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A B S T R A C T   

Inertia friction welding (IFW) is a near-net-shape joining process that produces high-integrity welds. The tran-
sient nature of this joining process necessitates the availability of reliable computational models to predict the 
evolution of temperature and deformation throughout welding. In this study, a thermo-mechanical finite element 
(FE) model, based on an adaptive remeshing technique, is proposed to simulate dissimilar joining of A516 ferritic 
steel and 316L austenitic stainless steel (SS). The results of FE model were evaluated and verified via comparing 
the shape/size of the flash, upsetting load and angular velocity profile of a physical weld produced by IFW trials. 
A good agreement was achieved between the appearance of the weld/flash and those predicted by the FE model, 
thus verifying the predicted temperature and strain distributions. The microstructural features across different 
weld regimes were also examined to correlate the concomitant changes with the simulated temperature profile.   

Introduction 

Dissimilar welds of SS to ferritic steel are highly desirable for ap-
plications in nuclear power plants, since they facilitate design flexibility 
at reduced cost, and provide fit-for-purpose components (i.e., with 
tailored mechanical strength and high temperature resistance) (Wang 
et al., 2013). Austenitic SS are used for critical applications at 
high-temperatures, such as reheaters and superheaters, while ferritic 
steels are used in relatively lower-temperatures under higher demands 
for mechanical strength. Welding of SS to ferritic steel is usually per-
formed via conventional methods, e.g., electron-beam and fusion 
welding (Ghosh et al., 2018; Rathod et al., 2015). However, due to 
difference in thermal expansion of the two materials, dissimilar welds 
are vulnerable to solidification cracks and typically contain metallur-
gical defects. Typically, during conventional welding of ferritic steels to 
stainless steels, buttering layers (~ 6–8 mm) of sacrificial nickel-based 
alloys are used to compensate for the mismatch introduced by the dif-
ferential gradient in thermal expansion and other physical, mechanical 
and metallurgical properties between the two materials (Sunilkumar 
et al., 2020). Setting up this tri-metallic configuration is time 
consuming, and most importantly prone to hot cracking. Owing to the 
nature of the process, these challenges are eliminated by solid-state 

welding where the components are joined below their melting temper-
atures. IFW is a variant of rotary friction welding, where tubular com-
ponents are joined under the application of friction and forge forces. An 
extensive description of this process including different stages of con-
ditioning, forging and cooling is reported elsewhere (Banerjee et al., 
2021, 2022). 

While efforts are ongoing to comprehend material behaviors during 
IFW (Tung et al., 2019), evolution of transient thermo-mechanical 
properties, especially for dissimilar materials needs further attention 
due to relative differences in the inherent thermal and mechanical 
properties. Thus, developing computational models for predicting tem-
perature and stress-strain fields becomes vital. It is well understood that 
in IFW process, the weld interface experiences an abrupt increase in the 
temperature for a small fraction of time because of the enormous fric-
tional heat (Yang et al., 2015). Therefore, determining the appropriate 
friction behavior (i.e. friction coefficient) is one of the key ingredients to 
effectively simulate the IFW process. Although previous reports are 
available on the FE simulation of dissimilar steels (Bennett et al., 2013; 
El-Hadek, 2014), defining the friction parameters during IFW demands 
further understanding. For instance, some studies have considered the 
friction coefficient to be dependent on pressure, speed and temperature 
(Balasubramanian et al., 1999; Moal and Massoni, 1995), however, 
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determining the temperature at the interface during the on-going 
welding process is unfeasible. A more likely approach is the slip-stick 
friction model (Geng et al., 2019) which states that the sliding friction 
(based on the Coulomb’s friction law) is dominant when the friction 
stress is lower than the shear stress, otherwise shear friction is presiding. 
This approach has been widely used by many researchers (Maalekian 
et al., 2008; Cerjak et al., 2005; Lee et al., 2001), where the sliding and 
sticking friction coefficients were determined based on the recrystalli-
zation temperatures. However, considering the differences in composi-
tions and recrystallization temperature, this methodology may not be 
appropriate for simulation of welding between dissimilar materials. 
Similarly, assuming a constant friction coefficient (i.e., either shear or 
coulomb friction) during IFW also leads to unrealistic results. This is 
governed by the nature of the process where friction coefficient is 
significantly high at lower temperatures and vice versa (i.e., low at 
higher temperatures) due to the temperature dependent mechanical 
properties of the materials such as resistance to deformation. 

In this study, a coupled thermo-mechanical and torsional FE model 
was developed to determine temperature and deformation distributions 
in type 316L austenitic SS and A516 ferritic steel during the conditioning 
and forging stages of the IFW. The cooling stage has not been modeled in 
this study. The model includes a comprehensive implementation of 
defining friction coefficient based on a constitutive equation, an adap-
tive remeshing technique, and heat transfer coefficients. The developed 
model is helpful to understand the critical process parameters affecting 
the structural integrity of the welds, aiding optimization of industrial 
scale welding. 

FE modelling and microstructural characterisation 

An axisymmetric 2.5D thermo-mechanical torsional FE model was 
developed using DEFORM software to predict in-process temperature 
distribution and deformation behavior during the IFW. Fig. 1a shows the 

FE setup including the mesh size, thermal and loading boundary con-
ditions. The workpieces were modeled as pure-plastic bodies, one 
attached to the welding machine’s flywheel and the other to a fixture, 
considering a sticking condition. The axial force and velocity were set as 
those used in the physical trial described later. An adaptive remeshing 
technique, producing smaller mesh size (0.005 mm) at the weld in-
terfaces was applied to accommodate real-time local deformation. The 
model was developed to simulate only the heating stage of the process, 
while the cooling stage which is mainly responsible for the residual 
stress generation was excluded. The flow curves at different strain rates 
(0.01 to 10 /s) and temperatures (25–1400 ◦C) were assigned as input 
parameters for the FE simulation. The flow stress values of both mate-
rials were taken from the JMatPro software and other available data-
base. The yield strengths of both SS316L and A516 steel are provided in 
Fig. 1b and c, respectively. The changes in the yield point of the A516 as 
a function of temperature is likely to be due to the phase transformation 
(i.e., transformation to austenite) at temperatures below 900 ◦C. For 316 
SS, the changes occur at around 600 ◦C which is the ideal temperature 
range for the precipitation of different carbides, and this is likely to be 
the reason for the changes in the yield point. Moreover, the physical 
properties of both materials were evaluated using the JMatPro software 
(see Table 1), taking into consideration the nominal chemical compo-
sitions. The Poisson’s ratio and density of the steel were considered ~0.3 
and 7850 kg/m3, respectively. 

In this study, the viscoplastic model defining the material flow and 
temperature evolutions during conditioning and metal forming stages 
was implemented. This approach is based on the minimum work rate 
principle (Zhang et al., 2006) which provides approximate solutions to a 
differential equation. This model couples the mechanical and thermal 
effects during the on-going deformation process and is described as 

Π =

∫

V
E
(

ε.ij
)

dV −

∫

A
FiV .

j dS (1) 

Fig. 1. (a) 2.5D axisymmetric model describing the mesh and boundary conditions, (b) and (c) variation of yield strength of A516 steel and SS316L, respectively.  
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where E(ε.ij), V, A, Fi, V.
j represent viscoplastic potential, specimen vol-

ume, contact area, friction stress and velocity, respectively. For the 
evaluation of volume incompressibility condition, the variation function 
is converted to a non-linear algebraic equation by introducing a penalty 
constant, K (a large positive number), using the FE discretization pro-
cedure (Geng et al., 2019), defined as: 

δΠ =

∫

V
σδε̇dV −

∫

A
Fiδv.idS +

∫

V
kε̇V δε̇V dV (2)  

where ε̇V = ε.ij and δv.i represent strain-rate and an arbitrary variation in 
Eq. (2), respectively. Eq. (2) is the Lagrangian formulation used in the FE 
simulation and its solution was obtained using the Newton-Raphson 
method. The first, second and third terms denote the plastic work, sur-
face tension work and volume change, respectively, while ε̇V = ε̇ij is the 
volumetric strain-rate and δv.

i is the arbitrary variation. 
In IFW, a significant increase in the weldability is achieved because 

of high friction and substantial plastic deformation. The temperature 
distribution was thereby predicted by performing the heat transfer 
analysis considering (a) heat transfer between the workpieces and 
environment, and (b) heat generation at the interface due to friction and 
plastic deformation. Assuming a homogeneous and isotropic continuum, 
the non-linear heat conduction equation which is based on energy 
conversation principle is expressed as follows (Maalekian et al., 2008): 

ρCp
∂T
∂t

=
∂

∂Zi

(

k
∂T
∂Zi

)

+ ρCpu
∂T
∂Zi

+ Ṡ(ασε̇) (3)  

where ρ, Cp, k, α and T denote density, specific heat, thermal conduc-
tivity, thermal expansion coefficient and instantaneous temperature of 
the material. The term Zi indicates the distance from the weld interface. 
The term ρCpu ∂T

∂xi 
denotes the shortening of workpiece during IFW, and 

(Ṡ) represents heat generation rate where σ and ε̇ are the effective stress 
and strain-rate, respectively. 

The heat transfer between the workpieces and environment was 
defined considering both convection (i.e., defined by Newton’s cooling 
law) and radiation (i.e., defined by the Stefan–Boltzmann equation): 

q = h(Tb − To)+ ∈
(
T4

b − T4
o

)
(4)  

where q, h and ∈ denote heat flux, heat-transfer coefficient (25 W/m2/k) 
and emissivity (0.7), respectively. Tb and To represent the surface and 
ambient temperatures. The first part of the equation represents the 
convection phenomenon and the latter the radiation loss. The recorded 
ambient temperature during the actual weld trial was ~20 ◦C. 

The friction at the weld interface was introduced by using a velocity 
and energy based representative simulation where the friction coeffi-
cient was determined by performing an inverse analysis of heat gener-
ation based on the experimental flywheel rundown data (i.e., 
deceleration curve) (Cerjak et al., 2005). The friction coefficient (µn) was 
then defined using a constitutive equation as a function of time (Δt) 

considering a constant pressure as Eq. (5) (Lee et al., 2001; Vill, 1962): 

μn = η En+1 − En

− ωnΔtp
(

2π
3 [r3]

) (5)  

where, η, E, ωn, p and r denote the efficiency factor, energy, angular 
velocity, pressure and radius, respectively. The subscripts n and n+1 
denote the current and subsequent time. The bearing friction losses 
during the IFW were considered by defining an efficiency factor (η) ≈
0.85. Fig. 2a shows the variation in the friction coefficient as a function 
of temperature. 

For the weld trial, cylindrical bars of SS316L and A516 steel, with 50 
mm diameter and 100 mm length, were welded at 1805 RPM and 15 
MPa forge pressure. The flywheel energy and inertia during the IFW 
process were 331947334 Nmm and 18601 Nmms2, respectively. 
Following IFW, the longitudinal cross-section of the weld was examined 
by optical and scanning electron microscopy (OM, SEM) and electron 
backscattered diffraction (EBSD) for microstructural characterizations. 
The EBSD scan was performed under 15 kV accelerating voltage with 
0.2 µm step size using a FEI Quanta-650 field-emission gun SEM. The 
OM and SEM micrographs showed the presence of pearlite and ferrite in 
the as-received microstructure of the A516 steel (Fig. 2b and d). Simi-
larly, the 316L stainless steel exhibited polyhedral austenite grains with 
annealing twins as shown in Fig. 2c and e. 

Results and discussion 

The predicted temperature and stress fields during the IFW (Fig. 3) 
look asymmetrical due to the difference in the thermo-physical/ 
mechanical properties of these materials. The temperature evolution 
at different weld times (Fig. 3a–f) showed an increase during the initial 
period (within 3 s) due to frictional shear stress and high heat flux. The 
highest temperature predicted at the weld interface of A516 steel 
(~1352 ◦C) was marginally higher than that of the SS316L (~1339 ◦C). 
Based on chemical compositions, the melting (Tm) and recrystallization 
temperatures (0.5Tm) of the A516 ferritic steel were calculated to be 
~1457 ◦C and 728.5 ◦C, respectively, and those for 316L austenitic SS 
were calculated to be ~ 1395 and 697 ◦C, respectively. These imply that 
the welding occurred above the materials’ recrystallization tempera-
tures and below their melting points. The peak temperature was reached 
~ 5 s, thereafter the temperature profile showed a decreasing trend, this 
is due to the decrease in the induced frictional heat. In general, with 
increasing temperature the material softens and a decrease in the fric-
tion coefficient is observed. This resulted in a decrease in the frictional 
heat which is manifested in the form of temperature decrease. On the 
other hand, the peak stress (410 MPa) was observed at ~ 10.5 s which 
can be correlated with the flywheel rundown data (see Fig. 4c). As 
evident, the flywheel movement was ceased at ~ 10 s, and no further 
rotation was occurred between the welding parts. This implies that from 
this point onward (i.e., 10 s), no energy was imparted by the flywheel to 
the weld and hence no deformation occurred in the weld components, 
thereby resulting in an overall decrease in the stress field. With further 
progress of the IFW, the weld-regime became viscoplastic resulting in 
expelling hot materials in form of flash. The flash was more prominent at 
the interfacial regions of A516 steel owing to its lower yield strength 
than SS316L. During the initial few seconds of the IFW, complete contact 
between the faying surfaces is not attained due to the uneven distribu-
tion of angular velocity (i.e., slower at the centre and faster towards the 
edge). This leads to a varying frictional heat distribution from the centre 
to the edge, leading to higher temperatures near the edge. Also, a 
decrease in the effective stress was observed in the vicinity of the weld 
interface (Fig. 3g–l) due to temperature rise which successively led to a 
decrease in flow stress. Moreover, higher stresses were generated away 
from the weld interface due to the presence of adjacent colder materials, 
resisting plastic deformation. 

Table 1 
Thermal-mechanical properties of A516 and 316L steels.  

Temperature 
(◦C) 

Elastic modulus (MPa) Thermal 
conductivity (N/ 
sec/◦C) 

Heat capacity 
(J/kg◦C)  

316SS A516 316SS 
L 

A516 316SS A516 

20 192097.8 200454.0 14.35 20.50 3.57 3.59 
200 180122.5 194846.5 17.38 22.84 4.07 3.97 
400 165874.6 168848.9 20.28 24.90 4.29 4.34 
600 151027.5 148378.1 22.70 26.31 4.42 4.85 
800 135581 125848.8 24.64 26.89 4.71 7.04 
1000 119535.4 105642.3 26.10 28.79 5.41 4.70 
1200 102890.4 85245.6 27.08 31.17 6.78 4.86 
1400 78621.6 64286.6 27.58 33.55 9.05 5.05  
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The simulated results were verified by an experimental trial. Fig. 4a 
and b show the flash profiles obtained by the FE model and the physical 
trial, showing an excellent agreement. The lengths of the predicted and 
experimental flash were ~13.9 and 14 mm, respectively (0.7 % error) 
which validates the suitability of the developed FE model to simulate 
IFW of dissimilar steels. Retardation of the flywheel angular velocity 
(Fig. 4c) exhibited a rational match between the predicted and measured 

values. Similarly, the simulated upset (~9.52 mm) was in close agree-
ment (see Fig. 4d) with the experimental value (~8.90 mm). However, a 
mismatch was observed between the predicted and experimentally ob-
tained upset curves, which might have been caused by heat and energy 
losses via the fixture and the workpiece. 

The distinctive microstructures and EBSD maps of the weldment 
across different zones are provided in Fig. 5 to correlate the temperature 

Fig. 2. (a) Variation in the friction coefficient variation, (b) and (c) OM of the as-received A516 and 316L stainless steel respectively, (d) and (e) SEM micrographs of 
the A516 and 316L stainless steel, respectively. 

Fig. 3. FE predicted temperature and stress fields during IFW of SS316L and A516 steels at different time steps (a) – (f) temperature, and (g) – (l) effective stress.  
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evolution with the microstructural features. Fig. 5a depicts a fully 
penetrated defect-free weld, with the different regions of the weld 
highlighted based on microstructural observations. The width of the WZ 
in SS316L was narrower than that of A516 steel by ~400 µm. The WZ of 
A516 steel shown in Fig. 4b consisted of martensite and granular bainite 
compared to ferrite and pearlite in the microstructure of the base ma-
terial (BM). The calculated upper and lower critical transformation 
temperatures (Ac1 and Ac3) for the A516 ferritic steel were ~ 721.3 ◦C 
and 819.4 ◦C. Therefore, the formation of martensite and bainite in the 
WZ imply that the temperature was at or above the Ac3 temperature (~ 
819.4 ◦C). The microstructure of 316L (Fig. 5e) contained small equi-
axed austenite grains with average grain size of 9 ± 0.5 µm while the 
average grain size of austenite in the BM was ~ 40 µm. This indicates 
that the BM experienced severe shear deformation and underwent dy-
namic recrystallization, which then transformed to refined austenite 
grains due to the high heat dissipation (or cooling) rate. Note that due to 
the high nickel (10.2 %) contents, the austenitic phase of 316L SS is 
stable at room temperature, and no transformation from austenite to 
martensite occurs, despite of the fast-cooling rate. These observations 
suggest that the temperature was above the recrystallization tempera-
ture during IFW for both materials, which is in agreement with the 
predicted temperature distributions (see Fig. 3) where the maximum 
temperature in the WZ was predicted to be ~1352 and 1339 ◦C for A516 
and SS316L, respectively. The TMAZ of A516 steel (Fig. 5c) exhibited all 
three phases i.e., bainite, ferrite and pearlite while it’s HAZ (Fig. 5d) 
consisted of ferrite and pearlite only (i.e., lower temperatures were 
reached during IFW). For the SS316L, microstructures of the TMAZ and 
HAZ (Fig. 5f and g, respectively) were found to be similar to that of the 
BM. The EBSD phase map (Fig. 5h) and its corresponding inverse pole-
figure (IPF) map with respect to the AD direction (Fig. 5i) show an in-
crease in grain size from WZ towards HAZ, which is also supported by 
the SEM observations (see Fig. 5b to g). No distinct boundary was 
observed at the weld interface due to a significant amount of materials 
intermixing as a result of severe plastic deformation. The geometrically 
necessary dislocation (GND) density map which is an indirect mea-
surement of crystal distortion due to plastic deformation and the stored 
energy (Peng et al., 2022; Pantleon, 2008) is shown in Fig. 5j across 
different weld regions. The measurement of GND via EBSD maps is re-
ported elsewhere (Konijnenberg et al., 2015). The GND density appears 

to be higher near the interface (WZ) indicating a higher level of strain 
energy. It is understood that the presence of martensite has a substantial 
effect on hindering dislocation mobility (Maki, 2012). The higher 
amount of martensite formation in the WZ of A516 steel leads to dislo-
cation accumulation at the vicinity of the interfaces, therefore, high 
level of remaining dislocation which has not been annihilated as a result 
of the heat generated by the IFW. On the other hand, less amount of 
martensite was observed in the TMAZ, and no evidence of martensite 
was noticed in the HAZ and BM. This explanation serves as the potential 
reason for the decrease in the GND density in the TMAZ compared to the 
WZ. Comparatively, the GND density in the 316L side measured to be 
lower which is an indication of lower level of plastic strain. Although the 
deformation level in the 316L side could have been higher during IFW, 
owing to its austenitic crystal structure, it must have been annealed, due 
to the high temperature, on cooling. 

Conclusions 

In summary, the in-process evolution of temperature and stress 
during IFW of dissimilar steels were investigated by FE simulation. The 
maximum temperatures reached during the IFW for the A516 steel and 
SS316L were predicted as ~ 1352 and 1339 ◦C, respectively. The 
simulated results were in good agreement with the experimental find-
ings in terms of flash profile, angular velocity and upset, thus implying 
the merit of the developed FE model to simulate the IFW process of 
dissimilar steels. No defects and cracks were observed in the actual weld 
apart from intermixing of the materials due to severe plastic deforma-
tion. The microstructure in the WZ of A516 steel consisted of martensite 
and granular bainite, while that of 316L showed small equiaxed 
austenitic grains. These observations were in agreement with the pre-
dicted temperature distribution by the FE model where the temperature 
in the WZ was above the recrystallization temperature. The drawn 
conclusions suggest the potential of this model to capture transient be-
haviors (both thermal and stress) during IFW of dissimilar steels. 
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