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Abstract This paper reports our work on developing an
inertia radial friction welding (IRFW) technique to join
a 35CrMnSi steel shaft with a T3 copper (Cu) annular
block. The microstructure of the T3 Cu/35CrMnSi steel
dissimilar metal joint materials is studied. The results
show that a quenching zone exists obviously near the
interface on the 35CrMnSi steel side, and a soft region
exists in the heat-affected zone (HAZ) on the 35CrMnSi
steel side also according to microhardness measure-
ments. The super-plastic deformation zone (SDZ) is
more obvious on the T3 Cu side than on the 35CrMnSi
steel side. The microhardness of the SDZ is higher than
that of the T3 Cu base metal on the T3 Cu side.
Element diffusion occurs through both sides of the
dissimilar metal welded joint. The hardening phenome-
non existing in the joint is attributed to the effect of the
plastic deformation, element diffusion, and recrystalliza-
tion. New FeCu4 and Cu9Si compounds are formed in
the friction bonding interface, which suggests that the
T3 Cu and 35CrMoSi steel dissimilar metals experience
a landmark metallurgical bonding. The shear strength
test results show that the T3/35CrMnSi dissimilar metals
are joined together successfully in the IRFW process.

Keywords Interface features . Inertia radial friction
welding . Dissimilar joint . Element diffusion

1 Introduction

Combinations of dissimilar materials have found increasing-
ly wide industrial applications due to their microstructural
advantages over single metals, such as in aerospace, petro-
leum, aviation, shipbuilding, railway, power generation, and
petrochemical industry [1, 2]. Dissimilar metal offers the
potential to utilize the advantages of different materials
often providing unique solutions to engineering require-
ments. These advantages include not only the material prop-
erties advantages, but also technical advantages and the
benefit in terms of production economics, such as desired
product properties and low cost [3, 4]. So the dissimilar
metal joints are widely used in engineering structures, ow-
ing to these attributes of good mechanical properties (like
stiffness) of one material and either high electrical conduc-
tivity or low specific weight of second material [5, 6]. Many
situations arise in industrial practices which call for joining
of dissimilar materials. Consequently, welding and joining
techniques for dissimilar materials have received consider-
able attention and are becoming increasingly important in
the recent years [7].

At nuclear power generation industries, one of the
applications of dissimilar metals welding joints are
employed to connect copper (Cu) and low alloy steel.
In considering structural joints between Cu and steel,
weldability problems should be taken into account first-
ly, the welding of general metals or alloys is an expe-
rienced topic, but the dissimilar welding represents a
major scientific and technical procedures difficult [8],
especially good bonding between Cu and steel is chal-
lenged due to significant differences in the physical,
chemical, thermomechanical and metallurgical properties
of the based metals to be joined, such as expansion
coefficient, conductivity, and specific heat for thermal
properties differences [9].
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Research conducted on the welding of Cu to steel ranges
from fusion welding to solid-state welding processes [5, 10,
11], specific processes investigated include as arc fusion
welding, electromagnetic hybrid arc welding, laser welding,
and so on [12–17]. One of the most critical problems asso-
ciated with joining dissimilar materials is the formation of
residual stresses on fusion welding process, which can be
measured experimentally by using a new hole-drilling meth-
od accurately [18]. On the other hand, fusion welding joints
are faced with the problem of coarse grains in the weld
transition zone or heat-affected zone (HAZ) and consequent
low toughness and ductility, the conventional arc welding
technique is unsuitable for joining dissimilar metal, it is
difficult to achieve defect-free Cu and steel dissimilar joints
using the conventional fusion methods [19–22]. Hence, it is
important to develop solid-state welding technology to join
Cu and steel dissimilar materials. The use of solid-state
welding technique generally is associated with reduced for-
mation of some defect or weak microstructure. Friction
welding is one of the advanced techniques of solid-state
joining, which allows joining at relatively low temperatures
with an overall short thermal cycle, although under some
high friction, the interfacial temperature may reach the melt-
ing point of the material [23–26].

The inertia radial friction welding (IRFW) is a special
technique which is applied in joining the dissimilar metal
materials [27]. The IRFW technique is unlike standard the
axial friction welding in that it offers the many advantages
[28]. IRFW is a one-shot welding process with great poten-
tial to join Cu and steel [29]. In the past decades, many
researchers have developed the IRFW process for T3
Cu/35CrMnSi steel dissimilar materials. Nonetheless, the
IRFW for Cu and low alloy steels dissimilar metal joining
also remains large challenging. No further information
pertaining to the level of plastic deformation and element
distribution imposed at the interface of the T3 Cu/35CrMnSi
steel welded joint in IRFW is available. And the detailed
research works in relation to interfacial characteristics of the
IRFW Cu and steel dissimilar joints were relatively few and
uncompleted specially. So our present study aims to produce
T3 Cu and 35CrMnSi dissimilar metal joints by IRFW, and
then to investigate the effects of plastic deformation, ele-
ment distribution, microhardness on the mechanical strength
of the resulting microstructures, and interfacial characteris-
tics both analytically and experimentally, such as an optical
microscope (OM), a scanning electron microscope (SEM),
and the energy dispersive system (EDS). Many experiments
are conducted to test a T3 Cu annular block welding around
a 35CrMnSi steel shaft with different IRFW parameters. The
characterization of interface in the radial direction, which
plays a key role of T3 Cu/35CrMnSi dissimilar metal
welded joints, will be analyzed. The relationships between
microstructure and interface bonding properties have been

comprehensively studied with different welding formations
and technologies. A new model is issued completely to
explain the formation mechanism of T3 Cu/35CrMnSi dis-
similar metal joint on the IRFW process. These research
results will provide a guide or implement of solid phase
welding technique for many dissimilar metals joining.

2 Materials and experiments

2.1 Materials and work pieces

In this study, the T3 Cu annular block is a 99.9 % pure Cu.
The chemical composition of the 35CrMnSi steel is shown
in Table 1.

The T3 Cu annular block has an inner diameter of
32.4 mm, outer diameter of 50.1 mm, and width of
4.5 mm, while the 35CrMnSi steel shaft has a length of
90 mm and diameter of 30 mm (shown in Fig. 1).

2.2 Welding preparation and experimental equipment

Prior to welding, annular blocks were soaked in the
mixture of 95 % phosphoric acid and 5 % nitric acid
solution for about 15 min in order to remove the sur-
face oxide. They are then rinsed with water and dried
finally. The 35CrMnSi steel shafts were, firstly, ground
with sand papers until the surface oxide was removed,
and cleaned with acetone to remove contamination, if
any; they were atmospherically dried. After these prep-
arations, the welding experiments were performed in a
CT-25 IRFW machine, or the IRFW machine as shown
in Fig. 2.

2.3 Welding process

The schemes of the T3/35CrMoSi IRFW device and
welding parameters are shown in Fig. 3.

There is an important the pressure conversion system in
this IRFW equipment. It can change the axial thrust force
into a radial force by a special bonding mobile fixture with a
tapered body. The diagram of the tapered fixture and the
radial force on the T3/35CrMoSi work pieces in IRFW are
shown in Fig. 4.

The important working process of T3/35CrMoSi dissim-
ilar metal IRFW is described as follows:

Table 1 Chemical composition of 35CrMnSi steel (in weight percent)

Element C Si Mn Cr Fe

Content 0.32∼0.39 1.10∼1.40 0.80∼1.10 1.10∼1.40 Balance
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1. At the beginning of welding, the flywheel and the shaft
will be rotated to a certain high speed by the spindle
motor to store a predetermined amount of energy. The
flywheel is then turned off the spindle motor by a
clutch. The tapered mobile fixture changes the axial
force into the radial force, and this radial force works
on the annular block, the deformation of the T3 Cu
annular block takes place gradually.

2. When two work pieces touch each other, the relative
frictional motion produces the friction action on the
contact interface begins under the pressure of the radial
force. The resulting frictional heat raises the temperature
of the metal in the contact area quickly until the metal is
heated to the plastic state.

3. The axial pressure is strengthened suddenly, which
gives the piston a great instantaneous driving force
and eventually leads to a sudden increase in the radial
force produced by the mobile fixture through the piston.
Finally, after a certain time of pressure application, the
welding joint is finished and is released from the clamp.

In this experiment, the T3/35CrMoSi IRFW parameters
are used in the Table 2.

2.4 Specimen preparation and material charaterization
methods

A wire-cut electrodischarge machine was used for metallo-
graphic specimen preparation after IRFW. Specimens of trans-
verse and longitudinal cross-sections were made from the
interface of a dissimilar metal IRFW joint. Themetallographic
specimens of longitudinal cross-sections were used for micro-
structure observations, which were prepared by mechanical
polishing with the standard metallographic technical proce-
dure. Because it is from the T3/35CrMoSi IRFW joint, the T3
Cu side was etched with an ammonia solution containing 8 %
CuCl2 while the 35CrMoSi steel side is etched by an alcohol
solution with 4 % nitric acid, respectively. Then the ultrasonic
cleaner is used to clean the metallographic specimens of
T3/35CrMoSi IRFW joint.

The OM was used to view the macrostructure of the metal-
lographic specimens, and SEM examines the microstructure

characteristics of welding samples. Element distribution analy-
ses were carried out using an EDS, which is a tool attached to
the SEM. The X-ray diffraction meter (XRD) was used to
investigate and characterize the phase composition of a desired
position in the T3/35CrMoSi IRFW joints with a CuKα radi-
ation at 40 kV/150 mA. The Vickers microhardness tester was
used for themicrohardnessmeasurement under 9.80N load and
10 s keeping time. The electronic universal machine was used
to measure the strengths.

3 Results and analysis

3.1 Macrostructure and microstructure

The macro-morphology of a T3/35CrMoSi IRFW joint is
shown in the Fig. 5. The Cu ring surface shows the appear-
ance of the indentation, deformation along the radial and
axial directions of the 35CrMnSi steel shaft. The shape of
the Cu ring changes form narrow and thickness (size, 4.5×
8.85 mm) to width and thin (size,11.7×1.25 mm) appear-
ance. The Cu ring generates a lot of flashes near the edge of
the welding joint. The shape of the 35CrMoSi steel shaft
does not show an obvious variation.

Figure 6 shows the microstructure of the based metal of an
IRFW joint. Figure 6a shows the microstructure of the
35CrMnSi steel base metal in the quenched state, which con-
sists of the sorbite and the ferrite structures. Figure 6b shows the
microstructure of that the 35CrMnSi steel base metal is char-
acterized by the equiaxed ferrite in a uniform distribution state
and the sorbite surrounded the ferrite. The average grain size of
the 35CrMnSi steel base metal is about 0.17 mm. In Fig. 6c, the
base metal of the T3 Cu ring is in a cold drawn state, which is
composed of a singleα-phase Cu. The average grain size of the
base metal of the T3 Cu ring is about 0.08 mm.

Figure 6d shows a typical interface of the T3/35CrMnSi
IRFW joint. To a great extent, the bonding strength of the
interface is determined by the welding parameters. Particu-
larly, there are three key welding parameters in IRFW, such
as the thrust force, rotation speed, and displacement, which

Fig. 1 Dimensions of the T3 Cu annular block and the 35CrMnSi steel
shaft (1, T3; 2, 35CrMnSi; in millimeters)

Fig. 2 CT-25 type IRFW machine
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are shown in Fig. 3b. The 35CrMnSi steel shaft with trap-
ezoidal grooved is another typical joining method in order to

improve the bonding strength of the T3/35CrMoSi IRFW
joint by strong plastic deformation.

Fig. 3 Schematic of the T3/
35CrMoSi IRFW device and
welding parameters. a IRFW
device. b Welding parameters

Tapered fixture Radial forcetransfer

a bFig. 4 Diagram of the radial
force on the T3/35CrMoSi
workpieces. a Tapered fixture.
b Radial force transfer
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The panorama microstructure views of the T3/35CrMnSi
l IRFW joint is shown in Fig. 7. Figure 7a is a cross-section
of the joints. Figure 7b is an optical macrostructure of the
interface, which is a locally magnified image for Fig. 7a.
Figure 7c is the micrographs of the interface of the joint
from Fig. 7b. The T3/35CrMnSi IRFW joint can be divided
into four feature zones from the interface to two sides, which
are identified as the super-plastic deformation zone (SDZ),
the quenching zone (QZ), the HAZ, and the base material
(BM) on the T3 Cu side or the 35CrMnSi steel side, respec-
tively. The SDZ lies on the T3 Cu side, as shown in Fig. 7d,
because the plastic deformation of T3 Cu is stronger or more
obviously than that of 35CrMnSi steel. Both the T3 Cu side
and the 35CrMnSi steel side have the HAZ and BM, but the
HAZ of the 35CrMnSi steel side is more obvious than that
on the T3 Cu side (seen in Fig. 7d, c) because the T3 Cu has
a high-thermal conductivity.

The QZ lies on the 35CrMnSi steel side, as shown in
Fig. 7e. The microstructure of the QZ on the 35CrMnSi steel
side is composed of lath martensite. The HAZ on the
35CrMnSi steel side is shown in Fig. 7f, which can be seen
that size of the microstructure in the HAZ is a slightly
coarser than that in the QZ on the 35CrMnSi steel side.
Figure 7f presents the microstructure of the HAZ, which is
also lath martensite on the 35CrMnSi steel side.

Compared with the HAZ of the 35CrMnSi steel side, the
BM microstructure of the 35CrMnSi steel is fine in Fig. 6a.
It also indicates that the influence of frictional heat on the
HAZ is strong and obvious on the 35CrMnSi steel side.
However, there is no trace of lath martensite in the BM of
the 35CrMnSi steel.

3.2 Interface characteristics

The microstructure of the interface of the T3/35CrMoSi
dissimilar metal IRFW joint is shown in Fig. 8. Compared
with the BM of T3 Cu in Fig. 6c, Fig. 8a shows a fine grain
microstructure of the SDZ on the T3 Cu side obviously.
Figure 8b also presents the grain size changes from the HAZ
to the BM in T3 Cu. The fine grain of the SDZ can be
attributed to the reason that the T3 Cu annular block, firstly,
is subjected to a comparable IRFW thermal cycle and then a
strong forging force. Because the T3 Cu has a good plastic
property, it exhibits super-plastic deformation behaviors
around the 35CrMnSi steel shaft in IRFW.

The super-plastic deformation of T3 Cu is close to a state of
semi-molten under the influence of frictional heating, which is
shown in Fig. 8c. The grain or dendrite of T3 Cu is crushed and
rapidly cooled in a short welding time. The grains of the SDZ
are refined as a result of the effect of the forging force. We
believe that the formation mechanism of the fine grain layer in
the SDZ on the T3 Cu side is due to the combined effect of both
semi-solid squeezing casting and super-plastic forge deforming,
according to the Figs. 7d and 8a, c. Figure 8d shows the
microstructure of the QZ on the 35CrMnSi steel side. There is
also a refined grain layer in Fig. 8e. In Fig. 7e, the lath martens-
ite can be observed in this zone, as a consequence of the
quenching-like heat treatment. Three reasons are explained
about the QZ:

1. Influence of a high welding temperature. The welding
temperature on the interface of the IRFW joint reaches a
high value, near the melting point of T3 Cu metal, so that a
phase transfer might have taken place on the 35CrMnSi
steel side. Based on the simple iron (Fe)–carbon © binary
phase diagram, the phase microstructure (sorbite and fer-
rite) of the 35CrMnSi steel BM should have changed into
austenite (interstitial solid solution of C in γ-Fe) during
IRFWprocess since their temperature reaches austenitizing
range due to the frictional heat.

2. Thermal physical properties of T3 Cu and 35CrMnSi
steel. T3 Cu has an excellent thermal conductivity prop-
erty, but 35CrMnSi has a low-thermal conductivity but a

Table 2 IRFW parameters for T3/35CrMnSi dissimilar metals joint

Variable Unit Value

Moment of inertia kg m2 0.636

Rotation speed rpm 3,000

Friction pressure MPa 78.53

Forge pressure MPa 178

Welding time s 9

Fig. 5 The macro-morphology
of a T3/35CrMoSi dissimilar
metal IRFW joint. a
Appearance. b Left view
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high linear thermal expansion coeffient; therefore, heat
transfer of T3 Cu is faster than that of 35CrMnSi steel.
Moreover, the BM temperature of T3 Cu is the room
temperature, which is far away from the interface of the
IRFW joint. The detail is shown in Section 3.5.

3. Characteristic of IRFW. Because the welding speed of
IRFW is quick and the welding time is short (less than
1 s), the welding continuous cooling transformation speed
is very fast. The temperature gradient of the 35CrMnSi
steel near the interface of the IRFW joint is large. More-
over, due to the friction force and the forge force, both the
plastic deformation and thermal expansion of the
35CrMnSi steel are also very strong. Therefore, the high
temperature austenite of 35CrMnSi welding seam could be
rapidly cooled in IRFW.When the cooling rate is the same
as the critical quenching rate in a short welding time, some
solid solution of C in the austenite has no time to precip-
itate; as a result, the martensite (supersaturated solid solu-
tion of C in α-Fe) is formed on the 35CrMnSi steel side
near the interface of the IRFW joint. Avery obvious bright
white band of the QZ can be observed on the 35CrMnSi
steel side near the interface, which shown in Fig. 8d.

Figure 8g shows the interface of the IRFW joint with a
trapezoidal groove. When there has a trapezoidal groove in
the 35CrMnSi side, T3 Cu produces plastic deformation

following the bottom of groove, and then the groove is filled
with the plastically deformed T3 Cu. The bonding strength
of T3/35CrMoSi dissimilar metal IRFW joint is better be-
cause there is a stronger plastic deformation, and further
details will be discussed in the future.

3.3 Element diffusion in the interface

Element diffusion can be detected from the chemical charac-
terization of the interface region of T3/35CrMoSi dissimilar
metal IRFW joint. The SEM images with EDS analyses of an
interface cross section are shown in Fig. 9. In Fig. 9a, b, the
interface metal flowing on the 35CrMnSi steel side and SDZ
on the T3 Cu side can also be clearly observed. In addition,
Fig. 9a displays the EDS scans for Cu, Fe, oxygen (O), and C.
Figure 9c, d show the EDS point analysis results, respectively
corresponding to spectrums 1 and 2 in the Fig. 9b. The
distributions of Cu and Fe element in the bonding interface
of the joint are plotted in Fig. 10, separately.

The EDS results presented in Figs. 9 and 10 show that Fe
distribution decreases suddenly in the interface from the
35CrMnSi steel side to the T3 Cu side. (Note: EDX cannot
tell the chemical state, therefore, the signal can only indicate
Fe, not the pure element, nor the accurate form of a com-
pound). So is the Cu distribution from the cu-rich T3 side to
the 35CrMnSi steel side. Nevertheless, it is obviously that

Ferrite

Sorbite

a b

35CrMnSi Steel

T3  Copper T3 Copper35CrMnSi

Steel

Interface
c d

Fig. 6 Microstructure of the
base metal of a T3/ 35CrMnSi
dissimilar metal IRFW joint
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the content of Cu on the 35CrMnSi steel side is more than
content of Fe on the T3 Cu side, apparently the diffusion
speed and ability of Cu into 35CrMnSi steel is higher than
that of Fe into T3 Cu during the welding process. In the
welding interface, the cu content is more than that of Fe in
the IRFW joint. The EDS analysis reveals 17.06 wt.% Cu in
spectrum 1 and 5.19 wt.% Fe in spectrum 2. Note that
spectrums 1 and 2 separately lie in the QZ of the steel side
and the SDZ on the Cu side (see Fig. 9(b)), the content of Fe
in the SDZ of the T3 Cu side is more than that in the HAZ or
the BM separately, Cu element has a similar distribution
independently.

These characterized elements of 35CrMnSi steel, such as
chromium (Cr), manganese (Mn), and silicon (Si), are not
found on the T3 Cu side, as shown in Fig. 9d. The diffusion
abilities of these elements in T3 Cu are weak, or the diffu-
sion speed of these elements in T3 Cu is very slow com-
pared with the short welding time. C and O roughly exhibit
steady distributions in the IRFW joint without significant
fluctuation at both sides of the welding interface. Their
contents are so small, especially C, as shown in Fig. 9a, that
they are nearly negligible in the T3/35CrMoSi IRFW joint.

The depth of element diffusion is less than 3 μm from the
bonding interface. Because the welding time is very short and

the welding temperature is less than the melting point of the
35CrMnSi steel, it is difficult for the defused elements to reach
a deeper location and accumulate a higher concentration. How-
ever, although only a thin layer of element diffusion is identi-
fied at each side of the T3/35CrMnSi interface, it is important to
note that the T3/35CrMoSi joint build a tight bonding.

3.4 XRD analysis

XRD should provide another evidence of element diffusion.
Figure 11 shows the XRD analysis of the welding interface
of the T3/35CrMoSi IRFW joint, which suggests some new
phases formed in the f interface, such as FeCu4 and Cu9Si
intermetallic compounds.

In Fig. 11, the appearances of FeCu4 compound in IRFW
joint further confirms the element diffusion on the two sides of
work pieces. Because the 35CrMnSi steel has no Cu elements,
and the T3 Cu has few Fe elements, seen in Table 1. Even
though the diffusion distance of Cu or Fe element is very
short, and the content of Cu into the 35CrMnSi steel side, or
the content of Fe into the T3 Cu side is not high based on the
EDS analysis shown Figs. 9 and 10, the T3/35CrMoSi d
IRFW joint is considered a strong bonding as a consequence
of the formation of the FeCu4 compound.

Fig. 7 Microstructure of a
T3/35CrMnSi dissimilar metal
IRFW joint. a Cross-section of
the joints. bMacrographs of the
interface of the joint.
c Micrographs of the interface
of joint. d Micrographs of both
the HAZ and SDZ in T3 Cu.
e Micrographs of the QZ at the
35CrMnSi steel side.
fMicrographs of the HAZ at the
35CrMnSi steel side
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Because there is no Si element detected on the T3 Cu side
of the joint by the EDS analysis (Fig. 9), the Cu9Si interme-
tallic compound occurs only on the 35CrMnSi side. When the
Cu9Si intermetallic compound formed in the welding inter-
face, a hardness difference should be deleted because the
Cu9Si intermetallic compound is a hard and brittle phase,
which should be harmful to the bonding strength of the
welding joint. The content of Cu9Si intermetallic compound
needs to be controlled to a safe level. Crystalline phase FeCu4
is also formed at both sides of the welding interface; this phase
also has an obvious effect on the mechanical properties of the
welding joint, such as the hardness.

3.5 Interface microhardness

The microhardness variation across the interface of both
sides of the T3/35CrMoSi IRFW joint is shown in Fig. 12,
which reveals the following.

1. The maximum microhardness value on the T3 Cu side is
about 78.2 HV, which lies in the SDZ and near the
interface of the welding joint. On the T3 Cu side, the

microhardness of the SDZ is higher than that of the
materials in other zones. In the SDZ of T3 Cu side,
the microhardness increases near the interface. Howev-
er, there is no obvious hardness variation from the BM
to HAZ, and the microharness range is 51.4∼61.2 HV,
likely due to the fact that the T3 Cu is of an excellent
thermal conductor, so the HAZ of T3 Cu side is not very
clear than that of 35CrMnSi side. On the other hand,
dynamical recrystallization might have taken place in
the SDZ in a super-plastic deformation process, so that
the grain size in the SDZ is smaller than that in the BM.
There is element (Fe or other) diffusion or infiltration in
this zone. The formation of the FeCu4 crystalline phase
(owing to the element diffusion shown in Figs. 9 and 11)
and the refined grain (shown in Figs. 7 and 8) should all
contribute to the microhardness of the T3 Cu side in the
SDZ. There is no intermetallic compound Cu9Si in the
SDZ of the T3 Cu side. This interpretation is supported by
the theories of fine grain strengthening and solid solution
strengthening. Both the microstructure and the new phase
affect the microhardness of the bonding interface of
T3/35CrMoSi joint.

Fig. 8 Interface characteristics
of a T3/35CrMnSi dissimilar
metal IRFW joint. a SDZ at the
T3 Cu side. b HAZ at the T3 Cu
side. c Semi-molten state of the
T3 Cu side. d White bright
quench band of the 35CrMnSi
side. e Interface micrographs of
the IRFW joint. f Metal plastic
flowing of the IRFW joint with
trapezoidal grooves. g Friction
interface of the IRFW joint with
a trapezoidal groove
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2. On the 35CrMnSi steel side, the maximummicrohardness
value is about 660HV and lies in the QZ of the welding
joint, not close to the bonding interface. The distance is
about 0.165 mm away from the interface. The minimum
hardness value is about 330 HV and lies in the HAZ,
which is about 0.526 mm away from the interface. The
average microhardness value of QZ is much higher than
that of BM; even the microhardness value of BM is
higher than that of the HAZ. This interesting phe-
nomenon can be explained by the microstructure
and compounds of on the 35CrMnSi steel side
shown in the Figs. 7, 8, and 11. On the 35CrMnSi
steel side, the high microhardness near the interface
indicates an obvious different microstructure from

the BM of the 35CrMnSi steel. It confirms that
the high microhardness zone is the QZ and the main
microstructure in this zone is the quenching mar-
tensite phase, because the formation of martensite
changes the average microhardness value of the
sorbite and ferrite dominant BM. In addition, it is
well known that the coarser microstructures of the
HAZ on the 35CrMnSi steel side are responsible for
the lowest hardness of the sorbite and ferrite phases.

Why does the max peak of microhardness lie in the
middle of the QZ, rather than near the interface? Figure 13

Weld interface
Copper sideSteel side

SDZ
Iron

Copper

Oxygen

Carbon

SDZ

Spectrum 1

Spectrum 2

Weld interface
Copper sideSteel side

a b

c d

Fig. 9 SEM images and EDS
signals for the interface region
of the T3/35CrMoSi dissimilar
metal IRFW joint: a SEM
image with EDS signals;
b SEM image with EDS signals
at another location in interface
region; c EDS spectrum of the
gray area in the QZ at the
35CrMnSi steel side, i.e.,
spectrum 1 in (b); d EDS
spectrum of the white area in
the SDZ at the Cu side, i.e.,
spectrum 2 in (b)

Fig. 10 Fe and Cu diffusion in the bonding interface of the IRFW joint
Fig. 11 XRD analysis on the bonding interface of the welding joint
(diffraction angle 2θ is 10∼90°)
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shows several factors, and the combined effects of heat
transfer, stress, strain, and element diffusion associated with
material dissimilarity should have played a role.

When Cu in T3 diffuses into the 35CrMnSi steel matrix
(mainly concentrated in the interface region), Fe also dif-
fuses into the T3 Cu side at the same time (so-called Fe
element diffusion loss). After the exchange between Fe and
Cu, the formation of new crystalline phases (such as FeCu4
and Cu9Si) do not change the microhardness of the QZ near
the interface too much, which compare to the quenching
martensite phase on the 35CrMnSi steel side.

In addition, because the content of the new crystalline
phases are small, and the diffusion distance is very short, even
though some new crystalline phase has a high microhardness
value, the average microhardness should stay unchanged in QZ
near the interface, which agrees with the rule of mixture. On the
other hand, because the 35CrMnSi steel is of strong thermal-
expansion ability, the middle of the QZ should experience a
higher stress. Many thin lath martensites form should form in
the 35CrMnSi steel side due to dynamic recrystallization,

owing to deformation inhibition under a high friction welding
temperature and a strong welding force.

With the increase of distance fromweld interface to QZ, the
diffusion content of Cu becomes less, the effect of Cu on the
hardness of QZ decreases, and the thin lath martensites plays a
main role to the hardness (see Fig. 7), the microhardness
increases with the increasing of distance from interface to
QZ. The microhardness value reduces in the HAZ, because
the grains of the sorbite and ferrite in HAZ are rougher than
that in BM, the micohardness value in HAZ is less than that in
BM. So the microhardness value has a max peak value in the
middle of QZ.

In one word, the microhardness of QZ is higher than that
of BM, and the hardness of BM is higher than that of HAZ.
The change of microhardness is a clear evidence on the
combined influences of the microstructure, element diffu-
sion and super-plastic deformation in T3/35CrMoSi dissim-
ilar metal IRFW.

3.6 Interface bonding strength

Shear strength tests were conducted to evaluate the
interface bonding because tensile strength is proportion-
al to the shear strength. A standard shear testing method
is carried out for the shear strength evaluation. The
thickness of sliced samples is 2 mm and the tests follow
GB/T6396 (China standard) clad plate mechanical and
technological test in China. The results of shear strength
values are shown in Fig. 14.

SDZ

HAZBM

Fig. 12 Microhardness of the material in the IRFW joint

Fig. 13 Schematic of the factors affecting the interface of the dissim-
ilar metal joint in IRFW

1# 2# 3#
0

50

100

150

200

250

S
h

ea
r 

st
re

n
g

th
 (

M
P

a)

Workpieces

227MPa 233MPa
245MPa

Fig. 14 Shear strength of the T3/35CrMnSi IRFW joint
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The shear strength of all samples is higher than 200 MPa,
and the maximum shear strength of the T3/35CrMnSi dissim-
ilar metal IRFW joint is about 245Mpa. These results indicate
the success of IRFW, capable of meeting the requirements for
its desired applications. Quality inspection indicates that, the
rate of success of the joint production is higher than 98 %.

4 Conclusions

The work reported in this paper is a process to join T3 Cu
and 35CrMnSi steel successfully by the IRFW technique.
On the T3 Cu side, the SDZ is obvious and has a refined
grain owing to the super-plastic deformation and dynamic
recrystallization. Super-plastic deformation of the T3 Cu is
close to a state of semi-melting because of friction heat. The
formation mechanism of the fine grain layer on the SDZ of
T3 Cu side is considered as the combined action of the semi-
solid squeeze casting process method and super-plastic
forge deformation method, based on the microstructure
analyses of the T3/35CrMnSi dissimilar metal IRFW joints.

The bright white band forms on the 35CrMnSi steel side,
which is defined as the QZ. The microstructure in the QZ is
lath martensite, which is a different crystalline phase from
that in the BM of 35CrMnSi (sorbite and ferrite). Lath
martensite of the QZ is considered as a consequence of the
heat treatment (quenching). There are three reasons for the
formation of this zone: high welding temperature, dissimilar
metal thermal-physical properties and short IRFW time. A
new complete model is issued for affecting factors of the
welding interface and is applied successfully to explain the
interface characterization of T3 Cu/35CrMnSi dissimilar
metal joints in IRFW.

Element diffusion phenomena are observed at both sides of
the weld bonding interface, but the characterized elements
(such as Si, Mn, and Cr element) of the 35CrMnSi steel are
not detected on the T3 Cu side. Some new phases formed in
the friction bonding interface. The FeCu4 compound shows
the landmark metallurgical bonding of T3/35CrMoSi dissim-
ilar metals. A softening zone shows in the HAZ on the
35CrMnSi steel side. The maximum microhardness value lies
in the middle of the QZ of the 35CrMnSi steel side, which is
benefited from the quenching martensite microstructure, the
new crystalline phase, the interface Fe-diffusion loss and a
high stress in this layer. Shear strength testing indicates the
successful joint of T3/35CrMnSi dissimilar metals joints by
IRFW, which is capable of meeting the requirements for a
desired application.
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