Friction stir welding of pure titanium lap joint
H. Liu*1, K. Nakata1, N. Yamamoto2 and J. Liao2
The effects of welding parameters on friction stir welding of pure titanium lap joint were
investigated together with the microstructural characteristics of the sound joint. Three kinds of
welding defects were found under the condition of tool load control, namely, the groove-like
defect, the inner cavity defect and the overheating rough surface and tool penetration defect with
increasing heat input. The tool plunge depth control effectively increased the lap width compared
with the tool load control, so the sound joints fractured in the base metal were acquired at
250 rev min21–75 mm min21 and 200 rev min21–50 mm min21. The sound joint consisted of the
thermomechanically affected zone, the stir zone, the lap zone and the top layer. The
microstructure was fined obviously after welding, and finer grains were observed in the lap
zone and top layer.
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Introduction
Friction stir welding (FSW) is an innovative solid state
welding process invented in 1991 by Thomas et al.1 Since
the appearance of FSW, it has gained considerable
interests due to the avoidance of solidification problems
associated with conventional fusion welding techniques,2–4 and has been successfully applied to the low
melting metals such as Al alloys and Mg alloys.5–11 In
recent years, a great deal of attention has been focused
on the FSW of high melting metals with the continued
development of FSW technique,12–16 especially for
titanium and its alloys because of the wide application
in the industrial field.17–26 However, it should be pointed
out that it is extraordinarily arduous to friction stir weld
the titanium and its alloys owing to the high activity,
high melting point and low heat diffusivity. Fortunately,
a large number of researches have been performed,
including the microstructural characteristics,17–19,21 the
mechanical properties,20,25,26 the material flow and the
grain structure evolution.22–24 The published papers
have mainly concentrated on the butt joint of titanium
and its alloys, but little work has reported the FSW of
lap joint. In the present study, the FSW of pure titanium
lap joint was carried out, the effects of welding
parameters on FSW were investigated extensively and
the microstructural characteristics of the sound joint
were studied in detail.

Experimental
The material used in this research was a pure titanium
sheet with dimensions of 300610062 mm, and it had a
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chemical composition of Ti–0?01C–0?03Fe–0?01N–0?1O–
0?001H (wt-%). The FSW of lap joint was carried out
under the conditions of tool load or plunge depth control
using the WC–Co tool (tilted at 3u from the vertical) with
2?0 mm probe length, which consisted of a 15 mm
shoulder and a 6 mm probe in diameter. The axial force
was 14?7 kN under the tool load control. The tool plunge
depth control was realised by changing the axial force
during FSW, which means that the axial force was
reduced (or enhanced) automatically with increasing
(or decreasing) plunge depth. So the tool was held at
the same position approximately and the plunge depth
was y2?3 mm according to the measurement of the
macrostructures. The rotational speeds ranging from 200
to 350 rev min21 and welding speeds from 50 to
150 mm min21 were used in this investigation. The water
cooling and argon shielding systems were utilised during
FSW to cool the tool and minimise surface oxidation.
The joints were cross-sectioned for the metallographic
analysis and the lap shear strength was tested by a wire
electrical discharge cutting machine (HSC-300; Brother
Ind. Ltd, Nagoya, Japan). The cross-sections were
mechanically polished using water abrasive paper followed by the 1 mm diamond paste as a final polishing, and
then were etched in a solution comprising of hydrofluoric
acid, nitric acid and distilled water at a volume ratio of
1 : 1 : 8. Finally, the specimens were observed by an optical
microscope (VH-Z100R; Keyence Corp., Osaka, Japan)
and a scanning electron microscope (VE-8800; Keyence
Corp., Osaka, Japan). The lap shear strength test was
evaluated by means of a tensile test machine (Instron5500R; Instron Corp., Norwood, MA, USA) at room
temperature with a crosshead speed of 1 mm min21. The
relative position of pure titanium lap joint for lap shear
strength test is shown in Fig. 1. The AS and RS are the
advancing side and retreating side respectively. The
electron back scattered diffraction was applied to confirm
the grain size by the scanning electron microscope
(JSM-6400; JEOL Ltd, Tokyo, Japan) incorporated
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FSW of pure titanium lap joint

1 Relative position of pure titanium lap joint for lap shear
strength test

with TSL (TexSEM Laboratories) (MSC-2200; TexSEM
Laboratories Inc., UT, USA). The sample was electropolished at room temperature for 30 s under a potential of
25 V in a solution containing perchloric acid, n-butyl
alcohol and methanol at a volume ratio of 1 : 7 : 10.

Results and discussion
Welding defect and shear strength under
condition of tool load control
The relationship between the welding parameters and
the welding defects under the tool load control is
presented in Fig. 2. It can be seen that the groove-like
defect was found when welded at high welding speed (or
low rotational speed) due to the insufficient heat input.
With decreasing welding speed at the same rotational
speed (or increasing rotational speed at the same
welding speed), the groove-like defect disappeared and
the inner cavity defect appeared gradually. Under the
appropriate heat input, the joint without defect was
obtained at a rotational speed of 250 rev min21 and a
welding speed of 75 mm min21. With a further decrease
in welding speed (or increase in rotational speed), the
overheating rough surface and tool penetration defect
formed because of the excessive heat input. The surface
appearances and cross-sections of the defects are shown
in Table 1. The groove-like defect was detected in the
RS of stir zone (SZ) and the inner cavity defect was
observed in the centre part of SZ as the low heat input
was adopted. The overheating rough surface and tool
penetration defect was shown when the high heat input
was employed, which is probably attributed to that the
temperature of stirred metal sharply ascended and the
aRb phase transformation happened. A great deal of
soft b phase formed in the SZ at high temperature, so

2 Relationship between welding parameters and welding
defects under tool load control

the tool rapidly penetrated the bottom titanium plate
under the tool load control. At the same time, the
titanium metal was extruded from the SZ and much burr
occurred in the RS. It can be also seen from Table 1 that
the average rotational speed/welding speed parameter
(N/V) was calculated to roughly correlate the nature of
the defects with the welding heat input.5 According to
the parameter, it has been demonstrated that the groovelike defect gradually changed to the inner cavity defect
and the overheating rough surface and tool penetration
defect with increasing heat input. However, the groovelike defect close to the start position of weld was found
at 200 rev min21–50 mm min21 and the defect type did
not conform to the average N/V parameter. The reason
is probably due to the insufficient heat input produced
from the low rotational speed during the plunge stage.
The welding parameter, macrostructure, lap width
and failure load of the joint without defect under the
tool load control are shown in Table 2. It can be found
from the macrostructure that the lap interface between
the upper and bottom plates partly vanished after
FSW. So the lap width was approximately attained by
measuring the length of disappeared interface. The lap
width was y2?7 mm and the failure load was
y11?9 kN. More detailed information about the
tensile curve of the joint is shown in Fig. 3a. The
tensile curve quickly increased at the beginning
followed by a rapid decrease in the end, and small

Table 1 Surface appearances and cross-sections of welding defects under tool load control
Heat input

Average N/V, mm21

Welding defect

Insufficient

2?2

Groove-like
defect

2?7

Inner cavity
defect

4?2

Overheating rough
surface and tool
penetration defect

Excessive

Surface appearance

Cross-section
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a load control; b plunge depth control
3 Tensile curves of joints without defect under conditions of tool

elongation was found in the curve. The short lap width
reflected on the weak bonding during FSW, so the
fracture happened in the lap zone as shown in the
bottom part of Fig. 3a.

Obtainment of sound joints under condition of
tool plunge depth control
Based on the experiments of tool load control, it can be
concluded that the lap width strongly influenced the
failure load and the failure load was possibly improved
by increasing the lap width. The lap zone can be widened
by enhancing the axial force, but the large axial force
easily causes the overheating rough surface and tool
penetration defect under the tool load control. The FSW
was subsequently carried out under the condition of tool
plunge depth control and a small range of welding
parameters were accomplished in the experiments, which
was mainly aimed to obtain the sufficient lap width. The
joints without defect were acquired at 250 rev min21–
75 mm min21 and 200 rev min21–50 mm min21, the lap
widths were up to y4?5 mm and the failure loads were
y14?5 kN as shown in Table 2. Compared with the
joint at 250 rev min21–75 mm min21 under the tool
load control, the lap width obviously increased when
welded at the same welding parameter under the tool
plunge depth control. The tensile curves of the joints
without defect are shown in Fig. 3b, and the picture of
fracture sample is inserted in the bottom part. The
tensile curves quickly ascended at the beginning of the
tensile test (elongation,10 mm), the curves approximately experienced to be horizontal in the middle
(10 mm(elongation(30 mm) and then they sharply
descended in the end (elongation.30 mm). The enough

lap width supplied the sufficient bonding strength in the
lap zone, which led to the fracture happening in the base
metal (BM) after a large elongation.

Microstructural characteristics of sound joint
The microstructures of the sound joint welded at
250 rev min21–75 mm min21 under the tool plunge
depth control are shown in Fig. 4, and a low magnification overview is displayed in the top part. It can be seen
from the overview that the joint was composed of
the thermomechanically affected zone (TMAZ), the SZ,
the lap zone and the top layer. The lap zone bonding the
upper and bottom plate was detected in the bottom part
of SZ (SZ-Bottom) and the top layer with a thickness of
0?2 mm was observed in the top part of SZ (SZ-Top). It
should be declared that the lap zone and top layer
belonged to the SZ. After welding, the microstructures
of the TMAZ and SZ were obviously different from
those of BM. The grain structure with definite deformation direction was found in the TMAZ. The SZ,
experiencing the high temperature and large plastic
deformation, was depicted as the fine equiaxed grain
structure. The fine grains formed in the SZ result in the
increase in the microhardness evidently, and more
details about the relationship between the microhardness and grain refinement have been discussed by Fujii
et al.27 Figure 5 shows the electron back scattered
diffraction maps of different observed regions denoted
in Fig. 4. The BM consisted of the equiaxed a phase
grains with an average size of 22 mm as seen from
Fig. 5a. The fine grains with an average size of 8?0 mm
were observed in the centre part of SZ (SZ-Centre) as
shown in Fig. 5b. The lap zone showed the finer grains

Table 2 Welding parameters, macrostructures, lap widths and failure loads of joints without defect under conditions of
tool load or plunge depth control
Control system

Lap width,
mm

Failure load,
kN

75

2?7

11?9

200

50

4?5

14?5

250

75

4?5

14?4

Rotational speed,
rev min21

Welding speed,
mm min21

250

Macrostructure

Load control

Plunge depth
control
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a BM; b, c TMAZ and SZ; d lap zone; e top layer
4 Microstructures of sound joint welded at 250 rev min21–75 mm min21 under tool plunge depth control

with the average size of 6?0 mm (Fig. 5c). The bottom
part of SZ underwent the lower peak temperature than
the centre part during FSW, so the microstructure
probably presented the finer grain structure after
dynamic recrystallisation. Moreover, as shown in
Fig. 5d, the top layer indicated the finest grains with
an average size of 4?0 mm. The complicated metal flow
happened in the region. The metal was stirred by the
tool first and then it suffered the reworking with large

deformation from the caudal part of shoulder, which
possibly caused the further refinement of grain structure.

Conclusions
The groove-like defect formed at low heat input, and
the groove-like defect disappeared and the inner cavity
defect appeared gradually with increasing heat input.
The tool rapidly penetrated into the bottom titanium

a BM; b SZ-Centre; c SZ-Bottom; d SZ-Top
5 Electron back scattered diffraction maps of different observed regions denoted in Fig. 4
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plate under the condition of tool load control when
the high heat input was employed, and the overheating
rough surface and tool penetration defect was found.
The tool plunge depth control effectively increased the
lap width compared with the tool load control, so the
sound joints fractured in the BM were obtained at
and
200 rev min21–
250 rev min21–75 mm min21
21
50 mm min . The lap joint was composed of the
TMAZ, SZ, the lap zone and the top layer. After
welding, the microstructures of the TMAZ and SZ
were obviously different from that of the BM. The
grain structure with definite deformation direction was
found in the TMAZ, and the fine equiaxed grain
structure formed in the SZ. The finer grains were
detected in the lap zone and top layer, which
respectively result from the occurrence of low peak
temperature and the reworking from the caudal part of
shoulder.
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