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Introduction
Increasing demands for operating proper-

ties of fabricated elements on one hand, and 
a necessity of reducing mass of a structure 
on the other, triggers materials engineering 
research into producing surface layers repre-
senting required functional properties. Me-
thods commonly used in the production of 
surface layers, such as surfacing, spraying 
or re-melting with a laser beam have been 
known for years. A new method, so far little 
known in Poland, is the friction stir proces-
sing (FSP) of surface layers. This technolo-
gy offers control over shaping the functional 
properties of materials being processed. FSP 
consists in heating and plasticising a material 
(parent metal) as a result of friction with a 
tool, provided (or not) with a probe, rotating 
and moving along an element surface sub-
jected to processing. This method originates 
from the technology of friction stir welding 
(FSW), yet in comparison with this method, 
the phenomena taking place in the interface 
between the stirring area and the parent me-
tal will have a decisive effect on the func-
tional properties of a layer obtained through 
this process. The application, the course of 
the process, as well as the applied tools and 
equipment were discussed in the previous 
work [1]. The research of the friction stir 
processing (FSP) of surface layers, so far has 

been focused mainly on the metallurgical 
analysis of microstructural changes in modi-
fied aluminium alloys [2-7]. Today’s state of 
FSW/P (Friction Stir Welding/ Friction Stir 
Processing) research is described in the pu-
blication [8]. However, from a practical po-
int of view it is important to determine the 
impact of FSP conditions, i.e. a tool rotatio-
nal speed, travel rate, pressure force as well 
as the shape and type of tool on the moment 
acting on the tool, temperature in the stirring 
area, and the amount of heat generated in the 
stirring area. The heat generated in the area 
being processed and the level of plastic stra-
in are factors having a decisive effect on mi-
crostructural changes, and, consequently, on 
the mechanical and functional properties of 
newly formed areas.

Determining dependences between the 
FSP process conditions will enable better un-
derstanding of physical phenomena accom-
panying a modification area formation pro-
cess. These dependences can be determined 
experimentally, through the application of 
analytical models and by means of numerical 
calculations.

Analytical and numerical models
On the basis of reference publications, 

the analytical models by means of which 
one calculates the amount of heat genera-
ted during FSW/P processes (Friction Stir 
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Welding / Friction Stir Processing) can be 
classified into three groups [9], i.e. models 
based on the following:
• friction phenomenon [7, 10], 
• plastic strain phenomenon [11], 
• friction and plastic strain phenomena 

occurring at the same time [11, 12].
The first group of models is based on a 

theory that the main source of heat generated 
in the stirring area is the friction between the 
surface of a tool (shoulder, probe surface) 
and a parent metal. The second group conta-
ins models based on a theory stating that the 

heat generated in the stirring area is the re-
sult of a strong plastic strain (deformation of 
the primary material structure caused by stir-
ring with a tool). The third group combines 
both previous ones and is based on combined 
theories related to friction and plastic strain 
phenomena. Exemplary analytical equations 
of the models mentioned above are presented 
in Table 1.

Frigaard [14] proposed a model conside-
ring only friction phenomena i.e. the pheno-
mena taking place during classical friction 
welding, with a constant heat flux under the 

Model Dependences describing the amount 
of generated heat References
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Vm, VRP and θ are experimental functions and can be 

expressed as:

λ – angle of the thread of a spiral thread cut on the probe
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Schmidt, Hattel 
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between the tool surface and the parent metal
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Reynolds, Hamilton Qtotal = Mtotal ω [19-25]

Q- heat,
q – heat flux,
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μ – friction coefficient,
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Table 1. Analytical models for the calculation of heat amount generated during FSW/P [9]
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shoulder surface and without the effect of the 
probe. Chao [15, 16] expanded a model utili-
sing a heat flux by taking into consideration 
the radial distribution for the density of a heat 
flux. Colegrove [17, 18] presented an analy-
tical equation for the amount of heat genera-
ted by the probe, demonstrating that this heat 
can make up even 20% of the total generated 
heat. A limitation of the models presented 
above is the proper estimation of the friction 
coefficient μ, which depends on temperature. 
The analytical dependences describing the 
models based on the assumption that the main 
source of generated heat is a plastic strain, do 
not differ significantly from the dependences 
related to friction phenomena. In these mo-
dels, the product μF was replaced by a she-
aring stress [17, 18]. Schmidt and Hattel [12] 
introduced a model considering both friction 
and plastic strain phenomena, depending on 
whether the friction present is viscous or dry. 
In the dry friction, the tool pressure force, 
and thus the stress caused by it, is smaller 
than the stress of a strain at a given tempera-
ture. Therefore, the friction between the tool 
and the parent metal is the main source of 
heat. When the parent metal starts to conglu-
tinate with the tool, the phenomenon of inter-
nal friction, being the source of heat, comes 
into being. Such assumptions are consistent 
with the assumptions proposed by Reynolds 
[19], who associates the amount of generated 
heat directly with the value of the moment 
acting on the tool. The same model was used 
by Hamilton in his deliberations [20-25].

Russell and Shercliff [26] used the Rosen-
thal’s classical equation [27] (point source) 
in the analytical form to calculate temperatu-
re fields, assuming that a plastic strain during 
the FSW process occurs at a constant shear 
stress τ (5% of a yield point at a room tempe-

rature), which is a result of the motion of pla-
sticised material masses. Such an assumption 
enabled a relatively accurate determination 
of temperature fields only in the area located 
outside the shoulder (e.g. in the Heat Affec-
ted Zone). 

In the simplest case the process of FSP at 
a given moment t0 can be treated as a rota-
tional friction welding process. With such an 
approach one considers the heat flux density 
in the stirring area during the process of mo-
dification. The starting point for the calcu-
lation is the assumption that, at a given mo-
ment t0, phenomena taking place between 
the tool without the probe and the surface 
being processed are the same as during fric-
tion welding. 

During FSP, on the elementary surface ds 
(ds=2πrdr) a heat flux dQ is generated. The 
flux can be presented as [28, 29] the follo-
wing:

dQ = 2π × rdr × μ × p × 2π × ω × r = 
4π2 × r2 × μ × p × ωdr

In view of the foregoing, in relation to the 
whole friction area, the total density of the 
heat flux amounts to

rp2
rdr2

dQ"Q ⋅ω⋅⋅µ⋅π=
π

=  

where:
Q – total heat flux generated on the surface 

under modification,
r –  radius of an element under discussion 

on the surface under modification,
p – unitary pressure [MPa],
μ – friction coefficient,
ω – rotational speed [rev./min].

A friction coefficient is an unknown quan-
tity, dependent on the rotational speed, unita-
ry pressure and the distance from the rotation 
axis (μ=f(ω, p, r)). In order to simplify calcu-

(1)

(2)
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lations it was assumed [7], that on the who-
le friction area the product μ×p is constant. 
Therefore, if μ×p=const, then, by integrating 
equation 1 we obtain the following:

32R

0
Rp

3
4dQ ⋅ω⋅µ⋅π=∫  

where R signifies the FSP tool radius [m].
Generated thermal power must be equal to 

supplied friction power, which can be calcu-
lated from the friction moment and rotational 
speed:

Q = Nt = M × 2π × ω (4)

Comparing equations 3 and 4 we can see that

3R2
M3p
π
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And, substituting equation 5 to 2, we obtain 
a simplified expression for the total density 
of a heat flux generated on a surface being 
processed:

3R
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=  

However, due to the fact that the tool rotates 
and moves along a pre-defined trajectory, it 
is necessary to calculate the density of a heat 
flux for r=R. For this reason and taking into 
account necessary units, the obtained equ-
ations is as follows:

]
m
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R60
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where:
ω – tool rotational speed [rev./min],
M – moment acting on the tool [Nm],
R – tool radius [m].

The above deliberations do not take into 
consideration the fact that the friction coef-
ficient depends on temperature and decre-
ases as temperature rises. They also do not 
take into account the fact that the exchange 
of generated heat in the friction area (tool 
surface – material being processed) takes 

place between a rotating element (tool) and 
a plate (parent metal).

On the basis of reference publications of 
FSW/P research, it is noticeable that most 
authors, while calculating the value of ge-
nerated thermal energy, use the Reynolds 
model which combines the value of heat ge-
nerated in the stirring area with the moment 
acting on the tool. According to this model 
the value of thermal energy is directly pro-
portional to the product of the total moment 
and rotational speed [19]:
Qtotal = Mtotal ω (8)

In turn, the total moment acting on the tool 
can be expressed by the following dependen-
ce [19, 30]:

Mtotal = Mshoulder + Mprobe side + Mprobe end (9)

where:
Mshoulder – moment resulting from the action 

of the shoulder on a processed material,
Mprobe side – moment resulting from the action 

of the probe side surface on a processed 
material, 

Mprobe end – resulting from the action of the 
probe end face on a material being pro-
cessed.
In the most generalised case, one could 

consider a tool with a conical probe and a 
concave shoulder. Figure 1 presents the 
scheme of such a tool along with characteri-
stic quantities used in the calculations.

(3)

(5)

(6)

(7)

Fig. 1. Scheme of the FSW/P tool

http://bulletin.is.gliwice.pl/pic/2013/01/01/01.jpg
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On the basis of the above deliberations 
one can write that [12]:
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where:
R0 – shoulder radius,
R1 – probe radius near the shoulder,
R2 – probe  radius near the face,
τ – average shear stress,
h – probe length.

Therefore, after transformations the total 
moment can be expressed by the following 
equation:
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This research-related work will require 
the use of a tool with a flat shoulder. For this 
reason the total moment can be expressed as:
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If, additionally, one uses a cylindrical pro-
be (R1=R2), then [21]:
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Hamilton [21] states that a shear stress can 
be expressed as:

2
0R

F
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=τ  

where:
μ –  coefficient of friction between the tool 

surface (tool steel) and the parent metal 
(aluminium alloy),

 F –  pressure force.

This assumption is right if Coulomb’s law 
was taken into consideration as well as if it 
was taken into account that the friction ta-
king place between the bodies involved in 
the process is sliding friction. 

Schmidt [12] states that if viscous fric-
tion occurs, the value of a shear stress can be 
expressed as the following:

3
plastic

plastic

σ
ττ ==  

τplastic – shear stress occurring at a yield point,
σplastic – normal stress occurring at a yield point.

Simplifying the deliberations one obtains [21]:
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Therefore, the average value of generated 
heat can be calculated as:
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A problem is how to select the proper value 
of the friction coefficient. A friction coeffi-
cient between the aluminium (test plate) and 
the steel (tool) depends on the temperature of 
the stirring area, which in turn, depends on 
the process conditions. When the temperatu-
re reaches the value of the solidus tempera-
ture for a given alloy, the area of distribution 
between the shoulder and the material being 
processed effectively reduces the friction co-
efficient [14]. Frigaard and his team adopted 
a friction coefficient between aluminium and 
steel to be 0.4. It should also be noticed that 
in the previous tests [31] a friction coefficient 
adopted for viscous friction was 0.5, and for 
dry friction [14] amounted to 0.25. Sounda-
rarajan [32] adopted a friction coefficient be-

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)
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tween 0.4 and 0.5; it was also assumed that 
this coefficient decreased along with an in-
crease in the stirring area temperature. Ha-
milton in his research adopted a coefficient 
μ=0.5 for all tested FSW process conditions 
[21].

During testing FSW/P it was also im-
portant to determine the real mechanical 
properties of the parent metal. It is known 
that increasing the rotational speed of the 
tool leads to a higher temperature of the ma-
terial directly under the surface of the tool 
[17].

One of the methods making it possible to 
determine the real yield point in the mate-
rial subjected to strong plastic strains at a 
heightened temperature is the Johnson-Cook 
constitutive model [33]:

[ ]( )





















−
−

−







ε
ε

+ε+=σ
m

refm

ref

0

pl
npl

y TT
TT1lnC1BA

&

&
 

where:
σy – reduced plastic stress of the flow,
εpl – reduced plastic strain,
ἐpl– reduced rate of the plastic strain,
ἐ0 – reference rate 1 s-1,
A – yield point,
B, n – strengthening parameters,
C – parameter of sensitivity to the rate of 

strain,
T – temperature for which σy is determined,
Tm – melting point,
Tref – initial temperature – 294 K,
m – exponent of thermal plasticisation.

The work [21] based on this model and 
researcher’s own calculations reveals a si-
gnificant impact of temperature on the value 
of a yield point for FSW of aluminium alloy 
grade 6061. The results are presented in Fi-
gure 2.

One of the methods enabling the analysis 
of physical phenomena taking place during 
stirring is the application of reverse engine-
ering and the development of a mathematical 
model based on this engineering. Such a so-
lution was adopted by P. Vilaca [13, 34], who 
developed a model enabling, among others, 
the calculation of a thermal efficiency coeffi-
cient, thermal power and temperature distri-
bution around the probe taking into conside-
ration FSW process conditions. The authors 
[13, 34] created a software application iSTIR 
enabling the generation of both 2D and 3D 
models. Input data related to temperature 
fields are a result of measurements carried 
out using a thermographic camera.

A thermal efficiency coefficient can be 
expressed as the following [13]:

%100
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where:
ω – rotational speed [rev./min],
ν – travel rate [mm/min],
Fz – pressure force [kN],
Ptherm – generated thermal power [W],
Pmech – mechanical power [W].

(21)

Fig. 2. Results of yield point calculations for aluminium 
alloy grade 6061 based on the Johnson-Cook model [21]

(22)

http://bulletin.is.gliwice.pl/pic/2013/01/01/02.jpg
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Mechanical power can be calculated from 
the following dependence:

ν++ω
π

⋅=
60
001,0F

60
2MP Xzmech  

where:
Mz – moment [Nm],
Fx – force in the tool travel direction [N].

The authors [13] pointed out that during 
the analysis of the FSW process it is impor-
tant to take into consideration the relation 
between the rotational speed and the travel 
rate. The relation between these two types of 
speeds has a decisive effect on the amount of 
heat generated during FSW/P. When tempe-
rature is the measure of the amount of gene-
rated heat, one can speak of high-, medium- 
and low-temperature parameters:

– high-temperature parameters,

– medium-temperature parameters,

– low-temperature parameters.

The above boundary values are the result 
of the analysis carried out on the basis of 
metallographic test results (stirring area geo-
metry), hardness measurements and measu-
rements of temperature fields. Differences 
appear in the heat flow; during the produc-
tion of a joint with parameters ensuring small 
amounts of generated heat, the heat is mainly 
emitted by viscous dissipation (internal fric-
tion) triggered by the plastic strain connected 
with the rotation of the probe and squeezing 
the material accumulated around the probe 
onto the retreating side. For the parameters 
ensuring a great amount of heat generated as 
a result of inter-phase friction between the 
parent metal and the tool during FSW and 
FSP, a greater plastic strain is located closer 

to the probe. The generated heat is located 
almost symmetrically both on the advancing 
and the retreating side.

The authors [34] assumed that physical 
properties, i.e. density, specific heat and con-
ductance ratio do not depend on temperature. 
According to the authors such an assumption 
does not significantly affect the error of va-
lues being determined. The authors also 
assumed the point model of the heat source, 
which translated to a shorter calculation time 
and easier visualisation of test results. On the 
basis of the calculated values of thermal po-
wer it was possible to calculate linear energy 
using the dependence:

60
v

PE therm ⋅=  

On summing up the overview of reference 
publications related to FSP tests one can sta-
te that the so-far research has been focused 
on creating analytical dependences and that 
experimental verification was carried out 
only for selected (narrow) FSP parameters. 
The purpose of the work was to determine 
the impact of FSP technological parameters 
on the moment and temperature as well as to 
create a numerical thermal model, the results 
of which were compared with the data obta-
ined experimentally.

Test methodology and materials
FSP was tested by means of an FSW sta-

tion located at Instytut Spawalnictwa in Gli-
wice. The station was composed of a conven-
tional milling machine FYF32JU2, system 
for fixing test plates and a measurement head 
LOWSTIR (LOWSTIR - LOW cost proces-
sing unit for Friction Stir Welding) (Fig. 3a). 
The tests were carried out using a tool with 
a shoulder of a 20 mm diameter, a probe with 
a diameter of 8 mm and a length of 4 mm 

(23)

2 ≤ ≤ 4 

> 4 

< 2 

(24)
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(Fig. 3b). The tool was made of high speed 
steel grade H6-5-2. The tests were conducted 
on a 6 mm-thick test plate made of alumi-
nium casting alloy AlSi9Mg, using 27 tech-
nological parameters. The technological pa-
rameters were selected on the basis of 
previous experiments related to the FSW 
process and the milling machine operating 
range (FYF32JU2). The field of FSP parame-
ters is presented in Figure 4. 

Due to the device’s limitations, the ma-
ximum available travel rate of the tool was 
1120 mm/min. The minimum rate under con-
sideration was 112 mm/min. Lower values of 
the travel rate were not taken into account 
due to the low efficiency of the process itself. 

 The technological tests involved the me-
asurements of the moment and forces by me-
ans of a LOWSTIR measurement head. The 
measurements were registered during the 
processing of the test place surface along a 
150mm-long section, at a frequency of 100 
Hz. The average value of the moment for 

each experiment was calculated out of 100 
measurement points. The area considered 
was the one where the complete FSP stabi-
lisation took place (Fig. 5). The value of the 
moment used in the calculations was an ave-
rage value based on three experiments.

Temperature measurements in the stirring 
area were conducted by means of a system 
utilising a TempSTIR head. For each set of 
parameters the measurements were carried 
out three times. At that stage of the tests it 
was assumed that the tool temperature cor-
responded to the temperature in the stirring 
area. The analysis of measurement data was 
carried out using Origin Pro software ver. 
8.5 (function matching) and in the Statisti-
ca environment ver. 10. The thermal model 
of the FSP was developed using the Comsol 
Multiphysics software.

Fig. 3. Station for 
testing FSP, located 

at Instytut
Spawalnictwa

a) the tool used in 
tests

b) the FSP tool

Fig. 5. Exemplary course of the torque acting on the tool 
during FSP, ω= 900 rev./min, v=710 mm/min

Fig. 4. Field of FSP parameters, x – parameters for 
which the power of the device was insufficient

http://bulletin.is.gliwice.pl/pic/2013/01/01/03a.jpg
http://bulletin.is.gliwice.pl/pic/2013/01/01/03b.jpg
http://bulletin.is.gliwice.pl/pic/2013/01/01/05.jpg
http://bulletin.is.gliwice.pl/pic/2013/01/01/04.jpg
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Test results and discussion
The tests involved the measurements of 

the impact of FSP parameters on the torque 
acting on the tool, the tool temperature, the 
amount of generated heat and a friction co-
efficient. The experimental data were com-
pared with the results of numerical calcu-
lations. An exemplary course of the torque 
is presented in Figure 5. Figure 6 presents 
the impact of the rotational speed of the FSP 
tool on the moment acting on the tool at a 
constant travel rate, for selected sets of pa-
rameters. Figure 7 presents the impact of the 
travel rate of the FSP tool on the moment ac-
ting on the tool at a constant rotational speed. 
In order to test the impact of the tool rotatio-
nal speed on the torque value, the obtained 
results were approximated using a function 
y=a×exp(-x/b)+c. The function applied for 
the travel rate was y=a×x+b. As can be seen 
in Figure 6, the rotational speed of the tool 
strongly affects the torque. An increase in 
the rotational speed leads to a decrease in 
the torque. This phenomenon is caused by 
the fact that an increase in rotational speed 
causes an increase in the temperature of the 
material (parent metal) being processed, and 
consequently a decrease in the coefficient of 
friction in the parent metal.

Using the dependence (8) it was possible 
to calculate the amount of the heat generated 
in the stirring area. The results are presented 
in Figure 8. As can be seen, an increase in 
the rotational speed to 900 rev./min results 
in an increase of generated heat, followed by 
its slight decrease. This phenomenon can be 
explained by the fact that an increase in the 
rotational speed is accompanied by a decre-
ase in the volume and the mass of material 

being processed[5], which, in turn, leads to a 
decrease in generated heat, according to the 
following dependence (8):
Q = mc ΔT  (25)
where:
Q – generated heat, 
m – mass of stirred material,
ΔT – temperature change,
c – specific heat.

Fig. 6. Impact of the FSP tool rotational speed on the 
moment acting on the tool at a constant travel rate

Fig. 7. Impact of the FSP tool travel rate on the torque 
acting on the tool at a constant rotational speed

Fig. 8. Impact of rotational speed on the amount of heat 
generated in the stirring area

http://bulletin.is.gliwice.pl/pic/2013/01/01/06.jpg
http://bulletin.is.gliwice.pl/pic/2013/01/01/07.jpg
http://bulletin.is.gliwice.pl/pic/2013/01/01/08.jpg
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The temperature of the FSP tool was me-
asured using a temperature sensor located 
approximately 1 mm away from the work 
surface of the tool. Figure 9 presents an 
exemplary course of the tool temperature 
during the process of modification. 

It is also important to determine how FSP 
parameters (rotational speed and travel rate) 
affect the value of temperature in the stirring 
area. Figure 10 presents the impact of the ro-
tational speed at a constant travel rate on the 
value of the maximum temperature directly 
after the completion of the modification pro-
cess (stopping the plane motion of the tool). 
As can be seen, an increase in the rotational 
speed causes an increase in the stirring area 
temperature. This is due to the fact that an in-
crease in the rotational speed is accompanied 
by a decrease in the volume and the mass of 
a material being processed [5]. As a result, 
heat is generated in a smaller volume, which 
leads to an increase in temperature according 
to the dependence (25).

The dependence (18) was used to calcula-
te the value of the coefficient of friction be-
tween the tool surface and the material being 
processed. The impact of the rotational spe-
ed on the value of the friction coefficient is 
presented in Figure 11. The decrease in the 
friction coefficient along with the increase in 
the rotational speed is caused by the increase 
in temperature in the stirring area (tool tem-
perature) (Fig. 10). Figure 12 presents the 
impact of the tool travel rate, at a constant 
rotational speed, on the value of temperature. 

The results of temperature measurements 
are compatible with the results of moment 
measurements (Fig. 6 and 7). An increase 
in the tool rotational speed causes a tempe-
rature increase in the stirring area (Fig. 10) 

Fig. 9. Course of temperature changes in the tool during 
surface modification at a constant travel rate 

v=112 mm/min

Fig. 10. Impact of rotational speed at constant travel rate 
on FSP tool temperature

Fig. 11. Impact of rotational speed (temperature 
in Fig. 10) on the friction coefficient calculated from 

the dependence (18)

Fig. 12. Impact of travel rate at constant rotational speed 
on FSP tool temperature

http://bulletin.is.gliwice.pl/pic/2013/01/01/09.jpg
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and the reduction of the friction coefficient, 
and thus an decrease in the torque (friction 
moment). In turn, an increase in the travel 
rate does not cause such significant changes 
either in the temperature (Fig. 11) or in the 
moment (Fig. 9).

Using the thermal model developed for 
the FSW process [23] a new numerical mo-
del was developed. The model was created 
using the Comsol Multiphysics computatio-
nal environment. Similarly, as in the previo-
us model, it was necessary to adopt certain 
simplifications. For instance, it was assumed 
that heat was generated only by the friction 
between the surface of the tool and the ma-
terial being processed. The calculations did 
not take into account the impact of the pla-
stic strain on the amount of generated heat. 
On the basis of these assumptions, the heat 
generated between the tool and the material 
can be expressed as:

= ( − Θ) 
where:
δE – slip ratio,
μ – coefficient of friction between the FSP 

tool and the surface of the material,
PN – pressure exerted by the tool on the ma-

terial being processed,
ω – tool rotational speed,
r – distance between the tool axis and a tool 

surface fragment under consideration,
vx – tool travel rate,
Θ – angle between the tool axis and a frag-

ment under consideration.
The values of physical constants adopted 

for the calculations are presented in Table 2.
In the developed model, taking into consi-

deration the tool used during the experimen-
tation, three areas generating heat during mo-

dification were taken into account (Fig. 13):
• shoulder surface q1,
• probe side surface q2,
• probe end face q3. 

Taking into consideration typical con-
ditions taking place during FSW, normal 
force acting on the tool probe, i.e. the force 
in the direction of welding, is significantly 
lower than the force acting on the shoulder 
and the face part of the probe. The pressure 
force, from the generated heat point of view, 
is negligible. However, during FSP, normal 
pressure exerted on the probe (see equation 
26) is significant and may constitute from 20 
to 50% of the pressure acting on the shoul-
der. It is of particular importance in the case 
of high values of travel rate (900 and 1120 
mm/min). Taking into consideration the phe-
nomena taking place in the tool – material in-
terface, while modelling FSP one must take 
into consideration three heat fluxes (Fig. 13). 

(26)

Fig. 13. Schematic presentation of generated heat com-
ponents

Constant Value
Density 2670 [kg/m3]
Thermal capacity 963 [J/kgK]
Thermal conductivity 138 [W/mK]
Melting point 835.8 [K]
Yield point 276 [MPa]
Modulus of elasticity 70 [GPa]
Thermal diffusivity 5.37×10-5

Table 2. Values of physical constants adopted for the 
calculations

http://bulletin.is.gliwice.pl/pic/2013/01/01/13.jpg
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Higher tool travel rates occurring during 
FSP (in comparison with the classical FSW 
process) cause that the expression vxsinΘ 
cannot be omitted. During the FSW process 
the expression ωr is usually significantly gre-
ater than vxsinΘ, and that is why the expres-
sion vxsinΘ is negligible. For this reason, 
in the case under consideration, the angle 
Θ=90° will be adopted in equation 26 and the 
average heat generated between the shoulder 
surface and the material will be taken into 
account in calculations. Therefore, the equ-
ations describing the fluxes of generated heat 
will take the following form:

1 =
∫ ∫

Θ

0
ℎ ( −  )

ℎ
2 −  2 =  

 

(
2
3

ℎ
3 − 3

ℎ
2 − 2 −  ) 

2 =  
( − )

2  ℎ
  

3 =  
∫ ∫ ( − ) 

Θ

00
2

= 

(2
3

−  )  

where:
rprobe – probe radius,
rshoulder – shoulder radius,
hprobe – probe height.

The numerical calculations involved an 
assumption that FSP stabilises after approxi-
mately 10 seconds following the beginning 
of the tool motion. At the initial stage, befo-
re the process stabilisation, pressure forces, 
the forces in the direction of travel and the 
moment increase, approximately, linearly. 
Taking into consideration the fact that the 
heat fluxes under consideration are directly 
proportional to normal forces, the linear de-
pendence (an increase in the moment value 

in the function of time) was taken into acco-
unt for the heat fluxes in the thermal model 
only for time below 10 seconds. After 10 s, 
i.e. after the stabilisation of the process, heat 
fluxes were calculated in accordance with 
equations 27-29. In order to shorten the time 
of calculations the simulation was calculated 
for the process duration up to 30 seconds. An 
exemplary result of numerical calculations is 
presented in Figure 14. 

An exemplary comparison of the numeri-
cal calculations with the experimental data 
is presented in Figure 15. The calculated 
temperatures undergo changes comparable 
with the real temperatures measured in the 
tool by means of the TermSTIR head. The 
results of temperature calculations indicate 
that the calculated temperature slightly dif-
fers from the real temperature in the probe. 
This is most probably due to the simplifica-
tions carried out in the numerical model (the 

(27)

(28)

(29)

Fig. 14. Exemplary result of numerical calculations in 
the Comsol Multiphysics programme

Fig. 15. Comparison of numerical calculation results 
with experimental data, travel rate 710 mm/min
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impact of the heat generated as a result of 
the strong plastic deformation of the mate-
rial being processed was not taken into con-
sideration), which have a greater impact in 
the case of lower travel rate values. It is also 
obvious that the temperature in the tool itself 
will slightly differ from the temperature in 
the stirring area due to the heat being carried 
off by the tool holder.

Conclusions
On the basis of the conducted investiga-

tion it is possible to formulate the following 
conclusions:
• increase in the tool rotational speed cau-

ses a decrease in the moment acting on the 
tool, 

• increase in the travel rate causes slight 
changes of torque values,

• increase in the rotational tool to 900 rev./
min causes an increase in the amount of 
generated heat and its slight decrease 
afterwards,

• increase in the rotational tool causes an in-
crease in the stirring area temperature, and 
thus a decrease in the friction coefficient,

• increase in the travel rate causes a decre-
ase in the tool temperature or a slight in-
crease in the moment,

• results of the numerical calculations coin-
cide with the experimental data.

The research was carried out 
within the statutory activity 

at Instytut Spawalnictwa 
and financed by the Ministry of 
Science and Higher Education.
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