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Abstract. Friction Stir Welding (FSW) is a solid state process with several advantages over conventional welding 

techniques due to the absence of melting and a small energy requirement. Torque is an important quantity in friction 

stir welding as it influences the main phenomena that occur during the process. However, studies of torque behavior in 

FSW have received little attention. In this paper, inverse problem method is used to estimate the parameters for an 

experimental model for torque. The torque was measured during FSW experiments for different combinations of 

rotational and welding speeds. The experimental results were used as input data to estimate the model parameters. The 

results showed a good agreement between the experimental data and the model obtained using the inverse problem 

method.  
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1. INTRODUCTION  

 

Friction stir welding (FSW) is an alternative to the conventional fusion welding mainly developed to weld materials 

with poor weldability such as aluminum, magnesium, copper, and other light alloys (Mishra and Ma, 2005; Rajakumar 

et al., 2011). In the FSW process, the friction at the surface of the tool due to the tool rotation produces localized 

heating that softens the material around the tool. The softened material is plastically deformed when the tool rotation 

stirs the material to produce the joint. Therefore, the quality of the welded joint is better than in the most widely used 

welding methods, the FSW process reduces defect formation, is cost-efficient, and is easy to process (Rhodes et al., 

1997; Qian, 2013; Long et al., 2007) 

 

The torque in the FSW process is related to the heat input and; consequently, to the material stress, the material 

flow, and the temperature in the stir zone. Yan et al. (2005) and Upadhyay and Reynolds (2010) observed an inverse 

relation between torque and temperature. For higher temperatures, the local stress in the material is lower and, 

consequently, the torque is lower. Moreover, torque can be used for the process control and to the proper selection of 

the equipment to carry out the FSW process (Su et al., 2013; Mehta et al., 2013). Khandkar et al. (2003); Schmidt et al. 

(2004) and Pew et al. (2007) computed the power in an FSW process as the torque multiplied by the rotational speed. 

 

Considering the importance of the torque for the FSW process and weld quality, this quantity has been 

experimentally studied by several authors. Long et al. (2007); Yan et al. (2005); Pew et al. (2007); Leitao et al. (2012); 

Quintana and Silveira (2017a)  observed experimentally the torque behavior as a function of the rotational and welding 

speeds. The studies showed that the rotational speed has more influence on the torque than the welding speed. However, 

a few authors have presented models for the torque behavior. Schmidt et al. (2004) considered three types of contact 

conditions in the tool-material interface to describe the torque: sticking condition, sliding condition and partial 

sticking/sliding condition when a combination of both conditions is present in the tool-material interface. The computed 

torque value was used to describe the heat input in the FSW. Pew et al. (2007) used the statistical software MINITAB to 

describe the torque behavior for aluminum alloys 7075, 5083, and 2024 based on experimental observations. The 

authors proposed statistical torque models for each material as a function of tool depth and rotational and welding 

speeds. Arora et al. (2009) developed a numerical model to explain the influence of rotational speed and tool geometry 

on the torque behavior. The model was based on the Mises criterion to describe yielding, and considered the yield stress 

as a function of temperature. Cui et al. (2010) proposed an experimental model to describe the torque for the aluminum 
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alloy 356 as an exponential function, and the function parameters were obtained based on experimental results for 

different rotational and welding speeds.  

The inverse problem method has been widely used within the last few years to estimate parameters or functions in 

mathematical models using experimental data (Orlande, 2010). This method has been successfully applied in 

engineering, mainly in thermal engineering (Woodbury et al., 2014; Barrios et al., 2014). However, inverse or 

optimization methods have been rarely implemented to improve FSW models with respect to experimental data. Only a 

few studies in FSW have used the inverse problem method, and these were focused on heat transfer (Lambrakos et al., 

2003; Pereyra et al., 2014). Taking into account that the exact expression to describe the torque behavior is still in 

development, the use of the inverse problem method to estimate parameters is an important tool to obtain a better and 

more accurate description. Moreover, based on both analyses, model and experiment, a better description of the 

problem is obtained. 

 

In this paper, experimental data for the torque in FSW process are obtained at four levels for the rotational speed, 

namely, 600, 900, 1200, and 1500 rpm, and three levels for the welding speed, 100, 200, and 300 mm/min. The inverse 

problem method is implemented to estimate the parameters of an experimental torque model (Cui et al., 2010). The 

experimental results are used as input data for the Levenberg–Marquardt method to estimate the parameters for the 

presented model. The optimized model obtained using the inverse problem method showed more consistent results. 

 

2. EXPERIMENTAL PROCEDURE 

 

The welds were carried out in a computer numerical control (CNC) machining center adapted to FSW. A fixture 

device was designed to guarantee a suitable arrangement of the specimens during the process. A Kistler 9272 

dynamometer and a multichannel charge amplifier Kistler 5070 was used to measure the torque and for the signal 

conditioning, respectively. Figure 1 shows the CNC machining adapted to carry out the welds.  

 

 

 
 

Figure 1. CNC machining adapted to the FSW process. 

 

 AA 5052-H34 specimens with a thickness of 5mm were joined by FSW at four levels of rotational speed   (600, 

900, 1200, and 1500 rpm) and three levels of welding speed wv  (100, 200, and 300 mm/min). For each pair of 

parameters, three replicas were performed. The tool material is H13 steel, heat treated to an average hardness of 50 

HRC. The tool has shoulder and pin diameters of 10 and 4 mm, respectively, and a pin length of 4 mm. A total plunging 

depth of 4.1 mm and a plunging speed of 8 mm/min were kept constant for all the experiments. The dynamometer used 

in the experiments is able to measure the torque in its center; therefore, two groups of experiments were carried out to 

obtain the torque values for each phase, the first one for the plunging phase and the second one for the welding phase, 

during the steady state regime for the torque. Kumar et al. (2012) observed experimentally that the torque during the 

welding phase presents a steady state value. 

 

3. INVERSE PROBLEM METHODOLOGY 

 

The experimental model to describe the torque proposed by Cui et al. (2010) was selected to implement the inverse 

problem method and estimate the parameters. The criteria of selection were the easiness of the model and because it 

involves the main process variables, the rotational and welding speeds. However, tool geometry, material properties, 

and other variables are not considered. The model has the following form: 
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   wa bv

w wM A Bv C Dv e
 

     (1) 

 

where
wv and   are the welding and rotational speeds, respectively, and A, B, C, D, a and b are the parameters obtained 

experimentally. The model presents an exponential decay behavior of the torque as a function of the welding and 

rotational speeds. The parameters A and B correspond to the minimum torque values, C and D are the pre-exponential 

parameters, and a and b describe the decay function. 

 

The inverse problem method used to estimate the model parameters followed the procedure described by Quintana 

and Silveira (2017b). The sensitivity coefficients, that represent the sensitivity of the torque in relation to the variation 

of the model parameters, were founded analytically by differentiating the model expressions with respect to each 

parameter. The analysis was performed with five different welding speeds: 100, 200, 300, 400, and 500 mm/min. The 

sensitivity coefficients were analyzed to evaluate their absolute values and the linear dependence between them. Small 

sensitivity leads to the same torque value being obtained for a wide range of values for the parameters, thus making 

parameter estimation difficult. On the other hand, the sensitivity coefficients cannot be expressed as a linear 

combination of each other to avoid problems with matrix singularity. In order to obtain better estimates, the parameters 

corresponding to sensitivity coefficients linearly independent were chosen to be estimated simultaneously, i.e., those 

parameters which are not expressed as a linear combination of each other and with large absolute values. For ease of 

comparison between the magnitude of the sensitivity coefficients and the analysis of linear dependence, reduced 

sensitivity coefficients were used as defined by Naveira-Cotta et al. (2010) as the product between the sensitivity 

coefficient and the parameter related to it. 

 

The D-optimum design was used to select the optimal maximum rotational speed, and number of measurements for 

estimating the parameters by means of the variable and fixed frequency analysis, respectively. The Levenberg-

Marquardt iterative method was implemented to estimate the parameters using the experimental data as input. 

Experimental results for the torque carried out with a welding speed of 300 mm/min at several rotational speeds were 

used to estimate the parameters. Considering that the estimation of the parameters by means of inverse problem require 

a large number of measurements and the complexity of obtaining experimental data for a wide range of rotational 

speeds, the trend curve of the experimental data obtained experimentally was used. 

 

4. EXPERIMENTAL RESULTS 

 

Figure 2 shows the torque as a function of time during the plunging phase (plunging of the tool into the material) 

for a rotational speed of 1500 rpm. The beginning of the plunging phase is in point 1, a stabilization period occurs in 

point 2, the effect of the shoulder on the torque value is observed at point 3 when the extruded material due to the 

penetration of the pin makes contact with the shoulder. The maximum torque value in the plunging phase, when the tool 

achieves the total plunging depth, is indicated in point 4. The torque during the welding phase (when the tool displaces 

to produce the weld) presents a steady state value (Kumar et al., 2012) which is represented in Fig 2.  

 

 
 

Figure 2. Torque as a function of time during the FSW experiment for a rotational speed of 1500 rpm. 

 

Figure 3 shows the torque behaviour in FSW as a function of the rotational speed for all the welding speeds during 

the plunging and the welding phases. The results show that, the torque value is higher during the plunging phase, 

nevertheless, for higher rotational speeds the difference between the torque in the plunging and welding phases is 
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smaller. Additionally is observed that the increase of the rotational speed decreases the torque value. Higher rotational 

speeds produce an increment of the local temperature in the material and consequently, the local yield stress of the 

material decreases and the torque value also decreases (Yan et al., 2005; Upadhyay et al., 2010). On the other hand, the 

influence of the welding speed on the torque is significantly smaller than the influence of the rotational speed; during 

the plunging phase, the welding speed does not have influence on the torque value, however, during the welding phase 

the torque is influenced by the interaction of the welding speed and the rotational speeds. For higher rotational speeds, 

the influence of the welding speeds on the torque during the welding phase is smaller. The high heat input to the process 

owing to the higher rotational speeds diminished the local yield stress of the material and under these conditions, the 

welding speed present a smaller influence on the torque. The analysis of variance (ANOVA), presented in Table 1 

confirm this behavior. The statistical analysis indicates that for a statistic F of 3.29 and a p-level of 0.0167, there is an 

interaction between the effects of rotational and welding speeds factors on the torque during the welding phase.  

 

 
 

Figure 3. Torque as a function of the rotational speed for all the welding speeds during the plunging and welding 

phases. 

 

Table 1. Analysis of variance (ANOVA) for the torque during the welding phase 

 

Source Degree of freedom Sum. Sq. Mean Sq. F p-level 

  3 302.802 100.934 465.3 0 

wv  2 2.166 1.083 4.99 0.0154 

wv   6 4.277 0.713 3.29 0.0167 

Erro 24 5.206 0.217   

Total 35 314.451    

 

 As observed in Fig. 3, the torque has an exponential decay behavior as a function of the rotational speed, for all 

the experiments. Table 2 presents the fitted equations for the torque at each welding speed during the welding phase and 

for the torque during the plunging phase. In all cases, the fitted equation is a downward exponential function for the 

torque as a function of the rotational speed. 

 

Table 2. Fitted equations for torque as a function of the rotational speed. 

 

Welding speed 

(mm/min) 
Fitted curve equation 

Data fitting  

correlation (R
2
) 

Plunging phase 

--- 
31 1030.298M e    0.992 

Welding phase 

100 
49 1022.195M e    

0.997 

200 
49 1024.231M e    

0.968 

300 
49 1023.435M e    

0.999 
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5. ESTIMATION OF PARAMETERS VIA INVERSE PROBLEM 

 

The sensitivity coefficients computed analytically for each model parameter and the linear dependence between 

them are presented in Table 3. The results shows that, for a constant welding speed exist linear dependence between 

sensitivity coefficients of parameters A and B, C and D, and a and b. Figure 4 shows the reduced sensitivity coefficients 

behavior as a function of the rotational speed. According to the results from Table 3, in Fig 4 is observed that the 

reduced sensitivity coefficients JA and JB present a constant and small value, indicating linear dependence. The reduced 

sensitivity coefficient JD presents a constant and small value after approximately 700 rpm and a linear dependence with 

respect to JC. The reduced sensitivity coefficients related to the parameters a and b are also linearly dependent as 

indicated in Table 3. Therefore, considering the magnitude of the sensitivity coefficients and the linear independence 

between them, only the parameters A, C, and a are estimated via inverse problem. The other parameters were assumed 

with the same value as the original experimental value proposed by Cui et al. (2010). 

 

Table 3. Sensitivity coefficients for the parameters of the experimental model. 

 

Model parameter  Sensitivity coefficient Linear Dependence between  

the sensitivity coefficient 

A 
1A

M
J

A


 
  

LD with respect to BJ
 

B 

B w

M
J v

B


 


 LD with respect to AJ
 

C 
 wa bv

C

M
J e

C

 
 


 LD with respect to DJ
 

D 
 wa bv

D w

M
J v e

D

 
 


 LD with respect to CJ
 

a 
   wa bv

a w

M
J C Dv e

a

 
   


 LD with respect to bJ
 

b 
   wa bv

b w w

M
J v C Dv e

b




 
   


 LD with respect to aJ
 

 

 

 
 

Figure 4. Reduced sensitivity coefficients for a welding speed of 500 mm/min 
 

The D-optimum design for variable and fixed frequencies is shown in Fig. 5a and 5b where a maximum 

rotational speed of approximately 1500 rpm and 1000 measurements are identified as optimal in the variable and fixed 

frequency analysis, respectively. Moreover, the variable frequency shows higher absolute values for higher welding 

speeds while the fixed frequency analysis shows a similar behavior for all the welding speeds.  

 

Considering the sensitivity coefficients analysis, the estimation of parameters was carried out for a maximum 

rotational speed of 1500 rpm, 1000 measurements and the experimental data of torque obtained with a welding speed of 

300 mm/min. The initial values for the parameters were the original values proposed by Cui et al. (2010). Figure 6a 
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shows the convergence of the Levenberg–Marquardt method for the estimated parameters: A=3.0222, C=83.9655, and 

a=0.0053. Figure 6b presents a comparison between the experimental data for torque, the original Cui’s model, and the 

model with the estimated parameters. The model for the torque using the estimated parameters presented results with 

better agreement to the experimental data than using the original Cui’s model (Cui et al., 2010). Table 4 presents the 

relative error between the experimental data and both models, original Cui’s model and adjusted model via inverse 

problem. 
 

 
a) 

 
b) 

 

Figure 5. a) Variable and b) fixed frequencies for all the welding speeds. 
 

Some variables of the FSW process not considered in the original model, such as tool geometry and material 

properties could be related to the differences between the estimated model using inverse problem methodology and the 

original model. Khandkar et al. (2003) and Schmidt et al. (2004) determined that the value of the torque in the FSW 

process involves the tool geometry and the properties of the weld material. The original Cui´s model (Cui et al., 2010). 

were obtained from experimental data for torque using a tool with a shoulder diameter of 18 mm and a pin diameter of 6 

mm whereas the experimental data using in this work to estimate the parameters of the model presented in Eq. 1 were 

carried out using a tool with 10 mm of shoulder diameter and 4 mm of pin diameter. Additionally, the weld material in 

the both cases is different; the original Cui´s model (Cui et al., 2010) was obtained for A356 cast aluminum alloy and 

for the adjusted of the model was used 5052-H34 aluminum alloy. However, the implementation of the inverse problem 

methodology can be a successful tool to adjust this model for different aluminum alloys and tool geometries as showed 

in Figure 5b and in the relative error presented in Table 4. 

 

 
a) 

 
b) 

 

Figure 6. a) Levenberg-Marquardt convergence for the estimated parameters, b) Comparison between the experimental 

data for a welding speed of 300 mm/min, the original model (Cui et al., 2010) and the estimated model via inverse 

problem. 
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Table 4. Relative error for the Cui´s experimental model and the adjusted model via inverse problem in relation to the 

experimental data for torque. 

 

Rotational speed 

(rpm) 

Relative error (%) 

Adjusted model via IP Cui´s experimental model 

600 2.3 176.7 

900 17.2 169.1 

1200 19.6 177.2 

1500 0.0 273.2 

 
 

6. CONCLUSIONS 

 

The experimental results for the torque at different rotational and welding speeds showed that the rotational speed 

has a higher influence on the torque than the welding speed. The torque presented an exponential decay with the 

rotational speed while it presented a slight increase with the increment of the welding speed. The variance analysis 

showed that there is an interaction between the effects of rotational and welding speeds on the torque during the 

welding phase, suggesting that the influence of these factors on the torque in the welding phase must be analyzed 

together. On the other hand during the plunging phase, the torque presents a higher value, mainly for lower rotational 

speeds, which is not influenced by the welding speeds. 

 

The inverse problem method was implemented successfully to adjust an experimental model for the torque behavior 

by means of the Levenberg-Marquardt iterative method for the estimation of parameters. The linear dependence 

between the model parameters does not allow for estimating all the model parameters. Only three parameters can be 

estimated; however, the presented model with new parameters values has a better agreement with the torque 

experimental data. 

 

The differences between the original Cui’s model and the model estimated via inverse problem are related to the 

influence of the other factors, not considered in the original model, on the torque, such as the tool geometry and 

material properties.  
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