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Abstract 

In the present study, aluminum alloy 6082 (AA 6082) was double side friction stir 

processed (DSFSP) with water as cooling medium and the test results were compared with that 

of ambient air-cooled DSFSP sample. Variation in peak temperature during subsequent passes 

was measured. The water-cooled sample exhibits finest microstructure containing grains of size 

ranging from 0.3 to 9 µm in comparison to air cooled sample which has the grain size range of 

0.9 to 22 µm. The hardness values of the processed samples were evaluated with vickers           

microhardness tester.The tribological performance tests were carried out with pin on disc 

tribometer. Wear morphology of worn out surfaces were analyzed using SEM. 
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1. Introduction 

Friction stir processing (FSP) is a severe plastic deformation (SPD) 

process which produces ultra-fine grains and alters the material properties. The 

SPD methods are utilized to achieve high strain rate and fine microstructure 

refinement. Some of the methods used are High pressure torsion (HPT) [1, 2], 

Twist Extrusion (TW) [3, 4], Accumulative Roll Bonding (ARB) [5, 6], Equal 

Channel Angular pressing (ECAP) [7, 8] and Friction Stir Processing (FSP).       

FSP permits precise control, effective energy conservation, low residual stress, 

large scale and continuous production. Since its introduction, it has gone through 

many changes and evolved a lot. One of the recent methods is double side friction 

stir processing (DSFSP) [9, 10] which not only produces ultra-fine grains in 

nugget zone (NZ) but also consumes the thermo-mechanical affected zones 

(TMAZ) and heat affected zones (HAZ) of former pass by latter pass. Thus, the 

accumulation of TMAZ and HAZ can be eliminated in a multi-pass FSP thereby 

leaving material with relatively more homogeneous microstructure. However, the 

stir zone produced by former pass may undergo grain coarsening due to the heat 

generated during latter pass [11]. Thus, a cooling medium can be used to transfer 

the heat from material as the tool traverses on material. Water is being chosen as 

the cooling medium [12]. The effect of such experiment is studied in detail in this 

work and a comparison is made between normal ambient air-cooled and water-

cooled sample. The microstructural analysis was carried out to detect the 

metallurgical changes and grain size variation is interpreted as well. The 

mechanical and wear aspects of the processed material were studied elaborately to 

ascertain the properties. 

FSP evolved from friction stir welding, proves to be a promising technique 

for SPD of materials [13].  The process uses a rotating tool with shoulder and 

profiled pin. Working of FSP is shown [14] in the Figure: 1. The rotating tool fed 

with axial load provides intense heat which plasticizes the material aiding plastic 

flow of material from advancing side to retreading side. This process changes the 

physical property of material without changing the material’s physical state. 

Because of the intense plastic shearing of material, material undergoes SPD. This 

results in the modified fine grain sized NZ [15]. The grains are all equiaxed with 

high angle grain boundaries [16]. The material is known as interface controlled 

since the grain boundary density is radically expanded. This results in increased 

dislocation motion hindrance. As a result, increase in material’s strength occurs. 
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Figure 1. Friction Stir Processing  

 The technique derived from conventional FSP resembles much with that 

of multi-pass FSP though this method involves processing on both the top and 

bottom of the workpiece plate. The process is very similar to the multi-pass FSP 

on both the sides of plate consecutively first on top and then on the bottom which 

is shown in the Figure: 2. Experiments are being carried out in this field on both 

welding and processing. DSFSP is a strengthening process that produces finer 

grains. The stir zones of former pass and latter pass intermixes and as a result the 

existing TMAZ and HAZ are stirred into latter formed stir zone. Homogeneity in 

the structure gets improved greatly thereby reducing the premature failure of 

component [17]. The strength however reduces slightly with increase in ductility 

in normal air-cooled sample. The process imposes severe straining on the material 

and increases dislocation density of material. 

 

Figure: 2. Schematic Illustration of Double Side FSP [18] 

 Overlap is the extension of subsequent pass on previous pass to cover it 

partly. Overlap possibly stirs up part of TMAZ and HAZ of previous pass by 

subsequent pass. Deviation is the distance between stir pin of top side FSP and 

bottom side FSP. The overlap and deviation have to be chosen carefully to avoid 

unstir of workpiece. 
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2. Materials and Method 

2.1. Materials 

The rolled plate (AA6082) 140 X 82 X 6mm3 which is used as the base metal for 

this investigation. The chemical composition of the material is given in Table-1. 

Table-1 Chemical Composition 

 

2.2. Double Side Friction Stir Processing (DSFSP) 

The DSFSP was developed under air-cooled and water-cooled condition. 

A steel (H13) hardened tool is used to perform the process. The tool material with 

shoulder diameter of 20mm flat shoulder and the conical thread of 1 mm pitch, 

diameter of the conical is 6.6-3.3 mm and height of 5.5 mm. The tool shoulder has 

with pin tool is to be used for DSFSP. The AA6082 aluminum plate and tool 

shoulder are cleaned by acetone.  

 

Figure 3. H13 Steel FSP Tool 

At that point, the work piece is clipped on the fixture to evade the 

development during the FSP. The tool is rotated in clockwise bearing up to the 

end the plate. The conically thread type tool is as shown in Figure.3. 

 

 

Element Mn Fe Mg Si Cu Zi Cr Ti Bal 

Wt. % 
0.40-

1.0 

0.0-

0.5 

0.6-

1.2 

0.7-

1.3 

0.0-

0.1 

0.0-

0.2 

0.0-

0.25 

0.0-

0.10 
Al 

All Dimensions are in mm 
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2.3. Process Parameters of FSP 

 The process parameters of FSP were chosen after referring number of 

journals. The optimum process parameter is necessary to obtain defect free 

process. The micro structure and mechanical properties of the processed zone can 

be accurately controlled by optimizing the tool design, FSP parameters and active 

cooling/heating parameters of sample. The spindle speed is taken as 800 rpm; 

feed as 72 mm/min and axial load as 4 kN [19]. Increasing the traverse speed 

promotes secondary particle fragmentation and reduces heat concentration under 

shoulder. Increase in spindle rotation speed aids flow of plasticized material from 

advancing side to retreating side. 

2.4. Temperature Measurement 

2.4.1. Thermocouple 

 K-type thermocouples were used to measure the temperature during 

processing. Thermocouples were placed at a distance of 17.5 mm from the center 

of processing axis i.e. distance between the end of shoulder surface and 

thermocouple is 3 mm. The distance was chosen to avoid any damage to 

thermocouple and to allow for free motion of tool along processing direction. 

Thermocouples (Advancing and Retreating side) were fixed vertically by drilling 

a hole of diameter 5 mm and depth of 5 mm. 

 

2.4.2. Thermal Imaging Camera 

 The peak temperature of stir zone and the temperature distribution on 

processing surface was measured using infrared thermal imaging camera. 

Emissivity value of AA 6082 was taken as 0.09 in this study. 

 

2.5. Water Cooling Setup 

 Water at ambient temperature was pumped using a motor and the flow was 

controlled by a valve. Illustrates the flowchart of water-cooling setup. Linear flow 

rate for a given dial setting was measured by collecting the output fluid in a 

known volume container and the fluid rate in litre/minute was then calculated. 

Flow rate of the water used was 3 litre/minute and the stand-off distance between 

cooling pipe and sample was 10 mm. 

 

2.6. Friction Stir Processing 

The FSP setup is shown in the Figure: 4. a. Trial run was made on the 

plate to check the process parameters and tool which is shown in the Figure: 4. b. 

to see if any defect like tunneling occurs. Flash were minimal and the bead has 

lesser striations. No defects were observed on the surface as well as in the interior 

of processed zone. Figures: 5.1. and 5.2 show the images of FSPed surfaces of 

AA6082 under a), b) air cooled and c), d) water cooled respectively. 
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      Figure: 4. a. FSP machine setup       Figure: 4.b. FSP trial run on AA6082 

 

 

   Figure: 5.1 a), b) FSP of AA6082            Figure: 5.2 c), d) FSP of AA6082 
(Air-cooled)                                               (Water-cooled) 

 

2.7 Vickers Microhardness Test 

 This method of microhardness testing involves the use of intending 

specimen with a diamond intender in the form of pyramid with an angle of 136 

degrees (opposite faces). The full load (range: 1-100 kgf) can be applied for             

10 - 15 seconds. The indentation made by the diamond intender on the specimen 

is measured, with the average of length of the diagonals. And the micro hardness 

value is measured as the quotient of the load applied divided by the square of the 

diagonal (average). It is denoted by HV. The dimensions taken were 40 X 5 X 6 

mm. The load of 500 g has been applied for the dwell time 10 s in this present 

study. The hardness test was carried out across the depth of sample with 0.5 mm 

each indentation. 
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2.8 Wear Analysis 

 Wear is one of the tribological properties. Here wear analysis is done 

through Pin on Disc method. The image of pin and disc use in this study is shown 

in Figure. 6. It is the method of characterizing the wear between two materials. 

The apparatus consists of a pin and a rotating disc and the load for the process is 

given on the pin that rests on the rotating disc. The speed of rotation for the 

process and the timing are given. After the completion of the process the graph 

data obtained during the process are collected. The wear rate, wear volume can be 

obtained from the observations. The process parameters of the pin on disc test are 

given in Table. 2. Diameter of the specimen taken: 6 mm. The pin was made from 

the base metal and processed samples and the disc was made of EN 31 steel. The 

tracking diameter was set to 50 mm and the rotational speed as 764 rpm. The time 

for which each test has been carried out was 8.33 minute. The sliding distance of 

pin on the disc was 1000 m at the velocity of 2 m/s. The load applied by the pin 

on the disc was 10 N. 

 

Figure 6.The wear analysis apparatus a) pin, b) disc 

Table: 2 Process parameters of wear test 

 

 

 

 

 

 

 

 

 

Sl. No. PARAMETER VALUE 

1 Tracking Diameter 50mm 

2 RPM 764 

3 Time 8.33 min 

4 Sliding distance 1000m 

5 Velocity 2 m/s 

6 Load 10N 
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3. Results and Discussion 

3.1 Time Temperature Plots  

The time Vs temperature plots of the advancing and retreating sides of air 

cooled (AC) and water-cooled (WC) friction stir processed samples are given in 

the Figure: 7. Deformation and flow begin from the advancing side; hence the 

material generates more heat for plastic deformation.  Further, as the direction of 

tangential component of tool rotation and its traverse are same large friction is 

produced. On the contrary, towards retreating side the material is softer                        

and moves with less heat. Also, as the tangential component and traverse 

velocities are opposite lesser frictional forces are developed. These factors create 

higher temperature on advancing side as compared to retreating side. Because of 

the active cooling during water cooled FSP, the peak temperature of water-cooled 

samples is lower than the air-cooled samples. 
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Figure 7. Time - Temperature Plots of A) Advancing Side of AC-DSFSP,             
B) Retreating Side of AC-DSFSP, C) Advancing Side of WC-DSFSP,                        

D) Retreating Side of WC-DSFSP 

 

In case of air cooling, the curve is steep till the temperature reaches 

maximum and then decreases gradually. This implies the slower cooling rate 

during normal air-cooling process.  However, the WC-DSFSP curve follows the 

same path as the AC-DSFSP till the attainment of peak temperature but falls 

steeply to a lower temperature due to the water cooling. It is evident that, a higher 

cooling rate has taken place during WC-DSFSP.    

The peak temperature in the stir zone during friction stir processing was 

measures using non-contact IR thermal camera. It was observed that the peak 

temperature of air-cooled sample was 4480C. The stir zone of WC-DSFSP sample 

showed peak temperature of 4120C which is relatively lesser than AC-DFSP stir 

zone. This was due to the cooling action provided by flowing water at ambient 

temperature. The heat that was generated as a result of shoulder action in the 

material was thus effectively removed. The lowering of peak temperature is 

advantageous in combating the unwanted reactions and abnormal grain growth in 

the stir zone of processing sample.  

The thermocouple placed at a distance from the center of stir zone 

revealed that peak temperature at advancing side and retreating side has a 

different value. The peak temperature and cooling rate of 1st pass, 2nd pass and 3rd 

pass of air-cooled and water-cooled samples were calculated and listed below in 

the table 3. The cooling rate of AC-DSFSP sample was 0.50C /s and it is to be 

noted that there was no significant change in cooling rates of various passes. 

Cooling rate of water-cooled sample was measured on an average as 10C /s which 

is twice that of the air-cooled sample. 

 

Vol 41, 2021

218

Tierärztliche Praxis

ISSN: 0303-6286



Table: 3 Shows the Cooling Rates of Both the Air and Water Medium 

3.2. EBSD Analysis 

The EBSD Inverse Pole Figure Map (IPF) of the base metal, AC-DSFSP 

and WC-DFSP are shown in Figure 8.a, 8.b and 8.c respectively. The average 

grain size of the base metal was measured as 140 µm. It is to be noted that the 

DSFP was carried out along the rolling direction and the EBSD analysis of all the 

samples were done at the cross sections of the samples. The base metal had coarse 

elongated grains in the as received condition. After performing DSFSP with 

normal air cooling, the average grain size of 7 µm has been achieved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Sl. 

No 
Sample 

No 

of 

Pass 

Peak 

temperature 

TP(0C) 

Final 

temperature 

TF(0C) 

TP – 

TF 

(0C) 

Cooling 

time          

TC(s) 

Cooling 

rate 

TP – TF 

/TC = CR 

(0C/s) 

01. 

Air-

Cooled 

DSFSP 

1 

2 

3 

346 

341 

328 

60 

60 

60 

286 

281 

268 

610 

534 

517 

0.48 

0.54 

0.51 

02. 

Water- 

Cooled 

DSFSP 

1 

2 

3 

239 

218 

212 

60 

60 

60 

179 

158 

152 

150 

142 

147 

1.19 

1.11 

1.03 

a) 
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Figure 8. EBSD IPF Maps of A) Base Metal, B) AC-DSFSP, C) WC-DSFSP 

 

This was due to the fact that the stirring tool action along with the 

frictional heat generated by pin shoulder caused the dynamic recovery (DRV) and 

dynamic recrystallisation (DRX) to take place in the stir zone. Since the sample 

was air cooled, time taken to reach the room temperature was higher resulting in 

grain growth process. The average grain size of WC-DSFSP sample was 

measured to be 3 µm. As given by the thermal data, the peak temperature of WC-

DSFSP process was lower as compared to AC-DSFSP process and the time taken 

by the processed sample to reach the room temperature was minimal. Thus, the 

available time for DRV and DRX events followed by grain growth has been 

reduced resulting in much finer grains. 

 

 

b) c) 
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Figure 9. Plot between Misorientation Angle and Number Fraction of 

a) Base Metal, b) AC-DSFSP, c) WC-DSFSP 

 

However, the dynamic abnormal grain growth (DAGG) was not observed 

in the WC-DSFSP sample. The double-sided friction stir processing is an 

effective method to produce high angle grain boundaries. But the effect of 

medium of cooling on that has to be discussed with the help of misorientation 

angle Vs Number fraction plots.  

Figures: 9. a, 9. b and 9. c show the plots of misorientation angle Vs 

Number fraction of base metal, AC-DSFSP, WC-DSFSP samples respectively. 

Base metal has only 30% high angle grain boundaries. It was observed that the 

air-cooled sample produced 43% low angle grain boundaries and 57% high angle 
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grains when compared to water-cooled sample which has 70% of high angle 

grains and 30% of low angle grains. High angle grains are a prerequisite in many 

forming processes like superplastic forming etc., Thus the WC-DSFSP possessing 

70% high angle grains will be effectively processed through superplastic forming 

route.  

 

Table 4. Show The Values of Average Grain Sizes and Number Fraction of 
Boundaries at Respective Angles. 

Sl. No Sample 

Number 

Fraction of 

Boundaries 

at angles  

20-50 

Number 

Fraction of 

Boundaries 

at angles  

50-150 

Number 

Fraction of 

Boundaries 

at angles  

150-600 

Average 

Grain 

Size (µm) 

01. Base Metal 0.650 0.054 0.296 140.872 

02. AC-DSFSP 0.270 0.162 0.569 7.117 

03. WC-DSFSP 0.171 0.127 0.702 3.856 

Table: 4. summarizes the values of average grain sizes and number 

fraction of boundaries at respective angles. Overall, the average grain size of 

water-cooled double side friction stir processed AA6082 found to be minimum 

relative to air-cooled sample. 

 

3.3 Microhardness  

The microhardness distribution of AC-DFSP and WC-DSFSP sample s are 

given in the Figure: 10. The microhardness of the base metal was found to be           

78 HV. A longitudinal micro-hardness profiling was carried out across the depth 

of air cooled and water-cooled samples at an interval of 1 mm. The region 1- 6 

mm and 13-20 mm are the former stir zones and the region between them is the 

latter stir zone. Hardness distribution of water-cooled sample is higher than that of 

air-cooled material. Water cooling action during the FSP process increased the 

hardness of the material considerably; this is attributed to decrease in grain size. 

This supports the result of wear resistance being higher for the water-cooled FSP 

material when compared to the air-cooled FSP material and the base material. It is 

to be noted that variation of micro-hardness across the different regions was 

attributed to over ageing of former stir zone due to heat generated during latter 

FSP pass in case of air cooling. The variation is minimal in case of water-cooled 

sample confirming homogeneity. 
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Figure 10. Hardness distribution of AC-DSFSP and WC-DSFSP samples 

 

3.4 WEAR ANALYSIS 

The table. 5 shows the mass lost by the base metal, top and bottom 

surfaces of air and water cooled FSPed sample. The base metal being soft has lost 

much weight during the wear process. Wear rate of base metal was the highest of 

all the samples. The top surface was the region of 2 pass intersection zone and the 

bottom surface was the third pass surface in DFSP method. Wear test was 

performed on both the surfaces in order to predict the material integrity and type 

of wear. The top surface of water-cooled sample shows least wear rate of all. This 

is attributed to high hardness value of sample imparted through the DSFSP. 

However, the air-cooled sample have the same wear rate to that of the water-

cooled sample but high wear rate at bottom surface. Overall, the bottom surface 

has lower wear rate when compared to the top surface which was due to the fact 

that top surface has the overlap region of two passes whereas the bottom surface 

has only the third pass zone.  

 

 

Vol 41, 2021

223

Tierärztliche Praxis

ISSN: 0303-6286



Table. 5 Mass Loss and Wear Rate of Base, AC-DSFSP and WC-DSFSP 

Sample 

Sl. 

No. 
Sample 

Before 

(g) 

After               

(g) 

Mass loss  

(g) 

Wear Rate 

(mg/m) 

01. Base Metal 0.4474 0.435 0.0124 0.011 

02. Air-Cooled 

(Top Surface) 
0.4068 0.4016 0.0052 0.005 

03. 
Air-Cooled 

(Bottom 

Surface) 

0.3456 0.3357 0.0099 0.009 

04. Water-Cooled 

(Top Surface) 
0.3357 0.3308 0.0049 0.005 

05. 
Water-Cooled 

(Bottom 

Surface) 

0.4016 0.3949 0.0067 0.006 

The water-cooled sample showed high wear resistance than both the base 

metal and air cooled DSFSPed sample. It was inferred that the water as cooling 

medium quenched the sample resulting in limited dynamic recrystallisation and 

finer grains with high hardness thereby increasing the wear resistance of water-

cooled sample. 

The plot between Coefficient of Friction (COF) and time of base metal, air 

cooled and water-cooled samples are shown in Figure: 11 a), b) and c) 

respectively. The mean COF of base metal was calculated as 0.35. The mean COF 

values of air cooled and water-cooled samples were 0.3 and 0.4 respectively. 

Despite having higher COF value, the water-cooled sample lost a much lesser 

mass during wear test indicating higher hardness. It was observed that the COF 

over time of top surface of air-cooled sample was initially high which attains the 

mean position over time. The bottom surface of air-cooled sample showed 

decrease in COF value initially which rose up over time. Thus, the wear before 

attaining steady state was high in both the top surfaces of AC-DFSP and WC-

DSFSP samples. This was due to the inhomogeneity or surface asperities at the 

top surface of processed samples. The time taken to reach the steady state was 

also varies with sample. Water cooled samples achieve the steady state at much 

lesser time giving out more uniform wear mechanism when compared to air 

cooled samples.  
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Figure 11. Plot of COF Vs Time A) Base Metal B) AC-DSFSP Sample 
and C) WC-DSFSP Sample 
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3.5 Wear Morphology  

 The wear morphology of the base metal, air-cooled sample and water- 

cooled sample were observed through SEM. The Figure: 12 a) show the wear 

morphology of base metal. The groove on the surface was due to the abrasive 

action of disc. The shear on the surface induced plastic deformation which 

resulted in adhesive type of wear. Presences of oxides were also observed. 

However, the air-cooled DSFSPed sample was subjected to wear test on both the 

top and bottom surface. Figure: 12 b) show the morphology of top surface and 

Figure: 12 c) show the morphology of bottom surface. Top surface shows 

adhesive type of wear with material being chiseled and adhered back to the 

surface. Bottom surface showed the morphology slightly different from that of top 

surface. Deep micro grooves were observed which were discontinuous. Shearing 

action on the surface was minimal which indicates more work hardening of the 

material. Water-cooled sample s reported high hardness compared to base metal 

and air-cooled samples. The Figure: 12 d) show the top surface of water-cooled 

sample. Limited plastic deformation on the surface indicated that resistance to 

shearing forces has increased. Figure: 12 e) show that bottom surface has more 

resistance to wear. The presences of oxides were evident which indicated that 

minute chipping of material has taken place. 

Figure 12. SEM Images of Worn Out Surfaces A) Base Metal, B) Air Cooled - 
Top Surface, C) Air Cooled - Bottom Surface, D) Water Cooled - Top 

Surface, E) Water Cooled - Bottom Surface 
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4. Conclusion 

The double side friction stir processing of aluminium alloy 6082 with air 

and water as cooling medium produced better results. From the results and 

discussions, the following conclusion has been arrived: 

The peak temperature on advancing side was higher than retreating side 

irrespective of the cooling medium. The peak temperature of air-cooled sample 

(328 ℃) was higher compared to the water-cooled sample (212 ℃). Also, the 

cooling rate when using water (1℃/s) as medium was as twice as the cooling rate 

of normal ambient temperature process (0.5℃/s). The time for which the peak 

temperature sustained was reduced to smaller value with water as cooling 

medium. 

DSFSP is capable of producing high angle grains. The base metal 

comprised of 70 % low angle grains whereas the Air-cooled sample possessed 

only 33 % of them. Water-cooled sample produced 70% high angle grains 

compared to Air-cooled sample which had only 56%. The presence of secondary 

phase precipitates was confirmed with EBSD IFP maps and Water-cooled sample 

showed fine particles segregated at the boundary acting as a barrier for boundary 

movement. 

The average grain size of base metal was found to be 140 μm and that of 

the Air-cooled sample was 7 μm whereas the Water-cooled sample has finer 

grains of size 3 μm. 

The micro-hardness of the base metal was found to be 78 HV. The 

hardness distribution of Water-cooled sample was more uniform when compared 

to Air-cooled sample. The mean hardness across the zones of Air-cooled and 

Water-cooled samples were 85HV and 115 HV. The hardness of Air-cooled 

sample has increased by 9% of that of the base metal whereas the Water-cooled 

sample showed 47% increase in hardness value when compared to base metal. 

The wear rate of base metal was high due to its lesser hardness value. 

Whereas, both the Air-cooled sample and Water-cooled samples showed better 

resistance to wear. The top surface of air-cooled sample showed 58% lesser mass 

loss compared to the base metal and the top surface of the water-cooled sample 

also showed similar value. The bottom surface of air-cooled sample showed 46 % 

lesser mass loss which was lesser than the top surface. The bottom surface of 

water-cooled sample showed only 20 % mass loss. The top surface of both the air 

and water-cooled sample has high wear resistance than the corresponding bottom 

surfaces, since the top surface have overlap region.  

The wear morphology of water-cooled surface has shown that limited 

plastic deformation on the worn-out surface indicated that resistance to shearing 

forces has increased greatly when compared to both the air-cooled sample and 

base metal. 

To conclude, the double side friction stir processing of AA 6082 using 

water as cooling medium has produced high angle grain, fine grain size, higher 
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hardness and high wear resistance. DSFSP process could be employed throughout 

the sheet or plate to get the relatively more homogeneous structure. The processed 

material could be used to manufacture the components required through forming 

processes like superplastic forming etc., 
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