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Introduction 

The fusion reactor is one of the few eco-friendly methods available to produce energy. Its integral structures absorb a large 
quantity of accelerated particles while power generation. Though, it causes energy transformation from the accelerated particles 
to the wall. Eventually, the blanket system of the first wall is exposed to elevated temperature [1]. Thus, temperature control 
within the structure is a major concern for the duration of the fusion process. The international thermonuclear experimental 
reactor (ITER) has been built to establish sustainable fusion energy resource [2]. In order to operate these structures at elevated 
temperature, rapid dissipation of heat is necessitated. However, material having higher thermal conductivity is suitable as 
structural component i.e. Copper (Cu). At the other hand, structure demand high strength at elevated temperature to absorb 
the impact of accelerated particle i.e. Stainless Steel (SS). In this context, Cu bonded with austenitic SS could meet the said 
requirement. Dissimilar metal joining such as Cu to SS is a challenging task looking towards its diversified properties across the 
faying surfaces like difference in coefficient of thermal expansion, thermal conductivity, dilution, melting points and solubility. 
Even though, Cu to SS can be welded successfully using fusion and non-fusion welding processes [3-10]. Fusion welding of 
dissimilar material faces problems related to porosity, solidification cracking, residual stress, difference in thermal conductivity 
and micro-segregation i.e. due to different melting points. Laser Beam Welding (LBW) and Electron Beam Welding (EBW) of 
both material have revealed adequate results. However, these processes are expensive, and it requires high degree of control over 
process which make them complex. Explosive welding has reported excellent weld quality. In contrast, there is a limitation on the 
part geometry of the material being welded. Furthermore, controlled explosions are expensive, risky and requires very high skill 
levels. Due to these aspects, Friction Stir Welding (FSW) is being largely investigated for use for dissimilar metal joining [11, 12].

Friction Stir Welding Technology (FSWT) is a solid-state welding technique that was invented at the welding Institute 
(TWI, Abington, Cambridge, UK) [13]. It is a solid state, hot shear process [13-16] in which non-consumable rotating tool 
with shoulder and pin is inserted into abutting surface till the shoulder rub against work-piece. The tool is then transverse along 
abutting surfaces of the plates. FSW of dissimilar metal involves unique set of challenges [11, 17] like different deformation 
behavior of material, physical properties i.e. thermal conductivity across the faying surfaces. Moreover, it faces problems related 
to reliability of tool, solubility of material and formation of detrimental intermetallic compounds. These factors and others 
contribute to the asymmetry in both heat generation and material flow. Previously reported literature exposed the fact that FSW 
has potential to joint dissimilar material, even in cases where materials are considered un-weldable by conventional welding 
processes such as Al-Steel, Al-SS [18-22]. However, FSW of Cu and SS is relatively less researched [23, 24]. It was reported that 
sound FSW of Cu to SS can be achieved by placing SS (Higher melting point) at advancing side and Cu (Lower melting point) at 
retreating side. This is due to the higher specific energy (higher torque) leading to higher heat input at advancing side compare 

Volume 1 Issue 4, 2020
Article Information
Received date :October 20, 2020 
Published date: November 26, 2020

*Corresponding author
Joshi Gaurang R, Assistant professor, 
Mechanical Engineering Dept, Marwadi 
University, Rajkot, Gujarat, India

Keywords 
Friction Stir Welding; Additional Heating 
& Cooling; Dissimilar Metal Joining; Butt 
Joint; Gas Tungsten Arc Welding Torch

Distributed under Creative Commons 
CC-BY 4.0

Research Article

Evaluating the Tensile Fracture Mechanism 
of Friction Stir Welded Cu to SS Material
Joshi Gaurang R1*, Vishvesh J Badheka2

1Assistant professor, Mechanical Engineering Dept, Marwadi University, Rajkot, Gujarat, India
2Professor, Mechanical Engineering Dept, School of Technology, PDPU, Gandhinagar, Gujarat, India

Abstract

The analysis of tensile fracture pattern in correlation with the welding parameters and metallurgical test results 
enlighten in service weld quality of material being welded. Modern industry is seeking to establish optimum method 
which can incorporate multiple properties within single structural component; welding is one of the way to do so. Hence, 
dissimilar material welding is exploited in recent years. Friction stir welding (FSW) is a solid state, hot-shear process. It 
can eliminate or reduce detrimental problems associated with melting (in fusion welding processes) of materials such as 
porosity, solidification cracking, and residual stress. These issues may trigger premature failure of the joint. Cu with SS 
welded joints are suitable enough to construct first wall and divertor; structural components of international thermo-nuclear 
experimental reactor. This is the reason of present study focuses on to friction stir welding of Cu with SS aiming to improve 
mechanical properties. It can be achieved by optimal combination of welding parameters. Dissimilar metal joining through 
friction stir welding process has been adequately evaluated in recent past. However, limited research work has been reported 
in present system. Hence, a fully experimental approach has been adopted in the present investigation to exploit the effect 
of assisted source on to joint formation. 

A gas tungsten arc welding torch in the range of 20A to 60A with an interval of 20A is applied at the leading side of 
the friction stir welding tool on joint line as assisted heating source. Furthermore, 15 psi as well as 30 psi of compressed air 
and 75 ml/min of water cooling is applied at the trailing edge of joint as assisted cooling while transverse phase of process. 
In conjunction with theses welding parameters, authors are aiming to investigate tensile fracture mechanism on the scale of 
micro-hardness and metallurgical test results. Tensile test result is reported that the joint efficiency vary from 58% to 72% 
when material welded with assisted heating whereas 75% in the case of normal mode of friction stir welding. However, 
there was a steep drop in the joint efficiency when forced air/ water cooling of joint was employed during the process. The 
joint efficiency was only 29% with water cooling whereas slight improvement observed (43%) when material welded with 
compressed air cooling. Maximum hardness in the weld nugget is obtained for conventional FSW samples. Most of the 
samples tested for mechanical strength fractured in the nugget area. Some of them fractured from the interface of Cu/SS or 
suspended SS particles (present at weld nugget) Reported poor strength. Most of the welded samples wear fractured from 
Cu/SS interface during additional cooling while friction stir welding. Higher tensile strength and ductile fracture behavior 
are observed in joints fabricated with additional heating as compared to additional cooling. This indicates improved dynamic 
deformation resulting due to better material flow within the joint for heating assisted FSW joints as compared to force cooled 
joints.
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to retreating side [25]. It was reported that FSW of Cu to SS can be achieved by offsetting 
the tool towards retreating side [23, 24]. This reduces the load on the tool and prevents the 
formation of detrimental intermetallic compound within the joint resulting in improved 
strength of the joint.

In the present investigation, high thermal conductivity of Cu and low of SS raise the 
issue of heat balance. Hence, authors have suggested applying an additional source of the 
heating [26] and cooling [27] during FSW. This process is termed as hybrid or assisted 
FSW. A GTAW torch is applied at the center line of the joint, ahead of the tool which pre 
heats the Cu. Preheating reduces the cooling rate of the joint & may provide enhanced 
material flow within the joint area. It also decreases the heterogeneity of deformation 
across the faying surface. Furthermore, additional cooling reduces the excessive grain 
growth resulting due to continuous dynamic recrystallization. A sound joint is subject 
to parametric control over the process. Therefore, this study is aiming to investigate the 
parametric effect of the process on the tensile properties of the joint. 

Material & Methods

Experimental work has been undertaken at The Advanced Welding Research 
Laboratory, at the Mechanical Engineering Department, Pandit Deendayal Petroleum 
University (PDPU), India. FSW experiments of 3 mm thick Cu to SS were conducted at 
constant parameters; feed rate of 31.5 mm/min, 1500 RPM, 2ᵒ tilt angle and 2 mm tool 
pin offset under both additional cooling and heating mode of FSW to evaluate the effect 
of assisted heating on Cu to SS joint formation. Additional details of parameters used for 
weld trials is as shown below. 

a. Additional cooling: - A Compressed air of 15 psi and 30 psi was employed at 
the trailing side of tool during a process. Water cooling was also undertaken at 
a rate of 75 ml/min.

b. Additional heating: - A GTAW torch was applied as separate trials at the 
leading side of FSW tool at Cu side, 2 mm away from butt line (at a joint line). 
GTAW parameters; 20,40,60 amperage, 2.4 mm electrode diameter, straight 
polarity, direct current power source, 20 volts, 45° electrode angle, torch angle 
is of 45ᵒ with respect to a spindle head [26].

c. Pilot Hole Dimensions: 3 mm diameter and depth is of 1.5 mm [28].

Results and Discussion 

a) Macrostructure

The observed macrostructure (Figure 1) of welded specimen during conventional 
FSW, heat assisted FSW and welds with forced cooling reveal dispersed SS particle into 
Cu metal matrix. Location and the size of particle largely vary with the combination of 
parameters used in trials. Larger mixing of SS in Cu metal matrix were observed within 
the joint during FSW with additional heating and conventional FSW as compared to 
welds with additional cooling. This indicates relatively poor material flow in the case of 
material welded with forced cooling than other welded samples.

Macrographs also indicate reduced mixing of the two material in the joint area as 
the pre-heating current is increased and with increase in additional cooling. The highest 
amount of mixing of material in the nugget area for heat assisted FSW was achieved 
during trials with the 20A pre-heating current.

The macrographs shows clear indication of continuous dynamic deformation. 
Frictional heating of the tool alter the macro and microstructure. It is influenced by 
thermal properties of the Cu and SS and also by rotational and transverse speed of the 
tool. Material flow for weld trials with forced cooling is restricted due to rapid dissipation 
of heat from the weld area. The mixing of the SS and Cu particles within the nugget area 
is limited during these trials and the SS particles are generally found at the root area of 
the joint. The rotation and forward motion of the tool causes increased local stresses that 
exceed critical flow stress and resulting in plastic deformation. This deformation forces 
material to flow within the joint. The level of deformation depends on the availability of 
heat in the joint area which is higher for the heat assisted and the conventional FSW and 
hence, the largest deformation and mixing of the two material with the weld nugget is 
achieved for these two conditions. This improved mixing provides weld joints with higher 
tensile strength. The macrographs concludes that tensile strength improves if amount of 
SS dispersed particle increases within the weld nugget (WN).

b) Microstructure

FSW of dissimilar metal welding is difficult to achieve, especially for materials 
having low solubility like Cu and SS. In order to achieve joints with better metallurgical 
characteristics, the WN should be a composite metal matrix of both the metals being 
welded. The microstructure (Figures 2-4) of the joint has been examine across the 
welded plate area and base metal (BM). Uniform distribution of grains is seen through 
micrograph of both BM. Large grains are observed in the case of Cu BM compared 
to SS BM. The microstructure evolution of the welded joint depends on the chemical 
composition of materials and parametric condition of process such as heating rate, 
cooling rate, mechanical loading. The microstructure of weld joints are shown when 
material welded at 20A pre-heating current in (Figure 2), normal mode of FSW in (Figure 
3) and 30 psi forced cooling in (Figure 4). The study clearly reveals distinct zones like BM, 
heat-affected zone (HAZ), thermo-mechanical affected zone (TMAZ) & WN. Cu BM has 
a coarse grain structure. Further coarsening has been reported within HAZ and TMAZ 
than BM when material welded with normal and pre-heating mode of FSW. Elongated 
grains are observed in the TMAZ as compared to HAZ which may be the result of severe 
plastic deformation and heat generation. On the other hand, similar HAZ and TMAZ 
has been observed when material welded with forced cooling which may be the reason 
of poor strength. In addition to that, WN of all welded sample indicating significant 
refinement of grains. It is due to continuous dynamic deformation imposed by tool pin 
on to the joint area.

In the case of additional heating, WN experiences the slip and slick around the tool 
pin surface while FSW. It is due to high degree of deformation at the center of WN. 
The microstructure of FSW joints welded at additional heating reveals un-recrystallized 
band and elongated grains within the WN as compared to normal FSW. These cause 
a slight decrease in tensile strength for FSW joints when material welded at additional 
heating. A clear boundary is also observed between two metals in all the joints. The dark 
zone within the WN represent ultra-fine grains formed due to dynamic recrystallization 
and is not a cavity [29]. Un-recrystallized elongated grains are observed at TMAZ of SS 
in all the welded samples reflects lack of plastic deformation resulting due to taper tool 
pin profile. Tool pin offset and tool geometry indicate minimum contact between tool 
pin and the SS. When material is welded with additional cooling, poor material flow is 
observed as most of the dispersed SS particles are suspended and trapped within root 
side of WN. Lower heat input results in almost similar HAZ and TMAZ at both sides 
and also increases the probability of defect occurring. Stretched un-recrystallized grains 
represent brittleness resulting in poor joint strength and metallurgical bonding. There is 
asymmetry in the microstructure of the weld nugget due to the different deformational 
behavior experienced by advancing and retreating side of the nugget thereby causing 
different recrystallization and grain growth behavior within the two areas.

Figure 1: Macrographs of welded sample at (A) 20A (B) 40A (C) 60A additional 
heating, (D) 15 psi (E) 30 psi compressed air cooling, (F) 75 ml/min water cooling 
& (G) Normal FSW.
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c) Micro-hardness

The Micro-hardness profile of the weld is shown in (Figure 5).The distance marked 
along the X axis is taken from the weld center and zero corresponds to the joint line. 
Distance between two indentations is 1 mm whereas negative sign corresponds to Cu 
side and positive corresponds to SS side. Micro-hardness values significantly increases 
from retreating side to advancing side as both base material has different mechanical 
properties. Hardness value depends on grain size, smaller grain size of WN area plays an 
important role to provide better weld strength. This is governed by Hall-petch equation 
[30]. Maximum hardness corresponding to weld nugget (WN) area as it undergoes large 
dynamic deformation due to intense stirring. Higher hardness is observed within WN in 
the case of conventional FSW which may be attributed to a finer grain structure whereas 
lower hardness at WN when material welded with forced cooling indicating coarsening of 
the grains. The small particles of inter-metallic compounds also benefit higher hardness 
according to Orowan mechanism [30]. In contrasts large, suspended particle of SS within 
WN is the reason of sudden increase in hardness value. At the joint line lowest hardness 
is reported when material welded with additional cooling. The maximum hardness is 
obtained in the case of normal mode of FSW. For welds with 30 psi additional cooling, 
the SS particles are found accumulated very near to the interface making interface (Figure 
1) area hard compare to WN which probably is the site of fracture initiation.

d) Tensile Properties 

After welding, tensile specimens (Figure 6) were prepared transverse to the weld 
direction by electro-discharge machining process (EDM). Tensile test (Table 1) has 
been carried out at Electrical Research & Development Association (ERDA), India to 
measure the TS, Joint Efficiency (JE) and elongation of the weld specimens. The tests 
were conducted as per American Society for Testing Material (ASTM) standard E8M-09 
(Figure 6); Cross head speed was maintained at rate of 1.5 mm/min and machine load 
capacity was 100 KN. The reported TS is the average of five specimen values. It is observed 
that Joint efficiency (JE) varies from 58% to 73% for FSW joints with additional heating 
whereas it varies from 29% to 43% for welds with additional cooling. The relatively low 
efficiency obtained may be attributed to the softening of weld region during FSW. The 
tensile strength decreases as the pre-heating increases. There is a slight degradation 
reported in strength of heat assisted FSW over conventional FSW.

Most of the tensile sample were fractured from WN while some of them failed from 
SS TMAZ near to the interface and SS suspended particle within WN (Figure 7). The 
welds that failed at the weld nugget displayed higher tensile strength than those that 
failed at the SS TMAZ (Figure 8). Sample failed from SS TMAZ (Figure 9) corresponds 
to poor material joining due to heterogeneous deformation mechanism across the faying 
surfaces. This is due to diversified properties of both material and taper tool design. 
Minimum contact achieved with SS at root region attributed to taper geometry of tool 
land up with poor deformation criteria, especially at root side. It decreases the TS value of 
root region, making them softer compare to top side. Sample fractured from dispersed SS 
particle (Figure 9) experienced failure due to hardness difference. Suspended particle may 
stretch due to torque generated by FSW tool rather than the plastic deformation; ideally. 
This is attributed to higher hardness region within or around the dispersed particle make 
brittle joint.

Figure 2: Micrograph of material welded samples at 20A pre-heating current (A) SS 
BM (B) SS TMAZ (C) SS HAZ (D) Cu/SS interface (E) WN center (F) WN Cu side 
(G) Cu TMAZ (H) Cu HAZ (I) Cu BM.

Figure 3: Micrograph of material welded sample at normal FSW (A) SS BM (B) SS 
TMAZ (C) SS HAZ (D) Cu/SS interface (E) WN center (F) WN Cu side (G) Cu 
TMAZ (H) Cu HAZ (I) Cu BM.

Figure 4: Micrograph of material welded sample at 30 psi additional air cooling (A) 
SS BM (B) SS TMAZ (C) SS HAZ (D) Cu/SS interface (E) WN center (F) WN Cu 
side (G) Cu TMAZ (H) Cu HAZ (I) Cu BM.

Figure 5: Micro-hardness value of welded samples.
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Table 1: Tensile properties of welded samples.

Additional heating soften the material leading to excessive material flow resulting 
in material expulsion at the edge of shoulder i.e. flash. Amount of flash (Figure 10) is 
increases as the pre-heating current increases which may be a reason for the reduced TS 
of these joints when compared to the conventional welds. A higher amount of flash is 
observed during the FSW with forced cooling as compared to FSW with heating. Poor 
material flow within the joint area due to inadequate plasticization could be attributed as 
the reason for the excessive flash. The higher flash is the main cause for reduced tensile 
strength of these joints when compared to the conventional FSW. The weld joints with 
40A pre-heating current indicates presence of a void within the WN (Figure 1) which is 
the major reason for low tensile strength. Resistance to dislocation is higher at the void 
location, and they form fracture initiation site under tensile loading which reduces TS 
value. This large void is a reason of chaotic flow [31]. Metal flow is in opposite direction 
at below and above the void location leading to vortex generation. 

e) Tensile Fracture 

An investigation of the tensile fracture does provide insight into the effect of weld 
parameters on the fracture mechanism in co-relation with metallurgical properties such 
as microstructure and micro-hardness. Tensile fracture surfaces revealed a significant 
variation in both the macroscopic morphology and microscopic mechanisms for the 
welded samples. Scanning Electron Micrographs (SEM) has been carried out to evaluate 
the fracture behavior. Overall morphology (Figure 11a) was significantly brittle indicating 
failure from the interface when material welded with forced cooling.

Assisted Source TS (Mpa) JE (%) % Elongation

Assisted Heating

20A 164.88 72.63 9.18

40A 132.5 58.38 4.06

60A 158.36 69.76 11.92

Normal Mode of FSW

NFSW 173.05 76.23 8.22

Forced Air Cooling

15 psi 97.72 43.05 7.9

30 psi 99.12 43.67 7.68

Water Cooling

75 ml/min 66.63 29.35 4.17

Figure 6: Tensile test specimen as per ASTM E8M-09.

Figure 7: Tensile fracture location photographs of welded sample at (A) 20A (B) 
40A (C) 60A pre-heating current, (D) at Normal FSW & (E) 15 psi (F) 30 psi (G) 75 
ml/min additional forced cooling.

Figure 8: Fracture surface photographs of tensile sample fractured from WN.

Figure 9: Fracture surface photographs of tensile sample fractured from (left to 
right – SS suspended particle, SS TMAZ/Interface, SS TMAZ/Interface.
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It also represent poor dynamic deformation behavior of material. Further, no traces 
of dense Cu particle concentration were found on the fracture surface indicating effect of 
the rapid dissipation of heat. At the other hand, Cu tensile fracture surface (Figure 11b) 
indicates presence of a hard phase at root side. It indicates that a weak joint is formed at 
the interface region of Cu. The region was covered by dense distribution of micro and 
macroscopic voids (Figure 11c).There was also a region that displayed collapsed metal 
bond where material experiences transition from ductile to brittle fracture. These may 
be the reasons for the poor TS of joints welded by FSW with external forced cooling. 
SEM of root fracture surface shows evidence of crack propagation leading to failure 
(Figure 11d), coalescence of macroscopic voids enhances the chance of fracture. Overall 
morphology of material welded at pre-heating current (Figure 12A & 12B) suggest large 
deformation under tensile loading. At the same time, elongated deep hole indicate strong 
bonding between two materials although, root side of the fracture surface reveals that the 
failure must have initiated from the root side. The ductile fracture mode is the dominant 
phenomena observed during the uniaxial tensile loading of the welded coupons (Figure 
12C).It can be explained by the void coalescence mechanism and the broken fibrous 
surfaces (Figure 12D). It also represent the distinct deformation of tensile specimen. At 
the other hand, dimpled fracture mechanism was investigated along with deep holes. 
These deep holes corresponding to detached suspended SS or oxide particle (Figure 12C). 
It also contains small size equiaxed dimples which are distributed uniformly on to the 
surface. These factors reflect the reasons for the higher joint strength of heat assisted weld 
over forced cooling FSW. It is due to better recrystallization in the joint area. (Figure 
13) shows that TS sample indicating high resistance against the stain deformation 
concentration at the property damping zone at WN. It also shows the high density of 
deep hole within the stir zone reflecting insertion of SS suspended particle while process 
which is the reason of slight increase in the TS value compare to the material welded at 
20 A pre-heating current.

Figure 12: SEM of tensile fracture when material welded with 20A pre-heating 
current, overall morphology of (A) SS side (B) Cu side fractured surface, tensile 
fractured surface of (C) Centre (D) top portion of Cu side.

f) Fracture Mechanism 

The Inhomogeneity in deformation while straining of tensile specimen in 
the uniaxial direction is due to diverse property field across the faying surface and 
shearing of strengthening precipitate dispersed through the metal matrix. These kind 
of inhomogeneity in deformation is concentrated in the area of microstructure where 
large SS suspended particle or high dense SS region within the nugget are found. It 
promote brittleness locally. This feature can further conduct the macroscopic voids. 
These macroscopic voids form a dimple due to continuous growth under deformation. 
Voids transform tensile test sample into a composite material at microscopic level. It 
contains grains and voids in the metal matrix. Strain energy make void wider as tensile 
loading employed high stress in to the specimen than the fracture toughness. Though, the 
process of volumetric change in voids and its population transform FSW sample response 
through degradation in elongation.

Conclusion

In this investigation, the effect of assisted source on to fracture mechanism was 
analyzed to improve the friction stir welded Cu to SS joint. From this study, the following 
important conclusion are obtained

Figure 10: Friction stir welded samples at (A) 20A (B) 40A (C) 60A additional 
heating, (D) 15 psi (E) 30 psi forced cooling and at (F) 75 ml/min water cooling.

Figure 11: SEM of tensile fracture when material welded with 30 psi additional 
compressed air, overall morphology of (A) SS side (B) Cu side fractured surface, 
tensile fractured surface of (C) Centre (D) root of Cu side.

Figure 13: SEM of tensile fracture when material welded with 20A pre-heating 
current, overall morphology of (A) SS side (B) Cu side fractured surface, tensile 
fractured surface (C) Centre of SS side and (D) Centre of Cu side.
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a. Most of the sample fractured from WN, some of them fractured from SS TMAZ/
interface and from the SS dispersed particle. It reported lower value of TS

b. Highest joint efficiency (76%) reported when material welded with conventional 
FSW

c. Additional heating definitely improve the deformation criteria, but location of the 
torch should be optimized and shifted towards material having higher melting 
point 

d. Pilot hole decreases the load on to the FSW tool while plunge phase, eventually 
increases the reliability of the tool 

e. Tensile fracture has been initiated from the root and it propagated towards the top 
side reflect the lower density of composite metal matrix of Cu and SS 

f. Maximum hardness corresponds to WN which indicate high degree of 
deformation and continuous dynamic recrystallization 

g. Finer grain structure can be obtained by FSW process

h. Larger mixing between the SS Cu materials observed in the weld nugget for FSW 
specimen welded with additional heating compare to additional cooling indicating 
poor material flow.

i. Heterogeneous deformation behavior of material land up with localized brittleness 
within the joint decreases the TS value of WN compare to BM

j. Ductile fracture seen in the case of additional heating whereas brittle fracture 
when material welded with additional cooling

k. Small, uniformly dispersed SS particle further improve the TS value. This can be 
achieved by enabling higher degree of deformation of SS 
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