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Abstract
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The possibility of using solid-state joining technologies, such as friction stir welding (FSW) and its variants, to perform dissimilar joints is one of the well know advantages of this class of processes, namely because they are impossible to be produced by other conventional welding processes due to the evident differences in physical and chemical properties of both materials. Relevant advances have been made over the last 20 years in this field. The material pairs that are mostly addressed in the literature are based on systems involving aluminum alloys and other metallic and non-metallic materials. Indeed, with the upgraded interest in this technology concerning specific engineering applications, some specific material combinations such as aluminum-to-copper (Al-Cu) and aluminum-to-ferrous alloys (Al-Fe) have become relevant. However, the research about some material pairs is still scarce or inexistent.



Stainless-steel is recognized due to its strength, corrosion resistance and poor electrical and heat conductivities. On the other hand, copper is known by the high capacity of conducting heat and electricity and its moderate mechanical strength. The need for joining these two materials is usually driven by giving to a stainless-steel component the ability to transfer heat along its surface through a copper-welded part. However, the use of a conventional joining process will not allow to produce the desired component due to the strong differences in mechanical and physical properties of these materials. In fact, similarly to what occurs in Al-Cu and Al-Fe joining, FSW and related processes are those that can mitigate the technical difficulties raised from the use of a conventional welding process. Being a rare subject in literature, the feasibility of stainless-steel to copper (SS-Cu) friction stir spot welds (FSSW) will be studied in this work.



Several welds were performed by FSSW and analyzed. The use of a lap joint design regards the application point of view. The base materials used to perform the welds, supplied in 1 mm-thick plates, were AISI 304 stainless-steel and Cu-DHP copper alloy. Chemical composition and physical properties of both materials are shown in Table 1 and Table 2, respectively. Strong differences can be depicted from the information displayed in these tables. In fact, besides the evident discrepancy in chemical composition, the relevant differences in thermal conductivity are also noticeable.



To study the feasibility of joining these two materials, several dissimilar lap spot welds were performed, using pinless FSSW. In this variant, the use of a pinless tool promotes the joining of both materials without the conventional flow mechanisms occurring during FSW [5]. In fact, according to Gomes-Andrade et al. [6], in spot welding (FSSW), this variant can eliminate the process susceptibility for forming material flow-based discontinuities, which strongly affect the joint strength. The tools used to produce the weld trials are shown schematically in Figure 1. The tested tools are differentiated by their diameter, i.e., 10 and 12 mm.



Besides the tool diameters and base material relative positioning, weld trials were produced with varying rotational speed (ω) and stabilization time (ts). The process parameters are described in Table 3.



After their production, weld trials were submitted to visual inspection to detect the presence of macro-defects. Additionally, smaller, micro-dimensional discontinuities were depicted from the cross-section’s observation performed by optical and electronic microscopy.



The first observations revealed a strong influence of base material positioning. In fact, none of the trials performed with copper as the top plate presented joint consistency after the process. For all tested conditions, both plates separated immediately after unfastening the holding grips. On the other hand, some of SS-Cu welds presented consistency after the process. Some trend was revealed, specifically, joint consistency was obtained for those welds performed with higher amount of stabilization time (60 s), regardless of the rotational speed.



Since the main joining mechanism in pinless FSSW is the diffusion of material between the two plates, it was possible to conclude that the material relative positioning and the stabilization time directly affect the diffusion conditions. If a copper plate is at the top of the joint, despite the higher temperatures promoted by higher rotational speeds and higher values of stabilization time, there is always a strong heat dissipation during the process because of the much higher thermal conductivity of this material comparing to stainless steel (388 vs. 16 W/m·K). This heat dissipation will disable the requirements to promote good diffusion conditions. On the other hand, by positioning the SS plate at the top of the joint, dissipation will be reduced and conditions for atomic diffusion will occur for a longer time at higher temperatures, i.e., higher rotational speeds and stabilization times, which results in the production of sound SS/Cu welds.
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Figure 1. Scheme of PL10 (a) and PL12 (b) tools. 
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Table 1. Chemical composition of base materials (%) [1,2].
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AISI 304

	
C

	
Cr

	
Mn

	
Si

	
P

	
S

	
Ni

	
N

	
Fe




	
0.08

	
18.5

	
1.5

	
0.6

	
-

	
-

	
10

	
-

	
Bal.




	
Cu-DHP

	
Cu

	
Bi

	
Fe

	
O

	
P

	
Pb

	
Sn

	
Zn

	
Others




	
≥99.9

	
-

	
-

	
-

	
0.02

	
-

	
-

	
-

	
-Bal.
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Table 2. Physical and mechanical properties of base materials.
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	AISI 304 [3]
	Cu-DHP [4]





	Hardness [Vickers]
	218
	110



	Elastic modulus [GPa]
	193
	117.2



	Tensile strength [MPa]
	515
	300



	Yield strength [MPa]
	205
	140



	Thermal conductivity [W/(m·K)]
	16.2
	388



	Melting point [°C]
	1450
	1083
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Table 3. Process parameters.






Table 3. Process parameters.





	
Base Material Relative Positioning

	
Tool Diameter,

Ø [mm]

	
Rotational Speed,

ω [rpm]

	
Stabilization Time,

ts [s]






	
Cu-SS (copper on top)

	
10

	
870

	
20




	
SS-Cu (stainless steel on top

	
12

	
1140

	
60




	
1500
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