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This paper describes the effect of the friction welding condition on the joining phenomena and the tensile strength of
friction welded joint between pure titanium (P-Ti) and low carbon steel (LCS). The adjacent region of the weld
interface at the P-Ti side was intensely upsetting with accompanied large deformation of itself when the joint had
sparkle at both applied friction pressures of 30 and 90 MPa, although that of the LCS side was hardly upset. The
temperature of the whole weld interface at a friction pressure of 30 MPa reached to 1,150 K or over at a friction
time of 3.0 s or longer. However, the half radius and centreline portion temperatures of the weld interface at a
friction pressure of 90 MPa was not reached to 1,150 K, although the periphery portion of that was reached to its
temperature. The central portion of the weld interface at a friction pressure of 90 MPa was deformed to a convex
shape from the viewpoint of the P-Ti side, although that of 30 MPa remained almost flat after when the friction
torque reached the initial peak. When the joint was made at a friction pressure of 30 MPa, a friction time of 3.0 s or
longer, and a forge pressure of 270 MPa or higher, it achieved 100% joint efficiency and the P-Ti base metal
fracture with no crack at the weld interface. However, many joints at friction times of 1.2 and 1.5 s fractured at the
weld interface, although those achieved 100% joint efficiency, because whole weld interface temperature was below
1,150 K. On the other hand, many joints at a friction pressure of 90 MPa with high forge pressure also fractured at
the weld interface, although those achieved 100% joint efficiency, because the weld interface temperature at the half
radius and periphery portions was below 1,150 K. Those joints did not have the intermetallic compound layer at the
weld interface. The difference of the fractured portion of the joint in both applied friction pressures was due to the
difference between the maximum temperature at the weld interface during the friction process and the deformation
amount of the LCS side caused by applied forge pressure. To obtain 100% joint efficiency with the P-Ti base metal
fracture with no crack at the weld interface, the joint should be made with high forge pressure, low friction pressure,
and with opportune friction time at which the temperature at whole weld interface reached around 1,150 K.
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1. Introduction

Titanium (Ti) and its alloys (referred to as Ti-system
material) are well-known materials with highly
attractive characteristics in terms of mechanical and
metallurgical properties, e.g., high specific strength and
excellent corrosion resistance. They are very widely
used for the important structural components in
aerospace vehicles, architecture, automobiles, and so on.
Moreover, they are also useful as biomedical materials
due to their low allergenic effect on the human body.
On the other hand, fusion welding between Ti-system
material and such other materials as steel, stainless steel,
aluminium (Al), and copper (Cu) have poor mechanical
properties due to the brittle intermetallic compound
(IMC) layer produced at the joint interface [1,2].
Therefore, a welding process for between Ti-system
material and other material joints which will result in
less degradation of the mechanical and metallurgical
properties of the joint is urgently required.

The solid state joining methods such as diffusion
welding, friction welding, and friction stir welding, can
be applied to join between Ti-system material and other

materials. Some researchers have reported that the
mechanical and metallurgical properties of the friction
welded joints of Ti-system materials and various steels
[3-5] or stainless steels [6-12] show desirable
characteristics. For example, the friction welding
condition for the joint which had the good tensile
strength of pure Ti and stainless steel joint was
individually demonstrated as following combinations:
pure Ti and American Iron and Steel Institute (AISI)
standard type 321 stainless steel of Lee et al. [6], pure
Ti and AISI 304L stainless steel of Dey et al. [7], and
pure Ti and AISI 316 stainless steel of Akbarimousavi
et al. [8]. In addition, Fuji et al. [9-11] showed the
results of the good tensile strength and bend ductility
and improving point of those mechanical properties for
pure Ti and AISI 304L stainless steel joint. Ochi et al.
[12] also showed the results of X-ray diffraction
analysis at the fractured surface of pure Ti and AISI
304 stainless steel joint. In those ways, some researchers
have reported that the joining of Ti-system materials
and stainless steels could be successfully achieved and a
relatively good joint was obtained. On the other hand,
research on the friction welding of the combination



between Ti-system materials and various steels has been
slight in comparison with that of Ti-system materials
and stainless steels, because the friction weldability of
the former combination differed with the latter
combination [13]. In this case, the friction welding
condition for the joint which had the good tensile
strength of pure Ti and steel joint was individually
showed: the combination between pure Ti and plain
carbon steel of Hasui et al. [3] and pure Ti and the
combination between medium carbon steel of Shinoda
et al. [4]. Also, Meshram et al. [5] showed the results of
SEM-EPMA analysis at the adjacent region of the weld
interface for the joint of combination between Ti and
Fe. However, the joining mechanism of dissimilar
materials friction welding between Ti-system materials
and various steels has not been fully clarified, so that
the friction welding conditions for material
combinations are determined by trial and error. That is,
the joining mechanism of friction welding for dissimilar
materials was not clarified, and the condition that the
joint does not fracture at the weld interface when it will
be satisfied with some state was not theoretically
displayed. Furthermore, the joining mechanism of
friction welding of dissimilar materials differs from that
of similar materials, because mechanical properties such
as the tensile strength and thermal properties such as the
thermal conductivity are different in their combinations.
To determine the friction welding conditions
theoretically, it is very essential to clarify the joining
phenomena and the joint mechanical properties. In
particular, clarifications of the joining mechanism are
strongly required concerning the weldability between
the Ti-system materials and other material such as steel,
because an expansion in the use of Ti-system material
and steel is expected and widely used in various
component parts.

In previous works [14-20], the authors clarified the
joining mechanism during the friction welding process
of similar material combinations which were various
carbon steels or Al-system materials. Furthermore, the
authors also clarified the joining mechanism during the
friction welding process of some dissimilar material
joints as following combinations: Al-system materials
and pure Cu [21], Al-system materials and low carbon
steel [22,23], Cu-system materials and low carbon steel
[24,25], and pure Cu and pure Ti [21,26]. If
combinations of dissimilar materials such as Ti-system
materials and steel can be joined using the same method
as that shown in previous reports [14-26], the joining
mechanism will be clarified. In particular, to clarify the
effect of the friction pressure on joining phenomena of
the Ti-system materials and steel joint is strongly
important, because the joining phenomena between pure
Ti and pure Cu were affected by the friction pressure,
and the difference of that was the yield stress for each
material depended on the temperature in the friction
process [26].

Based on the above background, the authors have
been carrying out research to clarify the joining
mechanism between dissimilar materials in the friction

process. The authors investigate the joining phenomena
during the friction process of friction welds between
pure Ti and low carbon steel in the present work. The
authors also demonstrate the results of the joining
phenomena at various friction pressures. In addition, the
authors show the joint tensile properties under various
friction welding conditions, i.e. the effect of friction
pressure, friction time, and forge pressure on the joint
tensile strengths is clarified. Furthermore, the authors
show the friction welding conditions for a joint that had
the same tensile strength as the pure Ti base metal and
fractured on the pure Ti side with no crack at the weld
interface.

2. Experimental procedure

The materials used were commercially pure Ti
(referred to as P-Ti) and low carbon steel (referred to as
LCS) in 16 mm diameter rods. Although the chemical
composition of the P-Ti was 0.001H-0.089O-0.006N-
0.005C-0.038Fe in mass%, two kinds of P-Ti having
slightly different tensile properties were used for this
experiment because they had different production lots.
The ultimate tensile strengths of the P-Ti were 401 and
379 MPa, the 0.2% yield strengths were 304 and 301
MPa, and the elongations were 35 and 39%,
respectively. On the other hand, the chemical
composition of LCS was 0.16C-0.45Mn-0.20Si-0.12P-
0.18S in mass%, its ultimate tensile strength was 448
MPa, its yield strength was 291 MPa, and its elongation
was 35%. Those materials were machined to 12 mm in
diameter of the weld faying (contacting) surface. In
addition, the temperature changes during the friction
process at the centreline, half radius, and periphery
portions of the 1.0 mm longitudinal direction from the
weld faying surface were measured using the LCS
specimen. In this connection, the sufficient data could
be obtained in order to understand the temperature
distribution of the radius direction at the weld interface,
although the weld interface temperature was able to
estimate as this temperature or higher. The details of the
specimen shape for measuring temperature changes have
been described in previous reports [22-27]. All weld
faying surfaces of the specimens were polished with a
surface grinding machine before joining to eliminate the
effect of surface roughness on the joining behaviour. In
this case, the centreline average height of the roughness
of the P-Ti side specimen was about 0.34 m, and theμ
LCS side specimen was about 0.10 m.μ

A continuous (direct) drive friction welding machine
was used for the joining. This friction welding machine
had three kind of welding method as follows.
(1) The conventional friction welding method that have

the braking system when the friction time expired,
for measuring the friction torque and the
temperature change at the weld interface.

(2) The welding method that the fixed side specimen is
simultaneously and forcibly separated from the
rotating side specimen when the friction time
expired, for observation of the transitional changes



at the weld interface.
(3) The welding method that the relative speeds at the

weld interface between both specimens
simultaneously is decreased to zero when the
friction time expired to prevent braking deformation
during rotation stop, for observation of the
cross-section at the weld interface region.

To clarify the joining phenomena during the friction
process, the authors carried out three above welding
methods. In particular, the experimental methods of (2)
and (3) were used to obtain the joint without braking
deformation. The details of these methods have been
described in previous reports [14-26,28]. During friction
welding operations, the friction speed and pressure were
set to the following combinations: 27.5 s (1650 rpm)-1

for 30 MPa and 27.5 s for 90 MPa. The forge pressure-1

was applied at an identical friction pressure. The joining
behavior was recorded by a digital video camera. The
friction torque was measured with a load-cell, and the
temperatures were measured with a mineral insulated
thermocouple with a chromel-alumel. The friction
torque and temperature were recorded with a personal
computer through an A/D converter with a sampling

time of 0.001 s. In addition, analysis via SEM-EDS was
carried out to analyze the chemical composition in the
weld interface region. On the other hand, all joint
tensile test specimens were machined to 12 mm
diameters and 66 mm in parallel length. That is, all
flash (burr or collar), which was exhausted from the
weld interface during the friction welding process, were
removed from the joint for joint tensile test specimen.
Then, the joint tensile test was carried out with
as-welded condition at room temperature.

3. Results

3.1 Relationship between joining behaviour and friction
torque

Figure 1 shows the relationship between the joining
behaviour and the friction torque with a friction pressure
of 30 MPa. Photos 1) to 6) in Fig. 1a correspond to the
friction torque of (1) to (6) in Fig. 1b, respectively.
Photo 1) shows the state at the weld faying surfaces as
they contacted each other, then the friction torque was
increased. The colour on the adjacent region of the weld

Joining behaviour and friction torque curve during friction process; friction pressure of 30 MPa.Fig. 1
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interface at the LCS side outer surface was changed to
blue as shown in photo 2) at the friction torque of (2).
Then, when the friction torque decreased to (3), the
adjacent region of the weld interface at the P-Ti side
was slightly upsetting with accompanied deformation of
itself as shown in photo 3). Immediately after that
behaviour, the P-Ti side was sparkled from the weld
interface as shown in Photo 4) when the friction torque
reached the initial peak of (4). The initial peak torque
was approximately 15 Nm, and the elapsed time for the
initial peak was about 0.9 s. Thereafter, the friction
torque decreased with increasing friction time between
(5) and (6). Also, the sparkle kept generating from the
weld interface after the initial peak, and the upsetting
and the flash of P-Ti increased with increasing friction
time although the LCS side was not upset, as shown in
photos 5) and 6).

Figure 2 shows the relationship between the joining
behaviour and the friction torque with a friction pressure
of 90 MPa. Photos 1) to 6) in Fig. 2a correspond to
friction torques (1) to (6) in Fig. 2b. Photo 1) shows
when the weld faying surfaces initially contacted each
other. Photo 2) was similar to 1), although the friction
torque increased to (2). Then, when the friction torque
decreased to (3), the P-Ti side was slightly upset as
shown in photo 3). Immediately after that behaviour, the
P-Ti side was sparkled from the weld interface as
shown in Photo 4) at the friction torque reached the
initial peak of (4). This initial peak torque was
approximately 23 Nm, and the elapsed time for this
initial peak was about 0.3 s. This initial peak torque was
higher than that of 30 MPa, and this elapsed time for
the initial peak was shorter than that of 30 MPa.
Thereafter, the friction torque decreased and the
upsetting and the flash of P-Ti increased with increasing
friction time, as shown in photos 5) and 6). However,
the LCS side was hardly upset as shown in photos 5)
and 6) although the sparkle also kept generating from
the weld interface. Therefore, the joining behaviour
during the friction process under a friction pressure of
90 MPa resembled that of 30 MPa, although the friction
torque curves were different. This result differed with
the joining behaviour of the friction welding under the
same friction pressure between P-Ti and pure Cu [26].

3.2 Temperature change during friction process

Figures 3 and 4 show the temperature changes with
the friction torques during the friction process with
friction pressures of 30 and 90 MPa, respectively. When
the friction pressure was 30 MPa as shown in Fig. 3,
the temperatures at the centreline, half radius and
periphery portions of the weld interface at the LCS side
were almost the same. The temperatures of all measured
portions were increased with increasing friction time,
and then those were reached to approximately 950 K at
a friction time of about 1.2 s, i.e. the friction torque
reached after the initial peak. Then, those temperatures
increased with increasing friction time and reached to
approximately 1,150 K at a friction time of about 3.0 s.

This temperature was close to the temperature of the
P-Ti base metal which intensely reacts with O or N ,2 2

although that will be described later [29,30]. Then, the
gradient of those temperatures changed gradually rise
about this friction time, and those were maintained
nearly constant at a friction time of 3.0 s or longer. The
temperatures of all measured portions were
approximately 1,200 K at a friction time of 8.0 s. On
the other hand, although all measured temperatures were
almost the same before a friction time of 0.7 s, the
temperature at after this friction time was high in order
of the periphery, half radius, and centreline portions,
when the joint was made at a friction pressure of 90
MPa as shown in Fig. 4. The difference in each
temperature was approximately 50 K at a friction time
of 1.5 s or longer. In addition, the maximum
temperatures with a friction pressure of 90 MPa were
lower than those of 30 MPa, although the friction torque
varied. This result was due to the change of the yield

Relationship between friction time andFig. 3
temperature changes at various measured portions of
LCS side during friction process, in relation to
friction torque curve; friction pressure of 30 MPa.
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stress of the P-Ti base metal with the temperature. That
is, the temperature of the high strength was lower than
that of the low strength, when the P-Ti base metal is
deformed under applied friction pressure. These details
will be described later. Furthermore, this difference in
the measured temperatures under both friction pressures
resembled that of some dissimilar friction welded joints

at the same friction pressures [24-26].

3.3 Transitional changes of weld interface

Figure 5 shows the examples of the appearances of
the weld interfaces after welding at various friction
times with a friction pressure of 30 MPa. When the

Appearances of weld interfaces after welding at various friction times; friction pressure of 30 MPa.Fig. 5
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friction time was 0.04 s, i.e. both specimens had been
rotated once, the concentric rubbing marks were
observed at the half radius and peripheral regions in the
weld interface of both sides. Also, the weld interface at
the LCS side was slightly roughened, i.e. it was the
P-Ti which transferred to the LCS side from the P-Ti
side. The concentric rubbing marks in both weld
interfaces and the transferred P-Ti on the LCS side
extended to the central region with increasing friction
time as shown at a friction time of 0.2 s. When the
friction time was 0.6 s, the P-Ti flash was exhausted to
the radial direction of the weld interface, and the colour
at the peripheral region of the P-Ti side turned to
primrose yellow. The transferred P-Ti on the LCS side
also increased. When the friction time was 0.8 s, i.e. the
friction torque close to the initial peak, the exhausted
flash of the P-Ti increased and the colour of the
peripheral region at the P-Ti side turned to blue.
However, the central region of both weld interfaces did
not have the concentric rubbing marks at this friction
time. When the friction time was 1.2 s, the entire weld
interface had the concentric rubbing marks, and the blue
colour area of the P-Ti side extended to its central
region. In addition, the peripheral region at the LCS
side became colourful. Then, almost whole weld
interface at the P-Ti side turned to blue, and it became
slightly flat at a friction time of 3.0 s. Also, the whole
LCS side became colourful. Both weld interfaces at
long friction time resembled that of 3.0 s, in spite of the
quantity of the P-Ti flash differed (data not shown due
to space limitations). However, the LCS flash was
hardly observed at all friction times.

Figure 6 shows the examples of the appearances of
the weld interfaces after welding at various friction
times with a friction pressure of 90 MPa. When the
friction time was 0.04 s, the concentric rubbing marks
were observed at almost whole weld interface without
the central region of both sides. Also, the P-Ti
transferred was observed at those regions on the LCS
side. The concentric rubbing marks and the transferred
P-Ti extended to the central region of both sides with

increasing friction time. In addition, the colour at the
peripheral region of the P-Ti side turned to primrose
yellow as shown at a friction time of 0.1 s. When the
friction time was 0.2 s, the P-Ti flash was exhausted
although the central region of both sides did not have
the concentric rubbing marks. Then, the entire weld
interface of both sides had the concentric rubbing marks
when the friction time was 0.3 s, i.e. the friction torque
just reached the initial peak. Furthermore, the P-Ti flash
increased and the peripheral region of the P-Ti side
turned to blue. Thereafter, the P-Ti flash increased with
increasing friction time, and both weld interfaces
became colourful, in spite of the quantity of the P-Ti
flash differed. The peripheral region of the P-Ti side
became slightly flat although the central region of it was
rough. According to these results, the entire weld
interface had transferred P-Ti on the LCS side when the
friction torque reached the initial peak at these friction
pressures, and then the P-Ti side flash increased with
increasing friction time.

3.4 Observation of cross-section of weld interface region

Figure 7 shows the cross-sectional appearances of the
weld interface regions of the joints at various at various
friction times with a friction pressure of 30 MPa. When
the joint was made at a friction time of 0.6 s as shown
in Fig. 7a, the weld interface was clear and almost flat.
However, this joint had such defects as a not-joined
region at the peripheral portion of the weld interface
indicated by oval lines in this picture, although the P-Ti
was slightly exhausted as flash from the peripheral
portion. The P-Ti flash was increased with increasing
friction time, and then the not-joined region was not
observed at the weld interface when the friction time
was 1.0 s, i.e. the friction torque reached the initial peak
(Fig. 7b). That is, it was considered that the P-Ti side
and LCS side were completely joined at this friction
time. Thereafter, the weld interface remained almost
flat, and the LCS side was not deformed with increasing
friction time, although the quantity of the flash at P-Ti

Cross-sectional appearances of weld interface region of joints at various friction times; friction pressureFig. 7
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increased (Figs. 7c through 7e). In addition, the weld
interface did not have a not-joined region after the
friction time when the friction torque reached the initial
peak.

Figure 8 shows the cross-sectional appearances of the
weld interface region of the joint at various friction
times with a friction pressure of 90 MPa. The joint at a
friction time of 0.1 s as shown in Fig. 8a had a
not-joined region at the peripheral portion that indicated
by an oval line in this picture, although the weld
interface was clear and almost flat. Also, the P-Ti flash
was slightly exhausted. When the friction time was 0.3
s, i.e. the friction torque reached the initial peak, the
weld interface was completely joined and the P-Ti flash
increased (Fig. 8b). The P-Ti flash increased and the
weld interface remained almost flat with increasing
friction time as shown in the joint at a friction time of
0.5 s as shown in Fig. 8c. Then, the central portion at
the P-Ti side was slightly deformed to a convex shape
from the viewpoint of the P-Ti side, i.e. the weld
interface was not flat, which was indicated as the joint
of a friction time of 0.8 s (Fig. 8d). Thereafter, the P-Ti
side remained a convex shape as shown in the joint at a
friction time of 2.0 s (Fig. 8e). However, the LCS flash
was hardly exhausted although the quantity of P-Ti
flash increased. The fact that the weld interface shape
had dissimilarity was due to the difference of the
temperature at the weld interface with applied friction
pressure (see Figs. 3 and 4).

3.5 SEM observation and EDS analysis of weld interface
region

Figures 9 and 10 show the SEM image and EDS
analysis result at the periphery portion of the weld
interface region of the joint. In this case, the joint for
Fig. 9 was made with a friction pressure of 30 MPa, a
friction time of 3.0 s, and a forge pressure of 30 MPa.
Also, the joint for Fig. 10 was made with a friction
pressure of 90 MPa, a friction time of 2.0 s, and a forge
pressure of 90 MPa. When the joint was made at a

friction pressure of 30 MPa as shown in Fig. 9, the
distribution lines corresponding to Ti and Fe by EDS
analysis had no plateau part at the weld interface
although the weld interface was slightly unclear.
Moreover, when the joint was made at a friction
pressure of 90 MPa as shown in Fig. 10, the weld
interface was relatively clear, and the distribution lines
corresponding to Ti and Fe had also no plateau part at
the weld interface. The joints with other friction times

SEM image and EDS analysis result atFig. 9
periphery portion of weld interface region; friction
pressure of 30 MPa, friction time of 3.0 s, and
forge pressure of 30 MPa.
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as well as the other portions of these joints also did not
have the IMC layer, although the temperature of the
radius direction in the weld interface or the maximum
temperature at the weld interface caused by the applied
friction pressure differed as shown in Figs. 3 and 4.
Therefore, an IMC layer was not observed at the weld
interface with applied friction pressures of 30 and 90
MPa, which was based on the SEM observation level.

3.6 Relationship between joint tensile strength and
friction time

Figure 11 shows the relationship between the friction
time and the joint efficiency of the joint, plotted
alongside the friction torque curve at a friction pressure
of 30 MPa. The joint efficiency was defined as the ratio
of joint tensile strength to the ultimate tensile strength
of the P-Ti base metal. Figure 12 shows the example of
the appearance of the joint tensile test specimen with
the weld interface fracture after tensile testing. In this
case, forge pressure was applied at an identical friction
pressure, i.e. 30 MPa. The joint efficiency at a friction
time of 0.5 s was approximately 6% and it had a
scattering. The joint fractured at the weld interface as
shown in Fig. 12, although it had a little P-Ti adhering
on the LCS side interface. In this connection, the P-Ti
and LCS were not welded before a friction time of 0.5 s
because a sufficient quantity of friction heat for welding

could not be produced. The joint efficiency increased
with increasing friction time, and then the joint had
approximately 55% efficiency at a friction time of 1.2 s,
i.e. the friction torque reached just after the initial peak.
However, the joint efficiency decreased to
approximately 35% at a friction time of 3.0 s, and it had
almost same joint efficiency at a friction time of 8.0 s.
That is, the joint at a friction pressure of 30 MPa did
not achieve 100% joint efficiency and it was fractured
at the weld interface at all friction times as shown in
Fig. 12.

SEM image and EDS analysis result atFig. 10
periphery portion of weld interface region; friction
pressure of 90 MPa, friction time of 2.0 s, and
forge pressure of 90 MPa.
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Figure 13 shows the relationship between the friction
time and the joint efficiency of the joint, plotted
alongside the friction torque curve at a friction pressure
of 90 MPa. In this case, forge pressure was applied at
an identical friction pressure, i.e. 90 MPa. The joint
efficiency at a friction time of 0.1 s was approximately
18%, and the joint had the weld interface fracture as
shown in Fig. 12. The joint efficiency increased with
increasing friction time, and it was approximately 56%
at a friction time of 0.3 s, i.e. the friction torque reached
just the initial peak. Thereafter, the joint efficiency was
kept with scattered measurements from 30 to 75% after
this friction time. That is, although the joint efficiency
was higher than that of 30 MPa, the joint at a friction
pressure of 90 MPa also did not achieve 100%
efficiency and it was fractured at the weld interface at
all friction times as shown in Fig. 12. Furthermore, the
weld interface did not have the IMC layer at all
fractured surfaces, as shown in Figs. 9 and 10.
Therefore, it was clarified that the joint did not achieve
100% efficiency due to not the generation of IMC at the
weld interface but the poor strength between the P-Ti
side and the LCS. Hence, the joint should be made with
applying forge pressure that was higher than applied
friction pressure.

4. Discussion

4.1 Consideration of joining phenomena by friction
pressure

Based on the above results, the joining phenomena
during the friction process of friction welding between
P-Ti and LCS was similar although applied friction
pressures are different. In brief, the P-Ti side was
intensely upset while accompanied with sparkle after
when the friction torque reached the initial peak.
However, the LCS side hardly upset as shown in Figs.
1, 2, 7 and 8, although the yield strength of the P-Ti
base metal was higher than that of the LCS base metal
which described in the experimental procedure section.
On the other hand, the joining phenomena of friction
welding between P-Ti and pure Cu had significantly
differed by applied friction pressure [26] although the
joints between pure Cu or Brass and LCS had similar
joining phenomena under different applied friction
pressures [24,25]. That is, in the friction welding
between pure Cu or Brass and LCS, pure Cu or Brass
side was intensely upset although the LCS side hardly
upset regardless of applied friction pressure [24,25]. In
contrast of those phenomena, the upset side of the
friction welding between P-Ti and pure Cu was changed
by applied friction pressure [26]. Hence, it was able to
be considered that the joining phenomena of friction
welding between P-Ti and other materials differ with
applied friction pressure. Moreover, the fact of the
friction welding between P-Ti and pure Cu that the
difference of the yield stress for each material depended
on the temperature in the friction process because the
yield stress of those materials were interchanged by the

friction pressure was clarified in a previous report [26].
To clarify the joining phenomena of friction welding
between P-Ti and LCS, the comparison of the yield
stress of those materials is necessary. Figure 14 shows
an excerpt from previous reports [15,21] of the
relationships between temperature and the yield stress of
P-Ti and LCS base metals. In this case, the ultimate
tensile strength of P-Ti and LCS base metals was 397
and 445 MPa, and the 0.2% yield strength of those was
362 and 318 MPa, respectively, namely the used
materials of this figure were differed from the
specimens of friction welding in this report. In addition,
the tensile test was carried out with a crosshead speed
of 0.5 mm/min in the atmosphere environment, and the
yield stress of P-Ti at a temperature of 1,158 K was
plotted as zero, since the P-Ti base metal intensely
reacted with O or N under the high temperature2 2

condition [29,30]. The details of the experimental
method have been described in previous reports [15,21].
Excepting room temperature, the yield stress of P-Ti
was lower than that of LCS, which was shown in Fig.
14. In case of the friction welding, it was able to be
considered that the flash was exhausted from the weld
interface of the joint during the friction process when
the yield stresses of the base materials with temperature
raise by the friction were less than applied friction
pressure [15,17,21]. Hence, it was able to estimate that
P-Ti was easily and consistently upset during the
friction process from Fig. 14. Moreover, the fact that
the weld interface at a friction pressure of 90 MPa was
deformed to a convex shape from the viewpoint of the
P-Ti side (Fig. 8), although that of 30 MPa remained
almost flat (Fig. 7), was due to the difference of the
maximum temperature at the weld interface with applied
friction pressure (Figs. 3 and 4). That is, it was able to
estimate from Fig. 4 that the temperature at the
centreline portion in the weld interface after the initial
peak with a friction pressure of 90 MPa was lower than
that of the periphery portion. Therefore, the central
portion at the P-Ti side was deformed to a convex shape

Relationships between temperature andFig. 14
yield stress of pure Ti (P-Ti) and low carbon steel
(LCS) base metals [15,21].
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(Fig. 8) because the quantity of the exhausted flash at
the peripheral portion of the weld interface at a friction
pressure of 90 MPa was larger than that of the central
portion. Furthermore, the weld interface at a friction
pressure of 30 MPa remained almost flat (Fig. 7)
because the temperature distribution of the radius

direction at the weld interface seemed to be same (see
Fig. 3).

Hence, it was clarified that the joining phenomena
during the friction process at a friction pressure of 30
MPa were similar to that of 90 MPa, although the
maximum temperature at the weld interface and the
deformation of it differed. Incidentally, to make joints
between Ti or its alloys and other materials should be
necessary to note, because that may be generating
sparkle from the weld interface of the Ti side by the
combination of the materials (e.g., Figs. 1 and 2).

4.2 Improving joint efficiency

To improve the joint efficiency, the effect of forge
pressure on joint efficiency was investigated. Figure 15
shows the relationship between the forge pressure and
joint efficiency of the joints with a friction pressure of
30 MPa which were made at friction times of 1.2, 3.0
and 8.0 s. Figure 16 shows the appearance of the joint
tensile test specimen with the P-Ti side fracture after
tensile testing. The joint efficiency of the joint at a
friction time of 1.2 s as shown in Fig. 15a, which the
friction torque reached just after the initial peak,
increased with increasing forge pressure although it had
a scattering. Then, when the joint was made with a
forge pressure of 270 MPa or higher, some joints had
the same tensile strength as that of the P-Ti base metal.
However, the joint efficiency had a scattering, and
almost all joints fractured at the weld interface as shown
in Fig. 12 although some joints had the P-Ti base metal
fracture as shown in Fig. 16. That is, the joint, which
had 100% joint efficiency with the P-Ti base metal
fracture, was not easily obtained at a friction time of 1.2
s, because the weld interface temperature was able to
estimate low (approximately 950 K) at this friction time
(see Fig. 3). The details will be described later. In this

(a) Friction time of 1.2 s

(b) Friction time of 3.0 s

(c) Friction time of 8.0 s
Relationship between forge pressure andFig. 15
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case, the joint efficiency of some joints was obtained
100% or higher because the parallel part length of the
joint tensile specimen was shorter. On the other hand,
the joint efficiency of the joint at a friction time of 3.0
s, which the temperature at whole weld interface
achieved approximately 1,150 K (see Fig. 3), also
increased with increasing forge pressure, as shown in
Fig. 15b; incidentally, this temperature was close to the
temperature of the P-Ti base metal which intensely
reacts with O or N [29,30]. In addition, the scattering2 2

of the joint efficiency decreased. The joint efficiency
achieved 100% at a forge pressure of 210 MPa, and
then all joints fractured from the P-Ti base metal as
shown in Fig. 16 when the joint was made with a forge
pressure of 270 MPa or higher. Figure 17 shows the
cross-sectional appearance of the joint tensile test
specimen with the P-Ti base metal fracture after tensile
testing. The weld interface of the joint had neither a
not-joined region nor a defect after tensile testing. That
is, P-Ti and the LCS were tightly joined. Moreover, the
joint efficiency at a friction time of 8.0 s as shown in
Fig. 15c increased with increasing forge pressure. In
particular, all joints fractured from the P-Ti base metal

at a forge pressure of 240 MPa or higher. That is, the
joint at a friction pressure of 30 MPa, which was made
under the following condition, had 100% efficiency and
the P-Ti side base metal fracture with no crack at the
weld interface: a friction time of 3.0 s or longer and a
forge pressure of 270 MPa or higher.

Figure 18 shows the relationship between the forge
pressure and joint efficiency of the joints with a friction
pressure of 90 MPa which were made at friction times
of 0.8 and 2.0 s. The joint efficiency of the joint at a
friction time of 0.8 s, which the friction torque reached
just after the initial peak, increased with increasing
forge pressure, as shown in Fig. 18a. When the joint
was made with a forge pressure of 240 MPa or higher,
some joints had about 100% joint efficiency. However,
the joint efficiency had a scattering, and almost all
joints fractured at the weld interface as shown in Fig.
12 although some joints had the P-Ti base metal
fracture as shown in Fig. 16. Moreover, the joint
efficiency also increased with increasing forge pressure
when the joint was made at a friction time of 2.0 s ,
which the temperature at the periphery portion of the
weld interface achieved around 1,150 K (see Fig. 4), as
shown in Fig. 18b. Almost all joints also fractured at
the weld interface as shown in Fig. 12, although some
joints had the P-Ti base metal fracture. That is, it was
difficult to reliably obtain the joint with a friction
pressure of 90 MPa that had 100% joint efficiency with
the P-Ti side base metal fracture. In this connection, the
fractured surfaces of the joint with the weld interface
fracture did not have the IMC layer, because the weld
interface did not have the IMC layer (see Figs. 9 and
10).

To clarify the difference of the joint fractured portion
by friction pressure, the cross-section of the joints at
various forge pressures were observed. Figures 19 and
20 show the cross-sectional appearances of the weld
interface region of the joint with friction pressures of 30
and 90 MPa. In this case, the cross section of the joints
with the forge pressure equal to the friction pressure
were demonstrated above, i.e. that with a forge pressure
of 30 MPa was shown in Fig. 7c, and that of 90 MPa
was shown in Fig. 8d, respectively. When the joint was
made at a friction pressure of 30 MPa with a friction
time of 1.2 s, i.e. the friction torque close to the initial
peak as shown in Fig. 1, the weld interface was clear
and almost flat at a forge pressure of 30 MPa (see Fig.
7c). In addition, the weld interface did not have a
not-joined region, and the LCS side was hardly
deformed although the P-Ti side had flash themselves.
The LCS side was slightly deformed and a part of it
was exhausted as flash from the peripheral portion of
the weld interface with increasing forge pressure as
shown in Fig. 19a-i. Then, the P-Ti side was slightly
deformed to a concave shape, i.e. whole weld interface
was not flat (Fig. 19a-ii). Moreover, when the joint was
made at a friction time of 3.0 s, the weld interface was
also almost flat and the LCS side was hardly deformed
at a forge pressure of 30 MPa (see Fig. 7d). The LCS
side was deformed with increasing forge pressure and

(a) Friction time of 0.8 s

(b) Friction time of 2.0 s
Relationship between forge pressure andFig. 18
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whole weld interface was demonstrated as a concave
shape from the viewpoint of the P-Ti side as shown in
Fig. 19b-i. Then, the LCS side was heavily deformed,
that had about 15 mm or over in the length of the radial
direction of the joint, i.e. the joint was obtained more
LCS flash (Fig. 19b-ii). Furthermore, the joint at a
friction time of 8.0 s had also large deformation of the
LCS side when it was made with high forge pressure
although the quantity of the P-Ti and LCS flashes
increased. That is, the P-Ti side had deformation of a
concave shape and the joint had generated more LCS
flash, when it was made at a friction time of 3.0 s or
longer and high forge pressure such as 270 MPa or
higher. Hence, the joint with high forge pressure was
able to obtain the P-Ti base metal fracture, because the
initial oxide film at the weld faying surface of the LCS
side was able to estimate as the flash which exhausted
from the weld interface during the friction process.
Therefore, it is considered that the making joint by high
forge pressure is one of a necessary condition for
obtaining 100% joint efficiency and the P-Ti side
fracture with no crack at the weld interface.

On the other hand, the weld interface was clear and
almost flat at a forge pressure of 90 MPa when the joint
was made at a friction pressure of 90 MPa with a
friction time of 0.8 s (see Fig. 8d). This joint did not
have also a not-joined region at the weld interface, and
the LCS side was also hardly deformed. When the joint
was made at a forge pressure of 180 MPa as shown in
Fig. 20a-i, the LCS side was slightly deformed and a

part of it was exhausted as flash from the peripheral
portion at the weld interface with increasing forge
pressure. Therefore, the initial oxide film at the weld
faying surface of the LCS side was also able to estimate
as the flash which exhausted from the weld interface at
this forge pressure. However, the central portion at the
weld interface was also slightly demonstrated as a
convex shape from the viewpoint of the P-Ti side. This
deformation at the weld interface had a reversed
direction of the joint with a friction pressure of 30 MPa,
i.e. the deformation behaviour of the joint was differed.
Then, the flash quantity of the LCS and P-Ti sides
increased with increasing forge pressure as shown in
Fig. 20a-ii. Furthermore, the deformation behaviour of
the joint with a friction time of 2.0 s resembled that of
0.8 s, although the quantity of flashes differed (Fig.
20b). In particular, the length of the radial direction at
the LCS side of the joint with a forge pressure of 270
MPa as shown in Fig. 20b-ii were similar to that of a
friction pressure of 30 MPa as shown in Fig. 19b-ii.
However, the joint with high forge pressure was not
able to obtain the P-Ti base metal fracture easily.
Hence, another factor seems to be the cause of the weld
interface fracture for the joint with a friction pressure of
90 MPa.

4.3 Influence of weld interface temperature for joint
strength

As shown in Figs. 19 and 20, it was noteworthy that

-Fig. 20 Cross-sectional appearances of weld inter
face region of joints at various forge pressures;
friction pressure of 90 MPa and friction times of
0.8 and 2.0 s.
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the weld interface of the joint with a friction pressure of
90 MPa had a convex shape from the viewpoint of the
P-Ti side whereas that of 30 MPa had a concave shape.
Incidentally, the temperature of the whole weld interface
at a friction pressure of 30 MPa reached to
approximately 1,150 K at a friction time of 3.0 s or
longer (see Fig. 3). In comparison with this joint, the
half radius and centreline portion temperatures of the
weld interface at a friction pressure of 90 MPa were not
reached to approximately 1,150 K, although that
periphery portion was reached to its temperature (see
Fig. 4). That is, it was considered that the weldability
between P-Ti and LCS was poor at the temperature of
the weld interface below 1,150 K. Therefore, we
investigated the effect of forge pressure on the tensile
strength of the joint at a friction pressure of 30 MPa
with a friction time of 1.5 s, because the temperature at
the adjacent region of whole weld interface was
approximately 1,000 K at this friction time as shown in
Fig. 3. In this connection, this temperature was close to
the central portion of the weld interface of the joint at a
friction pressure of 90 MPa with a friction time of 2.0 s
(see Figs. 3 and 4). If the weldability between P-Ti and
LCS was not poor at this temperature (approximately
1,000 K) on the weld interface, the joint should be
easily obtained 100% efficiency and the P-Ti base metal
fracture. Figure 21 shows the relationship between the
forge pressure and joint efficiency of the joints under a
friction pressure of 30 MPa with a friction time of 1.5 s.
The joint efficiency increased with increasing forge
pressure, and then some joints achieved 100% joint
efficiency with the P-Ti base metal fracture as shown in
Fig. 15 when it was made with a forge pressure of 270
MPa or higher. However, the joint efficiency had a
scattering, and many joints fractured at the weld
interface as shown in Fig. 12. That is, the joint, which
had 100% joint efficiency with the P-Ti side base metal
fracture, was not easily obtained at a friction time of 1.5
s. Hence, the weld interface of the joint seems to be
necessary to achieve high temperature of around 1,150
K for obtaining the joint with 100% joint efficiency and

the P-Ti side base metal fracture. In case of diffusion
welding, the joint with a bonding temperature below
1,123 K was not obtained 100% joint efficiency
although that with a bonding temperature of around
1,173 K was easily obtained its efficiency [31,32].
Therefore, it is considered that the achievement of the
temperature at whole weld interface of around 1,173 K
is also necessary condition for obtaining 100% joint
efficiency and the P-Ti side fracture with no crack at
the weld interface.

According to the result described above, the
difference of the joint fractured portion was due to the
large deformation of the LCS side and the shape of the
weld interface which was depended on the deformation
of the P-Ti and LCS sides. Moreover, those had
difference with the maximum temperature at the weld
interface which was depended on the applied friction
pressure. It is considered that the further investigation
must elucidate the detailed joint properties such as
hardness at the adjacent region of the weld interface or
the fractured surface analysis by X-ray diffraction
technique. However, to obtain 100% joint efficiency and
the P-Ti base metal fracture with no crack at the weld
interface, the joint should be made with high forge
pressure, low friction pressure, and with opportune
friction time at which the temperature at whole weld
interface reached around 1,150 K.

5. Conclusions

This report described the effect of friction welding
condition on joining phenomena and tensile strength of
friction welded joint between pure titanium (P-Ti) and
low carbon steel (LCS). The following conclusions are
provided.

(1) The adjacent region of the weld interface at the
P-Ti side had large deformation and intensely
upset when the joint had sparkle in spite of
applied friction pressure, although that of the LCS
side was hardly upset. Also, the entire weld
interface at the LCS side had transferred P-Ti
when the friction torque reached the initial peak.

(2) The temperature of the whole weld interface at a
friction pressure of 30 MPa reached to 1,150 K or
over at a friction time of 3.0 s or longer. On the
other hand, the half radius and centreline portion
temperatures of the weld interface at a friction
pressure of 90 MPa was not reached to 1,150 K,
although the periphery portion of that was reached
to its temperature.

(3) The central portion of the weld interface at a
friction pressure of 90 MPa was deformed to a
convex shape from the viewpoint of the P-Ti side,
although that of 30 MPa remained almost flat
after when the friction torque reached the initial
peak. The fact that the weld interface shape had
dissimilarity was due to the difference of the
maximum temperature at the weld interface with
applied friction pressure.

Relationship between forge pressure andFig. 21
joint efficiency of joint at friction pressure of 30
MPa with friction time of 1.5 s.
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(4) An IMC layer was not observed at the weld
interface of the joint at applied friction pressures
of 30 and 90 MPa, which was based on the SEM
observation level.

(5) The joining phenomena during the friction process
at a friction pressure of 30 MPa were similar to
that of 90 MPa, in spite of the difference of both
the maximum temperature at the weld interface
and the weld interface deformation.

(6) The joint, which was made with a forge pressure
of applied identical friction pressure, did not
achieve 100% joint efficiency, although it
increased with increasing friction pressure.

(7) When the joint was made with a friction pressure
of 30 MPa, the joint efficiency increased with
increasing forge pressure. Then, when the joint
was made with a friction time of 3.0 s or longer,
and a forge pressure of 270 MPa or higher, it
achieved 100% joint efficiency and the P-Ti base
metal fracture with no crack at the weld interface.

(8) Many joints, which was made with a friction
pressure of 30 MPa, friction times of 1.2 and 1.5
s, and high forge pressure, was fractured at the
weld interface, although those achieved 100%
joint efficiency.

(9) When the joint was made with a friction pressure
of 90 MPa, the joint efficiency also increased
with increasing forge pressure. However, many
joints fractured at the weld interface, although
those achieved 100% joint efficiency.

(10) The difference of the fractured portion of the
joint in both applied friction pressures was due to
the difference between the maximum temperature
at the weld interface during the friction process
and the deformation amount of the LCS side
caused by applied forge pressure.

In conclusion, to obtain 100% joint efficiency with
the P-Ti base metal fracture with no crack at the weld
interface, the joint should be made with high forge
pressure, low friction pressure, and with opportune
friction time at which the temperature at whole weld
interface reached around 1,150 K.
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