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Abstract A two-dimensional axisymmetric model for the
inertia friction welding (IFW) of a nickel-based superalloy
was developed. The influences from the axial pressure, initial
rotational speed, and moment of inertia of the flywheel on the
interface temperature and axial shortening were systemically
examined. The analysis shows that the mechanical energy
mainly depends on the initial rotational speed, and a relatively
high axial pressure will increase conversion efficiency from
mechanical energy to effective welding heat. The axial short-
ening is found to be approximately proportional to the square
of initial rotational speed while logarithmical to the axial
pressure. Based on this work, the weldability criteria for
IFW nickel-based superalloy was established. Additionally,
the approach for welding parameter optimization was per-
formed considering the evolution of temperature profiles from
various parameters. The results show that the axial pressure
has a more obvious effect on the width of high-temperature
zone than the rotational speed during the quick shortening
stage.
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1 Introduction

Friction welding is a solid-state welding process with many
advantages, such as highly productive, energy saving, and
environmentally friendly among others, which has been wild-
ly used in joining similar and dissimilar metals [1]. As one of
the established members of the friction welding family, the
inertia friction welding (IFW) has been needed for many
applications for being particularly suitable for axisymmetric
workpieces. During IFW, the kinetic energy stored in a rotat-
ing flywheel is quickly converted into heat to plasticize ma-
terials at the interface, and the joint is formed as a flash is
extruded smoothly under pressure. Various defects inherent to
conventional fusion welding processes can be avoided or
minimized because there is no bulk melting of material [2],
and a narrow heat-affected zone (HAZ) forms because of the
localized frictional heat generation.

Generally, in order to produce high-quality joints, the cor-
rect welding parameters are necessary to be used, such as the
initial rotational speed, axial pressure and inertia of flywheel,
which have to be selected in a meticulous way depending on
the parent metals. The inertia of flywheel and its rotational
speed determine the initial kinetic energy of the flywheel, and
subsequently the heat input to the weld. The axial pressure
will affect the frictional heat generation rate, flash production
and residual stresses developed at the end of the process.
Therefore, the choice of welding parameters is essential to
produce sound welds. Exploring the effects of welding pa-
rameters on joint quality respectively by experiments is in
most cases expensive and therefore, the development of finite
element (FE) models of IFW is necessary.

In the review paper, Maalekian [3] summarized all avail-
able models which have been presented in the literature of
friction welding. In the pioneer work of Wang and Nagappan
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[4], the simulation of the transient temperature field of the
IFW process, was performed using a two-dimensional (2D)
finite difference model with no thermomechanical coupling.
Sluzalec [5] proposed a thermomechanically coupled FE
model of the IFW process to predict the temperature distribu-
tion, thermal expansion, and thermo-plastic stresses. Moal and
Massoni [6] developed a fully thermomechanically coupled
FE model for IFWof two similar parts of NK17CDAT super-
alloy. Remeshing was available in this model to overcome the
extensive element distortion. Although the predicted axial
shortening was found to be overestimated when compared
with the experiments, the change of flywheel rotational speed
with time was similar to experiments. Fu et al. [7] analyzed the
coupled deformation and heat flow using the FE method, and
the transient temperature, stress and strain fields for IFW of
tubular 36CrNiMo4 steel. Lee et al. [8] developed a special
2D axisymmetric element which took into account the cir-
cumferential velocity to model the strong torsional motion
during IFW with DEFORM. Both the constant shear and
Coulomb friction models were used to describe the frictional
behavior of materials. D’Alvise et al. [9] presented a FEmodel
of IFW between dissimilar materials using FORGE2 software,
employing a contact algorithm and elastoviscoplastic material
model.Wang et al. [10] made a thermomechanical FE analysis
of IFW, the RR1000 nickel-based superalloy, by using an
energy input method. They predicted the temperature history
of the joint as well as the deformation pattern and residual
stresses. Themodel was validated with a microstructural study
of the welds. Zhang et al. [11] made a three-dimensional (3D)
simulation of the continuous-drive friction welding of cylin-
ders using DEFORM software. The frictional force was as-
sumed to follow the Coulomb friction law and shear friction
law at different stages of the process. Actual temperature
history and final geometry of the welded joint were compared
with the computed results. Maalekian et al. [12] presented a
comparative thermal analysis of the orbital friction welding
with different heat generation models. The results showed that
the inverse heat conduction approaches predicted the heat
generation rate well for all models. In addition, the heat
generation rate due to the deformation at the interface was
found to be negligible compared with the heat generation rate
by friction. Recently, Bennett et al. [13] have made a transient
FE analysis on the effect of thermal expansion on deforming
contact and heat generation between two workpieces during
IFW. Although many aspects of the process have been inves-
tigated based on simulations in those literatures, there is no
discussion on how to optimize the processing parameters
based on the calculated temperature field and axial shortening.

Thus, a thermomechanically coupled FE model of IFW
tubular GH4169 specimens was established taking into ac-
count the circumferential friction behavior. Based on the cal-
culation, a detailed study was carried out on the effects of axial
pressure, initial rotational speed and inertia of the flywheel on

the interface temperature and axial shortening. Furthermore, a
discussion on the evaluation of the axial shortening and tem-
perature field was conducted to propose a method of process-
ing parameters optimization.

2 Numerical method

2.1 Finite element model

The 2D axisymmetric model was built as shown in Fig. 1,
where the tubular specimen had an outer diameter of 23 mm
and wall thickness of 4 mm. The mesh was created using
quad-dominated elements with coupled displacement temper-
ature and the twist degree of freedom. The mesh size was
chosen to change over the length of the specimen as shown in
Fig. 1b, to reduce the computation consumption. Given the
extensive interfacial deformation in the IFW process, the
remeshing and map solution techniques were used to over-
come the excessive element distortion. The self-contact option
of the program was also utilized to avoid an early simulation
abortion. In addition, the actuator–sensor interaction and user
element subroutine available in ABAQUS were used to esti-
mate the transient flywheel rotational speed and axial
shortening.

The available energy for heating simply equals to the
kinetic energy E0 stored in the flywheel, which can be
expressed as

E0 ¼ 1

2
Jω2

0 ð1Þ

where J is the flywheel moment of inertia andω0 is the initial
flywheel rotational speed. Thus, the energy conversion from
flywheel kinetic to heat due to friction can be described as

Etþδt ¼ Et−ωtδt
Z

S
f srds ð2Þ

Fig. 1 Geometricmodel used (a) andmeshed 2D axisymmetric model (b)
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where ωt is the rotational speed, δt is the time increment, r is
the radial distance from axis of rotation, and S is the contact
area. fs is the nominal friction force, which can be divided into
two stages to describe heat generation during the welding
process similarly to Moal and Massoni [6]. When the temper-
ature is low, i.e., at the beginning of rotation, friction stress
was proportional to prescribed pressure, and the friction coef-
ficient was set to 0.03. As the process continues, the interface
temperature increases rapidly resulting in a quick lowering of
the material flow stress, whereas the friction behavior fs was
defined as in a thin Norton–Hoff layer subjected to shear stress
τ, which can be expressed as

τ ¼ −αpμ
V t

V tj j ð3Þ

where p is the interface pressure, Vt is the sliding rotational
velocity, and μ is the nominal coefficient of friction, deter-
mined by the critical sliding rotational velocity. Figure 2
shows the relationship between the used nominal friction
coefficient and relative slip rate used in Eq. 3.

The thermal conductivity problem within the joint was
solved using the 2D axisymmetric Fourier’s heat conduction
equation

ρCp Tð Þ∂T
∂t

¼ ∂
∂r

k Tð Þ∂T
∂r

� �
þ k Tð Þ

r

∂T
∂r

þ ∂
∂z

k Tð Þ∂T
∂z

� �
þ q ð4Þ

where ρ is the density, T is the temperature,Cp (T ) and k (T ) are
temperature-dependent specific heat capacity and thermal
conductivity, respectively, z is the axial distance from the
interface, r the radial distance from the axis of rotation, and

q is the rate of volumetric heat generation, which can be
expressed as

q ¼ βσε
⋅ ð5Þ

where β is the thermal efficiency of plastic deformation which
is assumed to be 90 % [14], σ the effective stress, and ε⋅ the
effective strain rate.

In addition to the heat conducted away from the interface,
the heat dissipation through convection was also considered
and a constant heat transfer coefficient of 30 W m−2 K−1 was
adopted to prescribe the boundary condition between rotating
joint surfaces and the environment.

2.2 Material properties

The nickel-based superalloy GH4169 has a similar composi-
tion to Inconel 718, which has been used extensively in
aerospace industry for its high strength at elevated tempera-
tures and good malleability [15]. However, this high-
performance alloy is very difficult to be welded by the con-
ventional fusion welding techniques, thus making the IFW a
good alternative [16]. The chemical compositions of superal-
loy GH4169 are presented in Table 1. For accurate simulation
results, the temperature-dependent material properties of
GH4169 were used in simulations. The thermal and mechan-
ical properties were drawn from literature [17], while some
data at high temperatures were extrapolated given in Table 2.
The temperature-dependent material flow stress data used in
this model were drawn from literatures [18, 19] as shown in
Fig. 3.

2.3 Process parameters

Looking forward to studying the effects of the axial pressure,
initial rotational speed and moment of inertia of the flywheel
on the IFW process, FE simulations were performed with
three sets of parameters as shown in Table 3. In group I, the
inertia of flywheel was kept constant for all runs, but the effect
of axial pressure was studied for three different initial rota-
tional speeds. In group II, the effect of initial flywheel rota-
tional speed was examined for three different axial pressures.
Group III investigated the effect of the initial flywheel kinetic
energy, while axial pressure was kept constant and the other
two parameters were changed to keep the initial flywheel
energy equaling to 13.75 kJ.
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Fig. 2 The nominal friction coefficient changewith relative slip rate used
in this simulation [6]

Table 1 The chemical compositions of superalloy GH4169 (weight
percent)

C Si Mn Ni Cr Mo Nb Al Ti Fe

0.04 0.13 0.10 52.61 18.95 3.03 5.14 0.46 0.98 Balance
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3 Results and discussion

3.1 Representative results on the IFW process

Figure 4 shows the transient temperature distribution in the
rotating specimen during the IFW process using an axial
pressure, inertia and initial rotational speed of 400 MPa,
1.178 kg·m2 and 152.8 rad/s, respectively. It indicates that
the interface temperature rises quickly to about 940 °C within
1 s, with no flash formed at this stage (t=1 s; Fig. 4). As the
friction time increases, the heated zone expands from the weld
interface, because the heat is generated by friction and plastic
deformation and is conducted away into the bulk of the
specimen. After the interfacial temperature reaches 1,100 °C

in about 2 s (Fig. 5), the temperature remains quasi-steady,
suggesting a thermal balance between the heat generation and
dissipation forming at the interface. Meanwhile, the plastic
material from the interface begins to extrude under axial
pressure and a flash is formed (t=2.5 s; Fig. 4). The temper-
ature contours and flash shape are asymmetric because of the
nonuniform linear velocity along the radial direction of the
specimen during welding, which causes uneven heat genera-
tion and uneven yielding. In addition, during the process, the
peak temperature at the interface stays below the melting point
of GH4169 1,260–1,340 °C [11]. When the welding time
reaches about 4 s, the flywheel has a very low angular speed
and the rotation stops completely at 4.3 s as shown in Fig. 5.
The flash shape does not change; the axial shortening remains
constant after 4 s and the joint begins to cool down. The sharp
decrease of temperature is due to the break of the thermal
balance, at the same time the heat is conducted away quickly
from the interface to the cold end of specimen as there is very
little or no heat generated at the interface.

The flywheel rotational speed changes as shown in Fig. 5,
where it decreases almost linearly at the beginning of the
process. At the last second just before the flywheel is stopped,
this decrease becomes sharper. In the process, there is no axial
shortening during the first 2 s (Fig. 5) followed by a linearly
increasing axial shortening until time t=4 s. Therefore, a
typical axial shortening profile during IFWwill have an elastic
deformation, quick shortening and stable stage.

To validate the model, the welding experiment was con-
ducted on superalloy GH4169 tubes, where the axial pressure,
moment of inertia and initial rotational speed of flywheel are
400 MPa, 1.178 kg·m2 and 1,460 rpm (≈152.8 rad/s), respec-
tively. The polished cross section was etched by a solution of
40 ml HCl+20 ml HNO3+20 ml H2O. Figure 6a shows the
weld joint and its cross section. It can be found that a concave-
shaped weld zone (WZ) is formed between the two original
components. The microstructure in the joint cross section is
considerable different from the welding interface to parent
material, as shown in Fig. 6b corresponding to the rectangular
zone in Fig. 6a. It is evident thatWZ has a very fine grain size.
The thermomechanically affected zone (TMAZ) can also be
seen clearly with the curving flow lines. However, it is very
difficult to distinguish the HAZ between the TMAZ and PM.
Furthermore, the simulated final axial shortening (6.1 mm) is
comparable to the experiment (5.8mm) with an error of 5.2%,
indicating the applicability of the developed FE model.

3.2 Effect of axial pressure

Figure 7 shows the effect of axial pressure on the evolution of
maximum interface temperature for the same initial rotational
speed of 152.8 rad/s. It can be found that the interfacial
temperature rises more slowly than in other cases, with no
steady state reached under the axial pressure of 250 MPa. As

Table 2 Properties of GH4169 superalloy used in simulations

Temperature (°C) Thermal
conductivity
(W m−1 K−1)

Young’s
modulus
(GPa)

Specific
heat capacity
(J kg−1 K−1)

20 13.4 205 430

100 14.65 201 447

200 15.9 196 465

300 17.59 189 481

400 18.84 183 493

500 20.1 176 514

600 21.77 169 539

700 23.03 164 573

800 24.28 156 615

900 25.96 147 675

1,000 27.63 140 680

1,100 29.0 100 694

1,200 30.5 60 707

1,300 32.55 20 720
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Fig. 3 Temperature and strain rate dependent flow stress used in the
FE model
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the axial pressure increases, the maximum interface tempera-
ture rises more quickly at the beginning of the process. The
period of reaching a temperature steady state between 1,100
and 1,150 °C becomes shorter. Moreover, the total friction
time decreases significantly as the axial pressure increases.
This indicates that a relative high axial pressure will boost the
conversion efficiency from mechanical energy to effective
heat and reduce the heat losses through conduction or other
means with its shorter welding time. Additionally, the joint
temperature at the end of the process reaches a lower value
when axial pressure is increased, which is because that more
plastic materials are extruded out of the interface under a
higher pressure. A similar view has also been presented by
Grant et al. [20] and was supported by the fact that the width
of HAZ decreased with an increasing axial pressure.

Figure 8 shows the effect of axial pressure on axial short-
ening. It can be clearly seen that axial shortening increases
logarithmically with the axial pressure. Furthermore, this be-
havior of axial shortening holds for different initial rotational
speeds. It can be found that there is nearly no axial shortening
when the initial rotational speed drops below 142.8 rad/s, and
the axial pressure is lower than 275 MPa, suggesting that an

insufficient deformation develops in the interface for material
extrusion to occur. However, the insufficient deformation is
better to be avoided during IFW for unsuccessful welds weak
the self-cleaning of the interface and the formation of severe
oxidation. In addition, according to Ates et al. [21], a serious
decrease in the tensile strength of joints would appear when
there was an insufficient deformation under low axial pres-
sure. Therefore, there must be a critical axial pressure for each
initial rotational speed. The critical axial pressures under the
initial rotational speeds of 142.8, 152.8, and 162.8 rad/s are
approximately 275, 240, and 215 MPa, respectively.

3.3 Effect of rotational speed

Figure 9 shows that the initial rotational speed greatly affects
the axial shortening, and a larger speed range was investigated
in group II (Table 3). It is known that if the moment of inertia
is kept constant, the initial rotational speed directly determines
the initial flywheel mechanical energy. Figure 9a indicates the
axial shortening increases with initial rotational speed for
three different axial pressures. It seems that the axial shorten-
ing increases almost linearly with the increase of rotational
speed. However, based on the stored energy of the flywheel
and through an in-depth analysis, it is found that the axial
shortening is approximately proportional to the square of
rotational speed as shown in Fig. 9b, and the linear regression
analysis of these data yields a slope of 5.7×10−4 a R-squared
value greater than 0.999. In addition, similarly to the critical
axial pressure, there is a critical speed, i.e., critical flywheel
energy for a given axial pressure (Fig. 9b). The critical speeds
are 112.7, 117.0, and 122.5 rad/s for axial pressures of 400,
375, and 350 MPa, respectively.

3.4 Effect of moment of inertia of flywheel

Based on the aforementioned study, the initial flywheel energy
is the most important factor influencing the IFW process, and
as a consequence, the moment of inertia. Figure 10 shows the
effect of moment of inertia on the axial shortening under the
process parameters of group III (Table 3), where the moment
of inertia of flywheel and the initial rotational speed are varied
to keep the initial flywheel energy constant. It is found that the
axial shortening is inversely proportional tomoment of inertia,
but the total axial shortening increases by only 4.4 %when the
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Fig. 4 Temperature contours at different welding times. Axial pressure,
400 MPa; moment of inertia, 1.178 kg·m2; and initial rotational speed,
152.8 rad/s

Table 3 The IFW processing parameters studied

Parameter Group I Group II Group III

Axial pressure (MPa) 250, 300, 350, 375, 400, 450, 475, and 500 350, 375, and 400 375

Initial rotational speed (rad/s) 142.8, 152.8, and 162.8 122.8, 132.8, 142.8, 152.8, and 162.8 132.8, 142.8, 152.8, 162.8, and 172.8

Moment of inertia (kg·m2) 1.178 1.178 1.5595, 1.3488, 1.178, 1.0377, and 0.9211
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moment of inertia increases by 69 %. This indicates that the
initial flywheel energy plays a predominant role on the axial
shortening, and that axial shortening is not dependent on
moment of inertia values. Therefore, the appropriate selection
of the initial rotational speed and the moment of inertia can be
used to fine tune the length of axial shortening.

To further investigate the mechanism of this phenomenon,
the change of maximum interface temperature under these
conditions (group III in Table 3) is shown in Fig. 11. The
maximum interface temperature increases more rapidly and
the flywheel stops earlier as the moment of inertia becomes
smaller. Therefore, the temperature developed in the joint
during IFW is influenced by the moment of inertia. For the
same initial flywheel energy, using the initial rotational speed
criterion is more suitable to interpret the differences in the
axial shortening and temperature profiles, for its direct relation
to frictional behavior and strain rate during IFW.
Consequently, to ensure a good joint, the appropriate initial
rotational speed and moment of inertia should be chosen. For
example, using a smaller moment of inertia flywheel, i.e., with
a higher initial rotational speed, will increase the temperature
more quickly and lead to a shorter welding time, as the
conversion efficiency from the flywheel kinetic energy to
effective heat is better at the interface. This point has been
raised by Wang et al. [10], who found that by increasing the

initial rotational speed, the temperature gradient becomes
sharper while the width of the HAZ gets smaller.

4 Discussion on the interrelation of process parameters

4.1 Parameters prediction based on the axial shortening

A series of analyses based on simulations have demonstrated
that the axial pressure and initial flywheel kinetic energy can
be considered as two important parameters, which will funda-
mentally determine the evolutions of the axial shortening and
temperature profile. The combined effect of the axial pressure
(P) and the initial flywheel kinetic energy (E) on axial short-
ening was shown in Fig. 12. It is shown that an appropriate
axial shortening for producing sound welds can be obtained
over a wide range of axial pressures, as long as the initial
flywheel kinetic energy is over a limit. However, according to
the analyses in Sections 3.2 and 3.3, the appropriate axial
shortening can be obtained only when the kinetic energy or
axial pressure is larger than a critical value. Hence, the axial
pressure and flywheel kinetic energy can be considered as the
two major parameters for coarse tuning the process axial
shortening. Furthermore, the axial shortening increases loga-
rithmically with the product of P and E, a reasonable
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association as axial shortening increases linearly with the
square of initial rotational speed and logarithmically with axial
pressure.

In addition, as explained earlier, the deformation must
exceed a lower limit to produce the minimum axial shortening
necessary for forming sound welds. Therefore, this critical
parameter for obtaining the required minimum axial shorten-
ing is very important for the IFW process. Using the extensive
simulation work presented in Sections 3.2 and 3.3, the pro-
cessing parameter window based on the axial shortening is
shown in Fig. 13 which can be used as a guide for choosing
the appropriate process parameters. For example, if the pa-
rameters are located at the top right corner, the resultant axial
shortening will be large enough for a sound weld. Within the
“axial shortening” zone, marked in Fig. 13, the sufficient
deformation can be obtained over a wide range of welding
parameters.
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4.2 Parameters optimization

Similar to traditional welding method, many distinct factors
influence the strength of welds and the material around them,
including the amount and concentration of energy input.
Therefore, the temperature history is a very important for
welds quality in addition to axial shortening. In the view of
the metallurgy of the superalloy GH4169, the stable working
temperature is about 650 °C, above which the main strength-
ening phase γ″ is not stable anymore with a subsequent
strength loss of the alloy [22].With an increasing temperature,
the γ″ phase is coarsening and an equilibrium δ phase forms
more rapidly. In particular, the γ′ phase starts to form at about
840 °C and forms fully at 950 °C [23]. Therefore, the distri-
bution of high temperature zones a–c during IFW is estimated
with the FE analysis (i.e., where temperatures are over 650,
840, and 950 °C, respectively, shown in Fig. 14).

Both the evolution of the axial shortening and the width of
high temperature zone are displayed in Fig. 14, with the

welding parameter of 400 MPa, 152.8 rad/s, and 1.178 kg·m2.
The IFW process can be easily divided into three stages
according to the changes in axial shortening, which can
also be found in previous research of Moal and Massoni
[6], Grant et al. [20], and Bennett et al. [24]. For the first
stage (t<2 s), there is no obvious axial shortening and the
width of high temperature zone increases gradually.
During the second stage (2 s< t<4 s), the axial shortening
develops at a constant rate. Moreover, the width of high
temperature zone changes slightly and remains constant
for this stage. At the last stage (t>4 s), axial shortening
remains the same, while the width of high temperature
zone increases to a maximum to become smaller
subsequently.

It also can be found from Fig. 14 that an approximately
constant axial shortening rate and a region of 2.3 mm width
where temperature is higher than 650 °C are shown in the
second stage. It indicates that the similar rate of material
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softening and axial shortening at the interface are achieved
because of a thermal balance between the heat generation and
dissipation. Thus, the axial shortening rate at this stage can
influence remarkably temperature history and total axial short-
ening. Similarly, Yang et al. [23] have also pointed out that
effect of the deformation rate (axial shortening rate) on the
temperature field and HAZ width.

Figure 15 shows the effect of the initial rotational speed on
the width of high temperature zone during the second stage for
the same process parameters of 400 MPa and 1.178 kg·m2.
There is a limited effect on the width of high temperature zone
except for a low initial rotational speed 122.8 rad/s. However,
the axial pressure greatly influences the width of the high
temperature zone as shown in Fig. 16. It is clear that the width
of the high temperature zone reduces as increasing axial
pressure. Therefore, the effect of the axial pressure on the
width of the high temperature zone during the second stage
is significant and should be used in process parameter
optimization.

5 Conclusions

A 2D FE model of IFW of nickel superalloy GH4169 was
developed to study the effects of process parameters on the
temperature and axial shortening, and furthermore in param-
eter selection and process optimization. The following con-
clusions can be drawn:

(1) The flywheel kinetic energy is governed by the initial
rotational speed, with axial pressure significantly affect-
ing the conversion of this energy stored in the flywheel
into heat in the case of IFW. The axial shortening in-
creases proportionally to the square of the initial rota-
tional speed and logarithmically with increasing axial
pressure.

(2) There is a critical axial pressure to produce acceptable
axial shortening for every initial rotational speed of the
flywheel. Similarly there is a critical initial rotational
speed, or critical flywheel kinetic energy, for each axial
pressure, below which no weld will form.

(3) For a given initial flywheel kinetic energy, the choice of
the initial rotational speed and the moment of inertia can
be used to fine tune axial shortening and temperature
development.

(4) The axial pressure and flywheel kinetic energy are two
important parameters for the coarse tuning of the welding
process and axial shortening. Once the selected rotational
speed and axial pressure are high enough, the sufficient
deformation in the form of large axial shortening will be
yielded in a wide range of welding parameters.

(5) The axial pressure is of great significance to the width of
high-temperature zone for a rapid shortening stage.
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