Materials and Design 65 (2015) 17–23

Contents lists available at ScienceDirect

Materials and Design
journal homepage: www.elsevier.com/locate/matdes

Interface microstructural control by probe length adjustment in friction
stir welding of titanium and steel lap joint
Y. Gao a,⇑, K. Nakata a, K. Nagatsuka a, F.C. Liu a, J. Liao b
a
b

Joining and Welding Research Institute, Osaka University, Ibaraki 567-0047, Japan
Kurimoto Ltd., 2-8-45 Suminoe, Osaka 559-0021, Japan

a r t i c l e

i n f o

Article history:
Received 20 June 2014
Accepted 12 August 2014
Available online 6 September 2014
Keywords:
Friction stir welding
Titanium
Steel
Intermetallic compound

a b s t r a c t
The dissimilar lap joining of commercially pure Ti (CP-Ti) plate of 1.0 mm in thickness and structural steel
(SPCC) plate of 3.2 mm in thickness was conducted by friction stir welding using different tools with
probe lengths from 0.8 to 1.2 mm for the purpose of controlling the joint interface microstructure. The
sound joints showing the base plate fracture of CP-Ti have been obtained by using the tools with the
probe lengths of 0.9 and 1.0 mm. The transmission electron microscope examination revealed the two
types of the interface microstructure. One was a non-intermixed type interface with a single interlayer
of about 50–100 nm in thickness, composed of FeTi intermetallic compound and b-Ti phase at the joint
with the probe length of 0.9 mm. The other was an intermixed interface with lamellar structure in which
a FeTi or FeTi + Fe2Ti intermetallic compound layer of about 100 nm in thickness and a b-Ti layer of about
1 lm in thickness were alternately formed at the joint with the probe length of 1.0 mm.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Ti and its alloys exhibited excellent integrate performance such
as high speciﬁc strength, considerable good high temperature
mechanical properties and excellent corrosion resistance, thus
have been applied in aerospace, transportation, power generation
and chemical industries. However, a wider utilization of these
materials is limited by their higher materials cost than conventional structural steels. One solution is to reduce the usage of Ti
alloys by applying them selectively only to the required places,
and in the other places steels should be applied instead of Ti alloys.
To realize this, the Ti alloys need to be tightly joined to steels using
a proper joining method.
The major metallurgical problem in joining Ti alloys with steels
is the formation of brittle intermetallic compound phases, such as
FeTi and/or Fe2Ti, as indicated in Fig. 1 [1], which make the Ti
alloys and steel hardly to be directly joined by conventional welding methods. To solve this problem, many welding and joining processes have been tried in recent years, such as electron beam
welding [2–4], laser welding [5–6], explosive welding [7–8], diffusion welding [9–11], inertia friction welding [12–14] and friction
stir welding (FSW) [15–17]. All these techniques for the Ti/steel
dissimilar joint are still in the developmental stage and have their
⇑ Corresponding author. Tel./fax: +81 0668798668.
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own insurmountable disadvantages. For example, fusion welding is
not recommended because it usually associated with high heat
input and the formation of massive brittle intermetallic compounds which will deteriorate the mechanical properties of the
joints [3]. The major disadvantage of this explosive welding is that
an expansive knowledge of explosives is needed before the procedure may be attempted. Explosion welding is therefore difﬁcult to
use broadly in the industry. On the other hand, during the diffusion
bonding process, the whole metallic materials of the specimens
needed to be heated to very high temperatures, and the diffusion
process needs a long processing time to implement, which is not
permitted in many industry applications. For the inertia friction
welding, the samples can only be club-shaped and need the postweld heat treatment to increase the bend ductility. The resultant
conditions make the inertia friction welding difﬁcult to apply.
FSW, a novel solid-state welding process developed by The
Welding Institute (TWI), has several advantages such as a high
operative efﬁciency and versatility as compared to the conventional solid-state welding processes. A preliminary investigation
[15] showed that sound dissimilar lap joints of CP-Ti and 304 stainless steel through FSW have been achieved by adjusting tool rotation rate and welding speed under protecting atmosphere. On the
other hand, Liao et al. have examined the interface microstructure
of the FSW lap joint of CP-Ti and steel [16]. Swirling like macro-and
micro-intermixing zones were formed at the joint interface. However, a detail investigation on the FSW of Ti to steel is still lacking
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Table 1
Nominal chemical composition of CP-Ti (mass.%).
Element

C

H

O

N

Fe

Ti

Mass.%

0.01

0.001

0.09

0.00

0.03

Balance

Table 2
Nominal chemical composition of SPCC (mass.%).
Element

C

Si

Mn

P

S

Fe

Mass.%

0.04

0.01

0.18

0.01

0.01

Balance

Fig. 1. Ti–Fe binary phase diagram.

and the joining mechanism of the dissimilar lap joint was still far
from fully understand. In our preliminary work, the effect of tool
rotation rate and welding speed on the microstructural evolution
and mechanical properties of dissimilar FSW lap joint of CP-Ti
and steel has been clariﬁed [18]. Beside the tool rotation rate and
welding speed, the probe length is also an important crucial
parameter for the FSW lap welding of CP-Ti to steel, because it
has a great inﬂuence on the interface microstructure, especially
on the formation of intermetallic compound layer at the joint
interface. Therefore, in present work, the effect of probe length
on the interface microstructure was investigated to evaluate the
morphology and the phase identification. The joining mechanism
of CP-Ti to steel was determined through the transmission electron
microscopy (TEM) observation on the two typical joint interface
microstructures formed through adjusting the probe length of
the FSW tool.

2. Experimental details
Plates of CP-Ti (1  85  200 mm3) and low carbon cold-rolled
structural steel (SPCC, 3.2  85  200 mm3) were subjected to
FSW, and the CP-Ti was placed as a top plate and SPCC as a substrate plate (Fig. 2). Tables 1 and 2 show the nominal chemical
compositions of the materials. The WC-Co based FSW tools consisted of a concave shoulder of 15 mm in diameter, a cylinder

Fig. 3. Specimen for the tensile test.

probe of 6 mm in diameter but with variant probe lengths of 0.8,
0.9, 1.0, 1.1 and 1.2 mm, respectively, were used. Lap joining was
performed at a tool rotation rate of 400 rpm, a welding speed of
50 mm/min and a load of 7.35 kN with a tool title angle of 3°.
The FSW joints were cross sectioned perpendicular to the welding direction for the metallographic analysis and tensile shear test
using an electrical-discharge cutting machine. The specimens for
optical microscopy were polished and then etched with an acid
solution of 3 mL HF, 3 mL HNO3 and 50 mL H2O. Microstructure
was studied using optical microscope (OM), scanning electron
microscope (SEM) and TEM. The microhardness proﬁle measurement was conducted on the cross-section of the lap joints using
a microvickers hardness tester under a load of 0.98 N and a holding
time of 15 s. Element distributions and chemical compositions of
the joint interface were analyzed with an energy-dispersive Xray spectrometer equipped with the TEM. In addition, shear tensile
test was performed at room temperature with a constant crosshead speed of 1 mm/min by using three tensile specimens with a
width of 12 mm for each joint. The conﬁguration of the tensile
specimens were set according to JIS Z 3136:1999 as shown in
Fig. 3 [19].

Fig. 2. Schematic diagram of the geometry of a dissimilar CP-Ti/SPCC lap design.
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Table 3
Condition of the lap joints of CP-Ti and SPCC with same welding parameter but
different probe lengths.
Probe length (mm)

Lap joint condition

0.8
0.9
1.0
1.1
1.2

Lap joint was not formed
Good lap joint
Good lap joint
Over heat, Ti coating to the tool
Over heat, Ti coating to the tool

3. Results and discussion
Table 3 summarizes the resultant conditions of the joints
welded with the same welding parameters but different probe

Fig. 4. Appearances of FSW tool, (a) before and (b) after FSW.
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lengths. The welded joint with the probe length of 0.8 mm was
not formed because the probe is too short, leading to insufﬁcient
plastic ﬂow of CP-Ti at the interface. The sound welded joints were
obtained when welded using the probes with length of 0.9 and
1.0 mm. The lap joints produced using probes with length of 1.1
and 1.2 mm exhibited the rough surface appearance because of
the severe adhesion of Ti to the tool as shown in Fig. 4, which
shows the appearances of the tool before and after FSW with the
probe length of 1.1 mm. This is a common phenomenon observed
with overheating condition for the FSW of Ti alloys [16].
Fig. 5 shows the macrostructures (OM) and the three kinds of
typical interfaces (SEM) in the cross-section of the joints, which
were produced with the same FSW parameters but different probe
lengths. The joint welded with the probe length of 0.9 mm showed
a waved and simple interface, and no obvious intermixed zone was
observed as shown in Fig. 5(a) and (d). The waved interface was
formed by the direct contact between the probe tip and SPCC surface during welding. On the contrary, the joint welded with the
probe length of 1.0 mm showed a dark colored intermediate zone
at the interface between the SZ of CP-Ti and SPCC as typically
shown in Fig. 5(b), which was revealed to be a lamellar structure,
composed of CP-Ti and steel layers by the higher magniﬁed SEM
examination (Fig. 5(e)). The formation of such a microstructure
can be attributed to the intensive intermixture of CP-Ti and SPCC
induced by the enough long rotating probe to severe contact with
SPCC surface. Fig. 5(c) shows the macrostructure (OM) of the interface of the joint welded with probe length of 1.1 mm. A large surface groove was formed because of severe adhesion of Ti to the tool
as shown in Fig. 4. The joint welded with probe length of 1.2 mm
got the similar surface and more worse. The joints welded with

Fig. 5. Cross-sections and interfaces of the joints with constant welding parameters but different probe lengths.

Fig. 6. Typical hardness proﬁles on the cross section of the lap joint welded with different probe lengths, (a) 0.9 mm and (b) 1.0 mm.
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Fig. 7. The distribution of element of the non-intermixed interface, (a) SEM micro graph of the non-intermixed interface and (b) the TEM bright ﬁeld image of the interface
and (c) the higher magniﬁed TEM bright ﬁeld image and (d) Ti (e) Fe area maps, respectively and (f) the higher magniﬁed Fe area map.

Table 4
Elemental analysis results at the positions a, b and c in Fig. 7(b).
Position

a
b
c

Element (at.%)

Phase

Ti

Fe

97.8
1.8
1.4

2.2
98.3
98.6

a-Ti
a-Fe
a-Fe

probe length 1.1 and 1.2 mm got more thermal input, because of
the longer probes inserted into the steel and both of CP-Ti and steel
were stirred during the FSW processing.
Fig. 6(a) and (b) show the micro-hardness proﬁles obtained on
the cross-section of the two typical lap joints produced by the tools

with probe lengths of 0.9 and 1.0 mm, respectively. The hardness
in the SZ is higher than that in CP-Ti base metal (143 HV) in each
case due to the grain reﬁnement in SZ as well-demonstrated
[20]. The intermixed interface in the joint produced by the tool
with probe length of 1.0 mm (Fig. 6(b)) showed much higher hardness than both the SZ and the SPCC substrate, which suggested the
formation of Fe–Ti intermetallic compounds in the intermixed
interface region. However, no hardness peak was observed at the
non-intermixed interface of the joint produced by the tool with
probe length of 0.9 mm as shown in Fig. 6(a).
In order to clarify the formation mechanism of the wave and
simple (non-intermixed) interface between CP-Ti and steel, the
TEM sample across the joint interface was prepared by a focused
ion beam (FIB) instrument as shown in Fig. 7(a) for the interface

Fig. 8. TEM bright ﬁeld image of the non-intermixed interface. (a) TEM bright ﬁeld image of non-intermixed interface, (b) selected area diffraction pattern of the position b,
(c) selected area diffraction pattern of the position c and (d) selected area diffraction pattern of the region d.
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Fig. 9. The distribution of element of the intermixed interface, (a) the TEM bright ﬁeld image of the interface and (b) the higher magniﬁed TEM bright ﬁeld image and (c) Ti (d)
Fe area maps, respectively.

Fig. 10. TEM bright ﬁeld image of the intermixed interface (a) and higher magniﬁcation images of position 1 (b) and position 2 (c). Selected area diffraction patterns of
positions 1–4 in (a) are shown in (d)–(g), respectively.

analyzed by TEM and EDX. Fig. 7(b) shows that three different
regions a, b and c were observed on the non-intermixed interface.
According to the EDX elemental analysis as shown in Table 4,
Region a was a-Ti phase containing a small amount of Fe, and
Regions b and c were a-Fe phase with a small amount of Ti.
According to these results, the location of the joint interface was
conﬁrmed to be between regions a and b, and very thin white
interlayer was observed there as shown in Fig. 7(c), which is a
higher magniﬁcation TEM micrograph of the square position 1 in
Fig. 7(b). The distributions of Ti and Fe elements in the position 1
as shown in Fig. 7(d)–(f) indicate that the white interlayer was
mainly composed of Ti, but some iron was also contained as
observed in (f). Fig. 8(a) shows more higher magniﬁcation TEM
micrograph of (c) in Fig. 7, and Fig. 8(b)–(d) show selected area diffraction patterns obtained from circular position b in this white
interlayer, circular position c in the adjacent areas of CP-Ti side
and circular position d in SPCC side, respectively. The thin white
interlayer was revealed to be a composite layer of an intermetallic
compound FeTi and b-Ti as identiﬁed in (b), though more detail
morphology in the layer was not clear. The adjacent areas in CP-

Ti and SPCC sides were identiﬁed to be a-Ti in (c) and a-Fe in (d)
as each base material.
On the contrary, Fig. 9(a)–(c) show the TEM bright ﬁeld image
(BFI) of the typical microstructure of the intermixed interface
and the distributions of Ti and Fe elements, respectively. These
results made clear that the intermixed interface was composed
of lamellar type microstructure, in which the dark thin layers
observed in (a) were Fe-rich layer, and sandwiched by the Ti-rich
layers. Fig. 10(b) and (c) shows the high magniﬁcation TEM micrographs of Fe-rich layer as shown by the positions 1 and 2 in
Fig. 10(a), respectively and these dark zones corresponds to the
Fe-rich layer according to the EDX result as shown in Fig. 9.

Table 5
Diffusion coefﬁcients of Ti and Fe in a-Fe, a-Ti and b-Ti at 1155 K.
Matrix

a-Fe
a-Ti
b-Ti

Diffuse element
Ti
Fe
Fe

D (m2 s1)
14

1.07  10
1.27  1013
1.60  1012

D0 (m2 s1)
3

6.8  10
1.2  108
8.0  107

Q (kJ mol1)
261
110
126

Fig. 11. Tensile shear force of the lap joints of CP-Ti and SPCC with constant
welding parameter but different probe lengths.
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Fig. 12. Side view appearances of the lap joints welded with different probe lengths, showing the fracture location after shear tensile test.

Fig. 10(d)–(g) shows the selected area diffraction patterns of the
positions 1, 2, 3 and 4, respectively in Fig. 10(a). Fe–Ti intermetallic
compounds as FeTi and/or Fe2Ti were identiﬁed at the Fe-rich layers (positions 1 and 2). On the contrary, Fe-Ti intermetallic compound was not detected at the Ti-rich layers (positions 3 and 4),
and instead of this, b-Ti phase was identiﬁed, but a-Ti phase as
the base material was not detected.
The b-Ti phase was found even at the ambient temperature
together with Fe-Ti intermetallics (FeTi and Fe2Ti) at these two
typical kinds of the interface, the waved and simple-type nonintermixed and the lamellar-type intermixed interfaces. According
to the binary Fe–Ti phase diagram [1], the b transus of Ti decreases
with increasing Fe content from 1155 K to 855 K at the eutectoid
reaction between Ti and FeTi. Therefore, it is possible that the temperature at the joint interface is above the b transus of Ti (1155 K),
and b-Ti phase appears at the interface at the elevated temperature
during FSW, and then, since the cooling rate at the stir zone, particularly at the interfacial zone of dissimilar joint is tremendously
high [21], non-equilibrium phases are easily generated in FSW
joint [22]. In addition, Fe is the strong b-Ti phase stabilizers [23]
and the b-Ti phase contained Fe as shown in Fig. 9(c). As a result,
it is considered that from these reasons, the b-Ti phase remained
at the ambient temperature in the interfacial zones.
In present study, because of the very thin interlayer at the nonintermixed interface between CP-Ti and SPCC, the hardness of this
layer cannot be detected by the micro-hardness measurement as
shown in Fig. 8(a).
On the other hand, in the intermixed interface, b-Ti layer and
Fe-rich layer are alternately formed in the wide range. As to the
formation mechanism, it is considered that at ﬁrst, a part of steel
was stirred into CP-Ti as thin layers by a rotating probe and formed
the lamellar-type intermixed interface during the FSW process as
shown in Fig. 5(d). Then, since small solubility of Ti in the solid
solution of iron even at the elevated temperature, FeTi and/or Fe2Ti
were easy to form in the Fe-rich zone (positions 1 and 2) by the diffusion reaction, though these intermetallic compounds were not
found in the Ti-rich zone (positions 3 and 4), and which was consisted of b-Ti phase at the intermixed interface as shown in
Fig. 10(a).
The diffusions of Ti and Fe are very important for the lap joint
formation between CP-Ti and SPCC. According to Fick’s ﬁrst law
of diffusion, the diffusion coefﬁcient D is an important physical
quantity, and diffusion coefﬁcient D is

D ¼ D0 expðQ =RTÞ

ð1Þ

where D0 is the diffusion constant, Q is the activation energy of
diffusion, R is the gas constant (8.314 J K1 mol1), and T is the
thermodynamic temperature. Table 5 shows the diffusion coefﬁcients of Ti and Fe in a-Fe, a-Ti and b-Ti at 1155 K [24]. This leads

to the fact that the diffusion coefﬁcient of Ti to a-Fe is much smaller
than that of Fe diffusing to both a-Ti and b-Ti, and in addition the
diffusion coefﬁcient of Fe to b-Ti is much larger than that of Fe diffusing to a-Ti even at the same temperature. Thus, in combination
of large solubility of Fe in b-Ti, Fe-contained b-Ti was formed at the
Ti-rich zone.
Fig. 11 shows the results of shear tensile test for the joints with
two different kinds of interface microstructure formed by the different probe lengths. Each tensile shear force showed almost the
same value, because both of them fractured at the base metal of
CP-Ti plate as shown in Fig. 12. These results demonstrate that
the lap joints had sufﬁcient strength. The high strength of the lap
joint can be supposed to result from the microstructures of the
lap joint interface, where Fe–Ti intermetallic phases are dispersed
and mixed with b titanium at the following conditions; at the case
of non-intermixed interface, Fe–Ti intermetallics did not form a
monolithic compound layer, but a composite layer with b-Ti phase
as well as very thin thickness of the layer with 50 to 100 nm, or at
the case of intermixed interface, a lamellar structure in which very
thin Fe–Ti intermetallic compound layer of about 50 nm in thickness and b-Ti layer of about 1 lm in thickness were alternately
formed, though total thickness reached up to about 300 lm. The
generation of intermetallic phases is ineluctable at the interfaces,
but the intermetallic phases are dispersed and mixed with b titanium by the rotating probe. It’s the key point for getting a high
strength Ti/SPCC lap joint by FSW.

4. Conclusions
The dissimilar lap joining of commercially pure CP-Ti plate in
1.0 mm thickness and SPCC plate in 3.2 mm thickness were conducted by friction stir welding using the tools with different probe
lengths from 0.8 to 1.2 mm for the purpose of controlling the joint
interface microstructure, and thereby improving the mechanical
properties of the dissimilar lap joints. The results can be summarized as follows.
(1) The sound joints with high tensile shear strength showing
the base plate fracture of CP-Ti were only achieved with
the probe lengths of 0.9 and 1.0 mm.
(2) The TEM bright ﬁeld images and electron diffraction patterns revealed the two types of the interface microstructure
that with the probe length of 0.9 mm, a non-intermixed type
interface with a thin single interlayer of about 50 to 100 nm
in thickness, composed of FeTi intermetallic compound and
b-Ti phase was formed, and with the probe length of
1.0 mm, an intermixed interface with lamellar structure in
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which a thin FeTi or FeTi + Fe2Ti intermetallic compound
layer of about 100 nm in thickness and a thin b-Ti layer of
about 1 lm in thickness were alternately formed.
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