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a b s t r a c t 

An analysis of the evolution of the torque and of the temperature with welding conditions, in Friction Stir Welding 

(FSW) of aluminium alloys, was conducted. More precisely, torque and temperature results from a large number 

of publications, on FSW of AA2xxx, AA5xxx, AA6xxx and AA7xxx aluminium alloys series, were collected. The 

literature data was complemented with results from a fully coupled thermomechanical analysis of the FSW weld- 

ing process. Coupling the experimental data, from the literature, with numerical simulation results, the individual 

influence of the main process parameters, tools and plates characteristics, on the torque and on the temperatures 

in FSW was assessed. It was found that the tool rotational speed govern the heat generation, while the tool di- 

mensions have a very important influence, not only on the heat generation but also on the volume of material 

being stirred during welding, which is another important factor determining the welding torque. The traverse 

speed and the base material thickness were also found to be important factors governing the torque during weld- 

ing. However, the influence of the traverse speed on torque evolution is conditioned by the tool dimensions. A 

parametric analysis enabling to understand the relation between process parameters, heat generation, heat dis- 

sipation and base material stirring, was conducted. Analytical relations, which enable calculating the torque and 

the temperature, in FSW of aluminium alloys, were developed based on numerical results and tested using the 

data from the literature review. 
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. Introduction 

The proper application of the Friction Stir Welding (FSW) technique

equires the identification of the primary process parameters, i.e. those

ontrolling the heat generation and dissipation, as well as the amount of

aterial flow during welding. Nowadays, since no model relating FSW

arameters, machine output data, heat generation and base material

tirring during welding is available, any new process application needs

o be planned based on trial and error experiments, which according to

agalhães et al. [1] is an important drawback in FSW industrialisation.

he development of process control strategies, enabling online quality

ontrol, is another critical issue in assisting FSW industrialisation. 

Several works analysed the viability of using the tool torque as a

rocess response to the thermomechanical conditions developed during

SW. Longhurst et al. [2] proposed the use of the torque, instead of force,

s a process control parameter. According to the authors, the control of

he torque allows to produce welds without defects and adapt the weld

rocess to the changes in the surface conditions of the workpiece. Bach-
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ann et al. [3] developed a temperature control system based on an

nalytical torque model. The authors observed that the welds produced

ith this control system displayed higher quality and higher homogene-

ty along the weld length. Leitão et al. [4] , in FSW of 5xxx and 6xxx

luminium alloys, also found that when welds without defects were pro-

uced, the torque registered during welding could be related to the pro-

ess parameters, following a well defined empirical relationship. How-

ver, when using process parameters conducting to the production of

elds with defects, no clear relationship could be established between

orque evolution and process parameters, since the torque results were

lmost aleatory. In the same way, Galvão et al. [5] , in dissimilar fric-

ion stir welding of aluminium and copper, registered that analysing

he torque evolution during welding it is possible to determine the for-

ation of defects resulting from the realising of important quantities

f intermetallics from under the tool. Kumar et al. [6] also related the

ariation of the torque during welding with the formation of surface

efects. From all these works, it is possible to conclude that understand-

ng and modelling the influence of process parameters on torque can be
20 

https://doi.org/10.1016/j.ijmecsci.2020.105725
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmecsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmecsci.2020.105725&domain=pdf
mailto:carlos.leitao@dem.uc.pt
https://doi.org/10.1016/j.ijmecsci.2020.105725


D.G. Andrade, C. Leitão and N. Dialami et al. International Journal of Mechanical Sciences 182 (2020) 105725 

Fig. 1. Range of torque (a), temperature (b) and geometry parameter (c) values covered by the database. 

Fig. 2. Evolution of torque with the rotational speed (a), traverse speed (b) and geometry parameter (c). Experimental values from the literature. 
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n important instrument, not only in selecting process parameters for

ifferent applications, but also in controlling the process itself and de-

ecting the formation of welding defects. Other works have also shown

he importance of controlling the torque in different production pro-

esses such as friction welding [7] , rolling [8–10] , machining [ 11 , 12 ],

mong others. 

Khandkar et al. [13] and Schmidt et al. [14] proposed the following

odel 

 = 𝑀 𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 + 𝑀 𝑝𝑖𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑀 𝑝𝑖𝑛 𝑏𝑜𝑡𝑡𝑜𝑚 (1)

 = 

𝑟 𝑠 

∫
𝑟 𝑝 

( 𝑟𝜏) 2 𝜋𝑟𝑑𝑟 + 

(
𝑟 𝑝 𝜏

)
2 𝜋𝑟 𝑝 𝑝 𝑙 + 

𝑟 𝑝 

∫
0 
( 𝑟𝜏) 2 𝜋𝑟𝑑𝑟 (2)

o predict the torque ( M ), taking into account the individual contribu-

ion of the different tool components and base material properties on the

orque values. In the above equations, r is the radial distance from the

entre of rotation to the outer edge of the tool shoulder, r s and r p are the

ool shoulder and pin radius, p l is the pin length and 𝜏 is the shear stress

t the tool-base material interface. According to Schmidt et al. [14] , the

hear stress, which varies according to the contact conditions, i.e. the

ccurrence of slipping or sticking contact, can be estimated using the

quation 

= ( 1 − 𝛿) 𝜏𝑝𝑙𝑎𝑠𝑡𝑖𝑐 + 𝛿𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (3)

here 𝛿 is the slipping fraction, 𝜏plastic is the shear stress due to the

ticking contact and 𝜏friction is the shear stress due to the slipping contact.
he shear associated with the sticking contact is estimated based on the t

[  

t

ield stress of the base material ( 𝜎y ), using the von Mises yield criterion:

𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 

𝜎𝑦 √
3 
. (4)

The shear stress associated to the slipping contact is estimated using

he Coulomb’s friction law, 

𝑓𝑟𝑖𝑐𝑖𝑡𝑜𝑛 = μ𝑓 𝑃 (5)

here P is the contact pressure and μf is the friction coefficient between

he tool and the workpiece. The previous model requires the knowledge

f the slipping fraction and of the friction coefficient, under the ther-

omechanical conditions imposed by the FSW process, which are very

ifficult to determine. Those uncertainties lead to the development of

ther analytical models, relating the torque with process parameters. 

Colegrove and Shercliff [15] proposed a model that includes the ef-

ect of the traverse ( v ) and rotational ( 𝜔 ) speeds on the torque, which is

iven by the equation, 

 = 𝐾 

𝑣 𝛼

𝜔 

𝛽
(6)

here 𝛽, 𝛼 and K are constants. If both 𝛼 and 𝛽 are equal to 1, the

revious model displays a linear relation between the torque with the

elding heat input. Arbegast and Hartley [16] have used this heat index

o represent the welding temperature evolution, where 𝛼 and 𝛽 were

aken has 1 and 2, respectively. However, none of the previous models

ake explicitly into account the influence of the tool geometry and/or the

late thickness, i.e. the amount of material dragged by the tool, on the

orque registered during welding. However, in Colegrove and Shercliff

15] it may be assumed that the influence of those parameters on the

orque evolution may be taken into account through the constant K . 
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Fig. 3. Evolution of torque with the geometry parameter multiplied by the ro- 

tational speed (G 𝜔 ). Experimental values from the literature. 
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It is also important to enhance that the Colegrove and Shercliff

15] model can only predict the evolution of the torque with the pro-

ess parameters if the values of 𝜔 and 𝜈 are kept inside a certain range.

or instance, when 𝜔 is close to 0, M values become too high, and for

igh values of 𝜔 , M becomes 0. Based on this model limitation, Cui et al.

17] developed an alternative model: 

 = 𝑀 0 + 𝑀 𝑓 𝑒 
− 𝑛𝜔 . (7)

In the previous equations, M 0 is the minimum torque value for

he different traverse speeds, n is a decay parameter and M f is a pre-

xponential parameter. According to this model, the maximum torque

alue ( M max ), that occurs when 𝜔 is close to 0, do not vary with the

otational and traverse speeds, being determined by the alloy strength

t room temperature. 

Pew et al. [18] also reported a strong relation between the welding

emperature and the welding power, obtained by multiplying the torque

y the tool rotational speed. Tello et al. [19] even developed an analyt-

cal model correlating the torque with the welding temperature, given

y the equation 

 = 

2 𝜋𝑘 Δ𝑇 𝑤 
𝜂𝜔 𝐾 0 

(8)

here k is the thermal conductivity of the base material, 𝜂 is the effi-

iency of the process, K 0 is the modified Bessel function of the second

ind and 0 order and ΔT w is the difference between the temperature at

he shear layer interface and the initial temperature of the base material.
In the present work, experimental values of torque and welding tem-

eratures were collected, for a very large range of experimental condi-

ions, by performing a literature review. The influence of the different

SW process parameters, as well as of the plates thicknesses and tool

imensions, on the torque evolution, was also analysed using numeri-

al simulation. This study allowed to expand the Colegrove and Sher-

liff [15] model, by adding a larger number of process variables to the

quation. In the proposed model, the influence of the tool dimensions,

otational speed, traverse speed and base material thickness, on the stir-

ing volume, welding heat input and torque are taken into account. The

nalytical equations developed for calculating the torque and welding

emperatures in aluminium alloys, were fitted successfully to the very

arge range of welding conditions obtained from the literature. 

. Experimental data 

In order to analyse the influence of the process parameters on the

SW torque and temperature, a literature review was performed and a

atabase containing data from more than 300 different friction stir weld-

ng tests, in AA2xxx, AA5xxx, AA6xxx and AA7xxx aluminium alloys, in

ap and butt joint configurations, was created. The references used to

ollect the data are presented in Table 1 . The database generated con-

ains not only the tool torque and the maximum welding temperatures

 T ) registered by the different authors, but also the process parameters,

.e. the rotational and traverse speeds, the pin diameter ( D p ), the pin

ength ( p l ) and the shoulder diameter ( D s ) used in each work. 

In Fig. 1 a and b it is represented the range of torque and maximum

emperature values obtained from the different authors. It should be

oted that the temperature measurement position and/or technique var-

ed according to the different works, which may have important influ-

nce on the range of results collected. Analysing these figures, in which

he results are grouped according to the base material tested, it is pos-

ible to conclude that a larger amount of results were available for the

A5xxx and AA6xxx aluminium alloys, since these alloys series are the

ost common base materials studied in FSW. 

In order to take into account the influence of the tool dimensions on

he welding outputs, a geometry parameter ( G ) was developed 

 = 

𝜋

4 
𝐷 

2 
𝑝 
+ 𝜋𝐷 𝑝 𝑝 𝑙 + 

𝜋

4 
(
𝐷 𝑠 − 𝐷 𝑝 

)2 
, (9)

hich corresponds to the contact area between the tool and the work-

iece, as in Khandkar et al. [13] and Schmidt et al. [14] . For complex

in or shoulder geometries, G was calculated assuming an equivalent

ylindrical geometry to determine D p . Analysing the G parameters cor-

esponding to all the tools used by the different authors, which are rep-

esented in Fig. 1 c, it is possible to conclude that a large range of tool

imensions was tested. More precisely, among the different works, D p ,

 l and D s varied in the range of 3 to 16 mm, 1 to 12.5 mm and 10 to

5 mm, respectively. Due to the large variety of process parameters and

ool dimensions considered in the database, the values registered for M

aried in the range of 6 to 320 Nm. 

The evolution of the torque with 𝜔 , v and G is shown in Fig. 2 a to c,

espectively. The figure enables to observe that the rotational and tra-

erse speeds tested by the different authors vary in the range of 55 to

700 rpm and 25 to 2000 mm/min, respectively. The effect of the dif-

erent process parameters on torque was ranked based on the Pearson

orrelation coefficient ( R 

2 ). From the figure, it is possible to conclude

hat both the tool dimensions and the tool rotational speed may be sta-

istically related to the torque, while no important relation between the

raverse speed with the torque may be inferred. Comparing the evo-

ution of torque with 𝜔 and G , it is also possible to conclude that both

ave a comparable influence on the torque since the Pearson correlation

oefficients are similar. 

Based on the previous conclusion, the evolution of torque versus

he product G 𝜔 was analysed and plotted in Fig. 3 a, for each base ma-

erial. In the figure, each colour identifies different torque evolutions

orresponding to different levels of G , established according to Fig. 1 c.
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Table 1 

Experimental works used to construct the database. 

AA 2xxx AA 5xxx AA 6xxx AA 7xxx 

● Yan et al. [20] ● Peel et al. [21] ● Peel et al. [21] ● Long et al. [22] 

● Long et al. [22] ● Long et al. [22] ● Emam and Domiaty [23] ● Emam and Domiaty [23] 

● Arora et al. [24] ● Leitão et al. [4] ● Cui et al. [17] ● Upadhyay and Reynolds [25] 

● Su et al. [26] ● Quintana and Silveira [27] ● Wade and Reynolds [28] ● Mehta et al. [29] 

● Ramanjaneyulu et al. [30] ● Cuellar and Silveira [31] ● Leitão et al. [4] 

● Costa et al. [32] ● Reza-E-Rabby and Reynolds [33] 

● Banik et al. [34] 

● Costa et al. [32] 

Fig. 4. Finite element model: workpiece geometry (a), stirring zone (b) and tool geometry (c). 
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Fig. 5. Tool shoulder diameter versus base material thickness, for all the exper- 

imental conditions considered in the database and FE modelling. 
nalysing the results, it is possible to conclude that irrespective of the

ase material welded, the torque results may be divided in different

urves/trends in accordance to the tool dimensions ( G ). For each curve,

he torque decreases exponentially with the increase of the rotational

peed. However, meanwhile for the lower G values a trend line may be

lotted fitting almost accurately the decrease of the torque with 𝜔 , for

ll the materials, for the larger G value (green symbols), an important

ispersion of results may be observed. This dispersion is shown in more

etail in Fig. 3 b, where the different traverse speeds used are identi-

ed. Analysing Fig. 3 a and b it is possible to conclude that the traverse

peed only has important influence on the torque values when tools with

arge dimensions are used. To the authors knowledge no previous work

eport the same type of conclusion. In order to understand the influence

f G, 𝜔 and v on the torque evolution/values, a parametric analysis was

onducted using numerical simulation. 

. Numerical simulation 

.1. Numerical model 

The welding mechanisms that govern the tool torque and the weld-

ng temperatures were studied through numerical simulation of the FSW

rocess. Three sections including the tool, the stir zone and the work-

iece were considered in the finite element model. As in Dialami et al.

35–37] , an apropos kinematic framework was adopted consolidating

hree frameworks for the different weld subdomains. Namely, the tool

as modelled in a Lagrangian framework and the stir zone and the rest

f the workpiece were described using Arbitrary Lagrangian/Eulerian

ALE) and Eulerian frameworks, respectively. The forces acting on the
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Fig. 6. Distribution maps of temperature (a) and logarithmic equivalent strain rate (b). Results for the weld cross section. 

Fig. 7. Numerical results concerning the evolution of the torque, temperature 

and area of material stirred with the rotational speed and geometry parameter. 
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ool were calculated by appropriate integration of the tractions at the

ool-stirred material interface. In order to save computation time, a fast

nd accurate two-stage solution strategy was adopted [38] . More pre-

isely, during an initial speed up stage, the steady state solution is cal-

ulated by decreasing the thermal capacity of the transient problem.

he problem at this phase is defined in a fixed configuration. The peri-

dic stage starts by taking the solution obtained in the first step, as the

nitial condition, and modelling the movement of the tool. This strat-

gy reduces the FSW simulation time drastically and, at the same time,

akes possible the modelling of asymmetrical pin shapes and the vi-

ualisation of the material flow during welding. Full sticking contact
onditions between the tool and the workpiece were considered in the

umerical simulations. 

In Fig. 4 is shown the workpiece, the tool geometry and the mesh

sed in the numerical simulation. The FE mesh contained around 32,000

odes and 180,000 tetrahedral elements. The base material plates were

odelled with 160 mm width and length. The tool was modelled with

 cylindrical pin and a flat shoulder. A more refined mesh was used in

odelling the tool/workpiece interface, in order to capture the temper-

ture and strain rate gradients. A convection coefficient ( h conv ) equal to

5 W/m 

2 k and a conduction coefficient ( h cond ) equal to 1000 W/m 

2 k

ere used to model the heat exchanges with the surrounding environ-

ent and with the backing plate, respectively. 

The Norton-Hoff constitutive model was considered to model the

ase material behaviour, 

eq 
(
ε̇ eq , T 

)
= 

√
3 μ( T ) 

(√
3 ̇ε eq 

)m ( T ) 
, (10) 

here 𝜎eq is the equivalent stress, ε̇ eq the equivalent strain rate and 𝜇

T) and m (T) are the viscosity parameter and exponent, respectively.

he base material constitutive properties used in the numerical simu-

ations were taken from Dialami et al. [38] . The remaining governing

quations of the numerical model are summarised in Table 2 and the

espective nomenclature in Table 3 . For a detailed explanation of the

omputational framework, see Ref. [35–38] . 

A sensitivity analysis was performed in order to analyse individu-

lly the influence of the tool dimensions and of the tool rotational and

raverse speeds on the torque and temperature evolution during weld-

ng. In the numerical simulations, the tool rotational and traverse speeds

ere varied in the same range of the welding speeds used in the litera-

ure analysed (shown in Figs. 1 a and b), i.e. 𝜔 was varied between 300

nd 1500 rpm and v was varied between 250 and 2000 mm/min. The

ool dimensions were also selected based on the experimental works us-

ng the data in Fig. 5 , where are plotted the shoulder diameters and the

ase material thicknesses ( t ) for the welding conditions covered by the

atabase. In the figure, it is also plotted, by a dashed line, the shoulder
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Fig. 8. Numerical results concerning the evo- 

lution of torque and temperature with the 

shoulder diameter and thickness, for rotational 

and traverse speeds of 300 to 900 rpm and 250 

to 1000 mm/min, respectively. 

Table 2 

Thermo-mechanical formulation. 

Mechanical partition 

∇ • s + ∇ p + 𝜌o b = 0 Momentum balance equation 

∇ • v = 0 Continuity equation 

�̇� = ∇ 𝑠 v Kinematic equation 

𝜎𝑒𝑞 = 
√ 

3 ∕ 2 ( 𝑠 ∶ 𝑠 ) 
1∕2 Equivalent stress 

�̇� 𝑒𝑞 = 
√ 

2 ∕ 3 ( ̇𝜀 ∶ �̇� ) 
1∕2 Equivalent strain rate 

Thermal partition 

𝜌0 𝑐( 
1 
𝜉

𝑑𝑇 

𝑑𝑡 
+ ( v − v 𝑚𝑒𝑠ℎ ) ⋅ ∇ 𝑇 ) − ∇ ⋅ ( 𝑘 ∇ 𝑇 ) = 𝐷 𝑚𝑒𝑠ℎ Energy balance equation 

𝐷 𝑚𝑒𝑠ℎ = 𝜃𝑠 ∶ �̇� Viscoplastic dissipation 

q conv = h ( T − T env ) Heat convection 

q cond = h cond ( T − T tool ) Heat conduction 

d

𝐷  

f  

t  

b  

e  

(  

d  

b  

t  

1

Table 3 

Nomenclature. 

s Stress deviator 

p Pressure 

𝜌0 Density in the reference configuration 

b Body forces vector per unit of mass 

v Velocity field 

�̇� Strain rate 

𝜇 Viscosity parameter 

m Viscosity exponent 

c Specific heat 

T Temperature 

v mesh Velocity of the mesh 

k Thermal conductivity 

𝜃 Fraction of plastic dissipation 

h conv Heat transfer coefficient by convection 

h cond Heat transfer coefficient by conduction 

𝜉 Speed-up factor 

T env Environmental temperature 

T tool Tool temperature 

3

 

l  

i  

q  

r  

t  

t  

s  
iameter to plate thickness ratios recommended by Zhang et al. [39] , 

 𝑠 = 2 . 2t + 7 . 3 (11)

or obtaining non-defective welds. The range of tool dimensions used in

he numerical simulations, which are represented in the figure by the red

ox, were defined in order to consider two situations: (1) shoulder diam-

ters proportional to the plate thickness, calculated using Eq. (11) , and

2) constant shoulder diameters and varying plate thicknesses. The pin

imensions were established using a D s /D p ratio of 3, as recommended

y Prado et al. [40] , and a p l /t ratio of 0.85. This way, the thickness of

he base material and the shoulder diameter were varied between 1 and

0 mm and 12 to 30 mm, respectively. 
.2. Numerical results 

The influence of the different welding parameters on the torque evo-

ution during welding was analysed by measuring the maximum weld-

ng temperatures ( T ) and the amount of material stirred by the tool,

uantified by the stirred area ( SA ), and relating it to the average torque

egistered in the numerical simulation. The procedures used to quan-

ify T and SA are exemplified in Fig. 6 a and b, where it is shown the

emperature and the logarithmic equivalent strain rate distribution, re-

pectively, in the weld cross section, when steady-state conditions are
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Fig. 9. Evolution of temperature (a) and torque (b) with the traverse speed 

multiplied by the plate thickness ( vt ) when heat dissipative effects are minimized 

(red squares) and maximized (black circles). 
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eached during welding. As shown in Fig. 6 a the temperature distribu-

ion in the welds was asymmetrical, with maximum temperatures reg-

stered at the advancing side of the weld. The temperatures used in the

nalysis were measured in a point located at the outer shoulder radius,

t the advancing side of the tool. The amount of material stirred by the

ool was evaluated by measuring the area of material with equivalent

train rate higher than zero, as shown in Fig. 6 b. 

In Fig. 7 is shown the evolution of the welding torque (continuous

ines) with 𝜔 and G . The results were obtained by varying 𝜔 between

00 and 1500 rpm and using a constant welding speed of 250 mm/min.

he G values were set assuming a proportionality between the shoulder

iameter and the plates thickness, i.e. using Eq. (11) for calculating the

houlder diameter and assuming plate thicknesses varying between 2

nd 10 mm. Analysing the figure, it is possible to conclude that, in ac-

ordance to the experimental results, for constant tool rotational speeds,

he torque registered in the numerical simulations increased with G , and

or constant G values, the torque decreased with increasing 𝜔 . However,

he figure also shows that the influence of G on the torque evolution

s more significant for low than for high rotational speeds and, on the

ther hand, the influence of the rotational speed on the torque evolution

s more significant for large than for low values of G . 

The evolution of the torque with 𝜔 and G may be explained analysing

he evolution of the maximum welding temperatures (coloured map)

nd of the stirred area (dashed lines) with the process parameters. The

olour map in Fig. 7 shows that the welding temperatures increase with

he tool rotational speed, irrespective of the tool dimensions, and sta-

ilise in maximum values for large values of 𝜔 and G . The stabilisation

f the maximum temperature corresponds to the threshold in heat gen-

ration which is known to prevent the welding temperature from reach-

ng the base material melting temperature, ensuring solid-state welding
n FSW irrespective of the welding parameters. However, meanwhile

or low values of G, the decrease of the torque with 𝜔 , reported in the

revious paragraph, may be attributed to the base material softening

ith increasing temperatures, for high G values the same is not true,

ince high torque values were registered in the very high temperature

omain. Therefore, the increase in the torque with G has to be related

o the increase of the amount of material stirred by the tool. Analysing

ig. 7 it is possible to confirm that, independent of 𝜔 , the stirred area in-

reases with G , i.e. with increasing tool dimensions and plate thickness.

he only exception is in the very high temperature domain, where a

radual decrease in the stirred area with increasing 𝜔 may be observed.

In Fig. 8 is now shown the evolution of the torque (continuous lines)

ith the shoulder diameter and thickness for two different values of

otational speed (300 and 900 rpm) and two different values of tra-

erse speed (250 and 1000 mm/min). In these numerical simulations,

o proportionality between the tool dimensions and plate thickness was

ssumed, i.e. in each simulation the D s / t ratio was not set according to

q. (11) , being selected in order to cover the full range of tool dimen-

ions highlighted by the red shaded area in Fig. 5 . As shown in Fig. 8 ,

ools with shoulder diameters varying from 12 to 30 mm were tested

or the welding of 1 to 9 mm thick plates. Analysing the torque results

t is possible to conclude that, irrespective of 𝜔 and v , the larger torque

alues were always registered for the simulations corresponding to the

ools with the larger shoulder diameter and the larger thicknesses, i.e.

or the larger G values, which is in accordance with the experimental

esults. Comparing the four plots, it is also possible to conclude that for

he same range of shoulder diameters and plate thicknesses, the torque

alues were higher in the simulations performed with the lower tool

otational speed and/or the higher traverse speed. 

Analysing in Fig. 8 the evolution of the temperature (coloured maps)

ith process parameters it is possible to conclude that the welding tem-

eratures were higher in the numerical simulations performed with the

igher tool rotational speed of 900 rpm and the higher shoulder diame-

ers. Comparing the temperature values in Fig. 8 a and b and Fig. 8 c and

 it is even possible to conclude that heat generation was determined

y the tool rotation, in first, and by the shoulder diameter, in second.

n the other hand, the evolution of the temperatures in each graph also

nables to conclude that for constant shoulder diameters, the tempera-

ure decreases with increasing plate thicknesses. In the same way, the

ifferences in temperature fields between Fig. 8 a and c and Fig. 8 b and

, also enable to conclude that irrespective of D s and 𝜔 , the tempera-

ures decrease when increasing the traverse speed. Those results point

or the strong influence of v and t on the welding temperature, indicating

hat these parameters should also be considered in the modelling of the

orque evolution with process parameters. However, these results also

nhance that the influence of v on the torque and temperature is more

ronounced for welding conditions corresponding to large G values, as

lready stressed when analysing the results in Fig. 3 b. 

. Modelling torque and temperature 

Fig. 9 a and b show the evolution of the temperature and torque,

espectively, versus the product of the traverse speed by the plate thick-

ess ( vt ). Both parameters were found to be important factors in de-

ermining the welding heat dissipation in the previous analysis. In the

gure, the results plotted with red squares correspond to the numer-

cal simulations of Fig. 7 , in which heat dissipative effects associated

ith the thickness and the traverse speed were minimised by assuming

 constant value for v and setting the shoulder diameter proportional to

he plates thickness. The results plotted with circles correspond to the

umerical simulations of Fig. 8 , in which the shoulder diameters, plate

hicknesses and traverse speeds were selected in order to enhance the

eat dissipative effects on the temperature fields. 

Analysing Fig. 9 a, it is possible to conclude that the welding temper-

ture increases with G and 𝜔 , which were found as the main factors in

eat generation in the previous analysis, but decrease non-linearly with
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Fig. 10. Evolution of the torque values, ob- 

tained in the numerical simulations, with the 

torque coefficient (a). Comparison between 

the torque values, obtained in the numeri- 

cal simulations, for different plate thicknesses 

(b), rotational speeds (c) and traverse speeds 

(d) with the torque values calculated with 

Eq. (14) (dashed lines). 
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he vt product. Analysing now the evolution of the torque in Fig. 9 b, it is

ossible to conclude that the torque decreases with 𝜔 , which is the main

actor in heat generation, but increases with G , which is the main factor

n determining the volume of material stirred by the tool. The torque

lso increases non-linearly with the product ( vt ), due to the important

nfluence of both parameters in heat dissipation, i.e. in decreasing the

elding temperature. 

From the results in Fig. 9 , two coefficients, relating the heat gener-

tion and the volume of stirred material, governed by 𝜔 and G , respec-

ively, and the heat dissipation, governed by v and t , are proposed to

e used in quantifying the average torque and the maximum temper-

ture attained during welding. The torque ( C M 

) and temperature ( C T )

oefficients are given by 

 𝑀 

= 

𝐺 

𝜔 

4 
√
𝑣𝑡 , (12)

nd, 

 𝑇 = 

𝐺𝜔 √
𝑣𝑡 
. (13)

Assuming 𝛼 = 

1 
4 and 𝐾 = 𝐺 

4 
√
𝑡 , these coefficients resembles Cole-

rove and Shercliff [15] model for torque. However, a larger number of

rocess parameters, enabling to better describe the welding conditions

n use, is taken into account in the proposed coefficients. In Fig. 10 a

re plotted the torque values obtained in the numerical simulations per-

ormed in current work versus the torque coefficient C . Based on the
M 
gure, it is possible to establish a linear relationship between the torque

nd C M 

 = 𝐾 𝑀 

𝐺 

𝜔 

4 
√
𝑣𝑡 . (14)

In this equation, a new constant K M 

is introduced, which resembles

he M max in Cui et al. [17] model. According to this author, M max is

etermined by the strength of the base materials at room temperature.

ccording to present authors, K M 

is determined by the plastic properties

f the alloy being welded, which were already found to determine the

eldability in FSW of aluminium alloys in a previous work [41] . For

he aluminium alloy tested in the numerical simulation work, fitting

he numerical results it was determined that K M 

= 6. The torque values

btained from Eq. (14) are compared to the torque values obtained in the

umerical simulations in Fig. 10 b to d. In these figures, the torque results

re plotted versus the plate thickness ( Fig. 10 b), the rotational speed

 Fig. 10 c) and the traverse speed ( Fig. 10 d). All the figures show that

he proposed model satisfactorily reflects the evolution of the average

orque with process parameters. 

In Fig. 11 the model previsions are now compared with some of the

xperimental results from the database. Since different aluminium alloys

ere used by the different authors, and K M 

is a material property related

arameter, its value had to be adjusted according to the base material in

se in each reference. Analysing the figure, it is possible to conclude that

he C M 

coefficient is able to reproduce satisfactorily the torque evolution

or the experimental welding conditions covered by the database. 
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Fig. 11. Comparison of the experimental torque results, from the database, with the torque values calculated with Eq. (14) . 

 

t  

C  

m  

o  

a  

c  

p  

p

{

 

d  

t

 

p  

a  

u  

b  

p  

t  

e  

t  

e  

𝜆  

t  

r  

t  

i  

I  

e  

r  

f

In Fig. 12 are now plotted the maximum welding temperatures, ob-

ained in the numerical simulations, versus the temperature coefficient

 T . The figure clearly shows that for C T higher than 20,000, the maxi-

um welding temperatures remain constant, indicating that this value

f C T may be considered as a heat generation threshold indicator for

luminium alloys. As was done for the torque, the C T coefficient was

orrelated with the temperature values, being obtained an equation to

redict the welding temperature. So, according to the figure, the tem-

eratures in FSW of aluminium alloys may be estimated as follows: 

 

𝑇 = 𝐾 𝑇 𝐶 

𝜑 

𝑇 
for 𝐶 𝑇 < 20000 , 

𝑇 = 590 ◦𝐶 for 𝐶 𝑇 ≥ 20000 . 
(15) 

In this case, K T and 𝜑 are related to the base material properties that

etermine heat generation and dissipation. From the numerical simula-

ion results it was determined that K T = 50 and 𝜑 = 0.25. 

In Fig. 13 , the temperature values previewed by the model are com-

ared with the experimental results from the database. In order to fit
ccurately the experimental results, the temperature values computed

sing Eq. (15) and making K T = 50 and 𝜑 = 0.25, had to be multiplied

y a 𝜆 constant. The need for this constant may be associated with im-

ortant influence of the different experimental techniques, followed by

he different authors, in acquiring the maximum temperature, i.e. differ-

nces in temperature measurement techniques, differences in the posi-

ion at which the temperature was measured relative to the weld axis, or

ven, differences in the backing plate material, among others. Therefore,

factors were determined individually for each one of the experimen-

al works, due to the strong dependence of the maximum temperatures

egistered from the experimental apparatus. However, it is important

o enhance that no adjustment in K T and 𝜑 parameters was necessary,

ndicating that these parameters are constant for all aluminium alloys.

n fact, analysing Fig. 13 , it is possible to see that despite the differ-

nt welding conditions, i.e. different shoulder diameters, traverse and

otational speeds, the temperature values computed through C T always

ollow the temperature results obtained by the different authors. 
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Fig. 12. Evolution of the maximum welding temperatures, obtained in the nu- 

merical simulations, with the temperature coefficient. 
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Fig. 13. Comparison between the experimental temperature values, from
. Conclusions 

In the present work, the influence of the process parameters, tool

imensions and plate thickness on the torque and welding temperatures

as analysed. The main findings of the investigation may be summa-

ized as follows: 

• Analytical coefficients ( C M 

and C T ) were determined for calculating

the average torque and the maximum temperature as a function of

the welding parameters. The proposed analytical coefficients were

validated using experimental results from the literature. 
• The tool dimensions and the rotational speed have strong influ-

ence on torque and temperature. The proposed coefficients enable

to quantify their influence on torque and temperature. 
• The traverse speed and the base material thickness are secondary pa-

rameters governing the torque and temperature. Their influence on

torque is only noticeable when large shoulder tools are used and/or

in thick plates welding. 
• C M 

and C T coefficients enable to quantify the influence of the tra-

verse speed and plates thickness on torque and temperature. 
• The temperature coefficient C T enables to determine a threshold in

the heat generation in FSW, i.e. for C T > 20,000 no temperature in-
crease is expected by changing the welding parameters/conditions. 

 the database, with the temperature values calculated with Eq. (15) . 
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