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Abstract 
 
During Friction Stir Welding (FSW) process, mass transfer phenomenon was investigated using Smoothed Particle Hydrodynamics 

(SPH) method. Temperature distribution, strain rates and shear layer thickness were obtained numerically and an appropriate consistency 
between the model and the experiments was observed. An index was defined as the portion of transferred material from one side to the 
other side of the weld centerline. The variations of this index respect to the ratio of rotational to welding speeds (speed ratio) examined 
and showed that the increasing of speed ratio caused decreasing of the mass deposition at the advancing side, suggesting that high value 
of speed ratio leads to defects on the advancing side of the weld. Furthermore, it was found that high value of tool linear speed causes to 
unbalanced distribution of material and defects formation on the centerline of the joint. The effects of three used cross-sections (circular, 
three-fluted and square) for the pin on the material transfer were determined and it was found that the use of pin with square cross-section 
creates more uniform joining results and is an appropriate select for non-uniform conditions of welding process or existence of uncertain-
ties about the material properties.  
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1. Introduction 

Friction Stir Welding (FSW), as a solid state process, in-
vented in 1991 at TWI [1] and basically involves inserting a 
specially designed tool with high rotational speed into the 
centerline of two workpieces and then translating the tool in 
the direction of centerline. The tool consists of a large shoul-
der and a smaller pin. The workpieces are locally heated by 
friction heating, thus becoming softer. The hot material flows 
around the rotating pin and fills the cavity behind the translat-
ing tool. Rotational and linear movements of the tool cause 
stirring of the material. After decreasing material temperature, 
a seamless weld is created, a feature which makes the FSW 
process popular for industry. Microscopic images show inter-
locking (anchoring effect) between the two workpiece layers 
within the stir zone which is considered as the main cause of 
the bonding [2]. Furthermore, interatomic diffusion and mate-
rial intermixing at relatively higher temperature is considered 
as another explanation of bonding effect by other researchers. 
Joining hard-to-weld materials, dissimilar workpieces, even 
with very different properties such as aluminum to polymer 

and also using non-consumable tool are the main advantages 
of the FSW. Melting points of alloys and strength of materials 
are the main limitations of the FSW process. Recently friction 
stir welding of Fe-, Ni-, Ti- based alloys as well as ceramics 
and even wood-plastics are under research [3]. One of the 
most important problems in FSW is the mass transfer during 
the process. The basic question is that how much is the 
amount of mass which transfer from each side of the weld 
centerline to the other side during process? The importance of 
this problem is that the defects formation during and after the 
FSW process depends on the mass distribution. More thor-
ough analysis show the mechanical defects (such as voids, 
tunneling and piping defect) are as a result of insufficient or 
unbalanced flow of material [4]. Arbegast (2008) in a view-
point article explained a model for defect formation based on 
the partitioning flow around the pin and beneath the shoulder. 
He presented only the concept of the flow-partitioned defor-
mation zone model and remarked that experiments should be 
done to validate the model. Threadgill et al. (2009) specified 
the reasons of defects formation and explained the roles of 
mass transfer and temperature distribution. Other studies (such 
as [7] and [8]) based on the statistical analysis have been done 
to specify admissible range of process parameters to obtain a 
defect-free weld. Answering to above question needs theoreti-
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cal work as well as experimental activities. Theoretical activi-
ties involve constructing a numerical model which is consis-
tent with the reality of the process. Mass transfer estimation 
needs a model which it should be established in Lagrangian 
framework. Although, many theoretical studies have been 
conducted on the Eulerian framework [9], FEM has been 
widely used to model the flow of material in Lagrangian 
framework. Nevertheless, simulating FSW by FEM suffers 
from excessive distortion of the elements. This in turn causes 
unacceptable errors of the results. In addition, elements distor-
tion limits the FSW simulation to a very short time period that 
means it could not be a proper model of the real process. To 
overcome these shortcomings, Arbitrary Lagrangian Eulerian 
(ALE) along with meshless techniques, such as Smoothed 
Particle Hydrodynamics (SPH), Particle In Cell (PIC) and 
Natural Element Method (NEM) have been implemented by 
many researchers (e. g. [10-12]). However, as far as the au-
thors know, mesh based techniques, even ALE embedded 
FEM, have not the ability of modeling the whole time of the 
process because the aforesaid problem about the large distor-
tion of the elements persist. Thus, several researchers tried to 
model the FSW process using other techniques such as those 
mentioned above. Successful implementation of SPH method 
to model FSW process has been reported by Tartakovsky et al. 
(2006). They showed the nature of mixing phenomena as well 
as particles path line in FSW process. In another study, Time-
sli et al. (2011) used the SPH method to solve the FSW gov-
erning equations and compared the results of temperature 
distribution with that of the Fluent analysis. Their results, 
though were only limited to the temperature analysis and mix-
ing nature of the process, were in line with the results of the 
Fluent software. More applicable results obtained by Fraser et 
al. (2013) who used SPH module of the commercial package 
LS-Dyna 3D. They could predict the defects of the weld dur-
ing FSW and elegantly illustrated stirring of material at the 
centerline of the weld. They also presented an acceptable 
range of tool speeds for obtaining defect-free joints.  

In many fields of engineering sciences dimensionless quan-
tities are widely used. These numbers show the effect share of 
different features on a specific quantity or specific state. It 
seems that defining an appropriate quantity, in FSW process, 
such that represent the effect of geometrical features of the 
tool as well as kinematical specifications (welding and rota-
tional speeds) and material properties, can be useful to esti-
mate the occurrence of defects. The main purpose of this study 
is to define a mass ratio which its variations respect to a di-
mensionless quantity leads to determination of some welding 
features. SPH modelling of the FSW process in Lagrangian 
framework enables defining an index which is named mass 
flow rate ratio in present study. The correlation between this 
new index and the quality of the weld can be studied, so, the 
effects of welding index (rotational to welding speeds ratio) 
on this ratio investigated. The permissible range for this value 
can be determined in such a way that if its value be out of that 
range, the formation of defects during and after welding proc-

ess might be predicted. It is noteworthy that this ratio is de-
fined based on the main purpose of the FSW process which is 
mixing of the workpiece material at hot state. 

 
2. Material and method 

2.1 Material model 

FSW is the process of material movement when the mate-
rial is in hot plasticized state, so the material flow can be con-
sidered as fluid flow. In this process, hot flow of material 
transfers from the front to the back region of the tool pin. For 
this type of processes the value of flow viscosity relates to the 
value of equivalent plastic stress ( es ) through the Perzyna’s 
model [16]: 
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where es  (MPa) is defined using Johnson-Cook constitutive 
model [17]. 

Decreasing effects of temperature on yielding strength are 
usually higher than strain rates and strain hardening effects; so, 
for the sake of simplicity, we consider [13]:   
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where A and m are material constants. 

In this study, the mass ow is treated as a ow of 2D non-
Newtonian, incompressible, viscoplastic material. It is note-
worthy that based on the observations by the authors, during 
various experiments as well as examining the existing micro-
structures in published articles by other researchers, defects 
due to mass lackness occur in region where the tool shoulder 
effect ends. In this region, which is known as pin affected 
zone (PAZ), the dominant cause for the material movement is 
the pin rotation. The researchers have been revealed that the 
flow of material could be considered 2D with higher certainty, 
so, 2D model can be used for this region.  

 
2.2 Solution method 

Smoothed Particle Hydrodynamics (SPH) method was used 
in the present study to model the process. This method is one 
of the oldest methods of meshless procedures invented for 
solving astrophysical problems [18]. In the SPH method, a 
system is considered as a set of particles and the state of the 
system is the state of those particles at each time. Physical 
properties as well as kinetic and kinematical variables are 
assigned to each particle. The equations of the continuum field 
discretized based on this viewpoint, and the result of discreti-
zation is a set of newly formed equations at each particle 
(point). Liu and Liu (2010) discussed completely the history, 
principles and applied details of the SPH method. Here, we 
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only reviewed the discretized form of the continuity, momen-
tum and energy equations: 
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The pressure terms in Eq. (4) are defined based on the defi-

nition of ideal gas as mentioned below: 
 

2p cr=  (6) 
 
Artificial viscosity, ijP , is used to prevent clustering prob-

lem and is defined as: 
 

( ) ( )

( ) ( )

2 2
0 0

2 2
: . 0

0.01

0 : . 0

ij ij
ij ij

ijij

ij ij

c
v r

r h

v r

a j b j+ì-
<

+
ïïP = í
ï

>ïî

r r
r

r r
 (7) 

 
where in above equations: ( ) ( ).ij ij ijv rj =

r r , ij i jv v v= -
r r r , 

ij i jr r r= -
r r r , ( ) ( )/ij i j i jm m m m m= +  and ( ) ( )/ij i j i jk k k k k= + . 

The plastic work is converted to heat energy and is defined 
as follow [14]: 
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ijW  is the kernel function and quantic form of this function 

for 2D problems is used here [13]: 
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In the above relation, /q r h=

r  where r
r  is the distance 

between point i and j, and h is the effective radius of the particle i. 

2.3 Boundary conditions 

For FSW process the heat generated at the pin surface is: 
 

( ) ( )2
, 1 2s i i i Pinq Rt w d p= -  (10) 

 
The heat dissipation from the outer boundary points is de-

fined based on the convection heat transfer: 

 

( ),v i conv i ref iq h T T d= -  (11) 

 
where convh  is the convection coefficient and id  is the Dirac 
delta function which is used for assigning the heat flux from 
particle i, locating on the boundaries, to its surrounding area.  

d  in Eq. (10) is the slip coefficient varying between 0.4 to 
0.6 [19]. In the present analysis, we used 0.5 for slip coeffi-
cient.  

Most of the plastic work consumed for microstructure evo-
lution, and only four to five percent of this work caused an 
increase in temperature [10], so we considered 0.04pb = .  

Velocities at the pin surface are: 
 

( )1 cos cosx pinv R Ud w q q= - -  

( )1 sin  y Pinv Rd w q= -  (12) 

 
Fig. 1 shows the boundary conditions, start and end points 

of the pin path for this study.  
Based on the discretized form of equations, a code was de-

veloped to solve the equations. Due to the thermo-mechanical 
nature of the process, the equations of continuity, momentum 
and energy must be solved simultaneously. Explicit predictor-
corrector scheme is used for each time step during the time 
integration of the equations. This scheme as well as other ones 
were completely discussed in Ref. [20] and we will not dis-
cuss them here for the sake of simplicity. Based on CFL (Cou-
rant-Friedriches-Lewy) criterion, time increment of tD  is 
related to the sound velocity ( Sc ) and minimum distance 
among the particles in each time step:  

 
min / St r cD = D   (13) 

 
 
Fig. 1. Boundary conditions and the schematic of the pin movement 
path. The start point of the pin is considered outside of the work 
pieces. 
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The magnitude of tD  for aluminum alloys is of the order 
710-  so one second of the process needs 710  iterations; thus 

the researchers use “constructed properties” to increase time 
increment [13]. However, in spite of the above hypothesis, the 
behavior of the particles under the field governing equations is 
coinciding with experimental observations. The same hy-
pothesis is considered here to decrease the cost of computa-
tions. Approximately, one second of the FSW process on a 
HPC system with 16 CPU as worker and 100 GB of physical 
memory took 5 hours. 

  
4. Results and discussion 

The results of numerical method are presented in this sec-
tion. Table 1 shows the data used for SPH analysis. 

The artificial viscosity (Eq. (7)) was calculated based on the 
following coefficients: 

 
0 00.001, 2a b a= =  (14) 

 
Many SPH papers proposed 1a =  and 2b = , but using 

these values prevents the mixing of the particles in the FSW 
process.  

 
4.1 Validation 

The SPH model of the process must be validated by using 
various criteria. Three major issues considered here to com-
pare the results of the SPH model: 

(1) Temperature distribution (experimental results obtained 
by the authors). 

(2) Strain rates. 
(3) Shear layer thickness. 

4.1.1 Temperature distribution 
Fig. 2 shows the geometry of a test sample. Workpieces 

were made of aluminium A1200 plates. Thickness of the 
plates was 6.3 mm and the height of the pin was 5.3 mm. 
Three tools with different ratios of pin to shoulder diameter 
were used for welding. The location of temperature measure-
ments is shown in the Fig. 2. The measurements probe was 
located at the top surface of the plates. This surface was ex-
posed to the convection heat dissipation while the bottom 
surface exposed to the conduction heat dissipation through the 
backing plate. However, it is assumed that the difference be-
tween the top and bottom temperatures could be ignored at a 
specific position. In other words, the through-thickness distri-
bution of temperature assumed constant at a specific coordi-
nate [24].  

The results of the measurement as well as the results of SPH 
model are presented in Table 2.  

The second column of Table 2 shows the number of the ex-
periment runs. The results showed that there was a good 
agreement between the experiments and the SPH model ex-
cept of the shaded values. The values of temperatures must 
increase when linear velocity of tool travel decrease and rota-
tional speed remains constant but the experiments values 
showed a reverse behavior, probably, due to different condi-
tions of testing at different times. 

Fig. 3 shows the graph of SPH method and the results of 
two experiment measurements. 

The maximum difference between experiment results and 
SPH model ones could be ignored in engineering viewpoint. 

Table 1. Data used in the present study. 
 

Workpiece material Aluminium A1200 

Lx, mm 18 

Ly, mm 10 

Pin diameter, RP , mm 3,4 

Tool rotational speed, N, rpm 200, 300, 450, 500 

Welding speed, mm/s 0.3, 0.5, 1, 2 

Specific heat, C, J kg-1 K-1 850 [21] 

Thermal conductivity, k, W m-1 K-1 174 [21] 

A, MPa 105 [12] 

m, (material constant) 1.7 [12] 

c, m/s 3500 

Density, kg/m3 2700 

/ Rs s    1 [22] 

n  5.66 [22] 

F  5.18(10)10 [22] 

a , MPa-1  0.04 [23] 

t , MPa  4 [23] 

 

 
 
Fig. 2. Geometry of the test samples. Capital Letters show the loca-
tions of temperature measurements. 
 
 

 
 
Fig. 3. Experimental vs. SPH results of temperature (see row 2 and 9 in 
Table 2 for more information). Pin center considered as the origin of 
the coordinate system. 
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4.1.2 Strain rates 
Strain rates calculation is one of the other major criteria 

which it could be calculated by the SPH model in one side and 
an empirical estimation of that could be drawn in another side.  

Based on the SPH model, the strain rates defined as [18]: 
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a  and b  represent x and y directions and abd  is the 

Dirac delta function and its value is one when a b= , other-
wise is zero.  

Chang et al. argued that by a simple linear assumption the 
material flow strain rate may be derived as [21]: 
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where cr  and cL  are the effective (or average) radius and 
depth of the dynamically recrystallized zone. The average 
radius within the pin affected zone (PAZ), cr , is proposed to 
equal about 0.78 (or / 4p  [21]) of the observed zone bound-
ary radius, br . Similar argument can also be applied to cL  
and based on the observed cross section of welds its value is 
assumed to equal about the pin height. Table 3 shows the 
strain rate resulted from the SPH model and the estimated 
value of it based on the Eq. (16) and the size of the nugget 
zone obtained by the authors through the experiments.  

Fig. 4 typically shows the cross section of four test samples 
and the required geometry for calculation of strain rates based 
on the Eq. (16). Table 2 shows a comparison between the 
results of the SPH model and those of obtained by the empiri-
cal equation.  

As can be seen the error between the experimental and nu-
merical results is about 3.5 % for temperature and 20 % for 
strain rates. It should be noted that the estimation of strain 
rates based on an empirical relation is one of the reasons for 
deviation of the SPH from the experimental values obtained 

Table 2. Results of the experiments compared with the results of analysis. 
 

D D N U TExp TSPH Expe&  Expe&   cExp cSPH ExpM&   ExpM&   
n Runs 

Mm mm rpm mm/min oC oC s-1 s-1 mm mm kg kg 

1 3 6 16 420 50 559 580 54 47 0.4 0.4 0.152 0.133 

2 3 6 16 470 75 693 704 60 55 0.5 0.4 0.179 0.164 

3 4 6 16 470 60 697 692 60 52 0.4 0.3 0.156 0.135 

4 3 6 16 470 50 675 694 60 48 0.4 0.3 0.140 0.112 

5 3 6 21 420 50 681 702 54 45 0.3 0.3 0.117 0.098 

6 2 6 21 420 100 667 688 54 48 0.6 0.6 0.227 0.202 

7 3 8 21 420 50 703 712 71 59 0.3 0.3 0.155 0.128 

8 3 8 21 420 70 686 706 71 63 0.4 0.4 0.207 0.181 

9 2 8 21 420 100 779 808 71 68 0.5 0.4 0.220 0.208 

 

 
 

(a) 
 

(b) 

  
(c) 

 
(d) 

Fig. 4. Weld nugget zone and its size for calculation of strain rate based on the Eq. (16). The specification of welding are presented in Table 2: (a) 
Row 1; (b) row 2; (c) row 7; (d) row 9. 
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by Eq. (16). The examination of the weld cross sections, as 
can be seen typically in Fig. 4, show that increasing the weld-
ing velocity leads to decreasing the pin affected zone (PAZ) 
area. 

 
4.1.3 Shear layer thickness 

The linear movement of the tool cause to material transfer 
from the front region of the pin to the back region of it, as 
mentioned before. The time rate of this volume is considered 
as total material transfer rate ( totalM& ) in this study. Fig. 5 
shows the pumping action of the process pin.  

In the PAZ region, total volume of the dislocated material is 
written as: 

 
( ) ( )( )2 22 / 2 2p p pV R c x R c R cp= + - - +  (17) 

 
In above equation, V is the total volume of dislocated mate-

rial and c is the thickness of shear layer. So, an estimation of 
totalM&  can be drawn through the shear layer representation of 

the process: 
 

( ) ( )2 2total p p

dxM R c R c U
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r ré ù= + = +ê úë û
&   (18) 

 
Various expressions have been presented for shear layer 

thickness. Mendez et al. have defined the following relation 
based on an analytical approach [25]: 
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where D relates to the material model through the Sellars and 
Tegart model [22]: 
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and es  is the flow stress at elevated temperature, Rs  is an 
arbitrary reference value to adjust the dimension of the above 
relation and n is a constant which is depending on the work-
piece material. So, the shear layer thickness can be written as 
below: 
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Qian et al. have presented another relation, as mentioned 

below, which is easier and can be used as an estimation of c 
[23].  

 
/c U N=  (22) 

 
where U and N are the linear and rotational speeds of the tool, 
respectively.  

The Eq. (21) is depending on the values of s  and Rs  
which their magnitudes finally relate to the experiment. The 
Eq. (22) gives an approximation value of the shear layer 
thickness when an overall estimation is needed. However, the 
results of cross sections examining of the test samples can be 
used to measure the shear layer thickness directly. The differ-
ence between the average PAZ and pin radius is considered 
here as cExp and are shown in Table 2. The rate of mass flow is 
calculated based on this representation of shear layer thickness. 
It should be noted that the experimental rate of mass ( ExpM& ) is 
obtained based on the experimental thickness of shear layer 
while the numerical one ( SPHM& ) is obtained from the model 
directly. 

A comparison of the model and empirical relations about 
the results of the shear layer and total rate of mass flow is 
mentioned in Table 2. This results show the relative accuracy 
of the model so the overall errors could be ignored in an engi-
neering viewpoint. 

Material movement in Lagrangian framework is one of the 
major problems and its validation needs more experimental 
and theoretical efforts. In several studies, a few small pieces, 
which embedded align the welding centerline, have been used 
as markers and their location have been determined after 
welding [26]. The location of them did not have any specific 
pattern due to many un-control variables affecting the move-
ment of the markers [13]. However, several studies inferred 
that most particles from the advancing side rotated around the 
pin and a portion of them cumulated at the retreating side.  

The accumulation and solidification of most particles at re-
treating side has been shown by many researchers such as 
Edwards and Ramulu (2015) and Guo et al. (2014). Several 
studies illustrated that when two work pieces with different 
materials are used, the material with lower strength should be 
located at advancing side. For instance, the welding of alumin-
ium alloy to advanced high strength steel was studied by Liu 
et al. (2014). For the stability of the joint, they deduced that 
the aluminium workpiece must be placed at advancing side so 
material rotates around the pin and solidify at the retreating 
side. In other words, the major transfer of material occurs 
from the advancing side to the retreating side. 

The overall results of the temperature distributions and the 
flow of material observed by the authors and others showed 
that the SPH model is reliable and is in line with the FSW 

 
 
Fig. 5. The hatched area shows the stirred zone around the pin from the 
start of the process. 
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reality. 
The results of material movement at different times of the 

process for a sample case are shown in the Fig. 6. The mixture 
of the work pieces material occurs uniformly 7 seconds after 
the start of the process. 

 
4.2 Mass flow rate ratio (MFRR) 

The main purpose of the FSW process is the mixing of the 
two materials at solidus state. According to this idea, the mass 
flow rate ratio (MFRR) of the process could be defined quan-
titatively. In this study, MFRR is defined as the fraction of the 
mass flow rate from a specific side to the other side. For ex-
ample, if h  refers to this ratio, R Ah ®  indicates the fraction 
of the total transferred mass from the retreating side to the 
advancing side per unit time, so: 

 
R A

R A
total

m
M

h ®
® =

&
&  (23) 

 
R Am ®
&  is the mass flow rate of the material transferred from 

the retreating side to the advancing side. It is noteworthy that, 
respect to welding centerline, there is four possible of mass 
transfer: R Am ®

&  , R Rm ®
&  , A Rm ®

&  and A Am ®
& . In present study 

the transfer rate of mass from the advancing side to the retreat-
ing side ( A Rm ®

& ) is considered. 
The SPH model code has this capability to quantitatively 

calculate the total mass flow rate and mass flow rate ratios 
based on estimating the number of the transferred particles 
and particles depositions. In this study, though the analysis 
have been done in 2 dimensional system, the ratio of mass 
flow rate in 2D and 3D is the same, which is inferred by the 
equality of / d /V V A AD =  as could be concluded based on 

the volume analysis of Fig. 7. 
So, the time rate of above equation is / /d AV V A=D & && &  and 

indicates that the ratio of mass transfer rate to the total mass 
transfer rate in 3D is equal the ones in 2D.  

In the next sections the results of analysis are presented and 
discussed. Three pins are selected for numerical analysis 
which their geometries are illustrated in Fig. 8. 

 
4.2.1 Circular pin 

The graphs of the Fig. 9 show the effect of rotational (N) to 
welding velocity (U) ratio (the number of rotation per unit 
translation of the tool) on the MFRR.  

According to these results, increasing the N/U ratio resulted 
in the reduction of the A Rh ® . The experiments with the same 
welding parameters show appropriate joining of the work 
pieces, so, the optimum condition is when the values of A Rh ® . 
and R Ah ®  are not equal and the role of mass flow return to 
each side ( A Ah ®  and R Rh ® ) is important too. The graphs of 
Fig. 9 shows the optimum value of N/U ratio was about 10 for 
aluminium alloy where the same result already was reported 
by many researches. 

As can be seen in Fig. 9, the maximum attainable value is 
about 52 % for A Rh ®  and about 35 % for R Ah ® , for alumin-
ium alloys, within the range of admissible welding parameters. 
Offsetting the tool position toward the retreating side could 
change the value of R Ah ®  and cause to more uniformly dis-
tribution of mass deposition. A few seconds after the start of 
the process, the value of h  oscillates around a specified 
value. The period of time when h  approximately stabilizes is 
known as dwell time and is defined as the time elapsed from 
the start of the process to develop temperature distribution 
completely. The dwell time calculated by the SPH model co-
incides with the experimental results. The process could be 
considered as quasi-static after stabilization of h .  

Fig. 10 shows the average values of MFRR that are fitted 
with a basic function and its general relation can be considered 
as below: 

 
(a) 

 

 
(b) 

 
Fig. 6. SPH model of the FSW process at different times after the start 
of the process (470 rpm, 50 mm/min).  

 

 
 
Fig. 7. The volume of the nugget or stirred zone.  

 

 
 
Fig. 8. The pin cross sections with the equal size of effectiveness R. 
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( ) ( )tanht K th =  (24) 

 
The value of K depends on the process parameters and is 

discussed in following sections. The above relation leads to an 
estimation of mass flow rate from the advancing side to the 
retreating side based on the following equation: 

 
( ) ( ) ( )( )tanh 2R A pm t K t R c Ur® = +&  (25) 

 
where K varies between 35 to 52 and c is calculated by Eq. 
(22). 

The value of h  converges to the value of K for steady 
state of the process, so an investigation on K and its depend-
ency on the welding parameters is performed below. 

Table 3 shows the values of K which is calculated at various 
conditions of SPH simulations. In this table, the rate of mass 
transfer from the advancing to the retreating side is considered 
and the value of K relates to the value of A Rh ® . Based on the 
opinion of the authors, the magnitudes of K should be related 
to the features of welding. These features, similar to the other 

processes, are considered geometric, kinematic and material 
properties.  

The graph of Fig. 11 shows the correlation of K and S value 
which the latter is defined based on the welding features as 
below: 

 
2

p e
R

S
v
w s

s
æ ö æ ö= ç ÷ ç ÷

è øè ø
 (26) 

 
The ratio of flow stress at elevated temperature to the 

strength of the material can be explained by the following 
relation: 

 

1
m

e room

m room

T T
T T

s
s

é ùæ ö-ê ú= - ç ÷ç ÷-ê úè øë û
  (27) 

 
So, the S value could be written as following relation: 
 

2

1
m

p room

m room

R T TS
v T T
w é ùæ öæ ö -ê ú= - ç ÷ç ÷ ç ÷-ê úè ø è øë û

 (28) 

 
And a linear correlation, when the maximum R-squared is 

attained, is as: 

 
 
Fig. 9. The variation of MFRR with respect to time at different ratios 
of rotational to welding speed (N/U). Top: A Rη ® . Bottom: R A η ® .  

 

 
 
Fig. 10. The average values of A Rh ®  are fitted with the hyperbolic 
tangent function ( ( )45 tanh t ) for welding parameters 500 rpm and 
75 mm/min. 

 

Table 3. Results of SPH analysis. 
 

U (mm/min) N (rpm) K Tmax (oC) 

50 200 44 572 

50 300 41 593 

50 840 48 650 

75 200 47 561 

75 300 37 582 

75 470 29 606 

75 840 46 639 

75 1200 66 659 

100 300 34 575 

100 840 44 630 

120 400 52 585 

120 480 38 594 

150 840 43 619 

 

 
 
Fig. 11. The variation of K value with respect to S for circular pin. 
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0.0012 39.1K S= +  (29) 
 
In summary, on quasi-static condition, the percentage of 

mass transfer rate from the advancing side to the other is as 
following equation: 

 
2

0.0012 1 39.1
m

p room
A R

m room

R T T
v T T
w

h ®

é ùæ öæ ö -ê ú= - +ç ÷ç ÷ ç ÷-ê úè ø è øë û
 (30) 

 
T  is the maximum temperature, which is assumed uni-

formly distributed within the shear layer and equals maxT . It 
was reported that for several aluminium alloys a general rela-
tionship between maxT  and FSW parameters could be ex-
plained by [26]:  

 

( )( )2 4
max / / 10

s

m sT T K v
a

w=  (31) 

 
In above equation, the constant sK  is between 0.65 and 

0.75 and the exponent sa  is reported to range from 0.04 to 
0.06.   

4.2.2 Three-fluted and square pin 
Figs. 12 and 13 show the graphs of MFRRs for three-fluted 

and square pins. The welding parameters were the same for 
both pins (470 rpm, 50 mm/min). It can be drawn from the 
graphs that the rate of mass transfer from the advancing side 
to the retreating side is slightly higher for the pin with three-
fluted shape. The transfer of mass from the advancing side 
which returns to the same side increases during the process 
with three-fluted pin but remains constant for the square pin. 
The time to the quasi-static state of the process is about 4 s for 
three-fluted pin whereas the same time is about 2 s for square 
pin which means that the temperature develops more rapidly 
for the latter respect to the former. 

The variations of K versus S, for three-fluted and square 
pins, are illustrated in Fig. 14. The graphs show a little de-
pendency of the MFRR to the variations of S especially in 
square pins, so, the K value can be considered as an invariant 
quantity for square pins in PAZ region.  

The A R

R A

h
h

®

®

 ratios for selected pins are shown in Fig. 15. 

This ratio shows the distribution of material around the pin. 
As seen in Fig. 15, material transfer for the three-fluted pin 

 
 
Fig. 12. The value of MFRR for three-fluted pin. The welding parameters are 470 rpm and 50 mm/min. 

 

 
 

Fig. 13. The value of MFRR for square pin. The welding parameters are 470 rpm and 50 mm/min. 
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increases uniformly from the advancing side to the retreating 
side when it approximately remains constant for the square pin 
and decreases slightly for the circular pin.  

The overall results showed the pins with square cross sec-
tions cause to minimum dwell time of the process and also 
uniform distribution of mass, suggesting that creates more 
efficient joints. 

 
4.3 Strain and strain rates for circular pin 

Based on the particle viewpoint of the SPH methodology, 
we defined strain as the ratio of the distance between two ad-
jacent particles at the current time step to the overall distance 
from the first time step. 

 

0

ij t t
ij t

ij

r

r
e +D=

å
 (32) 

The results of calculations of resultant strain and resultant 
strain rates for circular pin are shown in Fig. 16.  

Increase in the rotational speed led to an increase in the 
strain rates and consequently increases the magnitudes of 
strain. Higher values of rotational speed caused the material to 
tear, so there was a limit value for strain. In other words, the 
increased rotational speed causes material to strain rapidly 
without experiencing more strain. The maximum value of 
strain was limited to 10 mm/mm as reported by Arora et al. in 
friction stir welding of aluminium AA2524 [30]. 

Fig. 16 shows that the material at the advancing side experi-
ences more strain respect to the retreating side. The values of 
resultant strain decay rapidly to near zero through 3 mm far 
away from pin surface. This could be considered as the stir 
zone. Increasing the rotational speed develops the stir region 
based on the resultant strain diagram. 

 
4.4 Temperature distribution and material deposition 

Fig. 17 illustrates a sample diagram of temperature spec-
trum at different times from the start of the process for the 
square pin. The pin has been considered as a set of moving 
particles which move based on the Eq. (12). The rate of cool-
ing behind the pin and along the centerline of the weld is ap-
proximately 22 °C/s. Thus, the temperature drop, calculated as 
26 °C per each millimeter of the linear movement of the pin.  

Determination of path and final deposition of particles are 
another results of the SPH analysis. A series of sample dia-
grams for square pin are shown in the Fig. 18. Particles accu-

 
(a) Three-fluted pin 

 

 
(b) Rectangular pin 

 
Fig. 14. K values respect to S shows unchanged approximately. 

 

 
 
Fig. 15. The ratio of A Rh ®  to R Ah ®  for different pin shapes respect to 
time. The welding parameters are 470 rpm and 75 mm/min for each pin. 

 

 
 
Fig. 16. Top: The strain of the sample points on perpendicular direc-
tion to welding centerline. Bottom: The strain rates (1/s) of the points. 
Pin center considered as the origin of the coordinate system. 

 



 M. R. Ojnordy and F. Kolahan / Journal of Mechanical Science and Technology 32 (10) (2018) 1~9 11 
 

  

mulation could be an indication of the increased density of 
material in one side and naturally, the decreased material ag-
gregation in the other side; so, could be an estimate of the 
probability of mass insufficiency which inferred the possibil-
ity of void or tunneling defects after welding. The accumula-
tion of particles in the diagrams of Fig. 18 has been calculated 
for following conditions: increasing the linear speed when the 

rotational speed of the tool remains constant; and, increasing 
the rotational speed when the linear speed stays constant. 

It can be concluded that increasing the linear speed of the 
tool increases the possibility of defects formation in the weld 
centerline. On the other hand, increasing the rotation speed of 
the tool could lead to decrease of material deposition or mass 
insufficiency in advancing side which forms the piping or 

 
 
Fig. 17. The temperature distribution for square pin. The welding parameters are 470 rpm and 50 mm/min. 

 
 

 
 
Fig. 18. Distribution of particles which indicates the deposition of material. 
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tunneling defects. 

 
5. Conclusion and future work 

The SPH model of the friction stir welding provides the 
ability of determining various aspects of the process. In the 
present study, the following conclusions can be drawn: 

(1) The transfer rate of material from the advancing side is 
(1.5 times more than the other side during the process. Fur-
thermore, the maximum amount of mass which transfers from 
the advancing to the retreating side is about 40 to 50 percent 
of the total transferred mass. 

(2) Increasing the ratio of rotational to welding speed de-
creases the mass flow rate ratio ( A Rh ® ) to less than 40 % for 
circular pin. As a result of this study, the optimum value of 
speed ratio is about 10 for aluminium alloy where the rota-
tional speed is between 400 rpm and 1000 rpm. 

(3) Increasing the welding speed of the tool (constant speed 
of rotation) leads to narrowing the width of the pin affected 
zone (PAZ) which at high speed of tool linear movement 
could leads to void defects behind the pin at the centerline of 
the weld. This could degenerate the mechanical properties of 
the joint. 

(4) Increasing the rotational speed of the tool leads to the 
decrease of the accumulation of mass on the advancing side. 
In solidus state of the material, this could lead to tunneling or 
piping defects on the advancing side. 

(5) Investigating on the features of the MFRRs for the tool 
pin with three different shapes shows that its value changes 
with a specially defined quantity (S) which is a combination of 
geometric parameters as well as kinematic and material prop-
erties ones. The form of this quantity which is similar to 
Sommerfeld number in fluid bearing design, specially selected 
to represent the main working parameters of the FSW process. 
Furthermore, the increasing of the S quantity causes to an 
increase of mass flow rate ratio for the circular pin and also 
slightly affects the MFRR for the three-fluted pin. However, it 
has not significant effect on MFRR of the square pin, which 
means that the square shape of pin is an appropriate selection 
for non-uniform conditions of welding or un-specified values 
of some of the material properties. It should be indicated that 
the results of this study were obtained for aluminium Al1200 
and for the other alloys the similar analysis should have been 
repeated. 

(6) The numerical results show that the pin with square 
shape distributes material more uniformly than the pins with 
circular or three-fluted shapes since the /A R R Ah h® ®  ratio 
remains constant for the square pin during welding. This result 
along with the rate of temperature drop suggests that, due to 
dynamic recrystallization, square pins create more uniform 
microstructure for nugget zone after welding.  

(7) Strain rates increase when rotational speed increases but 
there is a little change in values of strain. Furthermore, the 
material experiences higher strain in advancing side relative to 
retreating side. 

(8) The distribution of particles obtained by the SPH model 
is an indication of suitability of welding parameters. As a gen-
eral approximation, it can be mentioned that when the speed 
ratio (N/U) is about 6.2, the uniform distribution of particles is 
achieved. 

(9) The SPH model shows that increasing the geometrical 
features of the pins (right-angle, concave sides …) causes to 
higher efficiency of stirring phenomena. In the other words, 
the less symmetrical lines for pin cross section make the weld-
ing process more efficient. 

The need for evaluating MFRR through the experimental 
activities and the effects of tool offsetting and tilting on its 
value should be determined. These issues along with 3-
dimensional analysis can be considered as future works. 
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