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Abstract

Tungsten inert gas welding of 316 stainless steel and 99.9% pure copper using nickel as filler metal was performed. The 

optimized process parameters adapted for the welding process are described. The microstructural studies revealed a com-

plex heterogeneous fusion zone microstructures characterized both by rapid cooling and poor mixing of the materials which 

contain main elements which are mutually insoluble. Also, the welded specimen did not expose any defects such as porosity 

and cracks; however, some copper diffusion through the grain boundaries of steel was observed at the steel and fusion zone 

interface. The microhardness shows homogeneous values at the weld root and a higher hardness with more inhomogeneity 

at the weld face. The tensile strength of the weld sample was measured to be 143.7 MPa.

Keywords TIG welding · Copper · 316 stainless steel · Dissimilar joint · SEM

Introduction

The consolidation of the diversified properties of dissimilar 

materials has significant dominance over the performance-

based materials in modern industrial sectors. Welding of 

dissimilar metals pursues various advantages for combin-

ing and obtaining the constructive properties of two differ-

ent metals or alloys. As being capable of obtaining material 

with multiple metallurgical and mechanical properties, the 

dissimilar metal joining processes have acquired consider-

able attention during the recent years [1, 2]. However, the 

various researches in this field reveal that the welding of 

dissimilar metals is challenging. This is mainly associated 

with the mutual solubility among the material to be welded 

[3]. Moreover, during fusion welding, the filler metal used 

should be soluble in each of the base metal to be welded. 

The thermal expansion coefficients of base metal need to be 

compatible to avoid thermal fatigue. Hence, it is challenging 

to join the metal and alloys with diverse melting points and 

thermal conductivities [4, 5]. Despite of this, many joining 

processes were developed, such as electron beam welding 

(EBW) [6], Magnetic pulse welding (MPW) [7], laser beam 

welding (LBM) [8], diffusion bonding, explosive cladding 

(EC) [9], friction welding (FW) [10], roll bonding (RB) [11], 

tungsten inert gas welding (TIG), and shielded metal arc 

welding (SMAW).

Stainless steel is a very important engineering material 

with essential structural need. Combining stainless steel 

with copper serves many purposes in industrial and struc-

tural applications. Copper has many attractive properties 

including considerable deformability, high thermal and elec-

trical conductivity, and machinability. However, the applica-

tions of copper-alloys were constrained due to its high cost 

and higher specific weight. Hence, the partial reinstatement 

of copper alloy components by ferrous alloys would be an 

advantageous way. Among all the above-mentioned welding 

processes, tungsten inert gas welding (TIG) is one of the 

popular and economical techniques used for the joining of a 

wide variety of metals and alloys. The technique uses the arc 

produced at the non-consumable tungsten electrode and the 

workpiece junction for coalescing the metals. To shield the 

electrode and molten pool from the contaminant atmosphere, 

an inert gas is been made to flow over the weld zone. This 
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technique can achieve a high-quality weldment for stainless 

steel and many nonferrous alloys [12, 13]. A considerable 

difference in the melting points as well as thermal conduc-

tivities of Cu and steel alloy makes the welding of this com-

bination very difficult possible. One of the two major prob-

lems associated with SS-316 and copper welding is that the 

copper side always persists a coarse grain structure. Another 

problem is hot cracking in the heat-affected zone of steel, 

since copper diffuses through the grain boundary of steel 

[14]. Many efforts were made to investigate the feasibility 

of welding of steel and copper [15–19]. Magnabosco et al. 

[18] investigated the fusion zone of copper–stainless steel 

weldment produced by electron beam welding (EBW) and 

concluded that the rapid cooling rate and improper mix-

ing of coalescence during welding caused heterogeneous 

microstructure. Zhang et al. [16] have successfully welded 

the stainless steel and copper by the EBW technique, using 

copper wire as filler metal. The study revealed that the 

microstructure was mainly composed of a dendritic phase 

(α) with a randomly dispersed globular (δ) phase. However, 

precise focusing of the beam at the joint line is very difficult 

under deviating electromagnetic environment. The study of 

microstructure and properties of friction stir welded Cu-SS 

joint by Joshi et al. [15] shows a microstructure resembling 

metal matrix composite with copper as a matrix consist-

ing of randomly dispersed steel particles. It is reported that 

the extreme recrystallization at the copper side and severe 

defects during welding at the weld zone are some major 

limitations causing degradation of joint properties. The same 

authors investigated the effect of gas tungsten arc welding 

(GTAW) current on the SS-Cu dissimilar joint formation 

and reported that better joint properties with 79% of joint 

efficiency were obtained at 15A GTAW current [20]. Velu 

and Bhat [21] investigated the major effect of bronze and 

nickel filler wires on mechanical and metallurgical prop-

erties of steel-copper joints and concluded that the use of 

nickel-base alloy as the filler material is most suitable for 

the process. Very limited works were reported on TIG weld-

ing of stainless steel and copper. The majority of published 

researches focused on finding suitable filler metal. Thus, the 

authors found it worthwhile to investigate the feasibility of 

TIG welding to join copper and 316 stainless steel and shed 

some insights on the weld properties of the obtained joint. 

In the current study, welding is carried out using nickel as 

filler material based on certain definite parameters.

Experimental Procedure

Commercial purity copper and 316 stainless steel plates 

of dimension 150 × 100 × 5 mm are selected as base met-

als. The chemical compositions of both the materials are 

tabulated in Table 1. Before welding, the base metal plates 

were cleaned mechanically and chemically using brush 

and acetone, respectively. Figure 1 illustrates the sche-

matic of the joint configuration used for SS-316 and cop-

per plates. Tungsten inert gas (TIG) welding is performed 

at constant current supply, using a 2.4 mm diameter nickel 

filler rod. Table 2 provides optimized welding parameters 

incorporated in the present work. Homogeneous heat input 

is provided across both the base metals, in a selected sin-

gle bevel joint configuration. 45° of bevel geometry are 

Table 1  Elemental composition 

of SS-316 and CP copper
Elements in wt.%

C Ni Cr Si Mn S Mo Fe Cu

SS-316 0.08 9.2 18.5 0.45 1.65 0.003 2.7 66.95 0.45

CP Cu – 0.002 – – – 0.002 – 0.095 99.9

ER NiCr-3 wire 0.1 67 22 0.5 2.5 .015 – – 0.5

Fig. 1  (a) Schematic dimension of weld plates and (b) plates after TIG welding
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provided at the copper side to compensate heat loss across 

the butt line. The copper plate is preheated to 500 °C, as it 

conducts heat from the weld joint to the surrounding at a 

faster rate in comparison with the SS-316 [22]. Multi-pass 

welding is performed, in which the first pass was through 

the face and the second at the root for compensating lack 

of penetration.

By using a wire cut electric discharge machine, the 

weldment was sliced to prepare metallographic and tensile 

test samples. Five millimeter thick samples with a cross 

section of 40 mm × 10 mm were cut for optical microscopic 

studies. The samples are initially subjected to mechanical 

polishing by 240, 400, 600, 800, 1000, and 1200 grit size 

emery papers, respectively, followed by final disk pol-

ishing. During disk polishing alumina abrasive particle 

suspended in water and Kemet diamond compound paste 

are used to remove the metal uniformly from the surface 

and to obtain mirror finish. To reveal the microstructure, 

weldment was chemically etched carefully at the butting 

line; which consists of various zones like heat-affected 

zone, fusion zone, and parent metal. HCl (25 ml) + FeCl3 

(5gm) + H2O (100 ml) etchant solution was used at copper 

side, whereas 5% nital at the stainless steel side. Two-step 

etching treatment is carried out in the present study. Ini-

tially, the SS-316 is etched with a 5% nital solution. While 

etching the copper side, the SS-316 portion is carefully 

covered with water-resistant plaster as the ferric chloride 

content of copper etchant affect the stainless steel sur-

face. The microstructure of various weld zones is observed 

using an optical microscope (OLYMPUS SZX12) at 100, 

200, and 500 magnifications. Furthermore, the intermixing 

phenomenon was analyzed using scanning electron micro-

scope (SEM at 2 k magnification) and energy-dispersive 

X-ray spectroscopy (EDX).

The tensile test specimens of rectangular cross section 

(transverse tensile specimens) are cut according to the 

ASTM standard E8/ E8M-09. The gauge length and cross 

section are 200 mm and 30 mm × 5 mm, respectively. The 

test is performed using 40-ton capacity universal testing 

machine at ambient temperature with a constant strain 

rate of 2 mm/min. To perform Nick Break Test, a trans-

verse specimen of 28 mm × 5 mm is cut and notched across 

the weld bead. The angle and depth of the notch were 45° 

and 6.35 mm, respectively. The two ends of the samples 

are placed on steel supports and using a heavy hammer the 

specimen was stroked over the transverse section to break. 

The specimen after the breaking is depicted in Fig. 2b expos-

ing the broken surface. Vickers microhardness is measured 

across the weld bead of the joint. Two sets of readings were 

taken one at the weld face and another at weld root. The 

microhardness test was performed by applying 300 gf load 

for 10 s dwell time on Matsuzawa MMT-X Vickers hard-

ness tester.

Results and Discussion

Microstructure

The current study emphasizes that TIG welding can be a 

popular technique to weld SS-316 and copper using nickel 

wire as a filler material by adjusting the process param-

eters as provided in Table 2. The broken section of the 

weldment as a result of the Nick break test as shown in 

Fig. 2b confirms by visual inspection that there was no 

evidence of macroscopic cracks at the joint. The micro-

structural evolution upon joining of dissimilar metals 

along with the filler material accomplishes a complex 

phenomenon. Generally, it builds and promotes a hetero-

geneous structure at the fusion zone, during the solidifica-

tion of the molten pool. A vast discrepancy in the thermal 

conductivities of base metals leads to a disparate cooling 

rate across the weld interface. Hence, in the present study, 

complex microstructural development was observed at the 

Table 2  The welding 

parameters
Parameters Value

Welding gas Argon

Welding current 180A

Voltage 17.2 V

Gas flow 7 L/min

Nozzle diameter 5 mm

Welding passes 2

Plate thickness 5 mm

Filler rod diameter 2.4 mm

Fig. 2  (a) Sample prepared for 

microstructural study, and b) 

Nick break test samples

Author's personal copy
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weld interface. The optical microscopic image depicted 

in Fig. 3 shows an acicular morphology of phase, which 

tends to grow in the perpendicular direction to the weld 

junction toward the steel. The SEM image (Fig. 4a) shows, 

a clear SS/weld interface and the heat-affected zone (HAZ) 

of steel. Also, a large number of lumps of weld metal in 

fine coronal shaped particles appear at the fusion zone 

(FZ) and copper interface, (Fig. 5). The dark globular 

phase (rich in Fe) is found to be embedded depressively 

in the light zone (rich in Cu), which is in agreement with 

the previous study conducted by Shiri et al. [22] Further 

analysis in conjunction with the Fe-Cu phase diagram 

[23] describes that it is very difficult to form any com-

pound at the fusion zone. Even though Fe has limited solid 

solubility, i.e., 11.5% Cu in Fe and 3.5% Fe in Cu, it is 

expected that some precipitated carbides may be latched 

on the Cu and SS-316 coalescence. Energy-dispersive 

X-ray analysis (EDAX) conducted at the weld interface, 

shown in Fig. 4b, reveals the presence of carbides. The 

presence of chromium and carbon along with Fe and Cu 

confirms carbide (chromium carbide) precipitation at the 

fusion zone. Presumably, some portion of HAZ comprises 

of solute liquation bands as well as diffusion of SS base 

metal and Ni filler metal, as shown in Fig. 6. The low ther-

mal diffusivity of SS-316 retains heat across the interface 

which must have promoted chromium carbide dissolution 

from the grain boundaries, resulting in a reduction in the 

amount of chromium and carbon in the base metal. Joshi 

et al. [15] shown that the increase in heat input imparts 

ample effect on the solute bands. Moreover, the liquation 

of the solute band is a function of temperature gradient and 

solute segregation at the vicinity of the weld interface. The 

optical micrograph (Fig. 6) reveals the grain coarsening 

at copper HAZ. The grain coarsening is due to the high 

thermal conductivity of Cu in comparison with SS-316. 

The higher thermal conductivity of copper may have also 

restricted the diffusion of filler metal and SS base into the 

Cu, and similar results were reported in [24].

The primary epitaxial columnar grain growth followed 

by secondary dendrites is seen near the interface, shown in 

(Fig. 7). Furthermore, the cellular structure and the trans-

formed equiaxed columnar dendrites were also observed 

near the weld face region. The development of coarse-

grained microstructures toward the center of the face was 

due to multi-pass welding. On the other hand, the weld face 

mid-section revealed cellular structure due to the high heat 

concentration [25]. Figure 8a, b depicts the Fe-rich phase 

diffused in the Cu-rich zone. The investigation on Cu-Fe 

super cooled liquids by Munitz et al. [26] revealed that the 

sphere-shaped Fe-rich phase originates when the liquid has 

a lower content of Cu (< 50%). The liquation grain bounda-

ries observed in SEM (Fig. 8b) suggest partial melting at 

the HAZ. This may be due to the multi-pass (two steps) 

welding. It is found that the presence of high Ni content is 

susceptible to creating liquation boundaries when subjected 

to more number of heating and cooling cycles [27].

Fig. 3  Acicular type grains at steel fusion zone

Fig. 4  (a) SEM image showing weld interface and HAZ of SS. (b) EDAX result taken for the same at the interface marked area
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Hardness and Tensile Test

Micro-indentations were taken along the cross section 

of the weld bead as marked in Fig. 9. By analyzing the 

hardness values taken at the weld face and root of the 

weld shows more inhomogeneity at the top, where copper 

content is higher. This inhomogeneity can be attributed to 

the differential cooling rate at the FZ. Due to high ther-

mal conductivity, copper cools at a faster rate than the 

steel. Hence, inconsistent microhardness distribution at 

the top surface of FZ revealed higher hardness at the Fe-

rich zones. In contrast, lower hardness values were noted 

at the root of the weld.

During the tensile test, it was observed that the point 

of instability and necking started occurring in the cop-

per zone. However, the weld bead interfaces at both sides 

remained intact. Finally, the fracture occurred at the cop-

per side; this suggests that the tensile strength, as well as 

the structural properties of the weld bead, was better than 

the copper alone. This can also be related to the hardness 

values, wherein the average microhardness at the copper 

side was seen to be around 67. But the average hardness 

values taken at the weld zone was 107. The ultimate tensile 

strength (UTS) during the tensile test was measured to be 

143.7 MPa, which is almost close to the UTS of copper 

Fig. 5  Fusion zone of SS-316 and copper weld joint

Fig. 6  Microstructure at the weld interface of SS-316 and Copper Fig. 7  Optical micrograph of SS-316 and copper showing different 

grain structures at the weld bead

Author's personal copy
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with a coarse grain structure due to the prolonged preheat-

ing (Table 3).

Conclusions

Based upon the investigation to weld SS-316 and Cu, the 

following are concluded:

(1) 316 stainless steel and 99.9% pure copper plates of 

5 mm thickness are successfully joined by TIG weld-

ing. The microstructure of the joint mainly consists of 

coarse grain structure at the heat-affected zone (HAZ) 

of copper and acicular type of grain growth at HAZ of 

SS-316. Also, some coronal shaped SS-316 particles 

appeared at the FZ of copper.

(2) The microhardness values obtained along the cross 

section of weld bead are mostly influenced by the Cu 

content in the solution. The values were inconsistent at 

the weld face compared with the weld root.

(3) The tensile strength of weldment is measured to be 

143.7 MPa, the fracture occurred at the copper base 

metal zone.

Fig. 8  (a) Optical micrograph at low magnification, and (b) SEM 

micrograph showing Fe-rich and Cu-rich areas, and liquation grain 

boundary, respectively, at copper HAZ

Fig. 9  Microhardness profile along the cross section at weld cap and weld root
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