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Abstract: The purpose of this work is to examine the microstructure, mechanical and sand abrasive properties of 

friction stir welded joints of aluminium alloy AA6061-T6 with and without nickel coating. A total eighteen 

samples, six samples of AA6061-T6 plates, six samples of 10 µm thick Ni coated AA6061-T6 plates and six 

samples of 15 µm thick Ni coated AA6061-T6 plates were friction stir welded by using different tool rotation 

speed (710 rpm, 1000 rpm, 1400 rpm) and different welding speed (28 mm/min, 56 mm/min). The joints 

manufactured using 1400 rpm tool rotation speed and 56 mm/min welding speed generated the highest tensile 

strength and percent elongation with joint efficiency of 69.05% with 15 µm Ni-coated AA6061-T6 plates and 

joints manufactured from 10 µm Ni-coated AA6061-T6 plates using 1000 rpm tool rotation speed and 28 

mm/min welding speed generated the highest impact energy and higher hardness in NZ compared to the other 

joints. The 15 µm Ni-coated AA6061-T6 plates exhibited better abrasive wear resistant properties than the 10 15 

µm Ni-coated plates. Microstructure investigation showed the precipitate size variations and their distributions 

and after friction stir welding, these precipitates became slightly coarser in the HAZ but finer in the nugget 

region.  
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1 Introduction 

The necessity for greater fuel efficiency in automotive and aerospace sector have 

motivated the increased use of aluminium alloys and aluminium foam for lightweight designs 

in recent years [1-3]. Due to good strength to weight ratio, higher malleability and good 

corrosion resistance, aluminium Alloy 6061-T6 is widely used in construction and automobile 

industries. For improving the corrosion resistance and strength of Al alloy 6061-T6, nickel 

coating is required and joining of Al alloy is gradually being increased in structural designing 

and manufacturing industries. There is numerous welding process for joining Al Alloy, most 

of which are described publicly accessible on reference [4]. For application purpose, gas 

metal and gas tungsten arc welding processes are the most commonly used fusion welding 

techniques for aluminium and its alloys [5]. The main fusion welding problems with 

aluminium and its alloys are weld metal porosity, lack of fusion, hot cracking and reduction of 

mechanical properties [6, 7]. friction stir welding (FSW) is an autogenously new solid-state 

welding process for particularly welding of aluminium and its alloys invented in TWI [8-10].  

An abundant number of welding techniques have been suggested so far to deal with different 

types of materials however, the welding of dissimilar materials stills remains a challenge [9]. 

For joining dissimilar materials, FSW has been widely implemented and often performed 

on a number of joint configurations including butt joints, lap joints and T joints etc [11].  

FSW is an autogenous solid-state welding process in which the friction between the non-

consumable rotating tool and the work-piece generates heat and the high force under the tool 
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induces a plasticized region of material to shape around the probe [12, 13]. There are two 

sides in FSW, one is advancing side (AS) and another is retreating side (RS) and material is 

combined more intensely on the advancing side than material on the retreating side [14]. FSW 

method uses a non-consumable cylindrical tool consisting of a shoulder and pin, and the FSW 

performance depends on welding tool design [15]. During the welding procedure, the welding 

zone in FSW is totally separated from the environment [16]. 

Kumar and Patel [17] studied the mechanical, microstructural and abrasive wear properties 

of AA6061-T6 aluminium alloy by inter-plate reinforcing of the silicon carbide microparticles 

(µSiC) and silicon nitride microparticles (µSi3N4) and demonstrated that the reinforcement of 

µSiC and µSi3N4 decreased the tensile properties of the welded joint but improved the 

abrasive wear and microhardness properties considerably in the stir zone (SZ). Cavaliere et al. 

[18] investigated the effect of welding parameters on FSW-produced mechanical and 

microstructural properties of the AA6082 joints. Results showed that the ductility and tensile 

strength of the FSW joints were exhibited of the highest magnitude at low welding speed (40 

and 56 mm/min) and high welding speed (80 mm/min) respectively. The nugget 

microstructure was observed to be finer and more uniform and a significant variability was 

observed in the mean grain size. Xu et al. [19] observed the evolution of temperature, 

microstructural, and mechanical properties of FSW thick 2219-O Alloy joints. In the nugget 

region, the microstructure was extremely fine and equiaxed grains; the grain size at the top of 

the weld was significantly coarser than at the bottom of the weld. The TMAZ grains were 

elongated, and coarsened in the HAZ. With increased tool rotational speed (TRS) and 

decreased percentage elongation, the yield strength and tensile force of joints increased. 

Rodrigues et al. [20] found that a larger nugget grain size was displayed on the conical neck, 

and a smaller grain size was displayed in the welds. The weld produced with the conical 

shoulder showed a reduction of 30% in elongation with even matching hardness condition and 

with scrolled shoulder, it showed a reduction of 70% in elongation, a reduction of 15% in 

hardness than base metal. Cavaliere et al. [21] clearly demonstrated that the ductility of the 

materials reached the highest magnitude for welding speed of 40 and 56 mm/min and the 

lowest rotation speed of 500 rpm which decreased sharply as the welding and rotational speed 

of the tool increased. Sharma et al. [22] found that the friction stir micrographs of welded 

joints displayed onion ring and zigzag line in weld nugget, and the nugget zone microstructure 

showed fine and equiaxed grain. The mechanical properties were found to increase with 

decreasing the welding speed i.e. at high heat input per unit length. Fujii et al. [23] analysed 

the mechanical properties and microstructure of the AA1050-H24, AA5083-O and AA6061-

T6 FSW with three different probes of column without threads, threaded columns and 

triangular prisms. The triangular prism tool was better suited for high speed at middle rotation 

speed, the column with threads was better suited at middle rotation speed and the shape of the 

tool did not affect the mechanical and microstructural properties of the joints at low rotation 

speed. Scialpi et al. [24] tested the friction stir welded AA6082-T6's microstructures and 

mechanical properties with three separate machine shoulder instruments with scroll and fillet, 

cavity and fillet, and just filet. The combination of fillet and cavity was recognized the best 

device in all three different shoulder configurations as it improved the joint's longitudinal and 

traverse strength and provided the best crown surface. The tensile strength of FSW AA6061 

aluminium alloy joints was evaluated by Elangovan et al. [25] using a mathematical model 

written in C software with five separate device pin profile. Compared to other joints, the joints 

developed by the square pin profile tool with a TRS of 1200 rpm, welding speed of 1.25 mm/s 

and axial force of 7 KN exhibited superior tensile properties. Kumar et al. [26] found that the 

recrystallized grain size in the weld nugget was increased with increasing axial load and 

transforming the elongated grain structure of the base material into small recrystallized 

equiaxed grains. Dehghani [27] investigated the microstructural and mechanical properties of 
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FSW AA7075-O plate with the tool pin used as H13 tool steel coated with a nitride wear 

resistance film. Within the nugget region, the microstructure was extremely fine and equiaxed 

grains, while in the HAZ, it was coarser. The sum of nugget zone specimen displaced in the 

bending test was much smaller than that of base metal. 

According to the study of various literature reviews it is observed that no work is found on 

the investigation of joint properties of FSW of nickel coated aluminium alloy. The present 

work aims to evaluate the effect of the tool rotation speed and the welding speed on 

mechanical and microstructural behaviour of AA6061-T6 plate without nickel coating, and 

with nickel coating of 10 µm and 15 µm thickness. 

2 Experimental procedure  

The base material applied in the present investigation was 5 mm thick aluminium alloy 

AA6061-T6 (procured from Bharat Aerospace Metals, Mumbai) with precipitation hardened 

containing magnesium and silicon as its major parts. The chemical composition and 

mechanical properties of AA6061 Al alloy are listed in Tables 1 and 2 respectively. 

Table 1: Chemical composition of AA6061 

Alloy Mg Si Mn Fe Zn Ti Al 

AA6061 0.92 0.61 0.06 0.33 0.03 0.02 Bal.. 

Table 2: Mechanical properties of AA6061 

Aluminium alloy plate AA6061 having a size of 100 mm × 50 mm × 5 mm was used in the 

present work without and with nickel coating of thickness 10 µm and 15 µm. Such nickel 

coating on aluminium alloys plate results in a substantial enhancement in the material’s 

corrosion resistance.  

 
Fig.1 FSW setup on milling machine and operation 

The aluminium alloys 6061 plates were cleaned by the steel brush and acetone before the 

weld initiated. The machine used for FSW was a traditional vertical milling machine that was 

reworked into a FSW by employing a FSW setup. The adjoining plates to be welded were 

gripped within the fixture, and FSW tool was fastened within the collect mounted within the 

Base Material UTS (MPa) % Elongation Microhardness (HV) 

AA6061 308 12 106 
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head of vertical milling machine. After fixing the FSW tool and plates, machine was powered 

to take different combination of designated tool rotation speed and traverse speed. The image 

of fixture set up and welding operation on the work-piece is shown in the Figure 1. FSW tool 

was prepared from a H13 tool steel rod via simple turning operation on the lathe machine. The 

FSW tool was a concave shoulder square pin tool having no threads on its periphery and the 

pin length was chosen slightly smaller than the plate thickness. 

 

 
Fig. 2a FSW of AA6061 plate 

 
Fig. 2b FSW of 10-micron thickness Ni coated AA6061-T6 plates 
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Fig. 2c FSW of 15micron thick Ni-coated AA6061-T6 plates 

FSW was done on total eighteen samples with totally different welding speeds and rpm. 

Out of eighteen samples, six samples were of AA6061-T6 plates, six samples were of 10 

micrometer thickness Ni coated AA6061-T6 plates and six samples were of 15 micrometer 

thickness Ni coated AA6061-T6 plates. Hence, a total 18 samples were friction stir welded 

using different tool rotation speed and different welding speed as shown in Figure 2a without 

coating, figure 2b with 10 µm nickel coating and figure 2c with 15 µm nickel coating. The 

diameter of the shoulder for each tool was kept 18 mm, as shown in Figure 3 and the welding 

process parameters are presented in Table 3. Figure 4 displays the fabricated FSW tool. 

 
Fig. 3 Dimensions of tools                 Fig. 4 H13 Tool steel for FSW of AA6061 

After making ready FSW samples, the test specimen of appropriate dimensions’ area unit 

was cut for various mechanical tests per ASTM standards. The tensile samples were prepared 

according to ASTM E-8 standard and their original and graphical view is represented by 

Figures 5(a) and (b) respectively. Vickers micro hardness test was carried out over the cross-

section of FSW zones at different points. Vickers hardness testing machine with 5 kg applied 

load was employed for hardness measurement in present work. The setup impact testing 

machine determined the notch impact strength of the fabric by devastating the V-notched 
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sample with a setup hammer, hard the impact strength. The quality sample sub size was 55 × 

10 × 5 metric linear unit and therefore the depth of the notch was 2 mm, as per ISO 148. The 

size of the machine was taken as 1division equal to 2 joules. The prepared impact test 

specimen with V notch is presented in the figure 6. 

Table 3: Welding parameters 

Process Parameters Value 

Base Materials AA6061, AA6061 with 10 µm and 15 µm Ni coating 

Tool Rotational Speed (rpm) 710, 1000, 1400 

Welding Speed (mm/min) 28, 56 

Tool Shoulder Diameter (mm) 18 

Tool Pin profile Square 

Tool pin length and side (mm) 4.5 and 6 

Tool material and tilt angle H13 tool steel and 0° 

 

 

 
Fig. 5. (a) Tensile test samples (b) graphical view of tensile test sample. 

The abrasion test of FSW specimens is performed on abrasion test rig (supplied by 

DUCOM) as per ASTM G65 standard. A total of 9 samples were designated out of eighteen 

samples for wear testing having maximum strength. FSW specimens of size 75mm * 25mm 

were prepared from the FSW zones for abrasion wear studies. The abrasive was fed at the 

contacting interface between the rotating rubber wheels and the specimen and the rate of 

feeding of the abrasive was maintained 365 g/min. A series of wear test was conducted by 
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keeping constant parameters of Counter of 2000, 200 rpm, 10 N Load and slippery distance of 

630 m. The graphical view of prepared sand abrasion wear sample before and after wear test 

as shown in Figures 7(a) and (b) respectively. 

 
Fig. 6 Charpy test sample 

 

 
Fig. 7 Sand abrasion test samples (a) before wear (b) after wear 

For evaluation of morphology of structure, microstructure examination was done on three 

samples. BANBROS created metallurgic magnifier with photographic camera connected to 

the computer was employed for microstructure observation. Microstructure was ascertained 

on the cross-sectional of welded samples. Firstly, sample’s area unit was cut from welded 

plate and afterward finished by applying mineral papers of grit size 100, 320, 600, 1000, 

2000. Finally, the samples were polished on single disc polishing machine by Hifinn diamond 

compound of grit size of 3µm and 1 µm for 20 minutes and the etchant (2 ml HF, 3 ml HCL, 

20 ml HNO3 and 175 ml water) was employed for observing the microstructure and grain. 

3 Results and Discussion  

This section defines the mechanical properties (in terms of ultimate tensile strength, yield 

strength, % elongation and hardness), Microstructural analysis and abrasive wear rate of 

friction stir welded AA6061-T6 Al alloy without and with nickel coating. 
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3.1 Ultimate Tensile Strength and % Elongation 

The effect of tool rotation speed and welding speed on tensile strength, % elongation and 

joint efficiency of FSW of aluminium alloy without (samples 1-2-3-4-5-6) and with 10 µm 

(samples a-b-c-d-e-f) and 15 µm (samples A-B-C-D-E-F) nickel coating is represented in 

table 4 and as shown in the figure 8. Figure 8 shows that the joints produced using 1400 rpm 

tool rotation speed and 56 mm/min welding speed exhibits the highest tensile strength and % 

elongation due to extreme plastic flow and proper mixing of aluminium alloys with nickel 

coating. The joint efficiency was evaluated by taking the percentage of the ratio of ultimate 

tensile strength of the welded joint to the ultimate tensile strength of the base metal. The 

ultimate tensile strength of the base aluminium alloy AA6061-T6 was taken as 308 MPa as 

given in Table 2. 

               Table 4:  UTS, % Elongation and Joint efficiency of FSW Sample 

FSW 

Samples 

Tool 

RPM 

Welding 

speed 

UTS % Elongation 

at UTS 

Joint 

efficiency (%) 

1 710 28 156.33 3.54 50.75 

2 1000 28 180.67 4.56 58.66 

3 1400 28 189.00 3.41 61.36 

4 710 56 154.00 3.09 50.00 

5 1000 56 177.33 3.54 57.57 

6 1400 56 195.00 3.63 63.31 

a 710 28 166.33 3.54 54.00 

b 1000 28 189.00 3.75 61.36 

c 1400 28 195.17 4.24 63.37 

d 710 56 161.33 3.75 52.38 

e 1000 56 171.67 3.39 55.74 

f 1400 56 195.33 4.24 63.42 

A 710 28 166.66 3.16 54.11 

B 1000 28 189.67 3.88 61.58 

C 1400 28 197.33 5.53 64.07 

D 710 56 166.66 3.16 54.11 

E 1000 56 171.67 3.94 55.74 

F 1400 56 212.67 6.18 69.05 

Figure 8 exhibits the stress-strain diagram of friction stress welded AA6061-T6 with and 

without Ni coating at different tool rotation speed and at welding speed of 28 mm/min. It can 

be observed from Figure 8 and Table 4 that the tensile strength of welded joint increases with 

increase in the tool rotation speed at constant welding speed of 28 mm/min. Further, the 

intermixing of the nickel coating in the stir zone imparts a better tensile strength to the welded 

joints than the welded joints without any coating. At 710 and 1000 rpm tool rotation speed, 

the welded joints prepared after Ni coating of 10 µm and 15 µm of AA6061-T6 exhibit almost 

similar tensile properties, however at 1400 rpm, the FSW joints prepared with 15 µm Ni 

coating reveal better tensile strength than that of the FSW joints prepared from 10 µm Ni 

coating of AA6061-T6 aluminium alloy, which may be correlated to the improved 

intermixing of Ni in the stir zone at high TRS of 1400 rpm. 
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Fig. 8. The stress strain diagram for FSW sample 

Figure 9 shows the stress strain diagram of FSW of AA6061-T6 with and without Ni 

coating at different tool rotation speed and fixed welding speed of 56 mm/min. The removal 

of defects in the nugget zone is the main reason for improving strength and % elongation 

which may be caused by increasing the tool rotational speed thus improving the intermixing 

of nickel in the stir zone. After observing all the tensile data presented in Table 4, it can be 

concluded that the welded joints prepared at tool rotation speed of 1400 rpm at either of 28 or 

56 mm/min welding speed exhibit better overall tensile properties with best tensile properties 

(Tensile strength =212.67 MPa, elongation= 6.18%) and joint efficiency of 69.05% shown by 

the sample coated with 15 µm Ni coated AA6061-T6 aluminium alloy and welded at TRS of 

1400 rpm and welding speed of 56 mm/min. 
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Fig. 9 The stress strain diagram for FSW sample 

3.2 Hardness Distribution 

Figures 10 demonstrates the microhardness profiles obtained from specific rotational speed 

of the tool and welding speed for all welded samples. There was much less variation between 

the hardness measurements taken along the top, middle, and bottom of each weld,  therefore 

only the middle measurements were taken as shown in figures 10.  

The overall shape of the microhardness profile is the characteristic showing letter W 

usually with and without Ni coating in AA6061-T6 friction stir welds. The hardness findings 

indicate that in most cases the hardness of samples with a coating thickness of 15 microns in 

the stir zone has a highest hardness value in the welded zone. 
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Fig. 10 The hardness distribution of FSW sample 

 

3.3 Impact Properties 

As shown in figure 11, the effect of tool rotation speed and welding speed on FSW 

aluminium alloy on impact energy without and with 10, 15 μm nickel coating is shown. 

Figure 11 shows that the joints produced using 1000 rpm tool rotation speed and 28 mm/min 

welding speed exhibits the highest impact energy due to proper mixing and lack of cracks in 

the aluminium alloys weld region. The joints formed using 710 rpm tool rotation speed and 28 

mm/min welding speed result in less impact energy due to poor inter-mixing and plastic 

deformation as well as macroscopic deficiencies in the weld region. 
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Fig. 11 The impact energy of FSW sample with and without Ni coating 

 

3.4 Microstructure Analysis 

 Figure 12a, 12b, 12c displays the optical microstructure images captured from the stir 

region, HAZ and the base materials with and without nickel coating. There are clear changes 

visible in microstructures including fluctuations in precipitate size and its distribution after 

friction stir welding. The precipitates in the HAZ become slightly coarser, but finer in the 

nugget zone. 

 
Fig. 12a Microstructure of FSW joint at 1400 RPM and 56 mm/min without coating (a) stir 

zone (b) HAZ (c) base metal 

 
Fig. 12b Microstructure of FSW joint at 1400 RPM and 56 mm/min with 10-micron Nickel 

coating (a) stir zone (b) HAZ (c) base metal 
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Fig. 12c Microstructure of FSW joint at 1400 RPM and 56 mm/min with 15-micron Nickel 

coating (a) stir zone (b) HAZ (c) base metal 

3.4 Sand Abrasion Wear Test  

The sand abrasive wear test results for 9 samples out of 18 samples at 365 gm/min rate of 

feeding of the abrasive are shown in Figure 13. Figure 13 shows that the joint produced from 

untreated aluminium alloy by FSW at 710 rpm tool rotational speed and welding speed of 56 

mm/min possesses the best abrasive wear resistant properties. Among the 10 and 15 μm 

nickel coated samples, at each tool rotation speed, the joints from 15 μm nickel coated 

aluminium sheet shows better wear resistant properties that prepared from 10 μm nickel 

coated samples. From figure 13, it is clear that the wear resistance properties decreases with 

the increase in tool rotation speed. 

 

 
Fig. 13 Wear rate of different FSW Sample 

CONCLUSION 

The experimental study on the Effect of different welding speeds and tool rotation speeds 

on the mechanical and abrasive wear properties of friction stir welded AA6061-T6 Plates 

with/without Ni coating lead to the following conclusions: 
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➢ The nickel coating of AA6061-T6 aluminium alloy results in substantial improvement in 

tensile strength of FSW joints as compared to those FSW prepared without nickel coating 

at almost all combinations of welding speed and tool rotation speed. Also, the tensile 

strength of FSW joint of 15 μm nickel coated AA6061-T6 plates is found to be more as 

compared to strength of FSW joint of 10 μm nickel coated AA6061-T6 plates under same 

conditions of welding speed and tool rotation speed.  

➢ The optimized FSW parameter for all Ni-coated and uncoated AA6061-T6 aluminium 

alloy is achieved as tool rotation speed of 1400 rpm and welding speed of 56 mm/min at 

which the FSW joints of uncoated AA6061-T6, 10 μm Ni-coated AA6061-T6 and 15 μm 

Ni-coated AA6061-T6 aluminium ally exhibit the ultimate tensile strength of 195, 195.33 

and 212.67 MPa respectively. 

➢ The greatest tensile strength (212.67 MPa), percentage elongation (6.18%) and joint 

efficiency (69.05%) is demonstrated by the 15 μm Ni-coated AA6061-T6 aluminium ally 

at 1400 rpm TRS and 56 mm/min welding speed. 

➢ The result of the hardness test shows that at 710 RPM and 28 mm/min, the hardness of the 

Ni coated plates FSW joint are greater than the plates without coating, but at 56 mm/min 

there is a minor variation in the hardness. At 1000 RPM, the hardness of the Ni-coated (15 

micron) FSW joint improves near the weld center for both welding speeds (i.e. 28 

mm/min and 56 mm/min; better hardness with 15 μm Ni-coated sample) as compared to 

the FSW joint without coating. At 1400 RPM, the hardness of the FSW joint of Ni coated 

plates is increased when welded at a welding speed of 28 mm/min compared to the plates 

without coating, but at a welding speed of 56 mm/min, the hardness of the FSW joint of 

Ni coated plates is only increased near the welding center. Therefore, the welding 

parameters i.e. 1400 RPM and 28 mm/min imparts better hardness to the nickel-coated 

FSW joint AA6061-T6 Plates. Hardness also depends directly on the thickness of the 

coating. 

➢ Charpy test result shows that at 710 RPM and 1000 RPM for both welding speed (i.e. 28 

mm/min & 56 mm/min), there is a decrement in impact properties of FSW joint of Ni 

coated AA6061-T6 Plates as compared to the plates without coating. However, at 1400 

RPM, impact properties of FSW joint of Ni coated AA6061-T6 plates get better as 

compared to the plates (without coating) for both welding speed of 28 and 56 mm/min.  

Hence, for better impact properties of the FSW joint of Ni coated AA6061-T6 plates, 

higher tool rotation speed (i.e. 1400 RPM) should be preferred. Also, at this tool rotation 

speed, impact properties increase as the thickness of the coating increases. Among the Ni-

coated samples, the best impact strength of 25 Joule is revealed by the sample with 10 μm 

Ni coating and welded at TRS of 1000 RPM and welding speed of 28 mm/min. The joint 

possessing greatest tensile properties (i.e. FSW joint made at 1400 rpm and 56 mm/min of 

15 μm Ni-coated AA6061-T6) exhibits also a very good impact strength of 24 Joule. 

➢ In Microstructure Analysis, it is revealed that the grain refinement is better in the stir zone 

than HAZ and base metal. As the thickness of the coating increases the size of the grains 

decreases. Samples with 1400 RPM and 56 mm/min demonstrate maximum tensile 

strength due to the fine grain size. The order of average grain size for various weld zones 

was as follows: base metal (BM)> heat affected zone (HAZ) > stir zone (SZ). 

➢ Sand abrasion wear test results shows that at 710 RPM and 56 mm/min, Ni coating 

imposes a negative effect on the wear properties of FSW joints as compared to the plates 

without coating. However, at 1000 rpm and 28 mm/min as well as at 1400 RPM and 56 

mm/min parameters, the wear rate of FSW joint of Ni coated AA6061-T6 plates is 

significantly decreased as compared to the plates without coating. Thus, for better wear 

properties of the FSW joint of Ni coated AA6061-T6 Plates, higher tool rotation speed 
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(i.e. 1400 RPM) should be preferred. Also, at this tool rotation speed, wear rate decreases 

as the thickness of the coating increases. 
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