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A B S T R A C T  
 

 

Numerical simulation of inertia welding attracts enormous research interest during the past decades. 

Extremely large plastic deformation and complicated frictional behavior make this simulation 

challenging. In this paper, Norton friction model is modified to be employed in a computational solid 
mechanics model of inertia welding. A continuous remeshing technique is used to avoid the mesh 

distortion problem. The results show that after 1.5 (s) the temperature reaches the maximum value of 
1200 ℃. After that, a decreasing pattern is found for the welding temperature. Moreover, the maximum 

deformation of 6 mm is obtained. The stress increased to the maximum values of 975 MPa. 

Consequently, successful prediction of the temperature distribution, thermal history, equivalent plastic 
deformation, axial shortening and stress distribution is made. The comparisons between the results of 

this study and the literature showed that implementing the proposed methodology leads to achieving 

high accuracy results.  
doi: 10.5829/ije.2021.34.03c.19 

 

 
1. INTRODUCTION1 
 

Inertia welding or inertia friction welding is a solid-state 

joining process that is considered as a suitable method for 

joining different materials together. In this welding, 

intimate contact of a plasticized at the welding interfaces 

produces by the frictional heat and the pressure. In order 

to achieve an accurate finite element modeling of the 

process, the implementation of the contact interface 

should be considered as a significant issue. Thus, 

different available models were presented by researchers 

[1, 2] for modeling the friction-based joining processes. 

Different friction models are proposed by researchers 

for thermomechanical analysis of the solid-state joining 

processes such as inertia and friction stir welding (FSW) 

processes [3-5]. In these models, both computational 

solid mechanics (CSM) and computational fluid 
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dynamics (CFD) methods are used in different models. 

Here, it should be noted that CSM models that are based 

on finite element methods are mostly used for solving 

solid mechanics problems, while CFD models are based 

on finite volume methods and can be appropriate for 

solving fluid dynamics problems. 

In the majority of the proposed CSM based finite 

element packages, Coulomb friction law is used. In the 

above-mentioned models, constant or limited ranges for 

the friction coefficient are employed because the 

Coulomb friction model is based on the sliding condition 

[6]. To illustrate the problem, due to the usage of the 

constant values for the friction coefficient [7, 8], the 

Coulomb friction model is limited to the sliding frictional 

condition where the temperature values are low [9]. 

Based on CSM, Shun et al. [10] employed the Coulomb 

friction law in DEFORM-3D finite element package for 
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modeling the inertia welding process. Nimesh et al. used 

the Coulomb friction model for modeling the dissimilar 

inertia welding [11] in the Abaqus software environment; 

however, the model results were limited to the 

temperature prediction. Constant values of the friction 

are used in the Coulomb model to simulate FSW process 

to achieve an accurate prediction of the temperature [12]. 

From the above-mentioned descriptions, the Coulomb 

model cannot be accurate to simulate the inertia welding 

or FSW processes where a partial sliding/sticking 

condition is available [13]. Consequently, there is a need 

to use a complicated friction law for simulating the 

sticking behavior at the tool-workpiece interface.  

Although in some limited cases there is an ability 

(like user-defined subroutines) to modify the package in 

order to use a more complicated friction model, these 

modifications are challenging because of the mesh 

distortion and thereby increasing the computational cost. 

To explain more, there are different techniques for mesh 

modeling, Lagrangian, Eulerian and arbitrary 

Lagrangian-Eulerian (ALE). ALE has been successful in 

solving the mesh distribution problem which is one of the 

key and significant difficulties during modeling large 

plastic deformation processes. However, the 

computational costs of the ALE method for employing a 

complicated friction model by user-defined subroutines 

are high. Norton friction model is proposed by some 

researchers [13, 14]. In this model, the shear stress is 

defined to be as a function of relative velocity between 

the tool velocity and the material velocity. It was claimed 

that in comparison to the Coulomb friction model, this 

model has higher accuracy. Another advantage of this 

model over Coulomb law is the avoidance of a constant 

value for the friction coefficient. Moreover, in this model 

the ratio between the shear stress and the pressure is 

defined as a complicated function of the interface relative 

velocity (the difference between the velocity of the tool 

and the material flow velocity). In some model CFD 

models, Norton friction law is used to achieve a partial 

sliding sticking condition. They [4, 14] used Norton 

friction law in the case of sticking condition. These 

researchers also claim that this formulation can be 

appropriate for modeling the FSW. As discussed, the 

majority of the above-mentioned researchers used CFD 

models, because it can easily handle the distribution of 

the mesh and its computational costs are low. Here, it 

should be noted that, the accuracy of the CSM for 

modeling the inertia welding leads to achieving higher 

accuracy and efficiency. To illustrate, CSM deals with 

both mathematical modeling and numerical simulation of 

solid related phenomena. Thus, these methods can be 

appropriate for modeling inertia welding. From the 

above-mentioned descriptions, it can be claimed that 

accurate implementation of the friction law in the CSM 

models is mandatory.  

Up to now, quite a few models have been developed  

to analyze the heat generation, temperature field, plastic 

deformation and stress in inertia welding quantitatively. 

Moreover, all proposed models used the Eulerian 

formulation in CFD models. It should be noted that there 

are limitations in predicting the strain rate and residual 

stress for CFD-based models. In the case of using an 

Eulerian based CSM models, implementing a 

complicated friction mode, overcoming the mesh 

distortion and reducing the computational costs are 

significant challenges. 

In this paper, the Norton-Hoff viscoplastic law is 

modified in order to investigate the relative velocity 

between the workpieces. Then, a novel method is used to 

implement this modified friction law to  a three-

dimensional finite element model (FEM) model. A 

proper continuous remeshing method is also employed to 

avoid the distortion of mesh and decreasing the 

computational costs. Finally, the model is validated by 

comparing the results of the FE model with experimental 

tests and the data in the literature. 
 
 

2. Materials and Methods  
 
2. 1. Interaction Definitions               Five different 

conditions and one actuator-sensor for the interaction 

section are defined at the welding interfaces. The 

constant workpiece is considered to be the master surface 

and the rotating one is considered to be the slave surface. 

Two different user-defined subroutines are applied to the 

model. The first one (Fric) is applied to implement the 

Norton friction model at the interfaces. A prescribed 

pressure of 360 MPa is also applied to complete the 

treatment of friction force. Thus, the generation of the 

heat is based on the traction and the sliding velocity. The 

second subroutine UEL is applied as an actuator-sensor. 

As mentioned, the modified Norton friction model is 

used in this model that is based on the friction law 

proposed by Moal and Massoni [15]. Equation 1 shows 

the general form of the model.  

𝜏 = −𝑃 × 𝑔(∆𝑣𝑔) ×
∆𝑣𝑔

|∆𝑣𝑔|
  (1) 

where 𝜏 is the shear stress, 𝑃 is the prescribed pressure 

and 𝑔(∆𝑣𝑔) is the defined function for the ratio between 

the tool velocity and the material velocity.  

It should be noted that Equation 1 is calculated based 

on the experiments done by Moal and Massoni [15]. In 

this equation the ratio between the shear stress and the 

pressure (𝜏 𝑃⁄ ) is equal to the relative velocity function. 

Different conditions are defined for the relative velocity 

function (𝑔(∆𝑣𝑔)) [16, 17]. These conditions are based 

on the difference between the velocity of the tool and the 

material velocity at each point and each increment. A 

sticking condition is proposed near the tool-workpiece 

interface, where the relative velocity is not high [18]. Far 
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from the welding tool, a sliding condition is proposed. In 

this sliding condition, a constant value for the ratio 

between the shear and the pressure is considered, while a 

complicated polynominal function is considered for the 

sticking condition.  

 

2. 1. Finite Element Model Descriptions          A fully 

coupled temperature displacement analysis is selected as 

the analysis type [19, 20]. Two deformable parts are 

defined for the workpieces. The element type of 

CGAX4HT and CGAX3HT are selected for the 

simulation. The remeshing technique is also employed to 

avoid mesh distortion [21, 22]. In order to approximate 

the high-temperature behavior for Astroloy, the Norton-

Hoff constitutive law is proposed to explain the 

complicated temperature and strain rate viscoplastic 

behavior. It needs to be explained that a rate dependent 

perfectly plastic material model is also defined [23]. 

Figure 1 shows a brief explanation for the initial model 

of the welding in a 2-dimensional viewpoint. Moreover, 

the room temperature of 20 °C is defined as the initial 

temperature [24, 25]. The initial rotating velocity for the 

workpiece is defined to be 48.17 radians per second and 

the mass moment of inertia of 102,000 Mg mm2 is 

applied to the model.  

 

 

3. RESULTS AND DISCUSSION 
 

As mentioned earlier, two different subroutines are used 

to simulate the welding. At each step of the welding, the 

mesh converts to the geometry, then a new meshing 

applies for the new geometry (deformed geometry). It 

should be noted that all of the calculated results 

(temperature, stress, strains, etc.) at each step will be 

mapped and considered as new boundary conditions for 

the next step. 

 

 

 
Figure 1. Schematic view and the initial mesh for the 

workpiece 

 

3. 1. Temperature Distribution             The distribution 

of the temperature in 2 and 3-dimensional viewpoints are 

shown in Figure 2. As can be seen in Figure 2 section a, 

the upset is formed successfully and accurately. The 

contour plot shows the temperature of 1103 ℃ at the 

interface between two pipes. The achieved values of the 

temperature are confirmed by the literature [26]. 
The temperature decreases along with the fully plastic 

deformed zone (the maximum temperature of 1011 ℃). 

Far from the welding interface, the temperature has a 

decreasing rate pattern, because of the distance from the 

heat source. The main reason for this issue is the 

conduction, which transfers the heat along with the 

welding interface [27]. Moreover, due to the continuous 

remeshing, the mesh distortion problem is solved 

properly. From Figure 2, it can be seen that there is an 

extrude flash near the welding interface. This issue is also 

reported in the literature [27]. 

Figure 3 indicates the relationship between the time 

and the temperature at the welding interface. As can be 

seen, the temperature values sharply increase up to 1200 

℃ after 1.5 (s) of the welding. This indicates that the 

main source for the generating of the heat is the frictional 

force at the welding interface. Due to the implementation 

of an accurate frictional model in this study, the 

temperature pattern is in line with the literature [28]. This 

sharp increase in the values of temperature softens the 

 

 

 
(a)                               (b) 

Figure 2. The temperature distribution a) three dimensional 

and the welding zone b) cross section of the welding 

 

 

 
Figure 3. Temperature history at the welding interface 
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material, and make the deformation of the interface 

material easier. It can also be observed that a periodic 

fluctuation of temperature has happened during welding. 

The contour plots of the temperature history are 

shown in Figure 4. As can be seen, after starting the 

welding (Figure 4-a), the temperature increases to the 

maximum value of 1178 ℃. Applying a high pressure at 

the beginning of the welding can be the main reason for 

this sharp increasing rate for the temperature. Figure 4-b 

shows that with increasing the welding time, the 

temperature values decrease to 1150℃. It is obvious 

from Figure 4-c (at 1109 ℃) and Figure 4-d (at 1150 ℃) 

that the temperature is decreased as the welding 

continues. This is happening because of the increase in 

the amount of the transferred hat from radiation and 

convection. It should be noted that as the area of the fully 

plastic deformed zone increases, the heat transfer by 

radiation and convection increases as well, thus the 

welding interface temperature decreases. This 

phenomenon is also reported in the literature [29], which 

shows the accuracy of the results of this study. 

 

3. 2. Equivalent Plastic Strain            Figure 5 shows 

the relationship between the shortening of the welding 

interface and time. As can be seen, before achieving the 

peak temperature, the workpiece did not deform 

significantly. After 1.5 (s) the deformation begins and 

followed a sharp increasing pattern. To illustrate, the 

deformation sharply increased from 0 to 5 mm until the 

step time of 4.5 (s) (where the pressure is relieved from 

the pipes). This issue means that the length of the pipes 

decreases almost around 5 mm. From the welding time of 

4.5 (s) to 5 (s) the deformation rate becomes constant, due 

to decreasing the pressure on the pipes. Comparisons 

with the data in literature show that the results of this 

section are in good agreement with the literature [30]. 

The equivalent plastic strain during the welding in 2 

and 3 dimensions are shown in Figure 6-a. It is obvious  

 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 4. Contour plot of the temperature distribution 

history 

 
Figure 5. The relationship between the shortening and the 

time at the welding interface 

 

 

that the maximum plastic strain is happening at the center 

of the welding, where two plates are joining together. 

Achieving the highest plastic deformation in this area is 

happening because the maximum temperature is located 

in this area. The plastic deformation decreases far from 

the welding interface (where the temperature drops 

gradually). This shows that there is a proportional 

relationship between plastic deformation and 

temperature. Figure 6 also indicates plastic deformation 

history. The results show that with increasing the welding 

time, the equivalent plastic deformation increases as 

well. As can be seen in Figure 6-e the maximum plastic 

deformation is happening in the peripheral regions. An 

almost asymmetric pattern for the upper and lower 

surfaces is achieved at the equilibrium stage. From the 

results of the fully plastic deformation zone, it is obvious 
 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

Figure 6. Equivalent plastic strain distribution 
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that the remeshing technique could accurately handle the 

mesh distortion problem. 

 

3. 3. Stress Distribution               The stress distribution 

is one of the most significant issues during inertia 

welding, thus in the last part of the results and discussion 

section, this issue is addressed. Figure 7-a shows the 

distribution of the stress field in 2 and 3-dimensional 

viewpoints. The stress history also can be seen from 

Figure 7-b to Figure 7-e. The decreasing values of the 

stress at the welding are caused because of the decrease 

in the temperature. This matter indicates that, like the 

plastic deformation, there is a proportional relationship 

between the stress and the temperature. The stress 

distribution has an almost symmetrical pattern at the 

welding interface. As the distance from the welding 

interface increases, this symmetrical pattern changes to 

an almost asymmetrical shape. The maximum values of 

the stress are observed to be around 975 MPa (at the fully 

plastic deformed zone). It should be noted that the stress 

behavior is in good agreement with the achieved results 

in the literature [31]. 

 

 
4. CONCLUSIONS 
 
In this paper, a modified Norton friction model is 

proposed for finite element modeling of the inertia 

welding process. A continuous remeshing technique is 

also employed to avoid mesh distortions.  

 

 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

Figure 7. The distribution of the stress during welding 

The summary of the findings can be concluded as below: 

• The maximum temperature of 1200 ℃ is reached at 

the welding interface (at the welding time of 1.5 

seconds).  

• After that, the temperature decreased due to the 

increase of the radiation and convection heat transfer 

from the workpiece to the outside region.  

• At the welding interface, the maximum deformation 

of 6 mm is observed. 

• The maximum values of 975 MPa for the stress is 

achieved.  

• Equivalent plastic deformation and stress are found 

to have an almost symmetrical pattern.  

• A proportional relationship between the temperature 

and both the plastic deformation and stress is 

obtained.  

• Comparisons showed a good agreement between the 

results of this study and the previous literature. 
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Persian Abstract 

 چکیده 
 یسازه یشب   نیا  دهیچیپ   یبزرگ و رفتار اصطکاک  ار یبس  سانمومشکل    ریی قرار گرفته است. تغ   یادیز  ی قاتی گذشته مورد توجه تحق  یدر دهه ها  ینرسیا  یجوشکار  یعدد  ی ساز  هیبش

از مشکل   ی ریجلوگ یاستفاده شود. برا ینرس یا ی شکارجو ی جامد محاسبات ی کی مدل مکان کیمقاله مدل اصطکاک نورتون اصالح شده است تا در  ن یکشد. در ا یرا به چالش م 

  ی برا  یکاهش  یرسد. پس از آن، الگومی   1200℃دما به حداکثر مقدار    هیثان  1.5دهد که بعد از  ینشان م  جیشود. نتایمداوم استفاده م  یروش بازساز  کیمش از    واپیچش

  ز ی آم تی موفق ینیب شی، پجهی. در نت افتی  شیمگاپاسکال افزا 975تنش به حداکثر  ری. مقاددیآی ست مده متر بی لیم  6شکل  ر یی، حداکثر تغ نیعالوه بر ا کندی م بروزجوش  یدما

نشان   ات یادب  اطالعات گزارش شده در  مطالعه و   نیا  جینتا  نیب  سهیشود. مقایم  ممکنتنش    عیو توز  یمحور  انقباضمعادل،    سانمومشکل    ریی ، تغ یحرارت  خچهیدما، تار  عیتوز

 .شودی به نتایج با دقت باال می ابیمنجر به دست  یشنهادیپ شرو یداد که اجرا

 


