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1. Introduction

Material properties suchasexcellent thermal conductivity, high
structural strength and good corrosion resistance have been
required for materials employed in power generation and

transmission process applications [1–4]. This is because, in
these service environments, the material should have a high
heat transmissionratewithminimumheat lossbutalso ithas to
resist any form of corrosion in the service environment.
However, it is not alwayspossible to achieve all theseproperties
in a single material. As a trade-off, a dissimilar combination of
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a b s t r a c t

The local material properties of [52_TD$DIFF]gas tungsten arc welded (GTAW) C21000 grade copper alloy

(Cu) to AISI 304 grade stainless steel (SS) joints using (ErNiCu-7) filler material are studied

using a range of material characterization techniques. Electron Back Scattered [53_TD$DIFF]Diffraction

(EBSD) studies across the weld confirmed the relationships existing between the solidifica-

tion modes (dendritic, planar) and their corresponding grain morphology in a high resolu-

tion. The SEM-Backscattered Electron Mode (BSE) integrated with Energy Dispersive

Spectroscopy (EDS) analysis evidenced the local heterogeneous compositions across the

dissimilar weld. The global and local mechanical performance of the weld joints are

assessed using a conventional uniaxial tensile tests and full-field 2D-digital image correla-

tion (DIC) respectively. The local material behaviour of the weld joint is in-line with the

compositional and microstructural gradients. The weld joint has achieved the ultimate

tensile strength (UTS) of 258 � 14 MPa, which is very close to the strength of the Cu base

metal (BM) and all the joints were fractured in the Cu-HAZ. Microhardness distributions

measured using a spatially positioned indents found that the weld fusion zone

(129.28 � 19.22 HV) has higher hardness in compared to the Cu-BM (80.51 � 2.58 HV).
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materials may be used where one superior property can be
provided locally in a structure whilst still utilizing themerits of
the parent material elsewhere. In addition to this, emerging
requirements for light-weight structures with optimized and
varyingperformanceand functionality have increased thescale
of applications formulti-material structures [5]. Thus aneed for
joiningmaterialswith thedifferent physical/thermal properties
requires welding of dissimilar materials. One such example
focused in this investigation is the combinationof C21000 grade
Copper alloy and AISI 304 grade Austenitic stainless steel.
CopperhasaFaceCentredCubic (FCC)crystal structureandhigh
thermal conductivity properties (401 W/mK), so it has many
applications in power generating industries because of its high
electrical performance and excellent formability but it has an
inferior corrosion resistance compared to stainless steel. In
contrast, theAustenitic StainlessSteels are traditionallyusedas
a structural materials in the nuclear, petrochemical and
chemical industries due to their excellent corrosion resistance
but they are not as good a conductor of heat as copper. Copper
(Cu[56_TD$DIFF])–Stainless Steel (SS) joints are required in the nuclear power
generating industries as one of the important components in
the vacuum chambers for particle accelerators [6] and also in
cryogenics [7] toutilize thehighelectrical conductivityof copper
and high mechanical strength of the steel. To tailor the
advantages of stainless steel with copper, a suitable welding
process needs to be applied. But the wide differences in the
properties of Cu andSS, suchasmelting point ([57_TD$DIFF]Cu – 1085 8C, SS –

1400–1500 8C) and thermal conductivity ([58_TD$DIFF]Cu – 401 W/mK, SS –

17–19 W/mK)makes the joining taskmuchmorechallenging for
any fusion welding processes. This is because the copper can
conduct heat energy 10 times faster than steel which tends to
dissipate the heat rapidly away from the weld zone making it
difficult to achieve the melting point during fusion welding. In
addition to that, copper has very limited solubility with steel in
the liquidstateandalsothepenetrationofcopperalong theheat
affected zone (HAZ) of the steel may lead to hot cracking [8].
However, a few investigations have been made to join this
dissimilar combination (Cu to SS) via both fusion welding and
solid-state welding processes. These feasibility studies have
attempted to weld the Cu[1_TD$DIFF]–SS dissimilar material joints using
various welding techniques such as Electron Beam Welding
(EBW) [7,9,10], Laser Beam Welding (LBW) [8,11–13], Explosive
welding [14,15] and Friction Stir Welding processes [6,16–18].
However, it is clearly inferred that all the high energy fusion
welding processes (EBW, LBW) are suffering from the major
drawbacks and also more experimental difficulties have been
involved in the solid stateweldingprocesses (Explosive, FSW) to
join the Cu[1_TD$DIFF]–SS material system.

It is vital to manufacture the dissimilar welds through a
cost-effective welding process without compromising the
quality and reliability of the welds. As the dissimilar welds
have been enriched with microstructural and compositional

gradients produced from two dissimilar materials, the locally
varying properties of any dissimilar welds have to be assessed
and correlated with the microstructures in a full-field scale
[19]. Hence this investigation is attempted to clearly map the
microstructural heterogeneities across the Gas Tungsten Arc
Welded (Cu [1_TD$DIFF]–SS) joints with the local mechanical behaviour
through a range of material characterization techniques. Only
two notable works have been carried to date for joining Cu[1_TD$DIFF]–SS
using the Gas Tungsten Arc Welding (GTAW) process. Sajjad
et al. [59_TD$DIFF][20] investigated the feasibility study of copper to 304
stainless steel joints through GTAW process by using three
different filler materials (316, Copper, Ni [60_TD$DIFF]–Cu–Fe), and conclud-
ed that the joints fabricated with copper filler material led to
the formation of sound weld zone without any macroscopic
defects and also it had very high tensile strength compared to
other filler materials. Chin-Chun Chang et al. [21] attempted
the GTAW process in two dissimilar material combinations of
Cu and SS (CuCrZr alloy-304 SS and OFHC-304SS) and
successfully manufactured the joints without any major weld
defects. However, all the above studies were not exercised
through the detailed microstructural analysis and therefore
the weld solidification behaviour and its corresponding
elemental gradients across the fusion zone are not clearly
evidenced. Additionally, the local material behaviour of the
prominent weld zones such as [61_TD$DIFF]fusion zone, HAZ and BM has
not been assessed so far. Therefore, the detailed material
characterizations exercised in this study will help to under-
stand the local structure[62_TD$DIFF]–property relationships of the
dissimilar weld and to qualify the dissimilar GTAW (Cu [1_TD$DIFF]–SS)
welds for service with a high degree of confidence.

2. Experimental work

The as-received rolled sheets of C21000 grade copper (Cu) and
AISI 304 grade austenitic stainless steel were machined to
the required dimensions (200 mm [63_TD$DIFF] � 75 mm � 2 mm) in a
precision cutting machine with an appropriate cutting
fluid supplied as a coolant. The chemical compositions of
these sheets and the filler material are presented in Table 1.
To achieve an adequate penetration of the filler metal during
the welding process, a ‘‘V’’ Shaped groove with 608 included
angle was machined at the sheet edges. Before welding
process, the butting surface of the sheets was thoroughly
cleaned with a lower grit silicon abrasive papers followed by
cleaning with acetone to eliminate the surface oxide
contaminations. The ErNiCu-7 was down-selected as the
filler material as both the copper alloy and nickel filler
materials were reported as the successful candidates in
joining the Cu to SS via arc welding process [20,22]. A typical
GTAW experimental set-up used to manufacture the GTAW
(Cu [1_TD$DIFF]–SS) joints is shown in Fig. 1.

Table 1 – Chemical compositions of the base materials and filler metal (in wt%).

Material Mn Si P S Cr Ni Mo Cu Fe Zn

Base Metal (AISI 304) 0.945 0.302 0.036 0.003 18.142 8.13 0.3 [25_TD$DIFF]– 72.142 –

Base Metal (C21000 Copper) 0.002 0.003 0.006 0.009 0.006 0.023 [26_TD$DIFF]– 93.621 0.010 6.320
Filler Metal (ERNiCu-7) 4 1.25 0.02 0.015 [27_TD$DIFF]– 69 – 23.215 2.5 –
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In advance to the welding process, the copper plate was
preheated to 500 8C to prevent excessive heat dissipation
through a high thermal conductivity characteristics of the
copper [8,22]. Because of this pre-heat treatment, the arc was
positioned exactly on the interface without any offsets to
provide an uniform heat distribution to both base materials.
During the manufacturing process, the filler material was
loadedwith an automatic feed head and thewelding torchwas
positioned in normal to the welding direction at a standoff
distance of 1 mm. To optimize the key process parameters, the
welding currentwas varied from80 to 195 Awhilst thewelding
speed was maintained constant at 80 mm/min. These param-
eters were chosen based on the inference from the previous
studies [20–22]. In additional to a single weld pass, a few joints
were subjected to an additional pass (root pass) to enhance the

penetration along the surface and root of the joints. The
outcomes obtained from four different experimental trials are
listed in Table 2. At very high welding current (195 A, 145 A),
the joints have suffered fromweld defects such asmacro-level
distortion and abnormal filler material deposition. This is
because of the solidification turbulence caused by the
excessive melting of copper. It is noteworthy that, the
experimental trials conducted at very low welding current
(80 A) resulted in insufficient weld penetration along the root
side of the weld. However, the joint which was manufactured
at 95 A does not exhibits anymacro-level distortion andmajor
weld defects. Therefore, the GTAW (Cu[1_TD$DIFF]–SS) joint (as shown in
Fig. 2a) manufactured using 95 A and 80 mm/min with other
process parameters listed in Table 3 is considered for further
material characterizations.

[(Fig._1)TD$FIG]

Fig. 1 – GTAW experiment set-up (Make: Miller Dynasty-350).

Table 2 – Experimental trials and its corresponding outcomes[28_TD$DIFF].

Welding
current (A)

Welding speed
(mm/min)

Macrograph Outcomes

195 80

[TD$INLINE]

Weld macro level distortion, [29_TD$DIFF]
excessive melting and
penetration

145 80

[TD$INLINE]

Weld macro level distortion,
defect at the Cu side root

95 80

[TD$INLINE]

No macroscopic defects

80 80

[TD$INLINE]

Improper fusion at the root
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The scheme for extracting the test specimens from the
welded joint is shown in Fig. [64_TD$DIFF]2b. All the transverse tensile
specimens were machined according to ASTM E8M-16a, sub-
size standard [23] using wire cut Electric DischargeMachine. To
achieve an uniform cross-section across the gauge section, all
the extra filler material deposited on the fusion zone of the
transverse tensile specimenswas removed using rotary surface
grinder. To evaluate the transverse tensile properties of the
GTAW welds, three sub-size tensile specimens of standard
dimensions (Fig. 3a) have tested to failure. The 2D-[65_TD$DIFF]Digital Image
Correlation (DIC) experiment was performed in the Instron
servo-hydraulic100 kNcapacity testingmachine in theposition
control mode with the displacement rate of 0.5 mm/min using

the standard DIC test procedures. To achieve the varying grey
levels on the specimen surface, the black speckled patterns
required for the DIC experiments was created using an aerosol
spray paint on a white painted background specimen. The DIC
system consists of 8-bit CMOS camera (Marlin-F131) having a
spatial resolution of 1280 � 1024 pixels fitted with the Nikon
50 mmfocal length lens. Through these optics, the imageswere
captured at the spatial resolution of 30 pixel/mm and the
specimen surface was maintained normal to the sensor axis to
avoid the out-of-plane deformations. An adequate illumination
was provided with a pair of LED lights and all the images were
recorded at a frequency of 5 Hz during the DIC experiments.
Load values for each image being capturedwere recorded using
a separate ADC channel data acquisition system. All the
recorded images were processed through the DIC data correla-
tion software (VIC-2D) using the subset size and step size of
29 � 29pixels, 5 pixels respectively to evaluate the deformation
field and full-field strainmaps in the localweld zones. AnASTM
E[66_TD$DIFF]23-12c [24] guidelines was followed for preparing the impact
toughness specimens. Impact toughness specimens have
tested at room temperature using pendulum type Charpy
impact testing machine. The schematic sketch of the impact
specimens manufactured is shown in Fig. 3b.

The microhardness variations were measured across the
cross-section of the weld in the fine polished specimen using
microhardness tester (Mitsutoyo-Japan, Model: HV-112). As per
ASTM E384-17 [25] standard, the distance maintained between

[(Fig._2)TD$FIG]

Fig. 2 – (a) A typical GTAW (Cu[1_TD$DIFF]–SS) joint. (b) Specimens extraction scheme for various material characterizations.

Table 3 – GTAW optimized process parameters[30_TD$DIFF].

Parameters Value

Tungsten electrode diameter (mm) 2
Welding [31_TD$DIFF]current (A) 95
Voltage (V) 20
Shielding gas Argon
Gas flow rate (l [32_TD$DIFF]/min) 8
Stand-off distance (mm) 1
Weld torch inclination 08
Welding [33_TD$DIFF]speed (mm/min) 80
Plate thickness (mm) 2
Filler diameter (mm) 2.5
[(Fig._3)TD$FIG]

Fig. 3 – Sample dimensions used for (a) tensile test, (b) impact test (all dimensions are in 'mm').
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the indentswas0.1 mmandall the indentswereplacedata load
of 50 g with a dwell time of 15 s [67_TD$DIFF]for microhardness measure-
ments. Formetallographyanalysis, thespecimenwassubjected
to different grades of silicon abrasive papers, diamond
compounds ([68_TD$DIFF]particle size: 6 mm, 1 mm) and final polishing
was performed with the Nap polishing cloth suspended with a
0.04 mm colloidal silica solution. Macrostructural characteris-
ticsof the specimenwerecapturedbystereomicroscopeundera
low magnification [69_TD$DIFF](10�). For microstructural analysis, the
specimens were etched with 25 g FeCl3[70_TD$DIFF] + 25 ml HCl + 100 ml
H2O solution for the duration of [71_TD$DIFF]10–15 s to observe the
microstructural features using an optical microscopy (MEJI,
Japan; model MIL-7100) integrated with image analyzing
software (Metal Vision). For more detailed microstructural
analysis of the joints, the Field-emission Scanning Electron
microscopy (JEOL, Model: 6500F) was used at different magni-
fications in Secondary and Backscattered electron mode (SEI
and BEI) at an accelerating voltage of 15 kV. For elemental
analysis, EnergyDispersiveX-ray Spectroscopy (EDS) integrated
with the SEM was used to map the elemental composition
distributed in the vicinity of welds. An EBSD (HKL Nordlys
Detector with HKL channel 5 Flamenco software) characteriza-
tion was carried out at an accelerating voltage of 20 kV, Probe
current of 17 nA with a step size of 1 mm to measure the grain
size as well as its relative orientations. All the EBSD scanned
datasets were post-processed by the Tango Map software for
further quantitative analysis such as grain boundary distribu-
tions, grain misorientations and grain size statistics.

3. Results and discussion

3.1. Macrostructure

Fig. 4 shows the sequentially stitched macrographs across the
cross-section revealing various local weld zones of the GTAW
(Cu[1_TD$DIFF]–SS) joint. The GTA welded (Cu [1_TD$DIFF]–SS) joint using ERNiCu-7
filler material produced a complete penetration, uniformweld
bead without any distortion. Additionally, the weld interfaces
are clearly identified and the joint is completely free from
macroscopic defects (cracks, pores) and other volumetric
defects (slag and inclusions).

3.2. Microstructural characterizations

Fig. 5a[72_TD$DIFF]–i shows the optical micrographs captured at various
zones across theweld of the GTAwelded Cu[1_TD$DIFF]–SS joint as located

in the macrostructure. Fig. 5a represents the Cu base metal
which exhibits large equiaxed copper grains with annealing
twins. A significant grain growth with fully grown annealing
twins are observed in the Cu-HAZ compared to the Cu-BM as
shown in Fig. 5b. Although the copper has very high thermal
conductivity, these grain growths were due to the high heat
input and lowwelding speed adopted during theGTAWprocess
[26].Thus theconvectiveflowofheat fromthe fusionzone to the
Cu-BM through the Cu side interface was responsible for the
grain growth in the Cu HAZ. Both Cu (Fig. 5c) and SS weld
interfaces (Fig. 5g) are clearly observed in the optical micro-
graphs. The copper interface has the wavy structure (Fig. 5c) in
contrast to a sharp interface and also it is totally free of any
microscopicdefectssuchasporosityandhotcracking.Although
Cuhas very low solubility in the Fe, the presence of nickel in the
filler material could extend the solubility level and thus the
formation of weld defects was eliminated along the interface
[22]. All the aforementioned microstructural features towards
the Cu have indirectly confirm the complete metallurgical
bonding between the ErNiCu-7 filler material and the Cu-BM.
Fig. 5d[73_TD$DIFF]–f shows the complex composite structure of the fusion
zone where it has the copper matrix reinforced with the steel
globules. It is noteworthy that someheterogeneously nucleated
steel globules were not completely solidified into the dendrites.
Additionally, the fusion zone has the mixture of cellular and
dendritic solidification modes with the solidified distinct sub-
grain boundaries. This is because of the local temperature,
solidificationandcompositiongradientsof the fusionzone.Due
to the constitutional supercooling achieved via dendritic
solidification process, more equiaxed dendrites are randomly
populated in the direction normal to the weld interface and all
the equiaxeddendrites have tree-like featureswith the primary
dendrite arm and branches of the secondary dendrite arms.
These equiaxeddendritic structures havehigh resistance to hot
cracking during the solidification of the weld metal [27].
Although the directional growth of these dendrites is widely
depended on the direction of convective heat flow and thermal
conditions of the solidification process, however the final grain
structure of the weld metal could be affected by the base
material grains [26]. All the microstructural features observed
across the fusion zone indicates the complete penetration of
ErNiCu-7 filler material into the fusion zone and there is no
evidence of any major weld defects. The continuous grain
boundaries from the fusion line towards SS clearlydemonstrate
the behaviour of epitaxial grain growth and this growth is
extended up to a few hundred mm towards the fusion zone as
shown in Fig. 5g. This epitaxial grain growth formation is

[(Fig._4)TD$FIG]

Fig. 4 – Cross-[2_TD$DIFF]sectional Macrostructure of the GTAW (Cu[1_TD$DIFF]–SS) joint showing various weld zones (a) [3_TD$DIFF]base metal (BM)-copper, (b)
HAZ-copper side, (c) [4_TD$DIFF]copper–weld interface, (d)–(f) fusion zone, (g) weld–stainless steel interface, (h) HAZ-stainless steel side, [5_TD$DIFF]
and (i) BM-stainless steel.
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because of the similar chemical compositions and crystal
structures (FCC) of Cu and the filler material as observed
elsewhere [22,26]. The region close to the SS HAZ (Fig. 5g) has d-
ferrites (BCC) within the austenite matrix (FCC) produced from
the allotropic phase transformations of the SS. The region
covered by these dual phases (d-ferrite + austenite) is catego-
rized as unmixed zone (UMZ) where the filler material was not
completely diffused with the base metal [27]. Fig. 5i shows the
complete equiaxed austenite grains with annealing twins. In
contrast to this microstructure, a coarse grain structure is
clearly noted in the HAZ after a few mm distance from the SS
interface (Fig. 5h).

Fig. 6a[74_TD$DIFF]–d shows the high-resolution SEM [7_TD$DIFF]micrographs
captured at the weld interfaces and fusion zone of the GTAW
(Cu[1_TD$DIFF]–SS) joint. The SEM-BSE image (Fig. 6a) shows the composi-
tional differences existing between the Fe globules and copper
matrix, where the higher atomic number ([75_TD$DIFF]ZCu = 29) and lower
atomic number ([75_TD$DIFF]ZFe = 26) elements are represented with the

bright and dark features respectively. From this result, it is
confirmed that Fe globules in the form of dendrites are densely
populatedonthecoppermatrixat the fusionzone.Asobserved in
the optical micrographs, the epitaxial grain growth with delta
ferrites (BCC) are well noticed at the SS interface (Fig. 6b). This is
because, 304stainless steelprimarily solidifyasdelta ferrite (d-Fe)
and then transform to austenite (g-Fe) upon cooling below its
solidification temperature [26]. The solidification behaviour
across the fusion linehas a typical cellular graingrowth, however
due to high solidification rates and very low-temperature
gradients of the fusion zone, the solidification behaviour has
transformed into the mixture of columnar and equiaxed
dendrites. Copper generally dissipates significant amount of
heat away from the fusion zone due to its high thermal
conductivity, therefore this phenomenon has heavily melted
the Fe compared to the Cu and led to extensive supercooling and
promoted the heterogeneous nucleation in the form of Fe
globules on the copper matrix. Moreover, the heterogeneous

[(Fig._5)TD$FIG]

Fig. 5 – Optical micrographs of the GTAW (Cu[1_TD$DIFF]–SS) joint made using ErNiCu-7 filler material ( [6_TD$DIFF]imaged at the magnification 200T,
BF mode).
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nucleation also created the steep concentration gradients and
therefore more Fe nucleation spots with the solidified sub-grain
boundaries areproduced in thecoppermatrixas shown inFig. 6c.
The fusion zonehadmore supercooling effects received from the
ErNiCu-7fillermaterial compared to theweld interface, therefore
some long columnar grains have transformed into the equiaxed
dendrites with primary and secondary dendritic arms (Fig. 6d).
Thesizeandspacingof thesedendrites is totally controlledby the
solidification parameters such as solidificationmodes, tempera-
ture gradients and solidification rates [26]. Furthermore, all the
dendritesarealignednormal tothe fusion lineasshowninFig.6d.
Thus the combined effects received from the constitutional
supercooling as well as the composition and solidification
gradients inthefusionzonehaveproducedthecomplexdendritic
solidification structure across the fusion zone. All the SEM
findings are in good agreementwith the opticalmicrographs and
additionally it demonstrates the perfect bonding achieved
between the BMs (Cu and Fe) and filler material.

3.3. Elemental mapping analysis

Fig. 7 shows the SEM images and its corresponding EDS
elemental maps derived from the zones across the weld

interfaces and fusion zone of the dissimilar joint. The
corresponding qualitative EDS elemental analysis (in atm%)
obtained from these EDS maps are shown in Table 4. In
addition to Fe and Cu as the major elements, the presence of
other elements such as C, O, Cr, Mn, Ni and Zn are also evident
in the fusion zone and weld interfaces. All these elements are
found as the minor alloying elements for both stainless steel
and copper BM. As confirmed elsewhere [12,22], the presence
of thermodynamically stable intermetallic phases is not
evident in the fusion zone (as shown in Fig. 7b). Although
the GTAW process has always been performed in an inert gas
atmosphere to avoid the oxidation process, however the
oxidation cannot be completely avoided if there is any highly
reactive external environmental conditions [22]. Additionally,
the oxygen ( [76_TD$DIFF]Z = 8) generally has very low resistance to
penetrate into the grain boundary of the steel/copper and
therefore the diffusivity of this element is very high. Thus, the
presence of oxygen was noticed in the weld interfaces and
fusion zone. From Fig. 7a, it is inferred that SS[77_TD$DIFF]–weld interface
has a significant amount of Fe (49.79 atm%) with small
quantity of Cu (20.92 atm%). This shows that Cu elements
not completely diffused towards the SS during the solidifica-
tion process due to the high thermal conductivity of the Cu.

[(Fig._6)TD$FIG]

Fig. 6 – SEM micrographs across the fusion zone of the GTAW (Cu[1_TD$DIFF]–SS) joint.
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The presence of high chromium content (12.67 atm%) in the SS
interface represents the high corrosion resistance capability of
the stainless steel. EDS mapping in the fusion zone demon-
strates (Fig. 7b) the rich mixture of Cu (45.4 atm%) and Fe
(27.41 atm%), where all the columnar dendrites aremapped as
Fe and the fusion matrix is clearly mapped as copper.
Furthermore, the fusion zone has significant amount of nickel
(12.20 atm%) composition obtained from the diffusion of filler
material during the welding process. This higher proportion of
nickel in the fusion zone could extend the solubility of Cu in Fe
and therefore it can avoids the microsegregation of Fe and Cu
as found elsewhere [12]. From thismap, it is also observed that

all the columnar dendrites are clearly embedded in the Cu
matrix and also the BMs have diffused well with the filler
material without any microscopic defects.

Although the fusion zone has the richmixture of Fe and Cu,
the proportion of Cu distribution is significantly higher than
the Fe. This is because of the Cu diffused from the filler
material in addition to the Cu-BM has made the fusion zone
enrichedwithmore Cu than the Fe. Fig. 7c shows the EDSmaps
from the region between the fusion zone and Cu [78_TD$DIFF]–weld
interface, where the Fe migration towards Cu is clearly
evident. It is noteworthy that a sharp fluctuation in elemental
distribution of Fe and Cu is observed at the partially melted

[(Fig._7)TD$FIG]

Fig. 7 – SEM-EDS [7_TD$DIFF]micrographs at different zones of the GTAW (Cu[8_TD$DIFF]–SS) joint (a) SS–weld interface, (b) fusion zone, and (c) Cu–
weld interface.

Table 4 – SEM-EDS [134_TD$DIFF]element analysis (in atm[135_TD$DIFF]%).

Region O Ka Cr Ka Mn Ka Fe Ka Ni Ka Cu Ka Zn Ka

SS/ [35_TD$DIFF]weld interface 5.88 12.67 1.06 49.79 9.68 20.92 [36_TD$DIFF]–

Fusion zone 6.74 7.36 0.89 27.41 12.20 45.4 [37_TD$DIFF]–

Cu/weld interface 5.66 1.08 1.27 9.09 8.43 69.4 5.07
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zone (close to the Cu [78_TD$DIFF]–weld interface) due to the local
composition and temperature gradients activated by the
constitutional liquation mechanism. All these EDS maps
captured at the weld interfaces confirmed a perfect bonding
between the BMs (Cu and Fe) and filler material. Hence all the
aforementioned findings from the SEM-EDS maps clearly
proves the heterogeneous compositions of the fusion zone and
compositemixtures (Fe and Cu) at the Cu [78_TD$DIFF]–weld interface of the
joint.

3.4. EBSD microstructural analysis

EBSD Image quality (IQ) map, IQ map with Low angle grain
boundaries (LABs) and High angle grain boundaries (HABs) and
Inverse pole figure (IPF) of the GTAW (Cu[1_TD$DIFF]–SS) weld zones are
shown in Fig. 8. As both the Cu-BM and weld metal have more
homogeneous material compositions, the transition of micro-
structure from the weld metal to the Cu [78_TD$DIFF]–weld interface is
apparently more gradual compared to SS [39_TD$DIFF]–weld interface.

Therefore in this investigation, the Cu[79_TD$DIFF]–weld interface region
was not considered for the EBSD analysis. To calculate the
proportion of HABs and LABs from the EBSD scanned datasets,
a cut-off angle of 28 was applied to eliminate spurious grain
boundaries and to minimize the grain orientation noise in the
misorientation distributions. From the statistics data obtained
from the grain maps, a general misorientation criterion was
applied to differentiate the (LABs) from the (HABs). All grains
with a misorientation angle in the range of [80_TD$DIFF](28–158) were
mapped as the (LABs) and the remaining grains (>158) were
mapped as the (HABs). Inverse pole figure (IPF) orientation
components of the EBSD maps represent the direction of the
grain orientations such as [81_TD$DIFF]h1 0 0i, h1 1 0i, h1 1 1i with respect
to the plane normal of the weld zones are also shown along
with the IQ map (Fig. 8). Fig. 8a shows the equiaxed copper
grains with annealing twins exhibited by the copper base
material. From Fig. 8d, it is clearly noticed [82_TD$DIFF]that the Cu-HAZ has
large size grains compared to the Cu-BM. Fig. 8g reveals the
austenitic grains of the stainless steel base material. The SS

[(Fig._8)TD$FIG]

Fig. 8 – (a) EBSD image quality (IQ) map[9_TD$DIFF], (b) IQ map with LABs and HABs[10_TD$DIFF], (c) IPF of the Cu-BM, (d) IQ map, (e) IQ map with LABs
and HABs[11_TD$DIFF], (f) IPF of the Cu HAZ[12_TD$DIFF], (g) IQ map, (h) IQ map with LABs and HABs[13_TD$DIFF], and (i) IPF of the SS-BM.
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HAZ (Fig. 9b) has significant quantity of coarse grains
compared to its BM.

As the base materials (Cu and SS) were remote from the
fusion zone, many Cu and SS base material grains have more
random grain orientations. All these base materials (Cu and
SS) and its correspondingHAZ grain characteristics derived via
EBSD are consistent with their optical micrographs. Fig. 9
shows the EBSD IQ and IPF map of the region (SS[77_TD$DIFF]–weld
interface) as located in the SEMmicrograph (Fig. 9a). From this,
it is evident that all the SS grains located very close to the
fusion line had abnormal grain growth with the average grain
size of 16.6% higher than the grains located in the HAZ. Fig. 10
shows the EBSD IQ and IPFmap of the fusion zone as located in
the SEMmicrograph (Fig. 10a). The fusion zonehas themixture
of coarse grains (Cu) with amajor scale of equiaxed fine grains
(SS). From the SEM-EDS maps (Fig. 7a,b), these equiaxed fine
grains are already determined as SS globules nucleated
through the dendritic solidification process. Although the
fusion zone had significant amount of heat during the welding
process, the majority of the weld heat was dissipated via filler
metal (ERNiCu-7) and Cu-BM due to their high thermal
conductivity. Thus from the EBSD micrographs of the fusion
zone, it is clearly inferred that due to insufficient heat, more
quantity of steel globules embedded in the copper matrix
solidified into an equiaxed fine grains without forming a
dendrites.

Grain misorientation angle distributions of the GTAW (Cu[1_TD$DIFF]–
SS) weld zones are also mapped in Fig. 8. Generally, LAGBs
generated between a large size grain and its corresponding
interior grain (or sub-grains), but the formation of HAGBs are
usually between the two-grain boundaries [29,30]. Both Cu and

SS base materials have 63.24% and 74.12% of HABs respective-
ly. The LABs and HABs proportions of the SS HAZ is almost
equivalent to the SS-BM. However due to more absorption of
heat in the Cu-HAZ, in addition to large Cu grains generated
from the heat source, this zone also has the significant
branches of sub-grains as shown in Fig. 8e. Because of the
microstructure turbulence caused by these sub-grains, the
LABs (75.51%) and HABs (24.48%) counts of this zone are
converse to its BM. Fig. 11 shows the grain size distribution
around various zones of the GTAW (Cu[1_TD$DIFF]–SS) weld and the grain
size statistics is shown in Table 5. The copper base material
has a wide range of grain sizes with an average grain size of
38.47 � 5.48 mm and the stainless steel base material has the
average grain size of 31.17 � 6.03 mm.Average grain size of the
Cu and SS HAZs were evaluated as 42.99 � 4.71 mm and
39.20 � 5.07 mm respectively. The weld fusion zone has the
average grain size of 13.72 � 7.47 mm. This more scatter in the
grain size is due to the dense population of fine SS globules on
the coarse copper matrix. As confirmed in the EBSD micro-
graphs, among all the weld zones, the SS[77_TD$DIFF]–weld interface zone
has the highest average grain size of 52.98 � 3.92 mm.
Although the fusion zone had significant amount of heat
during the welding process, themajority of the heat input was
dissipated via high thermal conductivity copper grains densely
populated in this zone. Hence, high cooling rate received from
the copper has significantly controlled the grain growth in
fusion zone ([83_TD$DIFF]average grain size: 13.72 � 7.47) and led to
formation of dendritic solidification as shown in Fig. 10a.
However, the solidification mode observed along the SS
interface is widely varying in compared to the fusion zone.
Due to the absence of copper in the SS interface, the cooling

[(Fig._9)TD$FIG]

Fig. 9 – (a) SEM [14_TD$DIFF]micrograph, [TD$INLINE] -ROI for EBSD, (b) IQ map, (c) IQ map with LABs and HABs, (d) IPF of the SS[132_TD$DIFF]–weld interface.
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rate during weld solidification was significantly reduced and
led to formation of planar solidification with much coarser
grains ( [83_TD$DIFF]average grain size: 52.98 � 3.92) as shown in Fig. 9a.

3.5. Effect of Cu supercooling on the GTAW (Cu [1_TD$DIFF]–SS) weld
solidification modes

The solidification mode evolving during fusion welding pro-
cesses is generally depended on three key solidification

parameters such as temperature gradient ([84_TD$DIFF]G), solidification rate
([85_TD$DIFF]R) and constitutional supercooling. The ratio ([86_TD$DIFF]G/R) can predicts
the condition required for various solidification modes such as
planar, cellular, columnar dendritic and equiaxed dendritic
solidifications. The theory behind the ratio ([86_TD$DIFF]G/R) and constitu-
tional supercooling for these solidification modes has been
described elsewhere [26,27]. However, it is quite complicated to
understand the theorybehind the solidificationmodes involved
ina typicaldissimilarwelded jointsbetweentheCuandSSusing

[(Fig._10)TD$FIG]

Fig. 10 – (a) SEM [14_TD$DIFF]micrograph with ROI used for EBSD, (b) IQ map, (c) IQ map with LABs and HABs, [16_TD$DIFF]and (d) IPF of the fusion zone.

[(Fig._11)TD$FIG]

Fig. 11 – Grain size statistics of the local weld zones of the GTAW (Cu [133_TD$DIFF]–SS) joint.
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the concept of ([86_TD$DIFF]G/R) ratio. This is because, the [87_TD$DIFF]G and R
parameters is depended on the properties of both Cu and SS.
As theCuhasveryhigh thermalconductivity incomparedto the
SS, therefore Cu can dissipate significant amount of heat away
from the fusion zone and it will led to constitutional super-
cooling effects. Hence, the solidification modes involved in the
GTAW (Cu[1_TD$DIFF]–SS) weld could be better understood through the
constitutional supercooling theory in compared to evaluating
the ([86_TD$DIFF]G/R) ratio between the dissimilar metals.

Fig. 12 shows the spatial locations (1, 2, 3, and 4) of various
solidification modes in the (Cu[1_TD$DIFF]–SS) weld as determined through
the optical and SEMmicrographs. It is noteworthy that, the scale
of constitutional supercooling is apparently increasing towards
Cu due to its high thermal conductivity. The varying effects of
constitutional supercooling on the solidification modes is
demonstrated in Fig. 12. From this figure, it can be inferred that
averyhighandlowcoolingrateswould leadtoequiaxeddendritic
(4) andplanar solidification (1)modes respectively. The transition
from the equiaxed dendritic (4) to columnar dendritic (3)
solidification mode is noted in the region away from the [88_TD$DIFF]centre

line of the fusion zone. All the dendrites produced via columnar
dendritic solidification mode are fully grown in compared to the
fine equiaxed dendrites due to less cooling rate involved at the
time of solidification. As the SS[77_TD$DIFF]–weld interface is located further
away from the fusion zone and Cu BM, apparently it has less
supercooling effects from the Cu and it led to cellular solidifica-
tion (2). All the above findings are exactly aligned with the
constitutional supercooling theory as explained in [26]. The
varying solidification rates between the dissimilar materials (Cu
and SS) as well as constitutional supercooling effects received
from the Cu are responsible for the range of solidificationmodes
in the GTAW (Cu[1_TD$DIFF]–SS) weld. Hence, the different solidification
modeshave led to the evolution ofmicrostructural gradients and
local property variations in the dissimilar weld.

3.6. Tensile [89_TD$DIFF]properties and local strain evaluations of the
GTAW (Cu [1_TD$DIFF]–SS) joint

To evaluate the transverse tensile properties of the GTAW
welds, three sub-size tensile specimensof standarddimensions

Table 5 – Average grain size and the proportion of grain boundaries across various zones of the GTAW (Cu[38_TD$DIFF]–SS) weld.

Region Average grain size (mm) Proportion of HAGBs (%) Proportion of LAGBs (%)

Cu-BM 38.47 � 5.48 36.75 63.24
Cu-HAZ 42.99 � 4.71 75.51 24.48
SS-BM 31.17 � 6.03 25.87 74.12
SS-HAZ 39.20 � 5.07 25.15 74.84
SS [39_TD$DIFF]–weld interface 52.98 � 3.92 53.57 46.42
Fusion [40_TD$DIFF]zone 13.72 � 7.47 11.36 88.63

[(Fig._12)TD$FIG]

Fig. 12 – (a) Location of various solidification modes in the GTAW (Cu [18_TD$DIFF]–SS) weld, (b) increasing constitutional supercooling [19_TD$DIFF]vs
solidification modes.
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were tested to failure and it is noticed that all the specimens
have fractured in the Cu-HAZ. This clearly indicates the good
compatibility between the filler material, process parameters
and the dissimilar metals. Thus the sound mechanical
behaviour was derived in all the traverse tensile specimens.
The failure in the Cu-HAZ was apparently due to its coarse
grains and also the lower hardness compared to the Cu-BM.
Fig. 13 shows the progressive 2D-DIC strain maps derived from
the typical GTAW (Cu[1_TD$DIFF]–SS) joint. From these maps, it is clearly
observed that initially the strain gradient in the BMs is very low
and that themajority of the strain is partitioned to the Cu-HAZ
and weld metal. However, as the specimen entered into the
plastic deformation, the Cu-HAZ accumulates a larger quantity
of strain and strain localization is evidenced. This proved that
the Cu-HAZ is the weakest zone among all local weld zones of
the GTAW (Cu[1_TD$DIFF]–SS) joint. In addition to that, the weld metal get
strainedwithin [90_TD$DIFF]5%as thestrainwas localizedat theCu-HAZand
this trendcontinuesuntil thespecimenget fractured.Therefore,
this event clearly demonstrates the sound mechanical behav-
iour of theweldmetal compared to the Cu-BMdue to the fineSS

grains occupied in the fusion zone as observed in the EBSD
micrographs. In compared to the Cu-BM, the scale of deforma-
tion achieved by the SS-BM is much lower due to its higher
strength characteristics. These strain maps were correlated
with the sequentially stitched optical micrographs in the same
spatial coordinates. Hence the local weld zones (Cu-BM, Cu-
HAZ, SS-HAZ and weld metal) were identified and the
corresponding local DIC strains were exactly derived from
these zones.

To construct the local stress[21_TD$DIFF]–strain curves, an uniform
stress condition was applied to calculate the stresses and
these stresses are mapped with the local DIC strains as shown
in Fig. 14. This figure shows both DIC and conventional tensile
tests derived engineering stress[21_TD$DIFF]–strain curves obtained from
the local weld zones such as [91_TD$DIFF]base metal (BM), heat affected
zone (HAZ) of Cu and SS as well as the fusion zone (weld
metal). In order to validate the DIC results, the longitudinal
tensile specimenmachined along the fusion zone (as shown in
Fig. 2b) was tested to evaluate the tensile properties of theweld
metal. It is clearly inferred that the stress[21_TD$DIFF]–strain curves

[(Fig._13)TD$FIG]

Fig. 13 – Sequential [20_TD$DIFF]strain maps obtained through 2D-DIC.

[(Fig._14)TD$FIG]

Fig. 14 – Engineering stress[21_TD$DIFF]–strain curves of the GTAW (Cu[1_TD$DIFF]–SS) joint.
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derived via DIC and conventional uniaxial tensile test of the
weld metal are corroborating with each other. In addition to
that, the local mechanical behaviour of the weld metal is
closely approaching the Cu-BM. The tensile strength achieved
by the weldmetal (longitudinal) is determined as 328 MPa and

it is found as [92_TD$DIFF]14.6% higher than the Cu-BM. It is noteworthy
that fracture strain of the fusion zone is slightly less than the
both base materials and their HAZs. This is because of the
compositional gradients as observed in the EDS micrographs.
The tensile strength achieved by the Cu-HAZ is 270 MPa and it

Table 6 – Tensile properties of the base metals and welded joints[41_TD$DIFF].

Material Yield strength (MPa) Ultimate tensile strength (MPa) % Elongation Fracture strain

Cu 142 � 6 280 � 8 31.33 0.46 � 0.05
SS 462 � 9 630 � 12 25.12 0.32 � 0.05
Cu [42_TD$DIFF]–SS joints (failure in Cu-HAZ) 181 � 10 258 � 14 10.65 0.30 � 0.02
Cu [43_TD$DIFF]–all weld metal (longitudinal) 210 � 5 328 � 12 9.85 0.27 � 0.02

[(Fig._15)TD$FIG]

Fig. 15 – (a) [TD$INLINE] ROI for hardness mapping, (b) optical micrographs showing microhardness indents[22_TD$DIFF], and (c) microhardness
contour map along the cross-section of the weld.
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is 3.57% lower than the Cu-BM. Thus all the tensile tested
(transverse) specimens were fractured in the Cu-HAZ and the
joint efficiency is calculated as 92.1%.

Fromthe tensile properties displayed inTable. 6, theaverage
UTS and % elongation achieved by the welded joint is 258 � 14
MPa and [93_TD$DIFF]10.65% respectively. The maximum tensile strength
achieved in this study is almost aligned with the key
investigations performed in the GTAW (Cu[1_TD$DIFF]–SS) joints [20,21].
TheUTSand elongation%achievedby thewelded joint is found
to be [94_TD$DIFF]95.55% and 33.99% of the Cu base material. The low %
elongation isbelieveddue to theminor interiordefects (porosity
or cracks) in the welded joint and therefore the defects can
develop significantly during the tensile test which led to
premature failure.Althoughthewelded jointhas comparatively
less elongation % than the Cu base material, other tensile
properties ([95_TD$DIFF]tensile strength, fracture strain) achieved by the
welded joint are closely associated with the Cu base material.

3.7. Microhardness mapping

To accurately map the microhardness distribution, a suitable
area for placing the indents was identified as shown in Fig. 15a
and indents were positioned in a grid spacing of 0.1 mm
intervals as shown in Fig. 15b. The hardness value of these
indents were individually measured and the microhardness
contour map (Fig. 15c) was generated from the measured
hardness values around the area that covered all the localweld
zones. The hardness distributions are found to be more
homogeneous in the base materials with an average hardness
of 196.47 � 8.6 HV and 80.51 � 2.58 HV for stainless steel and
copper respectively. A high standard deviation in the SS-BM is
due to presence of d-Ferrite in the austenite matrix as
confirmed in the optical micrographs. The hardness achieved
by the indents exclusively positioned on the delta ferrite phase
is varying from 184.6 HV to 208.9 HV. It is noteworthy that, the
highest hardness (208.9 HV) is recorded in the delta ferrite
region as the ferrite phase is generally harder than the

austenite (g-Fe) due to its high chromium content (Ferrite
stabilizer). This same trend was also observed by [96_TD$DIFF]Mortazavi
et al. [31]. A dip in the hardness values is observed both in the
SS and Cu HAZs as these zones were affected by the heat. The
fusion zone has a sharp fluctuation in the hardness values [97_TD$DIFF]

(111.5–148.5 HV) with the average hardness value of
129.28 � 19.22 HV. This is because of the significant presence
of columnar dendrites (Fe) within the copper matrix (Cu). The
high hardness gradients of the fusion zone is also interlinked
with the local compositional and temperature gradients
achieved during the weld solidification as mentioned else-
where [10–12]. Thus the fusion zone has less hardness
compared to the SS-BM. The hardness transition from the
fusion zone to SS[77_TD$DIFF]–weld interface ismore gradual, however due
to much coarse Cu grains, the hardness depletion region is
clearly noticed for a few hundred microns along the Cu[78_TD$DIFF]–weld
interface (Fig. 15b). All these findings are in line with the
metallurgical findings obtained from the SEM and SEM-EDS.

3.8. Impact [23_TD$DIFF]toughness

Impact specimens with V-Notch at the weld centre and also at
the Cu-HAZ have subjected to Charpy impact toughness test at
room temperature and the average recorded values of these
specimens are shown in Fig. 16. From this figure, it is inferred
that the weld joint is tougher than the weaker base metal (i.e.,
Cu). This is because, the GTAW (Cu[1_TD$DIFF]–SS) joint has achieved a
superior impact properties received from both dissimilar
materials (CuandSS)comparedtotheCu-BM. Impact toughness
specimens with the notch located at the weld centre have
absorbed [98_TD$DIFF]21.62% higher energy compared to Cu-BM. However,
the specimen which has the notch at the Cu-HAZ has
experienced lower impact toughness compared to the notch
at theweldcentre. It isnoted thatall the impact specimenswere
fractured in the region very close to the Cu-HAZ. All the
aforementioned findings confirm the high impact toughness
characteristics of the weld metal compared to the Cu-HAZ.

[(Fig._16)TD$FIG]

Fig. 16 – Impact [23_TD$DIFF]toughness of the base materials and GTAW (Cu [24_TD$DIFF]–SS) joint.
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4. Conclusions

The effect of GTA welding process on the Cu [1_TD$DIFF]–SS joints using
ERNiCu-7 filler material was investigated through the detailed
insight into the material characterizations of the GTAW (Cu[1_TD$DIFF]–
SS) welds. The vital conclusions derived from this investiga-
tion are as follows:

� The GTA welded (Cu[1_TD$DIFF]–SS) joint using ERNiCu-7 filler material
with the optimized process parameters produced a sound
dissimilar material joints without any major weld defects in
the fusion zone and also in theweld interfaces. All the optical
and SEM micrographs agree these findings. Therefore,
ERNiCu-7 filler material could be preferred as an appropriate
filler material for joining the copper to stainless steel.

� Weld metal has rich mixture of columnar and equiaxed
dendrites. Additionally, the centre of the fusion zone
exhibits the hybrid microstructure containing significant
amount of fine steel globules randomly distributed on the
copper matrix. Epitaxial grain growth with delta ferrites
(BCC) are evidenced along the SS interface.

� Energy Dispersive Spectroscopy (EDS) performed under SEM-
BSEmodeclearly revealed the compositional gradientsacross
theweld in compared to the SEM-SEI. Electron Back Scattered
Diffraction (EBSD) results confirmed the distribution of dense
fine grains in the fusion zone resulted from the dendritic
solidification and coarse grains along the SS-interface.

� From the 2D-DIC analysis, the local stress[21_TD$DIFF]–strain curves of
the weld metal and HAZs are derived. The stress[21_TD$DIFF]–strain
curve of the weld metal is very close to Cu-BM and the weld
metal has achieved the tensile strength equivalent to the
Cu-BM. Major DIC findings are aligned with the results
derived from the conventional uniaxial tensile tests per-
formed on the transverse and longitudinal tensile speci-
mens. All the tensile specimens were fractured in the Cu-
HAZ due to its low hardness and very coarse copper grains.

� Microhardness gradients are observed across the fusion
zone due to the heterogeneous distribution of Cu and SS
grains. Even though the fusion zone had more fine SS
globules, the average microhardness achieved by the fusion
zone is considerably lower than the SS-BM. The lowest
hardness was found in the Cu-HAZ.

� Hence, the GTAweldedC21000 to Cu-304 stainless steel joint
manufactured with ErNiCu-7 filler material has the ability to
serve the applications elsewhere with sound properties
wherever both high thermal conductivity and corrosion
resistance are required.
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