
 

 

 

Abstract— Since its inception in 1991 friction stir welding 

(FSW) has brought a lot of opportunities and opened up new 

applications in the field of welding. Similar and dissimilar metals 

together with other non-metallic materials have been successfully 

joined using this process. More recently, new application of FSW has 

resulted in the development of micro friction stir welding, to deal 

with very thin sections of thickness 1000 μm (1 mm) or less using 

friction stir welding. Micro friction stir welding (μFSW) presents 

some additional challenges in the joining of material, which are 

peculiar to those inherent problems in FSW due to the smaller 

thickness of the weld materials. Dissimilar materials can have very 

different physical and mechanical properties and μFSW of such 

materials requires greater consideration for sound welds to be 

produced. Significant work has been done in μFSW of dissimilar 

materials to date and this paper aims to review the advances that have 

been made in this specialized manufacturing process. 

 

Keywords— Dissimilar materials, Friction Stir Welding, Micro 

Friction Stir Welding, physical and mechanical properties.  

I. INTRODUCTION 

RICTION Stir Welding is a relatively recent welding 

process for joining of metals well below the melting point 

of any of the parent metals. Since its inception at The Welding 

Institute of England (TWI) in 1991 friction stir welding (FSW) 

has brought a lot of opportunities and opened up new 

applications in the field of welding [1]. Because the process is 

conducted at very low temperatures compared to the 

conventional welding processes, FSW can be used to join low 

melting point materials where the welding has been deemed 

not suitable. Welding of dissimilar materials in which the 

melting points are very wide apart has been found to be 

difficult using the traditional established welding techniques, 

but FSW has been successfully applied for such materials.  

Furthermore FSW has been used even for non-metallic 

materials including composites and plastics.    

In FSW a rotating tool, that is essentially a pin protruding 

from a shoulder, is plunged in the joint between the materials 

that are being welded and traversed along the joint, with the 

shoulder pressing on the material from the top. The heat 

generated between the pin/shoulder tool set and the two 

materials causes the weld materials to plasticize without 

 
Keydon Sithole1 is with the University of South Africa (UNISA), 

Mechanical and Industrial Engineering Department, Private Bag X6, Florida, 
1710, South Africa.  

Vasudeva Rao Veeredhi3 is with the University of South Africa (UNISA), 

Mechanical and Industrial Engineering Department, Private Bag X6, Florida, 
1710, South Africa. 

melting making it easy for the material to be carried from the 

advancing side around the tool to be deposited behind the tool. 

FSW results in three distinct zones around the weldment 

area. The area through which the pin passes, which is the 

diameter of the pin in width, is called the stirring zone (SZ) or 

the nugget zone, (NZ). The grains in this zone are plastically 

deformed and recrystallize to form a grain structure which is 

very different from that of the parent materials. The area next 

to the stir zone on either side up to the diameter of the 

shoulder is called the thermo-mechanically affected zone 

(TMAZ). In this region the temperature is not enough to cause 

recrystallization but the grains are plastically deformed. The 

next area on both sides, the heat affected zone (HAZ), 

experiences even lower temperature but the thermal cycles 

that are experienced in this area has an effect on the 

microstructural and /or the mechanical properties. 

II. STATE OF THE ART 

Micro friction stir welding (μFSW) was developed at TWI 

to deal with the FSW of very thin sections of thickness 1000 

μm (1 mm) or less [1].  

Feasibility of the μFSW was investigated by a number of 

researchers who successfully used the technique to join 

different metals [2], [3]. FSW and μFSW were initially 

developed for aluminum and its alloys, that present challenge 

in welding with the traditional welding methods due to high 

thermal expansion coefficient, high thermal conductivity and 

high electrical conductivity [4].  

By using μFSW new applications of material joining 

opened up including small electrical contacts, tailor-welded 

blanks, [5]. To date μFSW has been successfully applied to 

join different metals and other metal alloys that include 

aluminum. Copper [5], steels [6], zinc [7], titan zinc [8]. Other 

non-metallic materials have been successfully welded using 

μFSW including plastics [9] and composite materials [10]. A 

large portion of the work on μFSW has been conducted on 

similar materials. There are very limited publication on the 

μFSW of dissimilar materials. The aim of this present paper is 

to highlight the work that has been done to date in this fine 

area of μFSW. It is intended that this paper will help shed light 

for other researchers who are venturing into this area of 

research. 

Welding of Dissimilar materials is very important for both 

FSW and μFSW. However dissimilar materials have been 

found to be difficult to weld using the traditional welding 

methods because of the different properties like the melting 

temperature [11]. The low welding temperature used in μFSW 

is such that none of the materials melt as the process is taking 
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place. FSW has been successfully applied even in cases where 

the difference in temperature is very large examples being the 

FSW of aluminum or copper to alloy steel or titanium by 

placing the tool completely on the side of the softer material 

such that it is not in contact with the harder material. 

FSW of very thin sections has further challenges compared 

to that of normal thicknesses because there is greater 

conduction of heat from the welding area because of the 

greater surface area per volume due to the reduced thickness 

size. Besides this it is necessary to ensure that there is no 

reduction of thickness at the weld surface which will greatly 

impact on the mechanical properties of the weldment. As a 

result greater consideration must be given in the design of the 

tools and process to achieve sound welds [1]. 

III. STUDIES ON MICRO FSW OF DISSIMILAR MATERIALS  

To date μFSW has been used successfully to join dissimilar 

materials. Some dissimilar materials that have been joined by 

μFSW are listed in Table 1 below. 

 
TABLE I 

DISSIMILAR MATERIALS THAT HAVE BEEN JOINED BY MICRO FSW 

Material 1 Material 2 Reference 

Al 2024 -T3 Al 6082 –T6 Scialpi et al 2008 

Al  AA5182-H111 Al  AA6016-T4   Leitao et al 2009  

AA 5083-H11 Cu-DHP Galvao et al 2012  
Cu-11000 AA1100 Montazerolghaem 

et al 

 

Welded components are expected to operate in different 

environments and the soundness of the welds determines 

performance of a welded component in the operating mode. 

Some important tests include tensile test, fatigue testing which 

is affected by the interplay between residual and applied stress 

[3] (Scialpi). 

From a review of literature, two categories of dissimilar 

materials joined by both FSW and μFSW have been identified. 

The first category is that dissimilar materials with the same 

base materials with different alloying elements or different 

compositions of the alloying elements. The second category is 

that dissimilar materials with different base materials.  

The first category consists mainly of dissimilar alloys of 

aluminum that are welded together. More work has been 

conducted in this category because both FSW and μFSW were 

developed primarily for aluminum alloys and were then 

applied on other materials. For the purpose of this review 

focus will be on the work by [12], [3], [13], [14], [15] and 

[16]. Scialpi et al and Cerri et al studied dissimilar welds 

between AA 2024T3 and 6082T6 aluminum alloys. In an 

investigation of welds aluminum alloy AA6016T4 Rodrigues 

et al contrasted the results with those between the dissimilar 

weld between that alloy and AA 5182-H111. Leal et al and 

Leitao et al focused on welds between aluminum alloys AA 

5182-H111 and AA6016T4.  

In the second category the researchers focused on welding 

between aluminum alloys and copper. Galvao et al carried out 

research on the dissimilar joint between aluminum AA5083-

H111 and deoxidised high phosphorus copper Cu-DHP whilst 

Montazerolghaem et al looked at aluminum alloy AA-100 

deoxidised high phosphorus copper Cu-DHP.  

The Aluminum alloys 2024 and 6082 are important in the 

automotive industry. In their work Scialpi et al used 

solubilized, cold plastically deformed and aged AA2024T3 

alloy and solubilized and aged artificially at 170-200
0
C T6 

AA6082 alloy [12]. Two sets of tests were conducted with the 

test parameter shown in Table 2 below.  

 
TABLE II 

TOOL AND TEST PROCESS PARAMETERS 

 

No defects were noted in all the welds. Besides the base 

metals on both sides 6 other zones were reported: for alloy 

2024 (a) base metal, (b) HAZ, (c) TMAZ and (d) SZ, and for 

alloy 6082 (e) SZ, (f) TMAZ, (g) HAZ and (h) base metal. 

The zones are shown in Fig. 1 below. 

 

 
Fig. 1 Micrograph showing the major regions of the dissimilar joint 

(Scialpi et al, 2007). 
 

The nugget was found to have average grain size less than 3 

μm with no recrystallization outside the SZ. The grain size is 

similar to the base metal from the HAZ. 

Results showed reduction of hardness as a result of 

softening on the side of 6082 alloy except in the SZ where it 

increased due to recrystallization. Grain size is comparable to 

the parent material. Precipitates of β''‑Mg5Si6  which causes 

hardening in 6082 dissolves in the SZ to the HAZ during the 

process and during cooling softer precipitates of β'‑Mg1.7Si 

form in the HAZ. The higher temperature and faster cooling 

results in the dissolution of all precipitates in the SZ. On the 

2024 side high temperatures results in dissolution of 

precipitates and grain growth resulting in reduction of 

hardness. Coarse precipitates were reported in the TMAZ. 

The UTS normal to the weld direction for the dissimilar 

joints was found to be about 69% of the parent material 6082 

under Test 2 conditions and to be slightly less than this under 

Test 1 conditions. This result is similar to that of the 6082 

alloy. Under Test 1, for the 2024 joints it reached 91% of the 

parent 2024 alloy but is much reduced under Test 2 

conditions.  

Similar results were obtained in earlier tests on similar alloy 

materials under similar conditions [3]. Results also showed 

that the fatigue behavior of the dissimilar joint was similar to 

that of the joints of both 2024 and 6082 alloys, reaching about 

80% of the value of the parent materials. Residual stress was 

tested very low in the dissimilar joints compared to the other 

joints, which is a good result. 

In experiments conducted by Cerri and Leo, similar 

materials were used with almost similar welding parameters, 

Test Speed of 

Rotation 

(rpm) 

Traverse 

rate 

(mm/m) 

Shoulder 

diameter  

(mm) 

Pin  

diameter 

(mm) 

Pin 

length 

(mm) 

Test 1 1810 460 6 1.7 0.6 
Test 2 2085 762 6 1.7 0.6 
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except that the rotational speed for Weld Series 1 (WS1) 

experiments was 1800 rpm and not 1810 rpm. The weld 

parameters are summarized in Table 3 below. The results 

obtained confirmed the results of Scialpi and his colleagues 

that were noted above.  

 
TABLE III 

TOOL AND TEST PROCESS PARAMETERS 

 

The group of researchers including Leal, Leitao and 

Rodrigues conducted a series of experiments on AA 5182-

H111 and AA6016T4 plates of thickness 1 mm, with weld 

parameters in Table 4 [13], [15], [14]. AA6016T4 is a solution 

heat-treated alloy that is naturally aged to a stable condition. 

AA5182-H111 alloy is annealed and slightly cold worked. In 

the welding process, the softer material AA 5182-H111 was 

placed on the advancing side to ensure sound welds, according 

to findings in FSW of thick materials.  

Two types of tools were used, by Leal et al, designated in 

weld series 1 (WS1) and weld series 2 (WS2). In the WS1 

series the tool shoulder had an 8
0
 conical cavity and the probe 

was cylindrical and left-threaded. In the WS2 series the tool 

had a scrolled shoulder with the same probe as in WS1 series.  

 
TABLE IV 

TOOL AND TEST PROCESS PARAMETERS 

The WS1 welds were found to have very smooth crowns 

with onion rings and no defects were noted in the welds. A 

spherical zone with very fine grained structure was noted 

around the hole left by the pin. WS2 welds were rougher but 

with no reduction in thickness because no tilt angle was used 

and onion rings were absent. A tongue of white material going 

upwards into the AA 5182-H111 alloy on the advancing side 

was noted. Rodrigues reported a similar phenomenon in a 

similar investigation with the same materials and weld 

parameters [14] and the same feature is noted in welds by 

Leitao et al.  

In related investigation on the same materials with similar 

weld parameters, Leitao et al focused on the analysis of the 

plastic behavior of similar and dissimilar welds.  

Test plates parallel to the welding direction (longitudinal) 

and normal to the welding direction (transverse) were 

prepared for tensile tests. According to the results the 

longitudinal dissimilar sample showed a higher yield stress but 

with a much lower ductility compared to both parent 

materials. The transverse sample however had a yield stress 

similar to both base materials but with a reduced ductility. For 

5182 alloy both samples had higher yield strength than the 

parent material with that of the longitudinal sample having the 

highest strength. The parent material recorded a slightly higher 

ductility than the two samples. For the 6016 alloy the 

longitudinal sample had a higher yield stress but lower 

ductility than the parent material whilst the transverse sample 

had lower values than the parent material. 

Hardness tests across the weld profile for the dissimilar 

joint is higher than the parent material in the TMAZ for both 

sides with AA 5182-H111. However there is a small area with 

a decrease in the hardness and chemical analysis revealed this 

is due to diffusion of alloying elements from the two alloys. 

On the retreating side there is a significantly drop in the 

hardness. 

Similar AA 5182-H111 welds show higher hardness values 

in the weld (TMAZ) compared to the parent material, with the 

advancing side recording slightly higher values than the 

retreating side. Investigations showed extremely fine equiaxed 

grains in that zone, which explains the reason for the higher 

hardness values. Similar AA6016T4 welds were found to have 

lower hardness values than the parent material which was 

attributed to an oxide array in the weld as a result of the low 

temperature of welding. 

The same materials were under focus again by Rodrigues et 

al as they investigated the influence of FSW parameters on the 

properties of AA6016-T4 alloy using the same tools and 

parameters in Table 4. Though the paper focuses on one of the 

alloys there is a discussion on the dissimilar welds of the two 

alloys. It was noted for WS2 welds that there is a sharp 

transition in the TMAZ and HAZ boundary on the advancing 

side whereas on the retreating side the transition is gradual. 

This confirms the finding by Leitao et al that the hardness 

increases sharply on the advancing side and gradually on the 

retreating side for the same boundary. The results of the 

dissimilar material investigation of the material flow were 

close to those for the similar materials. Investigations suggest 

that the material flow is similar resulting in similar 

microstructure. On this basis it was then proposed that the 

tongue of material in these groups of experiments resulted 

from highly plasticized material. For WS1 welds onion rings 

and arc shaped features were absent.  

In the second category of dissimilar μFSW the main 

materials are aluminum and copper. Since copper has 

properties that are different from those of aluminum the 

welding parameters should be different. In their investigation 

on dissimilar AA 5182-H111 and Cu-DHP μFSW, Galvao et al 

used the combination of the scrolled shoulder tool (WS1) and 

the conical shoulder tool (WS2) with geometries that have 

already been given earlier. The rotational speed and feed rate 

are given in Table 5 below.  

 
TABLE V 

TOOL AND TEST PROCESS PARAMETERS 

 

Test Speed of 

Rotation 
(rpm) 

Travel 

speed 
mm/m 

Shoulder 

Dia  
(mm) 

Pin  

Dia 
(mm) 

Pin 

length 
(mm) 

Tilt 

angle 
α 

WS 1 1800 160 6 1.7 0.6 2.50 

WS 2 1120 320 6 1.7 0.6 00 

Test Speed of 

Rotation 
(rpm) 

Travel 

speed 
mm/m 

Shoulder 

Dia  
(mm) 

Pin  

Dia 
(mm) 

Pin 

length 
(mm) 

Tilt 

angle 
α 

WS 1 1800 160 10 3 0.9 20 

WS 2 1120 320 14 3 0.9 00 

Tool Speed of 

Rotation 
(rpm) 

Travel 

speed 
mm/m 

Shoul-

der Dia 
(mm) 

Pin  

Dia 
(mm) 

Pin 

length 
(mm) 

Tilt 

angle 
α 

S-1  750 160 14 3 0.9 0.50 

C-2 1000 160 14 3 0.9 20 

C-3 750 160 14 3 0.9 20 

C-4 1000 250 14 3 0.9 20 
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The Scrolled tool weld has good appearance with little 

depth irregularities on the surface. A tongue of material which 

has been discussed earlier for dissimilar aluminum alloys with 

the same tool was noted. Analysis showed that the tongue 

consists of intermetallic compounds resulting from an intense 

aluminum/copper mixture. From the published results no 

material mixing or intermetallic formation occurred at the base 

metal interface.  

It was reported that material flows from top to bottom of 

weld with mixing taking place around the pin and the mixture 

being deposited behind the tool.  

It was reported that all crowns for conical welds had a thick 

layer of material which was randomly deposited. No onion 

rings were noted for welds with the conical tool.. 

For the welds with copper on the retreating side, substantial 

amounts of material from the retreating side is deposited on 

the advancing side.  

Montazerolghaem et al demonstrated application of μFSW 

of tailor-welded blanks (TWBs) for welding rigid vehicle 

bodies without bolting, riveting and spot-welding. Two series 

of experiments were carried out, (1) similar μFSW of the 

A11000 plates of thickness 1 mm (SM) series and the μFSW 

of dissimilar materials namely Copper alloy C1100 and 

Aluminum alloy A11000 plates of thickness 05 mm. The tool 

and weld parameters for the experiments on similar and 

dissimilar materials are shown in Table 6. The plunge depth 

was set at 0.65 mm and 0.7 mm for the similar (SM) welds 

and 0.47 mm for the dissimilar (DS) series. To get sound 

welds the copper alloy was set on the advancing side for the 

dissimilar welds. Of these weld series the dissimilar DM is 

more relevant for the purpose of this investigation. 

The aim of this research was to produce tailor-welded 

blanks and as a result the investigations focused on the FSW 

of thin materials which were then subjected to multiple cold 

rolling of the welded materials. The welding operation has 

great bearing on the quality of the final product. It is 

dependent on production of sound welds which then become 

the input to the rolling operation.  

 
TABLE VI 

TOOL AND TEST PROCESS PARAMETERS 

 

For the dissimilar welds it was noted that when aluminum 

was first fed through the roller, discontinuities appeared in the 

welds whilst the welds were sound with copper going first 

through the rollers. Analysis of the rolled sheets of dissimilar 

materials confirmed that there were no defects in the 

dissimilar joints which had a continuous connection line.  

 

 

 
Fig. 2 Typical top view of friction stir welded Al to Cu sheet (rotation 

speed 1400 rpm, feed rate 63mm/min, plunge depth 0.47mm) after 

cold rolling process (0.2mm thick). 

IV. CONCLUSION  

Joining of dissimilar materials is very important because of 

the requirement to join such materials in different applications. 

It was highlighted in this paper how the method has been 

applied in TWBs for the automotive industry. By using μFSW 

it has been demonstrated that the process can be accomplished 

to a very good level of finish. In the same way very thin 

sections of any dissimilar material can be welded. It is 

important to focus on the tool geometric parameters and weld 

process parameters. 

This review brought out the wide scope still available for 

researchers in the field of μFSW of dissimilar materials. More 

importantly, the study of after effects such as change in the 

mechanical, physical properties in the weld zone. The effect of 

the process parameters and the tool geometric parameters on 

the weld efficiency needs to be thoroughly investigated. 
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