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Keywords: In the present investigation, the microstructure evolution and mechanical properties of dissimilar materials
Dissimilar joints Copper-Stainless Steel pipe joints welded by continuous drive friction welding under two different processing
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conditions are analyzed. The processing conditions of friction welding for copper-stainless steel joints are varied
by two friction times of 10 s and 15 s while keeping other processing parameters constant. The welded specimens
are analyzed for materials characterizations and mechanical testing using optical microscopy and scanning
electron microscopy, electron dispersive x-ray spectroscopy, electron backscatter diffraction analysis, X-ray
diffractions, tensile testing, and microhardness measurements. The results revealed that the major microstruc-
tural evolution is observed at the Cu side with dynamic recrystallized zones. Enhanced metallurgical bonding
between Cu-SS materials is obtained with microstructural evolutions (such as full dynamic recrystallized zone at
Cu side and quenching zone at SS side) near to Cu-SS interface, in case of weld made by friction time of 15 s.
Superior interatomic diffusion leading to enhanced metallurgical bonding is evidenced for weld made by friction
time of 15 s. The reaction layer thickness influences the bonding and mechanical properties of Cu-SS friction
welds. The reaction layer thickness of 17.28 um is observed for the weld made by friction time of 10 s, whereas
the reaction layer thickness of 1.21 pm is observed for the weld made by friction time of 15 s. The ultimate tensile
strength of 181.05 MPa is obtained for Cu-SS friction weld.

combinations. FW is applied on Cu to SS combination in different pre-
vious studies. Shanjeevi et al. [14] have investigated 24 mm solid rod
diameter of austenitic SS to Cu joint using the FW process. They have
optimized the FW process parameters, and have received 229 MPa joint
strength. In another study by Shanjeevi et al. [15] for Austenitic SS to Cu
with 24 mm diameter of solid bar, it is claimed that the process pa-
rameters of FW such as rotation speed, friction pressure, and upset
pressure influence joint strength. They have reported that a maximum of
238 MPa joint strength can be obtained. FU et al. [16] have performed a
study on continuous drive friction welding for T2 Cu to 1Cr18Ni9Ti SS
materials having a 30 mm solid rod diameter. They have obtained the
highest torsional strength using an additional electric field during pro-
cessing of FW. Luo et al. [17] have investigated the inertia radial friction
welding process for dissimilar H90 Brass to D60 steel materials having
156 mm solid rod diameter. They have performed a little study on the
microstructure of welded specimens and found that bainite and
martensite were developed in the thermo-mechanical affected zone
(TMAZ). Sahin et al. [18] have investigated the continuous drive FW

1. Introduction

Dissimilar welding of copper (Cu) to stainless steel (SS) combination
is one of the best engineering solutions in multi-materials processing due
to advantages of cost reduction with enhanced system performance by
having hybrid properties at two different sides. This Cu-SS combination
has already been applied to different engineering applications in the
fields of cryogenics, aerospace, automobiles, nuclear, and reactors sys-
tems [1-6]. However, Cu and SS materials have different chemical, and
physical properties, and hence, it is very challenging to obtain sound
metallurgical joints in case of hybrid system of Cu to SS materials
welding. Considering these challenges, fusion welding processes are not
recommended for welding of Cu-SS dissimilar materials, whereas
solid-state welding processes are considered as one of the most feasible
solutions for dissimilar materials welding [7-10], including Cu-SS sys-
tem [11-13]. Friction welding (FW) is a solid-state welding process that
has already proved feasibility to weld different dissimilar materials’
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Abbreviations

Electrolytic tough pitch copper ETP-Cu
Stainless steel SS

Quenching zone QZ

Full dynamic recrystallization zone FDRZ
Partial dynamic recrystallization zone PDRZ
Base metal BM

Revaluation per minutes RPM

Electron backscatter diffraction EBSD
Scanning electron microscopy SEM
Electron dispersive x-ray spectroscopy EDS
X-ray diffraction analysis XRD
Intermetallic compound IMC

|

SS304L

Rotated side
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Table 1
Chemical composition of base metals.
SS 304L C Mn Si Cr Ni P S Fe
wt. % 0.028 1.14 0.36 18.36 8.2 0.026 0.002 Balance
ETP-Cu Cu Pb P Si
wt. % Balance 0.002 0.005 0.005

2. Materials and methods

In this investigation, the friction welding of pipe materials such as
electrolyte tough pitch copper (ETP-Cu (Cu)) and stainless-steel alloy
304L (SS) are performed using a continuous drive friction welding ma-
chine (make of ETA Technology). Fig. 1 provides information on the
dimensions of pipes and their position in the machine like the SS pipe is
fixed in the rotating chuck, while the Cu pipe is kept stationary on the
opposite side. Table 1 and Table 2 present the chemical compositions,
and mechanical and physical properties of the base materials

Fixed side

Fig. 1. Dimensions of pipes and position in friction welding machine.

process for dissimilar AISI304 SS to Cu materials consisting of 10 mm of
rod diameter. They have claimed that friction pressure and friction time
influence joint strength and the formation of intermetallic compounds
(IMCs). Tsuchiya et al. [19] have performed FW on dissimilar materials
of Cu-Cr-Zr alloy to SS316 consisting of 25 mm rod diameter. They
suggested that optimized process parameters of FW can lead to
maximum joint strength. They have considered rotational speed, friction
pressure, upset pressure, and welding time as FW process parameters in
their study. Vairamani et al. [20] have studied FW on the solid rod for
dissimilar materials of Austenitic SS 304 to Cu. They have also worked
on optimization for FW parameters to obtain maximum joint strength.
Vyas et al. [5,21,22] have studied two different dissimilar materials’
joints (of Al-SS and Cu-SS), wherein they studied pipe joint configura-
tion for welding parameters, non-destructive tests of welds, and welds’
properties.

Considering the articles on FW for dissimilar Cu-SS joints, the pub-
lished articles are majorly on FW process parameters and their optimi-
zation to obtain maximum joint strength. Also, most of them are
investigated for solid rod configuration, and there is only one recent
article that was studied for pipe joint configuration of Cu-SS FW. There is
no systematic analysis performed that studies microstructural growth
after FW in case of Cu-SS pipe joints. The microstructure evolution under
different processing conditions of FW is also not investigated so far.
Additionally, the correlation between FW processing-microstructure
evolution-joint properties is very much interesting to establish scienti-
fic understanding, which is hitherto not investigated systematically in
case of Cu-SS FW joints. Therefore, it is worthwhile to study micro-
structure evolution and mechanical properties of continuous drive fric-
tion welded dissimilar Cu-SS pipe joints. In the present investigation,
microstructure variations at the interface region and mechanical prop-
erties of Cu-SS pipe FWed joints (welded under two different conditions
varied by two different friction times) are analyzed and correlated.

respectively.

The experiments are performed considering two different conditions
of friction times keeping other processing parameters constant. The
friction time is kept at 10 s for the first experimental condition, while 15
s for the second experimental condition. The rest of the parameters such
as rotational speed of 350 RPM, friction pressure of 27.58 MPa, upset
time of 5 s, and upset pressure of 55.16 MPa are kept constant. The
selection of the welding parameters is considered based on the under-
standing developed through our previous studies [5,21,22], and exper-
imental trials. Before the FW processing, the mating surfaces of Cu and
SS are properly cleaned by applying acetone to remove impurities from
the surfaces. At the end of the FW experiments, the burn-off length (BOL)
is measured as 12.73 mm and 18.62 mm for the first experiment and
second experiment respectively. The differences in the formation of flash
with burn off length can be correlated from Fig. 2. It can be seen that
high amount of flash is formed for weld made by friction time of 15 s as
can be seen from Fig. 2 (c & d) as compared to weld made by friction
time of 10 s.

After performing welding, the welded samples are subjected to ma-
terials characterizations and mechanical testing, which are performed
using optical microscopy and scanning electron microscopy (SEM) &
electron dispersive x-ray spectroscopy (EDS), Electron back scatters
analysis (EBSD) X-ray diffractions (XRD), tensile testing and micro-
hardness measurements.

The optical microscopy is performed using an Olympus microscope
of BX53 M model, wherein the samples are processed according to the
standard metallurgical procedures such as mounting, polishing, and
chemical etching with etchant reagent of aqua regia (70% HNOs and
30% HCL) applied at SS side of material and potassium dacromet
(99.99%) applied at Cu side of the material. The grain formation, vari-
ations, and interlayer thickness are investigated at the weld interface
region. EBSD is performed at the interface region to further analyze
grain variations with more detailed information and analysis. EBSD is
performed on Keyence, Quanta 3D FEG microscope. SEM and EDS are
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Table 2
Mechanical and physical properties of base metals.
Base materials Yield strength, MPa Ultimate tensile strength, MPa % Elongation Melting point Thermal conductivity Specific heat
°C W/m*k J/kg*K
SS 304L 206 517 76.56 1454 16.2 500
ETP-Cu 228.89 286.17 20.34 1083 390 386

Flash outside
of pipes

Fig. 2. Welded specimens showing flash formation for two conditions (a & b) weld made by friction time of 10 s and (c & d) weld made by friction time of 15 s.

performed at the interface region using ZEISS SEM 360 machine to
identify the elemental distribution and to analyze bonding between
dissimilar materials. The XRD is performed on the 8.0-Bruker machine to
identify the IMCs.

The tensile testing is performed after extracting tensile specimens
from welded samples. The extraction of samples is performed using
wire-cut electric discharge machining along the transverse direction of
the pipe joints as per the standard dimensions mentioned in Section IX of
American Society of Mechanical Engineers (ASME) standards, as shown
in Fig. 3. For the tensile testing, 1 mm/min crosshead travel speed is
used, and the test is performed using Universal Testing Machine (make
Krutam Techno-FSA/M — 100 model). The fractured tensile surfaces are
further investigated by SEM (using a machine of ZEISS, Model SEM 360).
The microhardness test is conducted using hardness measurement tester
(make NEXUS 4302 model of ESEWAY machine), wherein a load of
indentation is kept at 300 g, and the measurements are carried out at
every 100 pm distances.

3. Results
3.1. Microstructure (optical microscopy)

Figs. 4 and 5 show the microstructure images by optical microscopy
for Cu-SS friction welded specimens at friction time 10 s and 15 s
respectively. Fig. 4 (a) and Fig. 4 (b) show the base metal’s micro-
structure of SS and Cu respectively, wherein the SS microstructure
shows an austenitic type structure with twin-grain boundaries, and the
Cu microstructure shows smaller sized deformed grains as compared to
SS.

From Fig. 4 (d) and Fig. 5 (d), it can also be seen that there is a
difference in the interface thickness for two different investigated con-
ditions of welds. In Fig. 4 (d) and Fig. 5 (d), the dark color of an interface
between Cu-SS can be interpreted as either an oxide layer or a reaction
layer consisting of IMCs. This reaction layer is further measured and
analyzed in Fig. 6, with high magnification images.

It can be seen from Figs. 4 and 5 that microstructural changes are
observed at the interface region. The Cu side of the interface region has
resulted in more differences in microstructure as compared to the SS
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Fig. 3. (a) Tensile specimen dimensions as per standard of ASME Section IX, (all the dimensions are in mm) (b) photographs of welded pipes after extraction of
tensile specimens (c) photograph of extracted tensile specimens.
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Fig. 4. The microstructure images of the base metals and Cu-SS joint welded at friction time of 10 s; (a) SS base metal; (b) Cu base metal; (c) Cu-SS interface showing
Cu grain structure; (d) Cu-SS interface showing FDRZ; (e) Cu side showing HAZ to PM; (f) Cu-SS interface showing PDRZ at Cu side and QZ at SS side.



H.D. Vyas et al. Materials Science & Engineering A 832 (2022) 142444

5}
(3}
NS
e
e
2
=
=

Fig. 5. The microstructure images of Cu-SS joint welded at friction time of 15 s; (a) Cu-SS interface showing PDRZ; (b) Cu-SS interface showing FDRZ; (c¢) Cu-SS
interface showing QZ at SS side; (d) higher magnification image of region d shown at image b, showing FDRZ at Cu side near to Cu-SS interface; (e) Cu side

showing HAZ to PM.

Fig. 6. Microstructure images showing measurements of reaction layer for Cu-SS joint welded at (a) friction time of 10 s and (b) friction time of 15 s.

and Fig. 5 (a) to (e)). Besides, there are some minor changes in micro-
structures observed at the SS side as can be seen from Fig. 4 (f) and Fig. 5
(c), which are interpreted as quenching zone (QZ) as those can be

side. The Cu side near the interface is observed with two different mi-
crostructures such as the full dynamic recrystallization zone (FDRZ) and
the partial dynamic recrystallization zone (PDRZ), (refer Fig. 4 (c)-(f)
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Table 3
Reaction layer thickness measurements in (pm) for locations are shown in Fig. 5.

Sr.No. Locations corresponding to Fig. 5 Locations corresponding to Fig. 5
(@ (b)
1 16.8 1.33
2 18 1.46
3 16.93 1.33
4 17.6 1.06
5 17.73 0.93
6 17.2 1.06
7 16.4 1.33
8 17.2 1.2
9 17.73 1.2
Average  17.28 1.21

because of quenching. A similar observation on the formation of QZ is
noted in another article of [23].

In the case of PDRZ, the grains are observed as partially deformed
and recrystallized. In the case of weld made by friction time of 10 s, the
PDRZ is observed more pronounced with elongated grains flowing to-
wards the direction of flash as can be seen from Fig. 4 (c). Besides, the
PDRZ is also observed in the case of weld made by friction time of 15 s as
can be seen from Fig. 5 (a), but the grain elongation towards the di-
rection of flash is not distinctly observed like it is observed in Fig. 4 (c).
Besides, FDRZ is observed as more pronounced in the case of weld made
by friction time of 15 s (Fig. 5 (b) and (d)), as compared to the weld
made by friction time of 10 s (Fig. 4 (d)). This is because of differences in
friction times.

Fig. 6 shows the microstructure images with differences in the
thickness of the reaction layer for Cu-SS joint welded at (a) friction time
of 10 s and (b) friction time of 15 s. The measurements are carried out to
measure thickness at 9 different locations as shown in Fig. 6, and cor-
responding values of measurements are shown in Table 3. It can be seen
that there is a big difference in thickness at the interface. The average
width of the reaction layer is observed as 17.28 pm for weld made by
friction time of 10 s, whereas it is 1.21 pm for weld made by friction time
of 15s.

3.2. Electron backscatter diffraction (EBSD) analysis at the interface
zone, scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX)

Fig. 7 presents the EBSD images of base materials such as (a) ETP-Cu
and (b) SS304L. The average grain size of the Cu and SS are noted as
21.3 pm and 29.9 pm respectively. It can be again confirmed clearly
from these images that the SS microstructure shows twin-grain borders
in typical an austenitic type structure, and the Cu microstructure shows
smaller-sized deformed grains that also have a presence of twin grains.

Materials Science & Engineering A 832 (2022) 142444

Fig. 8 presents the EBSD images and elemental color mapping images for
the interface region of two different weld conditions of 10 s friction time
and 15 s friction time. It can be seen that the interface layer (i.e. reaction
layer) is thick in case of weld interface of 10 s friction time (Fig. 8 (a)&
(b)), which can be observed as a non-indexed region at the interface.
Besides, the interface layer is thin in case of weld interface of 15 s
friction time (non-indexed region at the interface in Fig. 8 (e)&(f)).
Moreover, it can be seen from Fig. 8 (e)&(f) that there is a distinct FDRZ
region at Cu side near to interface and QZ at SS side near to interface
observed, whereas no such distinct regions are observed in the case of
Fig. 8 (a)&(b). Both FDRZ and QZ of Fig. 8 (e)&(f) show recrystallized
equiaxed fine grains that have occurred after severe plastic deformation
by thermo-mechanical action caused by friction welding between Cu
and SS. These microstructural changes are observed continuously
throughout the interface region with specific width in case of weld made
by friction time of 15 s, which in turn shows adequate thermo-
mechanical processing between Cu and SS materials under the effect
of 15 s of friction time along with other processing parameters of friction
welding. In these FDRZ and QZ of Fig. 8 (e)&(f), some of the grains are
not properly indexed which is may be because of severe plastic defor-
mation. Besides, in case of weld made by friction time of 10 s, inade-
quate thermo-mechanical processing between Cu and SS materials is
evidenced as no distinct microstructural changes at the interface such as
FDRZ and/or QZ, or any other distinct microstructural change (near to
Cu-SS interface) can be observed in Fig. 8 (a)&(b). This is due to inad-
equate thermo-mechanical processing caused by an ineffective friction
time of 10 s along with investigated process parameters, which in turn
resulted in improper materials mixing at the interface. The improper
interfacial materials mixing can also be interpreted through elemental
mapping images as shown in Fig. 8 (c)&(d) for weld made by friction
time of 10 s and Fig. 8 (g)&(h) for weld made by friction time of 15 s.
Fig. 8 (c)&(d) show sharp straight interface with color differences,
whereas Fig. 8 (g)&(h) show wave-like interface with color differences.
The inverse pole figure (IPF) of EBSD images of Fig. 8 is shown in Fig. 9,
which shows that in the case of FDRZ of Fig. 8 (e)&(f), most of the grains
have (101), and severely deformed grains are not indexed. In the case of
QZ of Fig. 8 (e)&(f), the majority of the grains have in-between (001)
and (111), wherein severely deformed grains are observed as non-
indexed grains.

Fig. 10 is showing the misorientation angle from EBSD images pre-
sented in Fig. 8. An average angle from grain boundaries is considered
for misorientation angle approximately 30° for both conditions. It can be
seen that the misorientation angle is varied in-between 2.6° to 63.4° in
case of weld made by friction time of 10 s while the same is in-between
2.5° to 61.2° in case of weld made by friction time of 15 s.

The average grain size measurements are presented in Fig. 11 for
EBSD images of Fig. 8. It is observed that the average grain size of Cu

Fig. 7. EBSD images of base materials (a) ETP-Cu, and (b) SS304L.
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Fig. 8. EBSD images of interface region for weld made by friction time of ((a)&(b)) 10 s, and ((e)&(f)) 15 s; elemental mapping images for weld made by friction time
of ((c)&(d))10 s corresponding to images of ((a)&(b)) and ((g)&(h)) 15 s corresponding to images of ((e)&(f)).
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Fig. 9. IPF map image for EBSD shown in Fig. 7.

side to the interface of weld made by friction time of 10 s is 17.39 pm and
the same is observed as 13.47 pm in case of weld made by friction time of
15 s, whereas the average grain size of SS side to the interface is
observed as 29.07 pm in case of weld made by friction time of 10 s and
the same is observed as 23.21 pm in case of friction time of 15 s. The
decreased average grains size at SS and Cu sides can be correlated with
Fig. 8 (e)&(f), wherein grain refinement is distinctly observed at the
interface region. Therefore, this grain refinement after dynamic
recrystallization is resulted in decreased average grain size in case of
weld made by friction time of 15 s.

Fig. 12 shows SEM and EDX images with line mapping across Cu-SS
interface of weld made by friction time of 15 s. It can be seen that ele-
ments of Fe and Cu are interacting at the interface region, which con-
firms the elemental diffusion at the interface and that in turn resulted
into enhanced bonding between Cu and SS. The diffusion between ele-
ments is occurred due to thermo-mechanical processing on chemically
active surfaces under the visco-plastic effect of intersecting surfaces of
Cu and SS materials.

Misorientation angle

Number fraction

10 2 £ X £ @

Misorientation angle [degreés]

SS Misorientation angle

Number fraction

0 0 ') 0 ) &

Misorientation angle [degrees]

Materials Science & Engineering A 832 (2022) 142444

3.3. Mechanical properties (tensile testing and microhardness
measurements) and fracture surface inspection on post tensile tested
specimens

Fig. 13 shows the tensile testing results of ETP-Cu base material and
welds of two different conditions such as weld made by 10 s friction time
and weld made by 15 s friction time. The values in Fig. 13 shows average
values after tensile testing of two specimens from each condition). It can
be seen that there is a significant difference in tensile strength and yield
strength for welds made under the two aforementioned conditions. In
the case of weld made by friction time of 15 s, the maximum ultimate
tensile strength (UTS) of 181.05 MPa and maximum yield strength (YS)
of 146.17 MPa are obtained. Besides, the UTS of 50.08 MPa and YS of
30.78 MPa are noticed for weld made by friction time of 10 s, which are
considered as extremely low strengths as compared to ETP-Cu base
material.

Fig. 14 shows the fractured tensile specimens of weld made by fric-
tion time of 10 s. It can be seen from Fig. 14 (a) & Fig. 14 (d) that the
fracture has occurred from the interface between Cu and SS in both the
tensile fractured specimens. In Fig. 14, Cu and SS can be distinguished
seen at the outer surfaces. Only at the center region of these fractured
surfaces, some Cu material can be seen at SS side fractured surfaces
(Fig. 14 (c) and Fig. 14 (f)), which shows that partial metallurgical
bonding only occurs at the center region of the cross-section, and out
surfaces are observed weakest. Therefore, the fracture is possibly initi-
ated from the outer surface and propagated towards the center. Fig. 15
shows the fractured surface photograph by scanning electron micro-
scopy, which shows a flat surface at the Cu side (Fig. 15 (a)) and some
broken grains from the SS side (Fig. 15 (b)). Also, some precipitates are
observed on the fractured surface image of the SS side (Fig. 15 (b)) that
are possibly IMCs or Cu material bonded to SS in a discontinuous
manner. Overall, in this weld made by friction time of 10 s, the fractured
surfaces indicate brittle fracture with flat surfaces.

Fig. 16 shows the fractured tensile specimens of weld made by
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Fig. 10. Grain misorientation angle corresponding to Fig. 8; (a) weld made by friction time of 10 s, and (b) weld made by friction time of 15 s.
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Distance / ym

Fig. 12. SEM and EDX images with line mapping for Cu-SS interface of weld made by friction time of 15 s.

friction time of 15 s. It can be seen from Fig. 16 (a) & Fig. 16 (d) that the
fracture has occurred from the interface between Cu and SS in both the
tensile fractured specimens (like it is observed in Fig. 15 (a) & Fig. 15
(d)). However, the thick layer of Cu is stuck to the SS surface that can
also be seen from Fig. 16 (¢) & Fig. 16 (f). In Fig. 16, Cu can be seen at
both the fractures surfaces of the Cu side as well as the SS side. Based on
this it can be confirmed that Cu and SS are metallurgically welded but
possibly fractured from either reaction layer of interface region or re-
action layer-Cu interface. The fractured surfaces are interpreting as
ductile fractures as they are consisting of broken grains having dimples
as can be seen from SEM images shown in Fig. 17. Also, these dimples

are observed on the Cu side (Fig. 17 (a) and 17 (b)) as well as the SS side
(Fig. 17 (c) & Fig. 17 (d)), because the fracture is initiated from the
metallurgically bonded region and ended at metallurgically bonded Cu
on SS. As the Cu material has experienced severe plastic deformation
and has formed recrystallized grains at Cu side near to the interface
region (as evidenced in previous sections), it can be correlated that the
same is responsible for ductile fracture for fractured tensile specimens
for Cu-SS weld made by friction time of 15 s.

Fig. 18 shows microhardness measurements at every 100 pm dis-
tance for Cu-SS welds made by friction time of 10 s and 15 s. It can be
seen that there are no major variations in microhardness values
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observed for welds made by friction time of 10 s and 15 s. On the Cu side,
the mean microhardness value is noted as 63.2 HV and 61.1 HV for
welds made by friction time of 10 s and 15 s, respectively. No distinct
variations in microhardness measurements for PDRZ and HAZ regions
are observed as these zones are not evidenced with significant changes
in microstructures as compared to the base material of ETP-Cu.

4. Discussion

Based on the obtained results and referred literature [1,2,5-25], it
can be stated that the welding of dissimilar pipe materials such as Cu to
SS by friction welding is more complicated than similar materials
welding because of different thermo-physical properties and inevitably
in the chemistry of each metal. The discussion part is presented as fol-
lows in the same sequence of above presented results.

4.1. Microstructure (optical microscopy)

During friction welding, the Cu pipe has formed severe flashes at the
edge of the pipe and the same has not been observed at SS pipe (refer
Fig. 2), because of the same reason of thermo-mechanical action on two
different materials. The Cu has a very limited energy loss that helps
plastic metal deformation, and thus causes more flash than the SS [17].
Due to the same reason, the microstructural changes are majorly
observed at the Cu side under thermo-mechanical action caused by
friction welding. Besides, no distinct variation in microstructure is
observed on the SS side, as SS is stronger than Cu. Upon friction welding,
the base materials experience viscoplastic material behavior and that is
higher in the case of Cu as compared to SS, which in turn influences
larger changes in microstructures at the Cu side as compared to the SS
side. However, small QZ is identified at SS side. This QZ is very small in
width as compared to other microstructure zones observed at the Cu
side, because the SS side is less affected under applied
thermo-mechanical action as compared to the Cu side. In the case of
weld made by friction time of 10 s (refer Fig. 4 (f)), the QZ is observed
relatively thick but non-continuous as compared to the same observed
for weld made by friction time of 15 s (refer Fig. 5 (c)). This is may be
because better interdiffusion occurred in the case of welds made by
friction time of 15 s as compared to weld made by friction time of 10 s.

It can be interpreted that this variation is due to differences in fric-
tion time that subsequently influenced the thickness of reaction layers.
As mentioned earlier that, these reaction layers are formed may be due

30.78

Weld made by friction
time of 10 seconds
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= Yield Strength & Tensile Strength

50.08

R

Weld made by friction
time of 15 seconds

Tensile strength and yield strength of ETP- Cu base materials and Cu-SS welds made for two different conditions.

to oxide formation or formation of IMCs [9,13,24-27]. Therefore, here,
in this case, it can be expected that the higher friction time (for instance
15 s) have benefitted to reduce this undesirable layer of oxide formation
at the interface, due to better reactions on chemically active surfaces of
Cu and SS that is governed by higher friction time (of 15 s). The higher
friction time can lead to higher thermo-mechanical combined action and
this favorable action, in turn, activates chemically active surfaces for
interatomic diffusion bonding, where most of the oxides are expected to
be removed along with flash in case of friction welding. Besides, the
oxides are not able to be removed in case of weld made by friction time
of 10 s. On the other side, it may happen this layer is of IMCs. In the case
of weld made by a higher friction time of 15 s, the materials’ consoli-
dation at the interface is observed better as compared to weld made by
friction time of 10 s. This in turn may also have affected the formation of
IMCs, and consolidation of the IMCs layer, which has resulted in reduced
thickness of IMCs.

In the microstructures, the differences in PDRX and FDRZ are
observed in Figs. 4 and 5, because of different processing conditions of
welds by two different friction times. Weld made by friction time of 15 s
has allowed more time to lead fully recrystallized zone with materials
consolidation at the interface region, whereas weld made by friction
time of 10 s have not limitedly consolidated material at the interface
with more flash formation. This in turn has resulted in a more pro-
nounced FDRZ formation for weld made by 15 s. In general, for both the
welds, the FDRZ is mainly formed at the center region of the thickness’s
cross-section, towards the Cu side of the Cu-SS interface. At FDRZ, full
dynamic recrystallization has occurred because this zone is close to the
rubbing action where it experiences high heat (with temperature
expecting higher than the recrystallization temperature of Cu) and
materials deformation due to axial pressure [22,24]. As compared to SS,
Cu is soft and hence FDRZ has occurred at the Cu side near to the
interface region. Besides, PDRZ has formed away from the FDRZ region
where the affection of heat (expected to be less than a recrystallized
temperature of Cu) and material deformation are less as compared to the
interface region. Also, the Cu had a better plastic deformation behavior
compared with SS material [24]; which leads to some areas with PDRZ
being identified within this zone (as shown in Figs. 4(f) and 5(a)).

4.2. EBSD analysis at the interface zone, SEM and EDX

EBSD results have confirmed that the thermo-mechanical processing
has affected the interface region’s grains with clear and distinct grains
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Fig. 14. Fracture location after tensile
testing and fracture surface images at a
macroscopic level for weld made by friction
time of 10 s. (a) broken tensile specimen
(tensile specimen 1), (b) fractured surface of
Cu side for broken specimen shown in (a),
(¢) fractured surface of SS side for broken
specimen shown in (a), (d) broken tensile
specimen (tensile specimen 2), (e) fractured
surface of Cu side for broken specimen
shown in (d), (f) fractured surface of SS side
for broken specimen shown in (d).

Date :17 Dec 2020

Fig. 15. SEM images of the fracture surfaces of tensile tested weld made by friction time of 10 s (a) Cu side, (b) SS side.
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Fig. 16. Fracture location after tensile
testing and fracture surface images at a
macroscopic level for weld made by friction
time of 15 s. (a) broken tensile specimen
(tensile specimen 1), (b) fractured surface of
Cu side for broken specimen shown in (a),
(¢) fractured surface of SS side for broken
specimen shown in (a), (d) broken tensile
specimen (tensile specimen 2), (e) fractured
surface of Cu side for broken specimen
shown in (d), (f) fractured surface of SS side
for broken specimen shown in (d).

near the interface region. Similar EBSD results are also observed in
literature of [7]. The distinction in grain evolution between both the
conditions such as welds made by two different friction times is also
confirmed, which shows differences in thermo-mechanical processing
and their influence on microstructure evolution. It is possible to state
that inadequate thermo-mechanical processing between Cu and SS
materials is evidenced in case of weld made by friction time of 10 s, as no
distinct microstructural changes at the interface such as FDRZ and/or
QZ are observed, whereas adequate thermo-mechanical processing be-
tween Cu and SS materials is evidenced in case of weld made by friction
time of 15 s with district FDRZ at Cu side and QZ at SS side. Friction time
has significant influence on thermo-mechanical processing that has
resulted in differences in grains evolution for both conditions. With
EBSD results of elemental distribution as can be seen in Fig. 8 (c)&(d)
and Figure (g)&(h), it can be confirmed that the significant dynamic
recrystallization at interface region has resulted in interface with
wave-like intermixing of materials (with elemental diffusion) in case of
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weld made by friction time of 15 s (refer Fig. 8 (g)&(h)), whereas the
same is not so significant to influence grains and elements at the inter-
face region in case of weld made by friction time of 10 s (refer Fig. 8 (c)&
(d)). Therefore, it can be stated that the adequate interfacial materials
mixing is obtained in weld made by friction time of 15 s through
wave-like elemental distribution at interface, which has occurred due to
better intermixing in visco-plastic domain of materials at the interface.
Further, in EBSD analysis, there are more variations in misorientation
angles and grain size observed in the case of weld made by friction time
of 15 s as compared to weld made by friction time of 10 s. This is may be
because of the significant transformation of grains (through continuous
dynamic recrystallization) in case of weld made by friction time of 15 s
that is already observed as significant at the interface region (refer Fig. 8
(e)&(f)), as compared to the same in case of weld made by friction time
of 10 s (refer Fig. 8 (a)&(b))., It can also be said that the weld of higher
friction time of 15 s leads to more strain accretion in the materials as
compared to the weld of lower friction time of 10 s and that in turn
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Fig. 17. SEM images of the fracture surfaces of tensile tested weld made by friction time of 10 s (a & b) Cu side and (c & d) SS side.

resulted in lower grain size at interface region in case of weld of higher
friction time of 15 s. Also, the higher friction time of 15 s has increased
the heat generation with severe plastic deformation and enhanced the
grain growth.

Fig. 19 shows the XRD of weld made by friction time of 15 s. It can be
seen that along with Fe and Cu, IMCs such as FeCuy and CugSi have been
interpreted based on peaks and International Centre for Diffraction Data
card. The same IMCs are also claimed in the literature of [24]. This
confirms interatomic diffusion between Fe-Cu elements and Cu-Si ele-
ments, which is occurred under thermo-mechanical action caused dur-
ing friction welding between Cu and SS materials. It can be stated that
the formation of new crystalline phase reforms after the interatomic
diffusion between Fe and Cu, and Cu and Si. The formation of IMCs
affects mechanical properties; for instance, the CugSi of IMC is weaker in
strength that in turn leads to lower joint strength. But, the formation of
FeCuy can enhance joint strength [24].

Figs. 12 and 19 are evidencing effective bonding with intermixing at
the interface region of Cu-SS weld made by friction time of 15 s, and this
supports the claims that are made in previous discussions based on
microstructural observations.

4.3. Mechanical properties (tensile testing and microhardness
measurements) and fracture surface inspection on post tensile tested
specimens

It can be correlated from previous results and discussions on inter-
face analysis of Cu-SS weld made by friction time of 10 s that extremely
low strengths are noticed because of poor bonding observed in this case,
wherein interatomic diffusion and materials mixing between Cu-SS are
observed as poor. Besides, in case of Cu-SS weld made by friction time of
15 s, better metallurgical condition of improved materials mixing with
adequate interatomic diffusion is evidenced in microstructural and
interface analysis section, which in turn resulted in increased tensile and
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yield strengths as compared to weld made by friction time of 10 s.
Despite better intermixing, the joint efficiency of around 63% is
observed as compared to ETP-Cu in the case of weld made by friction
time of 15 s that may be because of formation of IMCs and oxides at the.
In the literature of dissimilar materials friction welds, joint strength is
usually observed lower than base material because of the formation of
IMCs or other reaction layers at the interface [5-26]. In the fractured
tensile specimens, the fractured surfaces show fracture from reaction
layer. Better intermixing between Cu and SS is evidenced in the frac-
tured tensile specimen of weld made by friction time of 15 s. In another
study of [22] for Cu-SS pipe welds, the joint efficiency is observed 80%
of Cu material, wherein pipe thickness is 5.6 mm. In the present inves-
tigation, the pipe thickness is 3.6 mm that means that the contact area
during FW is lower than that of in case of [22]. This could be the reason
for lower joint efficiency as compared to Ref. [22]. Besides, further
optimization of processing conditions can be considered to improve joint
efficiency.

A minor reduction of microhardness at Cu side near to interface is
observed for weld made by friction time of 15 s as compared to weld
made by friction time of 10 s (at FDRZ region). This is due to grain
refinement evidenced in microstructural analysis at the FDRZ region
near to interface side at Cu (as discussed in previous sections). At the
interface region towards the SS side, the microhardness is observed
higher than the same observed for SS base material. This is due to the
combined effect of developed grains with solid solution strengthening at
the diffusion line [24], and formation of IMCs at the interface, or any of
single reason from these reasons [25-27]. The microhardness at the
interface region (i.e. QZ region) towards the SS side is observed as 182.3
HV and 179.02 HV for the welds of friction time 10 s and 15 s respec-
tively. Even though, there are microstructural changes observed for the
QZ region for the welds of friction time 10 s and 15 s, no major variations
in microhardness are observed in the QZ. This is because QZ’s thickness
is very thin, and indentation may have occurred even bigger than QZ’s
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Fig. 19. XRD test for the phase

identification for weld made by friction time of 15 s.

5. Conclusion

are observed that can be correlated with no significant microstructural

changes at the SS side. Similar results are also observed in the literature

of [26].

The present study investigates microstructure evolution and me-
chanical properties of dissimilar Cu-SS pipe joints welded by continuous
drive friction welding under two different processing conditions (by
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varying friction times of 10 s and 15 s, while keeping other processing
parameters constant). Interesting results are observed, and the following
specific conclusion can be made.

e The microstructural evolution in dissimilar materials Cu-SS friction
welds is influenced by the processing condition of friction times.
Major microstructural variations are observed at the Cu side with
different microstructure evolution such as full dynamic recrystal-
lized zone, partial dynamic recrystallized zone, and heat-affected
zone, wherein the full dynamic recrystallized zone is clearly and
distinctly observed very close to Cu-SS interface at Cu side.
Quenching zone with refined grains is observed at SS side very close
to Cu-SS interface. This microstructural evolution is clearly defined
in the case of weld made by friction time of 15 s, whereas the same is
not developed in case of weld made by friction time of 10 s.
Enhanced metallurgical bonding between Cu-SS materials is
observed with microstructural variations (such as full dynamic
recrystallized zone at Cu side and quenching zone at SS side) near to
Cu-SS interface, in case of weld made by friction time of 15 s. Su-
perior interatomic diffusion leading to enhanced metallurgical
bonding is evidenced in this study for weld made by friction time of
15s.

The reaction layer thickness influences the bonding and mechanical
properties of Cu-SS friction welds. The reaction layer thickness of
17.28 pum is observed for the weld made by friction time of 10 s,
whereas the reaction layer thickness of 1.21 yum is observed for the
weld made by friction time of 15 s. The ultimate tensile strength of
181.05 MPa with 63% of joint efficiency as compared to ETP-Cu base
material is obtained for Cu-SS friction weld made by friction time of
15 s. The hardness measurement variations are observed at the
interface region of Cu-SS welds due to grain refinements at these
locations.
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