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Abstract

In order to obtain easily good joint with no crack at the interface between Ni-based superalloy (Ni-SA) and heat-resistant steel
(HRS), the investigation of weldability in those material combinations by friction welding method is required. This paper
described the joining phenomena and the tensile strength of the friction-welded joint between Ni-SA and HRS. The joining
phenomena during the friction process, such as joining behaviour and friction torque, were measured. The effects of friction
pressure, friction time, and forge pressure on the joint tensile strength were also investigated, and the characteristics of joints were
observed and analysed. The good joint, which had the fracture in the HRS base metal and the tensile strength of its base metal
with no crack at the weld interface, could be successfully achieved, although it had the hardened and softened areas at the adjacent
region of the weld interface. In conclusion, it was found that the joint should be made with an opportune friction time after the
HRS side was transferred to the entire weld interface on the Ni-SA side and with adding high forge pressure such as 360 MPa.

Hence, the good joint could be obtained by friction welding method.
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1 Introduction

Ni-based superalloy has some characteristics, such as excel-
lent corrosion resistance and outstanding strength under ele-
vated temperatures. This material is widely used as some im-
portant parts in acrospace vehicles, industrial gas turbines, gas
and/or oil production platform, and so on [1, 2]. To improve
those characteristics in Ni-based superalloy, a various kind of
those is produced by adding some elements [3, 4]. Also, NiTi
alloy, such as shape memory alloy, can regard as a kind of Ni-
based superalloy [5, 6]. However, Ni-based superalloy is
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generally being known as an expensive material than steel.
Hence, it can be considered that Ni-based superalloy should
be used with combining other inexpensive material, such as
steel from a standpoint of an expansion in the use of this
material in industrial field. On the other hand, the adjacent
region of the interface of joints with Ni-based superalloy has
such some degradation as the coarsening of strengthening pre-
cipitates [4] and/or the generating of solidification cracking
[7] by the conventional fusion welding processes. In addition,
it is considered that the mechanical properties of the fusion-
welded joint between Ni-based superalloy and other materials,
such as steel, are affected due to the microstructural transfor-
mation at the adjacent region of the interface by solidification
segregation [8], cracking [9—11], and so on. That is, the similar
and/or dissimilar joints with Ni-based superalloy have some
problems. To solve those problems, the effect of some content
elements in Ni-based superalloy was investigated by some
authors [12, 13]. The joint strength with Ni-based superalloy
was also improved by heat treatment after welding, which was
described by many authors [14-21]. Nevertheless, a welding
process for easily making the dissimilar joint between Ni-
based superalloy and other material, which will result in less
degradation of the mechanical and metallurgical properties of
the joint, is urgently required due to a viewpoint of reduction
in cost for the manufacturing.
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The solid state joining methods, such as diffusion welding,
friction welding, and friction stir welding, can be applied to
join dissimilar materials combinations. Friction welding is
especially one of welding methods to overcome the previously
mentioned limitations, because it is able to avoid for defects
related to melting as well as solidification process in fusion
welding. In this connection, for example, Sakane et al. [22]
investigated the fatigue strength of friction-welded joint be-
tween high Ni steel and low alloy steel. Tasaki et al. [23]
studied the tensile strength of friction-welded joint between
alloy 713C in Ni-based superalloy and nitriding steel. Uemura
et al. [24] described the reaction layer at the weld interface of
friction-welded joint between alloy-713C in Ni-based super-
alloy and bearing steel. Luo et al. [25] proposed the inertia
friction welding method with additional electronic current for
obtaining high quality joint between Ni-based superalloy and
steel. However, an opportune friction welding condition and
its guideline for obtaining good joint was not demonstrated.
Furthermore, the generating and/or growing the reaction layer,
such as the brittle intermetallic compound layer, will occur
when the dissimilar metal joints (referred to as dissimilar
joints) are operated in elevated temperature environments
and/or after post-weld heat treatment [26]. It can be considered
that those layers at the joint interface of dissimilar joints will
give fatal damage to equipment [27]. In particular, the joint,
such as the combination between Ni-based superalloy and
some steel such as heat-resistant steel (HRS), will be used
under an elevated temperature condition, since HRS has also
good mechanical and metallurgical properties into that envi-
ronment [28-30]. Hence, the friction welding condition for
easily obtaining good joint, which has the fracture in the base
metal of HRS, primarily needs to be established.

In previous works, some of the authors clarified the joining
mechanism of friction-welded joints between various metals
and low carbon steel or stainless steel. Then, the good joints
with the fracture in the low strength metal side (no fracture at
the weld interface) in those above combinations were success-
fully achieved [31-38], though the friction welding condition
differed. If combinations of dissimilar materials between Ni-
based superalloy and HRS can be joined using the same meth-
od as that shown in previous reports [31-38], the good joint of
this combination will be easily obtained.

Based on the above background, the authors have been
carrying out research to clarify the joining mechanism during
the friction process of dissimilar joint. The authors investigate
the joining phenomena during the friction process of friction
welds between Ni-based superalloy and HRS in the present
work. The authors show the tensile strength of the friction-
welded joints under various friction welding conditions, espe-
cially the effects of friction time and forge pressure on those.
Then, the friction welding condition for good joint, which had
the same tensile strength as that of the HRS base metal as well
as the fracture in the HRS base metal with no crack at the weld
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interface, will be suggested. That is, an opportune friction
welding condition and its guideline for obtaining good joints
will be established.

2 Experimental procedure

The materials used were Ni-based superalloy comparable
material of alloy 617 (referred to as Ni-SA) and HRS com-
parable material of Cr-Mo-V steel (ASTM A470 Grade D
Class 8, referred to as HRS) in blocks. The chemical com-
position of the Ni-SA was 18Cr-9Mo-12.5Co-Al-Ti (wt%),
the ultimate tensile strength was 993 MPa, the 0.2% yield
strength was 759 MPa, the elongation was 19%, and the
Vickers hardness was HV298. The chemical composition
of the HRS was 0.3C-1.1Cr-1.3Mo0-0.25V (wt%), the ulti-
mate tensile strength was 800 MPa, the 0.2% yield strength
was 650 MPa, the elongation was 17%, and the Vickers
hardness was HV261, respectively. Two kinds of HRS hav-
ing similar tensile properties were used for this experiment,
although those had slightly different contents, because
those blocks were supplied at different times. The differ-
ence of results with using those HRS base metals was not
confirmed, though those details data were not shown due to
space limitations. All materials were used in as-received
condition, i.e. those were not processed, such as heat treat-
ment for this experiment. Every block was cut in a rectan-
gular shape and then machined to a 12 mm diameter for the
weld faying (contacting) surface as shown in Fig. 1. Also,
all specimens had three planes at the diameter of 15 mm
part for mounting of itself in the friction welding machine.
All weld faying surfaces of specimens were polished by a
surface grinding machine before joining to eliminate the
effect of surface roughness on the joint mechanical prop-
erties [39]. Then, both weld faying surfaces were cleaned
by acetone just before welding.

A continuous (direct) drive friction welding machine was
used for the joining. HRS specimen was set to the rotating
side, and the Ni-SA specimen was set to the fixed side, re-
spectively. In this connection, the opposite setting position of
those specimens in the rotating and fixed chucks did not have
difference in above position for obtained results. Friction
welding condition was set to the following combinations: a
friction speed of 27.5 s (1650 rpm), friction pressures of 30
or 90 MPa, a range of friction times from 0.04 to 40.0 s, a
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Fig. 1 Shape and dimension of friction welding specimen
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range of forge pressures from 30 to 360 MPa, and a forge time
of 6.0 s. The authors used three experimental methods as
follows.

(1) A conventional friction welding method that has a brake
system when the friction time expired. This welding
method was carried out for measurement of the friction
torque during the friction process.

(2) The welding method that the fixed side specimen is si-
multaneously and forcibly separated from the rotating
side specimen when the friction time expired. This
welding method was performed for observation of the
transitional changes of the weld interface.

(3) The welding method that the relative speed at the weld
interface between both specimens is simultaneously de-
creased to zero when the friction time expired. To pre-
vent deformation due to braking during rotation stop, this
welding method was used. Then, this welding method
was performed for investigation of the mechanical and
metallurgical properties of joints.

The friction torque was measured with a load cell, and then
it was recorded with a personal computer through an A/D
converter with a sampling time of 0.001 s. The details of these
methods have been also previously described [31-39].

All joint tensile test specimens were machined to 12 mm in
the diameter and 66 mm in the parallel length, and those shapes
were corresponding to Japanese Industrial Standards [40]. That
is, all flash (burr or collar), which was exhausted from the weld
interface during the friction welding process, were removed
from joints by lathe for joint tensile test specimens. The joint
tensile test was performed with as-welded condition at room
temperature and was evaluated with joints of the number of
three or over per one friction welding condition. To observe
the cross-section of joint, the joint was cut at the portion of both
sides, which was about 10 mm from the weld interface. Then, it
was cut at the longitudinal direction, and the cutting surface was
polished for observation of the cross-section of joints. Vickers
hardness test at low test force, i.e. the Vickers microhardness

(referred to as Vickers hardness), was carried out at room tem-
perature for clarification of the joint properties by using the
samples of the cross-section observation. The hardness distri-
bution was measured in the zigzag pattern, and the centre line of
it corresponded to the half radius location at the adjacent region
of the weld interface. Measuring load was 9.81 N (1 kgf), a
measuring range was about 10 mm from the weld interface to
both sides, a measuring interval of the longitudinal direction for
the joint was 150 pum, and that of the radius direction was
50 um (amplitude was 100 um), respectively. SEM observation
via EDX analysis was performed to analyse the chemical com-
position on the adjacent region of the weld interface.

3 Results

3.1 Relationship between joining behaviour
and friction torque

At first, the joining phenomena during the friction process
were observed. Figure 2 shows the relationship between the
joining behaviour and the friction torque curve during the
friction process at a friction pressure of 30 MPa. Photos (1)
to (6) in Fig. 2a, respectively, correspond to the friction torque
of (1) to (6) in Fig. 2b. Photo (1) shows the state of the weld
faying surfaces as both surfaces contacted each other, and
then, the friction torque was increased. When the friction
torque reached the initial peak of (2), the colour of the weld
interface was changed with a tinge of red. Immediately after
that behaviour, the adjacent region of the weld interface on the
HRS side was slightly upset (deformed), and that part was
exhausted as flash from the weld interface as shown in
Photo (3). The friction torque decreased with increasing fric-
tion time and the weld interface was maintained with a colour
of whitish-red as shown in Photo (4). Thereafter, the quantities
of flash increased with friction time between (4) and (6). The
flash was exhausted from the weld interface of the joint during
the friction process when the yield stress of the base metal
with temperature raise by the friction of both weld faying

Fig. 2 Joining behaviour and
friction torque curve during
friction process, which was made
with friction pressure of 30 MPa
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surfaces was below the applied friction pressure, and it was
described in the previous report [41]. Also, the yield strength
of HRS base metal was able to estimate lower than that of Ni-
SA base metal during the friction process by the considering
of the dependence of yield strength on temperature for those
base materials [28, 42, 43]. Hence, it could be considered that
the flash of HRS was larger than that of Ni-SA (see Fig. 2a). In
this connection, if the temperature at the weld interface will be
above the melting points of those materials, the flash of the
joint will be able to estimate having heavy separation as well
as producing the asymmetric shape of that [44, 45]. However,
the flash was not separated from the joint during the friction
process and the joint had a curl shape flash (demonstrated
later) that was similar results in other material combinations
of measured temperature [31-38]. Thus, the temperature will
be able to be estimated below the melting points of those
materials, although further investigation will be naturally
needed to elucidate the temperature during the friction process
in the material combination in this study. Additionally, the
joining behaviour of another friction pressure, such as
90 MPa, resembled those behaviours though the value of the
friction torque varied (the friction torque curve with this fric-
tion pressure will be demonstrated later).

3.2 Transitional changes of weld interface

Figure 3 shows the examples of the appearances of the weld
interfaces after welding at various friction times with a fric-

tion pressure of 30 MPa. When a friction time was 0.04 s, i.e.
both specimens had been rotated once, the concentric rubbing
marks were observed at the peripheral portion of the weld
interface of both sides. Also, it was considered that the
HRS side transferred to the weld interface on the Ni-SA side,
since the area of the concentric rubbing marks on the Ni-SA
side was smaller than that of the HRS side and that mark on
the Ni-SA side was sparse state. The concentric rubbing
marks on the HRS side were extended to the central portions
at a friction time of 0.3 s, and the half radius portion of both
sides became colourful. Although the concentric rubbing
marks increased with friction time, the entire weld interface
of both sides did not have that mark when a friction time was
0.7 s, i.e. the friction torque close to the initial peak. When a
friction time was 1.5 s, the HRS side had little flashes on the
peripheral portion, though the central portion of the Ni-SA
side did not have the transferred HRS. When a friction time
was 3.0 s, the entire weld interface on the Ni-SA side had the
transferred HRS. Thereafter, the quantities of flash of HRS
were larger than that of Ni-SA, although those of both sides
increased with friction time. Then, both weld interfaces be-
came smooth at a friction time of 20.0 or longer. The transi-
tional changes of the weld interface also resembled those with
a friction pressure of 90 MPa, though the quantities of flash
differed (data not shown here). This result, which the defor-
mation of HRS side was larger than that of Ni-SA side, was
good agreement with the results of joining behaviour (see
Fig. 2a).

Fig. 3 Appearances of weld Friction . . . Friction . . s
interfaces after welding at various time HRS side Ni-SA side time HRS side Ni-SA side
friction times, which was made
with friction pressure of 30 MPa.
a Friction pressure of 30 MPa. b
Friction pressure of 90 MPa 0.04 s 30s

03s 5.0 s

0.7 s 20.0 s

15s 40.0 s
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Fig. 4 Relationship between friction time and joint efficiency of joints, in relation to friction torque curves: a friction and forge pressures of 30 MPa and

b friction and forge pressures of 90 MPa

3.3 Relationship between tensile strength of joint
and friction time

To clarify the joint strength, the effect of friction time on
that was investigated. Figure 4 shows the relationship be-
tween the friction time and the joint efficiency of joints,
and those were plotted alongside the friction torque curve.
The joint efficiency was defined as the ratio of joint tensile
strength to the ultimate tensile strength of the HRS base
metal. In this instance, the forge pressure was applied at an
identical friction pressure, i.e. a friction pressure of
30 MPa was a forge pressure of 30 MPa (Fig. 4a) and that
of 90 MPa was 90 MPa (Fig. 4b), respectively. Figures 5
and 6 show the typical appearances of the joint tensile-
tested specimens and the typical fractured surfaces of
those, respectively. When joints were made with a friction
pressure of 30 MPa as shown in Fig. 4a, the joint efficiency
at a friction time of 1.5 s was approximately 40%. The joint
fractured at the weld interface, although it had a little HRS
adhering on the weld interface of the Ni-SA side (referred
to as weld interface fracture) as shown in Fig. 5a. The
central portion of those surfaces showed like slightly brittle
state, and the peripheral portion of those had seizure pat-
tern (Fig. 6a). Thereafter, the joint efficiency was almost
maintained around 40%, and the fractured portion was not
changed in spite of increasing friction time. When the joint

Fig. 5 Typical appearances of
joint tensile-tested specimens: a

Weld interface

Ni-SA side

was made with a friction pressure of 90 MPa as shown in
Fig. 4b, the joint efficiency at a friction time of 0.6 s was
approximately 64%. All joints fractured between the weld
interface and the HRS or Ni-SA sides (referred to as mixed
mode fracture) as shown in Fig. 5b. The whole fractured
surfaces also showed like slightly brittle state (see Fig. 6b).
In case of this friction pressure, the joint efficiency was
almost maintained around 65% and the fractured portion
was not changed in spite of increasing friction time.

Figure 7 shows the examples of the cross-sectional appear-
ances of the weld interface region of joints. In these examples,
those joints were made with friction and forge pressures of
30 MPa. When the joint was made with a friction time of 1.5 s,
it had the not-joined (non-joined, de-bonding) region at the
weld interface (top of arrows in Fig. 7a. The joints with other
friction times had also the not-joined region. The joint with a
friction pressure of 90 MPa had also this region at the weld
interface, though the size of those was smaller than that of
30 MPa. The occurrence of the not-joined region is due to a
repeated cycle of joining and separation at the weld interface
after the initial peak during the friction process [46]. However,
the weld interface of the joint, which was made with the con-
dition of the forge pressure having the same value of the fric-
tion pressure, was not joined completely, because the not-
joined region generated during the friction process was not
able to be reduced during the forge process.

Weld interface
HRS side 1 Ni-SA side

HRS side 1

weld interface fracture and b
mixed mode fracture

(a) Weld interface fracture

(b) Mixed mode fracture
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Fig. 6 Typical fractured surfaces HRS side

Ni-SA side

HRS side Ni-SA side

of joint tensile-tested specimens:
a friction and forge pressures of
30 MPa and b friction and forge
pressures of 90 MPa

~

(a) Friction pressure of 30 MPa

3.4 Relationship between tensile strength of joint
and forge pressure

To decrease the not-joined region at the weld interface of the
joint and to improve the joint efficiency, the effect of forge
pressure on joint efficiency was investigated. Figure 8 shows
the relationship between the forge pressure and the joint effi-
ciency of joints with a friction pressure of 30 MPa. Figure 9
shows the typical appearances of the joint tensile-tested spec-
imens of joints with adding forge pressure. When joints were
made with a friction time of 1.5 s as shown in Fig. 8a, the joint
efficiency increased with increasing forge pressure. The frac-
tured portion of joints changed to the mixed mode fracture
(Fig. 5b or Fig. 9a) from the weld interface fracture (Fig. Sa).
In particular, the joints with a forge pressure of 180 MPa or
higher had the local constriction part (necking) at the HRS and/
or Ni-SA side (see Fig. 9a). However, the joint efficiency of
100% with the fracture in the HRS base metal was not achieved
at a friction time of 1.5 s. Hence, although the not-joined region
decreased, it was clarified that the low generating friction heat
at this friction time was not able to be welded completely of the
entire weld interface as well as the quantity of the transferred
HRS on the weld interface at the Ni-SA side was little (Fig. 3).
On the other hand, when joints were made with a friction time
of 3.0 s as shown in Fig. 8b, the joint efficiency increased with
increasing forge pressure, and it had approximately 100% at a
forge pressure of 180 MPa. One of the joints with a forge
pressure of 270 MPa had the joint efficiency of 100% with

Fig. 7 Cross-sectional Weld interface

(b) Friction pressure of 90 MPa

the fracture in the HRS base metal (referred to as HRS base
metal fracture) as shown in Fig. 9b. Then, all joints with a forge
pressure of 360 MPa had the HRS base metal fracture. Those
had no crack at the weld interface. The joint efficiency of 100%
and the HRS base metal fracture was also achieved when those
were made with a friction time 0f40.0 s and a forge pressure of
360 MPa (Fig. 8c). If the joint had the not-joined, it will be
having the mixed mode fracture since that will be the origin of
the fracture. However, the joint with the HRS base metal frac-
ture did not have the not-joined region at the weld interface as
shown in Fig. 10. In addition, it could be considered that the
adjacent region of the weld interface, which had some weak
points due to the contents in both base metals, was exhausted
as flash from the weld interface during the forge process.
Figure 11 shows the results of tensile test of joints at various
friction welding conditions. Those results were evaluated by
the joint tensile test that test was carried out with the number of
three or over. In those graphs, the red cross symbols were
showed as the results of all joints without the HRS base metal
fracture, i.e. that was the weld interface fracture and/or the
mixed mode fracture (Fig. 5). The green triangle symbols were
showed as the results of joints of which had the weld interface
fracture and/or the mixed mode fracture as well as the HRS
base metal fracture (Fig. 9b). The blue circular symbols were
demonstrated as the results of all joints with the HRS base
metal fracture. When joints were made with a friction pressure
of 30 MPa as shown in Fig. 11a, all joints with a forge pressure
of 90 MPa or below had the weld interface fracture and/or the

Weld interface Weld interface

HRS side | Ni-SA side

appearances of weld interface
regions of joints, which was made
with friction and forge pressures
0of 30 MPa: a friction time of 1.5 s,
b friction time of 3.0 s, and ¢
friction time of 40.0 s

(a) Friction time of 1.5 s
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mixed mode fracture. However, all joints with the HRS base
metal fracture with reliability were obtained at a friction time of
3.0 s or longer with a forge pressure of 360 MPa. In particular,
this friction time of 3.0 s under a friction pressure of 30 MPa
corresponded to the time when the entire Ni-SA side had the
transferred HRS (see Fig. 3). The HRS base metal fracture with
reliability was also obtained at a friction time of 1.0 s or longer
with a forge pressure of 360 MPa when joints were made with
a friction pressure of 90 MPa as shown in Fig. 11b. When the
entire weld interface on the Ni-SA side had the transferred
HRS, a friction time of 1.0 s under a friction pressure of
90 MPa also corresponded to that time. Therefore, it was clar-
ified that the friction time should be set to the time after the
entire weld interface on the Ni-SA side had the transferred
HRS with high forge pressure such as 360 MPa.

3.5 Investigation of characteristics for joint with HRS
base metal fracture

Based on the above results, the joint obtaining the HRS base
metal fracture with reliability as shown in Fig. 9b was able to
make. To clarify the characteristics of the joint in details, the
hardness test of those was carried out. Figure 12 shows the
examples of Vickers hardness distribution across the weld in-
terface at the half radius location of joints. In these cases, those
joints were made with a friction pressure of 30 MPa and a forge
pressure of 360 MPa. When the joint was made with a friction
time of 3.0 s as shown in Fig. 12a, it had the hardened area that
extended about 1.5 mm in the longitudinal direction of the
HRS side. This joint also had the softened area in the longitu-
dinal direction and that extended from about 1.5 to 3.0 mm of
the HRS side and the extended from the weld interface to
1.5 mm of the Ni-SA side, respectively. The joint with a

Fig. 9 Typical appearances of
joint tensile-tested specimens

0 80 160 240 320 4000

Weld interface
HRS side |

Ni-SA side

80 160 240 320 4000 80 160 240 320 400

Forge pressure, MPa

friction time 0f 40.0 s had also the hardened and softened areas
(Fig. 12b). The softened area of this joint was larger than that
of the joint with a friction time of 3.0 s due to large heat input.
However, the hardened area of this joint was similar to that of
the joint with a friction time of 3.0 s, though it had slightly
scattering. Hence, it was able to estimate that cooling speed
after welding of those joints were similar in spite of the flash
differed. The joints with other friction welding conditions as
well as another measuring location of this joint also had those
areas. If the joint had high susceptibility of cracking in the
hardened area during the welding process [47], it will be not
having the HRS base metal fracture since that will be the origin
of the fracture. Also, the hardened area seems to be not affected
to the joint strength of joint for similar materials combination
in this study [10]. Furthermore, the softened region also was
not affected to the joint strength of joint because the joint
fractured at the portion, which occurred in the HRS side
beyond out of that area as shown in Fig. 9b. Therefore, it
was clarified that the joint had the joint efficiency of 100%
and the HRS base metal fracture by plastic constraint, al-
though those had the hardened and softened areas.

Figure 13 shows the SEM images and EDX analysis results
on the adjacent region of the weld interface at the half radius
location of the joint. In this case, this joint was made with a
friction pressure of 30 MPa, a friction time of 3.0 s, and a forge
pressure of 360 MPa. Also, Fig. 13a showed the results of the
plane scanning, and Fig. 13b showed the results of the line
scanning, respectively. The weld interface was clear as shown
in the micrograph photo of Fig. 13a. The remarkable concen-
tration of the Fe, Ni, and Cr was observed at the adjacent region
of the weld interface on the HRS side by EDX analysis, and
this area had the light colour part of Fe and the dark colour
parts of Ni and Cr, i.e. some of a differing concentration part.

Weld interface
HRS side

with adding forge pressure: a
mixed mode fracture and b HRS
base metal fracture

(a) Mixed mode fracture

Ni-SA side

(b) HRS base metal fracture
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Weld interface
HRS side tL Ni-SA side

2 mm
—

Fig. 10 Cross-sectional appearance of weld interface region of joint,
which was made with friction pressure of 30 MPa, friction time of
3.0 s, and forge pressure of 360 MPa. a Friction pressure of 30 MPa
and b Friction pressure of 90 MPa

Furthermore, the distribution lines corresponding to Fe, Ni, and
Cr by EDX analysis had a plateau part on the adjacent region of
the HRS side, and those lines had large scattering (Fig. 13b).
However, the evidence of the intermetallic compound layer at
this layer also could not be obtained that included the results of
the point scanning of EDX. Therefore, it was considered that
the adjacent region of the HRS side had the lamellar structures
between HRS and Ni-SA, and it was the mechanically mixed
(mechanical mixing) layers. The width (distance from the weld
interface in the longitudinal direction of the joint) of that was
approximately 150 um. It was found that the intermetallic
compound layer could not be observed with respect to the joint
though that might be included of the intermediate interlayer
due to the structure change, because it did not have a steady
plateau part without scattering of those analysed contents,
which was based on SEM observation level. The intermetallic
compound layer that influences joint strength was not also
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0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Friction time, s

(a) Friction pressure of 30 MPa

observed in the joint with other friction welding conditions as
well as another measuring location of this joint, in spite of the
width of the mechanically mixed layer differed. That mechan-
ically mixed layer was able to estimate like an austenitic struc-
ture in consideration of the other analysed results as well as the
joint had the hardened area (Fig. 13). A similar mechanically
mixed layer was also observed even in several friction-welded
joints for dissimilar materials combination as reported by many
researchers [39, 48-54]. The mechanically mixed layer seems
to be a cause of the influence of the joint strength of some
dissimilar friction-welded joints [39, 53, 54]. Furthermore,
some of fusion-welded joint of the similar material combina-
tion in this study did not have good tensile strength due to the
producing of the intermetallic compound layer at the weld
interface [55, 56]. Nevertheless, the mechanically mixed layer
of the joint in this study was not affected to the joint strength,
since this joint had the joint efficiency of 100% with the HRS
base metal fracture (see Fig. 9b). Naturally, it could be consid-
ered that the dissolution of precipitates [57, 58] as well as the
structure change [13, 18, 29] at the adjacent region of the weld
interface of the joint will occur during the friction process,
because the highest temperature portion was the weld interface.
However, it was able to be considered that the most of that
structure as well as high temperature area were exhausted as
flash by adding high forge pressure, since the joint with the
HRS base metal fracture was obtained by that pressure condi-
tion (360 MPa). Furthermore, it was able to consider that the
mechanically mixed layer was generated due to the heavy plas-
tic flow of both base metals during the friction process, because
both materials were not formed as the lamellar structures if the
temperature at the weld interface had above the melting point
during the friction process. In this consideration, those clarifi-
cations will be a future investigation subject and further inves-
tigation will be needed to elucidate the detailed characteristics
of that layer by other analysis system, such as TEM and XRD
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g
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Friction time, s

(b) Friction pressure of 90 MPa

Fig. 11 Results of tensile test of joints at various friction welding conditions: a friction pressure of 30 MPa and b friction pressure of 90 MPa. a Friction

time of 3.0 s and b friction time of 40.0 s
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Fig. 12 Vickers hardness distributions across weld interface at half radius location of joints which was made with friction pressure of 30 MPa and forge
pressure of 360 MPa: a friction time of 3.0 s and b friction time of 40.0 s. a Plane scanning result. b Line scanning result

analyses for the dissimilar joint as well as making mechanism
of this layer.

4 Discussion

According to the result described above, the friction welding
conditions for obtaining good joints, of which had the joint
efficiency of 100% with the HRS base metal fracture, were

Weld interface Weld interface

HRS side, |I Ni-SA side HRS side, Il Ni-SA side

Micrograph

(a) Plane scanning result

demonstrated. To estimate the opportune friction time, the
joint appearances were observed. Figure 14 shows the exam-
ples of appearances of joints at various friction times. In these
examples, those were made with a friction pressure of 30 MPa
and a forge pressure of 360 MPa and those joints fractured in
the HRS base metal (Fig. 9b). The quantities of flashes of both
sides increased with friction time, and the flash of the HRS
side was larger than that of the Ni-SA side. Ni-based superal-
loy is generally known as an expensive material than steel, of

Weld interface
HRS side * Ni-SA side

Content, at%

0

100 200 300

300 200 100 O
Distance from weld interface, um

(b) Line scanning result

Fig. 13 SEM images and EDX analysis results at adjacent region of weld interface at half radius location for joint, which was made with friction pressure

of 30 MPa, friction time of 3.0 s, and forge pressure of 360 MPa
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Weld interface
HRS side |, Ni-SA side

Fig. 14 Appearances of joints,
which was made with friction

Weld interface
HRS side |, Ni-SA side

Weld interface

pressure of 30 MPa and forge
pressure of 360 MPa at various
friction times: a friction time of
3.0s, b friction time 0f 10.0 s, and
¢ friction time 0f 40.0 s

(a) Friction time of 3.0 s

which was described in the introduction section. In particular,
from a viewpoint of reduction of a manufacturing cost, it is
desirable to be able to decrease flash of the Ni-SA side from
the joint. In addition, the axial shortening (burn-off) of the
joint with correspond to Fig. 14 at a friction time of 3.0 s
was about 0.9 mm, that of 10.0 s was about 5.0 mm, and that
0f 40.0 s was about 13.6 mm, respectively. That is, the flash
quantity and the axial shortening of the joint with a friction
time of 3.0 s were smaller than those of 40.0 s. Furthermore,
the softened region of the joint with a friction time of 3.0 s was
smaller than that 0f40.0 s (see Fig. 12). Additionally, the weld
interface is not held to high temperature condition, such as
Figs. 2a—6) when the joint will be made with short friction
time. Hence, it is able to suggest that the friction time should
be set to the time when the entire weld interface on the Ni-SA
side had the transferred HRS. Thus, a guideline of an oppor-
tune friction welding condition for obtaining good joints was
established. Further investigation must elucidate the detailed
characteristics of the joint as the fatigue and creep strengths as
well as the tensile strength under high temperature conditions,
since some researchers proposed the improvement of the joint
strength of some Ni-based superalloy and dissimilar metal
combination [14, 15], HRS and dissimilar metal combination
[29], and the same metal combination [16—19, 21] by post-
weld heat treatment. Those topics are also a future investigation
subject. However, the joint should be made with an opportune
friction time after the HRS side was transferred to the entire Ni-
SA side and with high forge pressure, such as 360 MPa.

5 Conclusions

This study described the joining phenomena and tensile
strength of the friction-welded joint between Ni-based superal-
loy (Ni-SA) and HRS. The following conclusions are provided.

(1) The joining was welded with the HRS transferred to the
weld interface on the Ni-SA side. The flash of HRS was larger
than that of Ni-SA, although those of both sides increased with
friction time. In addition, the joining phenomena during the
friction process at a friction pressure of 30 MPa resembled
those of 90 MPa.

(2) The joint, which was made with a forge pressure of an
identical friction pressure, did not have the joint efficiency of

@ Springer

HRS side |, Ni-SA side

(b) Friction time of 10.0 s

ke

() Friction time of 40.0 s

100% in spite of friction time. Those joints had the not-joined
region at the weld interface.

(3) All joints with the joint efficiency of 100% and the HRS
base metal fracture with reliability were obtained at a friction
time of 3.0 s or longer with a forge pressure of 360 MPa. Also,
the HRS base metal fracture with reliability was also obtained
at a friction time of 1.0 s or longer with a forge pressure of
360 MPa when joints were made with a friction pressure of
90 MPa. Those joints had no crack at the weld interface after
the tensile testing.

(4) The joints with the joint efficiency of 100% and the
HRS base metal fracture had both the hardened and softened
areas at the adjacent region of the weld interface on those. The
hardened and softened areas increased with friction time.

In conclusion, the joint should be made with an opportune
friction time after the HRS side was transferred to the entire
weld interface on the Ni-SA side and with adding high forge
pressure, such as 360 MPa.
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