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Abstract: The objective of this work is to study the effect 

of rotational speed on mechanical properties and 

microstructural evolution of welded dissimilar metal A60 

steel-copper bars by friction rotation process. Thermal 

behavior of the welded joint was also investigated by 

measuring the temperature of the central zone of the 

welded joint. The main techniques of characterization were 

tensile test and hardness measurements, optical 

microscopy, scanning electron microscopy equipped with 

energy dispersive X-ray. The obtained results indicate that 

an increase of rotational speed raises the temperature of the 

welded joint which affects its microstructural and 

mechanical properties. 
Key words: friction welding, mechanical properties, 

microstructure, temperature. 

 

1. INTRODUCTION  

 

Joining of dissimilar metals is one of the most 

essential needs of industries. Friction welding is a 
solid state process for joining materials, especially 

dissimilar materials. Rotary Friction Welding (RFW) 

is the most commonly used method in friction 
welding, where welding heat is generated by friction 

between the surfaces of a rotating work piece and 

another stationary [1]. The RFW is the appropriate 
method for joining similar and dissimilar metals, with 

the advantages of no melting, short production time 

and low energy input [2]. The main parameters in 

rotary friction welding are the rotational speed, the 
welding time and the pressure [2,3]. Main advantages 

of friction welding are high material saving, low 

production time and possibility of welding of 
dissimilar metals or alloys [4]. 

Many research works have recently conducted 

investigations into the friction welding of dissimilar 

materials such as welding of ferrous and nonferrous 

alloys. For example, Sahin et al. [5] joined steel and 

copper using friction welding process. They 

determined that maximum heat is away from the 

center, close to but not exactly at the surface during 

the welding process. Shanjeevi et al.[6] investigated 

the effect of metallurgical properties of welded 

austenitic stainless steel (304L) to copper by RFW 

process. They found that the highest tensile strength 

in the friction welded joint was higher than the parent 

material in copper by 2.52 %. Bhagi et al. [7] studied 

the welded copper with carbon steel bars by   RFW. 

They obtained that the most significant process 

parameters are axial pressure and rotational speed 

that affect the optimization of multiple performance 

characteristics. Fabritsiev et al. [8] found that the 

increase in the friction time during RFW of steel to 

copper by RFW causes a lower strength of the joint 

compared to the Cu base metal Dalip. Kumar et al. 

[9] jointed successfully mild steel with pure copper 

through friction welding under a rotation rate of 900 

rpm. They found that the speed of rotation affects the 

intermetallic layer thickness such that a low speed of 

rotation results in less intermetallic layer thickness. 

Sahin [3], found that the formation of intermetallics 

at the interface is responsible for a higher hardness 

and lower tensile strength of the friction-welded 

stainless steel-copper joints. 

However, the joining of steel to copper by RFW are 

very limited. In this present investigation, dissimilar 
friction welding by RFW of industrial copper and 

A60 steel rods was carried out. Rotational speed was 

varied to achieve the maximum tensile strength. 
Tensile tests, hardness measurements, microstructure 

observations, chemical composition, and thermal 

measurements were carried out. 
 

2. MATERIALS AND METHODS  
 

The materials used in the present experiment were 
A60 steel and industrial copper. The chemical 

composition and mechanical properties of these base 

materials are presented in Table 1 and 2. 
  
Table 1. Chemical composition of industrial copper  and 

A60 steel steel (Wt.  %) industrial copper 
Cu Sb Fe Sn Mn Si P Al Zn 

97.08 2.846 0.071 0.182 0.331 0.030 0.008 0.013 0.208 

 

C Fe Mo Cu Ni Mn Cr V Si P 

≤0.22 99.10 0.005 0.044 0.026 0.573 0.048 0.003 0.189 0.008 
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Table 2. Mechanical properties of steel and industrial copper 

 

The welding procedure was carried out on a universal 

milling machine PMO UF 1.5 (Made by PMO, 
Algeria). The friction welding conducted on the 

specimen dimensions of 10 mm in diameter and 80 mm 

in length for both base materials. Before welding, the 

surfaces of the bars were polished with grit paper to 
remove the oxide film and then cleaned with ethanol.  

Friction welding process of copper bar to A60 steel 

bar is shown in Figure 1. The A60 steel rod was 
rotated and brought in contact with stationary copper 

rod. The welding parameters were as follows: forging 

force 13 kN, friction time 10 s, and rotation speed 
700, 1000, and 1400 rpm. 
 

 
Fig.1. Friction welding of copper bar to A60 steel bar 

 

Vickers hardness measurements were performed in 
the horizontal position of the boundary friction 

welding connection in accordance with ISO 6507-1, 

using hardness testing machine Matsuzawa MXT 70 

instrument (Made by Matsuzawa company, Japan) 
with a load of 100 Kgf for copper and 300 Kgf for 

A60 steel. The tensile test was realized in accordance 

with ISO 6892-1:2016 [10], at room temperature on 
the universal testing machine ZWICK 1476 100KN 

(Made by ZWICK company, Germany). Tensile test 

specimens length 150 mm). Test results of tensile 
experiments were an average of three specimens.  

For microstructural observations, samples were 

etched (using Nital 2 % for steel side and Nitric acid 

for copper side). The etched samples were observed 
by optical microscopy and Scanning Electron 

Microscopy (SEM) PHILIPS / FEI QUANTA 250, 

equipped with an energy dispersive X-ray (EDS) 
detector for chemical composition microanalysis 

(Made by PHILIPS/FEI company, USA). During the 

welding process, the temperature variations in the 

steel part, near the joint line, were measured by using 

an Infrared Video Thermometer (IRVT) device (FI 

638TI) (Made by Distrame SA, France). 

 

3. RESULTS AND DISCUSSION 
 

3.1 Appearance of the welded joint 

Figure 2 shows the appearance of copper- A60 steel 

joint. Joint flash was formed at the copper side which 
is due to the high ductility of copper. We noticed that 

the total length of the specimen decreased after 

welding process. 

 

 
Fig. 2. Friction welded piece 

 

3.2 The effect of rotational speed on temperature 

variation 

Figure 3 shows the temperature variations in the steel 

part during the FRW process, measured at different 
rotational speeds (700, 1000, and 1400 rpm). The 

curves have similar shapes, increasing rapidly until 

reaching a maximum, then decreasing. The sated of 
fast increasing corresponds to the friction phase, 

during which the welding heat is generated by the 

effect of friction between the surfaces of the two bars. 

The axial propagation of heat along the pieces to be 
welded leads to a rapid increase in the temperature of 

the materials. The ends of this phase which 

correspond to the end of the rotation and 
consequently the end of heat generation, leading to a 

decrease in the temperature of the materials to be 

welded. The maximum peak temperature is measured 
for welded samples at higher rotational speed (1400 

rpm) and the minimum temperature is measured at a 

lower rotational speed (700 rpm). The increase of the 

peak temperature with increasing rotational speed is 
due in principle to the increase in heat rate caused by 

increasing the friction between the two bars. 
 

 
Fig. 3. Temperature variations in the A60 steel part during 

the welding process and under different rotational speeds 
(700, 1000, and 1400 rpm) 

 
Re 

(MPa) 

Rm 

(Mpa) 

Elongation 

A% 

Hardness 

Vickers 

( HV) 

A60 steel 603.3 751.0 12.2 216.0 

Cu 238.1 293.2 07.0 85.5 
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3.3 EDX analysis of the welded joints 

The EDS analysis has been done on the copper side of 
the interface as it is shown in Figure 4. The main 

measured elements are Fe, Cu, and O as presented in the 

selected EDS spectrum among different obtained 
spectra (Figure 5). The EDS analysis performed on a 

copper side of the interface confirms the existence of 

the main elements, copper and iron with the presence of 

oxygen. The oxygen with the combination of copper or 
iron can form copper-oxide or iron-oxide. As mentioned 

by Sahin [3], the presence of intermetallic phases at the 

interface is obvious. In addition to that, the presence of 
iron in copper side confirms the diffusion of this 

element in copper. Lee and Jung found that diffusivity 

of mild steel is higher than that of copper and hence a 
reaction layer is formed towards copper side and the 

failure has taken place in this zone [11].  
 

 
Fig. 4. Position of the EDS analysis in SEM image 

(indicated by cross in the interface of the welded joint 

Copper/ A60 steel) 
 

 
Fig. 5. EDS spectrum and chemical composition of the 

interface in the copper side of the welded joint Copper/ 

A60 steel 
 

3.4 Microstructral evolution after welding 

Figure 6 shows the microstructural evolution of the 
welded joint after different rotational speed (700, 1000, 

and 1400 rpm). Along the axial direction of the welded 

joint by RFW, three main zones can be observed from 
the line contact: The central zone or the welding zone, 

thermal mechanical affected zone (TMAZ) and heat 

affected zone (HAZ). The TMAZ is the zone where 

heat transfers from the weld metal to the base metal. As 
a result, the welded joint obtained by RFW is a 

structurally inhomogeneous zone [12]. First of all, there 

is a distinction between the microstructures developed 
near the interface in the two parts joined. Since copper 

has a higher thermal conductivity than steel, the TMAZ 

and HAZ on the copper side are wider. In copper side, 
the width of TMAZ increases with the increase of the 

rotational speed. The dark line represents the contact 

line or interface between the two dissimilar materials. 

This interface can be the intermetallic phases as 
mentioned by Sahin [3]. The HAZ size is also affected 

by the change of the rotational speed.  

 

 
Fig. 6. Microstructural evolution of the friction welded 

joints copper/ A60 steel, under rotational speed of (a): 

700 rpm, (b): 1000 rpm, and (c): 1400 rpm 
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However, some selected regions in welded 

jointreveals the incorporation of the two dissimilar 
base metals in each other as indicated by an arrow in 

Figure 7. This incorporation is due mainly to the 

ductility of copper in comparison to the steel. 
 

 
Fig. 7. Microstructural evolution of the friction welded 

joints copper/ A60 steel, under rotational speed of 1000 

rpm 
 

3.5 Tensile test 

Figure 8 shows the macrographic view of the friction 

welded cooper to steel after tensile test. The rupture 

is located in welded joint but in the vicinity of the 

copper side. Joints formed here were very brittle in 
nature and exhibited drop in strength [11].  

 

 
Fig. 8. Macrographic view of welded specimen, fractured 

by tensile test. Magnification of the trasversal section 

 

The evolution of the mechanical proprieties of the 

welded joint after tensile tests is represented by the 

tensile test curves (Figure 9). The ultimate tensile 

stress (UTS) variation is illustrated in Figure 10. The 

maximum tensile strength σm decreases with the 

increase of the rotational speed. To achieve higher 

strength, the rotational speed should lower as 

possible. The highest ultimate tensile stress 

obtained in friction welded joint (142 MPa) was 

lesser than parent material of copper whose ultimate 

tensile stress was 293.2 MPa. This last result is in 

agreement with the findings of Caligulu and Acik [2]. 

These authors found tensile strength values of welded 
copper to stainless steel by RFW are lower than two 

base metals and all joints were fractured at the copper 

side. These values can be explained by rupture of 
welded sample in copper material as shown in Figure 

10. Caligulu and Acik [2] reported that increasing 

bonding temperature due to the increase of the 
rotation speed and the friction time also promoted the 

growth of brittle intermetallic phase, which in turn 

adversely affected the bond strength. Therefore, low 

elongation and strength values can be attributed to 
presence of aligned copper precipitation reducing 

these properties.  

 

 
Fig. 9. Tensile test curves of the friction welded joints 

copper/ A60 steel, under rotational speed of (a): 700 rpm, 

(b): 1000 rpm and (c): 1400 rpm 

 

 
Fig. 10. Ultimate tensile stress (UTS) variation of the 

friction welded joints copper/ A60 steel, under rotational 

speed of 700 rpm, 1000 rpm, and 1400 rpm 
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3.6 Hardness test  

It was reported that a hardness testing is the usual 
approach in delineating the properties of different 

zones in welded joint, but the information obtained 

is very limited [13]. For other researchers, a simple 
rapid way to obtain important information is by 

hardness testing [14]. Concerning our welded 

dissimilar metals, the hardness distribution across 

the weld region under different rotational speed is 
shown in Figure 11. We notice a slight decrease 

and decrease of the hardness in both metals after 

changing the rotational speed. This is due to the 
heat generated during the welding process and its 

mechanical effect on the both metals. The 

maximum hardness values are measured in steel 
side and the lower values in copper side. It is 

obvious that the hardness at the steel side is higher 

than that at the copper side. Concerning the central 

zone of the welded joint, which is mainly formed 
of the interface, thermomechanical affected zone, 

and heat affected zone. The hardness in this central 

zone varies with the variation of the rotational 
speed, and which can be attributed to several 

factors, mainly grain size, phase composition, 

formation of brittle intermetallics. For these 
raisons, the hardness values are higher due to the 

higher rotational speed (1000, and 1400 rpm). 

Comparing the hardness values with the ultimate 

tensile stress values, we conclude that there is not 

proportionality between them.  

 

 
Fig. 11. Microhardness profile across the interface on 

friction welded joints copper/steel, under rotational speed 

of (a): 700 rpm, ( b ): 1000 rpm, and ( c ): 1400 rpm 

 

4. CONCLUSIONS 

 
In this investigation, steel and copper parts were 

successfully joined by RFW process. From the 

mechanical aspect, the maximum ultimate tensile 

stress of 142MPa was attained in the friction-

welded joints under a rotational speed of 700 rpm. 
The use of high rotational speed decreases the 

ultimate tensile stress of joint. The maximum 

hardness values are measured in steel side and the 
lower values in copper side. The hardness values in 

the central zone of the welded joint are higher for 

the higher rotational speed, which is due to the 
thermomechanical effects of the friction welding. 

From the microstructural aspect, the microstructure 

observations show that in copper side, the width of 
thermomechanical affected zone increases with the 

increase of the rotational speed. The intermetallic 

phases at the interface are also expected to play a 

role in the hardness variations and tensile 
strength.The EDS analysis performed at a copper 

side of the interface confirms the existence of the 

main elements, copper and iron with the presence 
of oxygen. The oxygen with the combination of 

copper or iron can form copper-oxide or iron-

oxide. Finally, the copper side of the welded joint 
is the more affected part in these dissimilar metals.   
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