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Abstract: 

Friction stir process is a solid state technology with increasing applications in the context of localized surface engineering. FSP 

has been investigated main ly for producing fine grained coatings, which exhib it superior wear and corrosion properties. Aim o f 

the project is to make a thermal model for Friction St ir Processing and experimentation. In this project effect of variat ion of 

processing parameters on temperature also discussed. Microstructure of base material, coatin g material and interface is  observed. 

Hardness values across the coating-base metal also calculated. 
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I.           INTRODUCTION 
 

Friction stir process is a solid state technology with 

increasing applications in the context of localized  surface 

engineering. FSP has been investigated mainly  for producing 

fine grained coatings, which exh ibit superior wear and 

corrosion properties. Since no bulk melting takes place, this 

process allows dissimilar join ing of materials that would  be 

otherwise incompatible or difficult to deposit by fusion based 

methods. Several studies also emphasize its energy efficiency 

and low environmental impact as key advantages when 

compared with other alternative technologies. Main 

applications include repair o f worn or damaged surfaces 

through building up or crack sealing. It has also been applied 

to enhance surface properties at specific areas in the 

manufacturing of parts and tools. A wide range of material 

combinations have been deposited by FSP, mainly alloy and 

stainless steels. Aluminum, magnesium and t itanium alloys 

have also been investigated, including the production of metal 

matrix composites. 

 

II. LITERATURE SURVEY 
 

Henrik B. Schmidt and Jesper H. Hattel, Thermal and 

Material Flow modelling of Friction Stir Welding using 

Comsol [1]. Two Friction stir welding models are presented a 

global thermal model using the temperature dependent heat 

source and a local material flow and heat generation model 

allowing for detailed investigation of different contact 

conditions. The two models are coupled into a larger local-

global model. 

 J.H. Hattel, H.N.B. Schmidt and C. Tutum. [2]. the heat 

generation must be obtained somehow, and if experimental 

data are not available fo r the FSW process at hand, the heat 

generation must either be prescribed analytically  or based on a 

fully coupled analysis of the weld ing process itself. Along this 

line, a recently proposed thermal-pseudo-mechanical model is 

presented in which the temperature dependent yield stress of 

the weld material controls the heat generation. Thereby the 

heat generation is still numerically  predicted but the 

cumbersome fully coupled analysis avoided. 

III. OBJECTIVE 
In this project our aim is to make thermal model for 

Friction stir processing and conduct experimental t rials. 

IV. THERMAL MODEL 

During  the welding process, the tool moves along the 

weld joint. This movement would require a fairly complex 

model if you want to model the tool as a moving heat source. 

This example takes a d ifferent approach that uses a moving 

coordinate system that is fixed at the tool axis. After making 

the coordinate transformation, the heat transfer problem 

becomes a stationary convection-conduction problem that is 

straight forward to model. 

The thermal model include work piece plate giv ing 

temperature distribution in a matter of seconds. The thermal 

model is based on a heat generation driven by a temperature 

dependent flow stress. The thermal model is based on a heat 

source where the temperature dependent yield shear stress is 

used as the driver in the local heat generation. 

 

3.1 Assumptions 

The thermal model does not account for different 

contact conditions. The coordinate transformat ion assumes 

that the plates are infinitely long. This means that the analysis 

neglects effects near the edges of the plates. Neither does the 

model account for the stirring process, which is very complex 

because it includes phase changes and material flow from the 

front to the back of the rotating tool. The model assumes that 

the friction shear stress is in equilibrium with the deformat ion 

shear stress in the shear layer closest to the tool/matrix 

interface. 

 

3.2 Advantages 

The benefit though is that the thermal model can  be 

used to exp lore weld ing conditions not supported by 

experimental measurements since it does not require torque 

data, which  is normally the case for the analytical model. 

Some model parameters, e.g. heat transfer to backing plate and 

surroundings, can be tuned by obtaining a best fit between 

modelling and experimental thermal measurements. These 
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model parameters  are then reused for new process parameters, 

enabling explorat ion. 

 

3.3 Standard Governing Equation 

The thermal model is developed using the Heat 

transfer module in Comsol, where the governing equations are 

the energy equations with convective terms, i.e.  

 
The FSP specific boundary condition is the surface heat flux 

given by [2]. 

 
Where, 

τt = contact shear stress 

 
τ = is the temperature dependent yield  shear stress of the 

material at the contact interface 

PN = normal pressure 

μf = coefficient of friction 

ω = is the rotational speed in rad/s 

r = radial d istance to the tool centre. 

 

3.4 Variables 

Heat is generated at the tool-plate interface. So heat 

generation is defined as variable because it depends on radius 

of tool, rotational velocity and temperature dependant material 

property of tool. [1]. 

 
This heat input is applied to tool-p late interface over circular 

area with rad ius R. Shear yield stress of material is 

temperature dependant so we have to get temperature 

dependant values of yield shear stress. Before g iving these 

values to the heat generation equation we have to interpolate 

so that software can get any in-between values. Force applied 

as vehicle takes turn. 

 
Fig. 1 Interpolation function for temperature dependent shear 

strength of AISI 304 

 
Fig.2 Heat generation q is applied to the area.  

 

3.5 Heat transfer  

In this node boundary conditions for heat transfer are 

defined. Heat is conducted from interface to the entire p late 

through conduction. Part of it is lost through convection and 

very small part  is rad iated. Convection heat transfer is given to 

the top and side faces. One side that is axis of symmetry face 

is insulated. 

This is model based on co-ordinate transformation based so 

translational velocity for co-ordinate is given in this node 

under translational motion. 

 

3.6 Meshing 

Temperature variation near interface is h igh. So  

triangular elements are selected for interface. For other quad 

elements are selected. 

Table 1 Meshing Element Details  

 Quad 

element 

Triangular 

element 

Maxi element size 8.4mm 42mm 

Mini element size  0.084mm 7.56mm 

Maxi element growth rate 1.3 1.5 

Resolution curvature 0.2 0.6 

Resolution of narrow region  1 0.5 

 
Fig. 3 Meshing for Low carbon steel Plate  

 

3.7 Temperature Distribution 

After meshing compute the solution it will give the 

temperature distribution. Maximum temperature is at interface 

near periphery  of tool. Th is is because relat ive velocity  of tool 

and plate is maximum at periphery. Isothermal contour lines 

give the exact idea about tool movement direction. Isothermal 

lines come closer at front most position in moving direct ion. 

 
Fig. 4 Temperature Distribution 

 
Fig. 5 Isothermal contour 
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Fig. 4 shows that the maximum temperature at 

interface is 883
0
C. Fig. 5 shows the isothermal counter lines. 

From isothermal counter lines direction of tool movement can 

be seen. Isothermal lines comes closer to the tool leading 

direction. This is because when tool moves with given 

velocity new unheated plate surface comes in contact with 

tool. Isothermal line which are at the back of tool moving 

direction are more scattered and located away from each other.  

 

3.8 Model Validation 

New friction surfacing application for stainless steel 

pipe by Y. Katayama, M. Takahashi, T. Shinoda.2009. Tool 

material is 314ss and plate material is 316ss. Dimensions for 

the plate is 50*150*10mm 

 

Table 2 Model Validation 1 

 

Tool 

dia 

Parameters Max 

temp. 

(
0
C) 

Calculated 

temp.(
0
C) 

% 

error 

 

22mm 

F=27kN 

Rpm=400 

Feed=1mm/s 

 

940 

 

911.3 

 

3.08% 

 

Microstructures and properties of frict ion surfaced 

coatings in AISI 440C martensitic stainless steel, Ramesh 

Puli, G.D. Janaki Ram, 2012. 

Tool material AISI 440c martensitic stainless steel and plate 

material is low carbon steel. 

Plate dimensions are 150*100*10 

 

Table 3 Model Validation 2 

 

Tool 

dia 

parameters  Max 

temp  

(
0
C) 

Calculated 

temp (
0
C) 

% error 

 

16mm 

F=70MPa 

Rpm=1500 

Feed=1mm/s 

 

1150 

 

1021.38 

 

11.18% 

 

3.9 Error Discussion 

From above results temperature predicted by thermal 

model is lower than the actual temperature. This is because in 

thermal model heat generation is governed by the deformation. 

But in actual case heat generation at interface during coating is 

mainly governed by the deformation, only small part is by 

friction. Th is is because during coating value of slip  factor is 

0.8.Thermal model do not consider the slip factor. (Note: - If 

someone wants to analyse the heating during the preheating 

phase, both friction and deformat ion heating effects should be 

considered.) 

 

V. EXPERIMENTATION 

 
AISI 304 tool material is used with diameter 16 mm. 

Substrate plate dimensions are 250*150*10 mm. Substrate 

plate is of low carbon steel material. Universal milling 

machine is used for FSP. Machine spindle motor has 5.5 kW 

capacity. 

 

 
Fig. 6 Experimental setup 

 

Vertical loads are measured by load cells. For 

calculation of vertical force we use load cells of maximum 

load capacity 10 kN. By fixing these load cells as shown in 

following fig. 6. 

 

4.1 Material Properties 

 

Table 4 Material p roperties 

 

AISI 304 Tool 

material  

 AISI 1010 Plate 

material  

Mechanica

l 

Properties  Mechanica

l 

Properties 

Density 8000 kg/m
3
  Density 7.7 kg/m

3
 

Elastic 

Modulus 

193 GPa  Elastic 

Modulus 

190 GPa 

YS 205 MPa  YS 305 MPa 

Hardness 

HB 

182  Hardness 

HB 

105 

     

Thermal  Properties  Thermal  Properties 

Thermal 

conductivit

y (W/mK) 

16.2  Thermal 

conductivit

y (W/mK) 

65.2 

Specific 

heat 

(J/kg.K) 

500  Specific 

heat 

(J/kg.K) 

450 

Melting 

point (
0
C) 

1400  Melting 

point (
0
C) 

1515 

     

Chemical  Compositi

on 

 Chemical  Compositi

on 

Element % wt  Element % wt 

C 0.08  C 0.08- 

Mn 2.00  Mn 0.35 

Si 1.00  P 0.04 

Cr 18.0  S 0.05 

Ni 8.5    

P 0.045    

S 0.03    

 

VI. RESULTS 
5.1 Experimental Trials  

For experimentations used tool diameters are 25 mm, 20 
mm, 16 mm, 15 mm and processing parameters are selected 

from literature and available setting on machine.  
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Table 5. Experimental Trials  

Tri

al 

Tool 

Dia 
(mm) 

RPM Feed 

Rate 
(mm/

min) 

Temp

. 

0
C 

Remark 

1 25 1000 63 988.1 Torque required for 

coating is higher 

2 20 1000 50 885 than machine 

capacity ( kW) 

3 16 1400 63 856 Torque at higher 
temperature is 

within machine 
capacity. 

4 16 1000 50 866 But due to manual 
loading and tool 

feed it is difficult to 
maintain  

5 15 1000 80 811 continuous contact 

 

6 

 

10 

 

1000 

 

63 

 

730 

Heat generation at 
interface enough is 

not enough, tool 

starts to vibrate at 
loading. 

 

5.2 Effect of variation of radius on temperature  

From the heat generation formula it can be seen that heat 

generation is directly proportional to the radius. The effect of 

changing radius is same for preheating phase and processing 
phase. Heat generation formula for preheating phase is, [10].  

 

For the processing phase we can conclude that heat generation 
is directly proportional to the radius of tool. The maximum 

temperature limit for this case is melting point of AISI 304 i.e. 
1400

0
C 

 

 

Fig. 7 Tool radius vs temperature 

5.3 Effect of Variation Feed Rate on Maximum 

Temperature  

This graph is drawn after keeping radius (8 mm), normal 

force (450 kg) constant. From the graph it is seen that for much 
lower feed rate the maximum temperature reached is above 

903
0
C. For the feed lower feed rates the coating thickness will 

be more. On the other hand if we take much higher feed rates 

there is not much time for heating the material to plasticity. At 

600 rpm the maximum temperature is 820
0
C which is at feed 

rate 1 mm/min, do not select 600 rpm as it will gives you more 

thick coating which is not advisable. 

 

Fig. 8 feed rate vs temperature 

5.4 Effect of Change of Rpm on Temperature  

Heat generation at the interface is affected by changing rpm of 

the tool. From the heat generation formula it can be seen that 

heat generation is directly proportional to the rpm. 

 

Fig. 9 RPM vs Temperature 

5.5 Hardness Values of Coating Interface 

From the hardness data one can predict that hardness of 

interface is more than both base metal and coating material. 

Following figure shows values of hardness. Maximum 

hardness at interface is 336 Hv. Hardness values for low 

carbon steel is 200 Hv and for 304 stainless steel is 230 Hv.  

 

Fig. 10 Variation of Hardness along cross section 

5.6 Microstructure Study 
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Coating specimens are prepared by following steps. (1) 

Specimens are cut from plate. (2) Grinding. (3) Po lishing. (4) 

Lapping. (5) Etching. 

 

Fig. 11 Interface Microstructure 

After observing the images from micro scope we can say 

that grain structure near interface is finer than base metal. This 

is due to heating effect. This fine grain structure gives rise to 

the increased hardness values at interface. 

    

      (a)Base Metal                            (b) near interface 

Fig. 12 Microstructure variation 

5.7 Material Loss Due to Collar Formation 

During FSP some percentage of tool material will not 

contribute to deposition. This remaining material will form 

collar around tool. About 36.47% material is lost due to collar 

formation. 

 

Fig. 13 Collar formation  

VII. CONCLUSION 
 

1. Temperature dependant heat source as a boundary 

condition gives more accurate results than using 

temperature independent heat source. 

2. Model predicts temperature lower than actual 

because model does not assume stirring action.  

3. Select the RPM range 1000-2000 RPM for feed rate 

50-150 mm/min, because for this range, temperature 

obtained is above 800
0
C which is above hot working 

temperature of AISI 304. 

4. About 36.47% material is lost due to collar 

formation. 

5. Hardness value at interface is 336 Hv which  is higher 

than coating and base material.  
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