW of cp-Ti is 200 mm/min in the
resent study.

ig. 6. Hardness profile in the stir zone welded at 50, 100, 200 and 300 mm/min,
ogether with the hardness of the base metals.
50 6.3 150
150 4 175
200 3.8 180
300 3.5 190

Table 1 summarizes the average grain size and the Vickers
microhardness of the stir zone under various rotation speeds, as
well as that of the base metal. The average grain sizes are deter-
mined by the linear intercept method based on the OM and EBSD
observation. Generally, all the welds have a grain size smaller than
the base metal. The average grain size was 6.3, 4, 3.8 and 3.5 �m
for the welding speeds of 50, 150, 200 and 300 mm/min, respec-
tively. Compared to the base metal, the FSW resulted in a significant
decrease in the grain size in the stir zone due to the occurrence
of dynamic recrystallization. Simultaneously, the significant grain
refinement resulted from the FSW increased the hardness in the
stir zone.
size ranging form several to hundreds of micrometers, the hardness
dependence on mean grain size can be descried by the Hall–Petch
relation, HV = HV0 + kd−1/2, Where HV is the hardness of a poly-
crystalline metal, d is the grain size and HV0 and k are constants. The

Fig. 7. Tensile strength of the samples at different welding speeds, together with
that of the base metal.
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tional Materials Design)” and the Cooperative Research Project of
Nationwide Joint-Use Research Institute on Development Base of
Fig. 8. The hardness and grain size relationship of the FSW processed cp-Ti.

all–Petch relation predicts an increased hardness with a decrease
n the grain size. Fig. 8 shows the hardness vs. grain size relation-
hip of the FSW processed cp-Ti. For the purpose of comparison, the
ardness vs. grain size relationship of the FSW processed pure Al
nd IF steel is also plotted. In this figure the Hall–Petch line for cp-Ti
as extrapolated according to ref. [23]. It is found that the hardness
ata of the pure Al and IF steel fell on the straight lines represent-

ng the Hall–Petch relation. However, for cp-Ti, the experimental
ata matches well with the Hall–Petch line when the grain size

s larger than 6.4 �m. However, when the grain size decreased to
ess than 6.4 �m, the measured hardness data was obviously higher
han those predicted by the Hall–Petch relation.

. Discussion

The above descriptions revealed that the FSW of cp-Ti can be
ccomplished below the �/� phase transformation temperature.
ccording to the previous publications about the FSW of pure Ti,

he temperature rise caused by friction is usually higher than the
hase transformation point [17]. As a result, a serrated grain bound-
ry can usually be found in the stir zone due to the � → � phase
ransformation during the subsequent cooling after the welding
rocess. However, no such serrated grain boundary was found in
he present study. This reveals that the FSW of cp-Ti could be
btained under the phase transformation temperature, which was
lso confirmed by the instantaneous temperature measurement.
he low temperature rise during the FSW process has at least two
dvantages to obtain a sound welded joint. The low temperature
an prevent the rapid growth of the recrystallized grains and there-
ore improve the mechanical properties of the stir zone. On the
ther hands, the prevention of the phase transformation will help
he smooth proceeding of the FSW process, since the formation of
he � phase has a bcc structure and much lower strength than the

phase, which might lead to the sudden sinking of the rotation
ools.

It is also noteworthy that the relationship of the hardness
nd average grain size in the stir zone does not match the
all–Petch relation within the whole grain size range. Recently,

ome examples of the deviation of Hall–Petch relation were found
n nanostructured metals [24]. However, FSW processed materi-

ls have an average grain size seldom less than 1 �m and usually
ollow the Hall–Petch relation. The deviation of the Hall–Petch
elation in this study is probably attributed to the two aspects.
irst, for the cp-Ti welded at high speed, like 200 or 300 mm/min
ineering A 527 (2010) 3386–3391

(minimum heat input in this study), a significant amount of dislo-
cations are generated in the deformed grains due to the incomplete
recovery and dynamic recrystallization at low temperature. The
tangling of the high density dislocations will inevitably result in
the higher hardness value, compared to the completely recov-
ered grains, i.e., dislocation-free samples. On the other hand, the
crystallography texture in the stir zone processed at low weld-
ing speeds is much higher than those welded at high welding
speed, which means that a large fraction of the grains having
a similar orientation, or low misorientations exists in the stir
zones processed at lower welding speed. Since the microhard-
ness on the free surface of the polycrystalline metals is closely
related to the inhomogeneous deformation in the respective grains,
the low misorientation between the neighboring grains cannot
effectively block the dislocations moving through the grain bound-
aries under the external stress and therefore reveals a lower
hardness value. Comparing with cp-Ti, there are few dislocations
and no obvious crystallography textures in the FSW processed
Al or IF steel obtained within a wide welding speed range. The
disappearance of the dislocation after the FSW is due to their
easy recovery at low temperature. Therefore, the Hall–Petch rela-
tion can be successfully applied to the FSW processed Al and IF
steel.

5. Conclusions

In this study, the cp-Ti plates with 2 mm in thickness were
successfully friction stir butt-welded under different processing
conditions. The microstructure and the mechanical properties of
the stir zone were investigated. In summary, the following conclu-
sions can be drawn.

(1) The cp-Ti plates can be friction stir welded at a welding speed
from 50 to 300 mm/min and the optimized overall mechanical
properties was obtained at a welding speed of 200 mm/min.

(2) A high crystallography texture of 34.4 times random formed
in the stir zone when welded at the low welding speed of
50 mm/min. However, the texture strength decreased with
increasing the welding speed and finally decreased to 15.3
times random at the welding speed of 300 mm/min.

(3) The measured hardness value and the average grain size in the
stir zone do not match the Hall–Petch relation over the entire
grain size range. The experimental hardness value is higher
than the value calculated by the Hall–Petch relation in the stir
zone with grain size smaller than 6.4 �m. The deviation in the
Hall–Petch relation was attributed to the different dislocation
density and different crystallography texture strength of the
sample obtained at different welding conditions.
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