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Abstract

This paper presents results of simulation of friction stir dissimilar welding
of 5 mm thick, Nickel-based super-alloys, Inconel 718, and Nimonic 80A
using Abaqus software. Four different trials were done to understand the
influence of tool rotation speed on temperature distribution in weld zone
while travel speed remains constant. The temperature in the weld zone was
found to increase with the increase in tool rotation speed and travel speed.
The temperature on the advancing side of the tool was higher than that of the
retreating side. The tensile strength of weldment was found, by simulation, to
be 25% more than that of base metal, Inconel 718. This may be due to grain
refinement and dynamic recrystallization during FSW. The simulated bend
test revealed an adequate level of ductility of weldments.

Keywords: Friction stir welding, Nickel-based super-alloy, Abaqus soft-
ware, grain refinement, dynamic recrystallization.

1 Introduction

Friction Stir Welding (FSW) finds application in industries such as aerospace,
shipbuilding, automobile, railways, and robotics [1]. The fig-tree arrangement
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used in turbine blades and discs of aerospace industries is subjected to
failure while in service. Hence, welding techniques are preferred in recent
times as an alternative for mechanical joints [2]. Multi-metal components,
in particular, the dissimilar ones prefer solid-state welding techniques like
FSW, as fusion welding causes the formation of intermetallic compounds,
embrittlement, porosity, cracking, segregation, grain growth, etc. which are
detrimental to the strength of the weldments [3].

FSW provides high-quality joints with more energy efficiency for both
similar and dissimilar materials. Heat generation due to friction between the
rotating tool and workpiece material causes plastic deformation that helps
in the joining of materials. No flux, gas, or filler material is necessary for
FSW. A rotating tool plunges into the edges of the base material and a
transverse movement along the welding edges causes welding. Both forging
and extrusion processes are together applied in the FSW process. The move-
ment of the tool pin creates localized heating that contributes to softening
of the material. Both translation and tool rotation creates movement of the
material from the front of the tool pin towards the back of the pin. Plastic
deformation due to frictional heating results in the formation of equiaxed
and fine recrystallized grains that results in good mechanical properties [4].
FSW has two sides, the advancing side and the retreating side based on the
direction of tool movement. For the advancing side, both the tool direction
and velocity vectors of the rotating tool are the same. While for the retreating
side, tool direction and velocity vectors are in opposite directions. During
FSW, temperature due to friction rises to 80–90% of the melting point of the
base material [5].

Tool for friction stir welding was selected based on two important consid-
erations namely weld quality and tool wear [6]. Intense stirring and mixing of
the material is the result of an increase in tool rotation rate and tool movement
in transverse direction respectively [7]. Sound welds are produced by con-
trolling the insertion depth of the pin into the shoulders [8, 9]. Tool stresses
during initial plunging can be reduced using preheating technique [10].
Figure 1 shows the schematic diagram for the friction stir welding technique.

Numerical simulation technique is widely used in industries that help
to predict any defects within weld that can cause a serious failure. P Giles
in his paper on numerical simulation of welding explained a simulation
model for welding incorporating 3D analysis in welding. In his paper, he
simulated TIG welding using SYSWELD software [11]. Thomas Dupuy
developed a numerical simulation model for resistance welding through
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Figure 1 Schematic diagram for friction stir welding.

electro-thermal coupling [12]. R Fortunier developed a thermo-mechanical
model to understand distortion happening during welding [13].

The main objective of this paper is to simulate and predict various char-
acteristics of the FSW process using a commercially available Abaqus finite
element package. Two dissimilar Ni-based super-alloys, generally used in gas
turbine discs and blades namely Inconel 718 and Nimonic 80A were chosen
as the base metals for welding. The influence of tool rotation speed and travel
speed on temperature distribution was studied. Also, the tensile strength and
ductility of the weldments were predicted using Abaqus simulation.

2 Model Description

FSW simulation is a complex procedure as it involves both mechanical and
thermal phenomena. The base metals of this study, Inconel 718 and Nimonic
80A are nickel-based super-alloys known for their excellent high-temperature
properties and ability to withstand extreme operating environments. Table 1
shows the chemical compositions of both the alloys. The base metals were
modeled as plates of dimension 150 mm × 60 mm × 5 mm each. Tungsten
carbide (WC-Co) tool with shoulder diameter of 20 mm, pin diameter of
7 mm and tool pin length of 4.8 mm was selected for this study. Figure 2
explains the model dimensions of base metals and the FSW tool.

The transverse cross-section of the weld was selected for tensile testing
with the weld zone towards the center of the specimen. Dimensions of tensile
test specimen as shown in Figure 3 were conforming to ASTM E8-M16. The
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Figure 2 Schematic diagram of (a) butt joint configuration for FSW and (b) FSW tool.

Table 1 Chemical composition of Inconel 718 and Nimonic 80A [14, 15]
Ni Cr Fe Mo Nb Co Mn Al Ti Si C

Inconel 50–55 17–21 11.2–22.5 2.8–3.3 4.7–5.5 1.0 0.3 0.6–1.1 0.3 0.3 0.08
718

Nimonic Balance 18–21 3.0 max – – 2.0 1.0 1–1.8 1.8–2.7 1.0 0.10
80A

Figure 3 Schematic diagram of transverse (weld joint) tensile test specimen.

gauge length of 25 mm, the thickness of 5 mm, and a total length of 100 mm
were chosen.

Table 2 shows the welding parameters selected for different trials. Tool
rotation speed and weld travel speed were varied to understand its influ-
ence on temperature distribution while tool downward force was constant
at 39.2 kN. Tool rotation speed was increased from 400 rpm to 1300 rpm
in steps of 100 rpm with tool travel speed kept constant for the first three
trails, namely R1, R2, and R3. In trail R4, tool rotation speed was maintained
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Table 2 Welding parameters of FSW
Tool Travel Speed Tool Downward

Trials Tool Rotation Speed (rpm) (Welding Speed) (mm/min) Force (N)

R1 400, 500, 600, 700, 800, 900,
1000, 1100, 1200, 1300

40 39.2× 103

R2 400, 500, 600, 700, 800, 900,
1000, 1100, 1200, 1300

60 39.2× 103

R3 400, 500, 600, 700, 800, 900,
1000, 1100, 1200, 1300

80 39.2× 103

R4 1300 40, 50, 60, 70, 80, 90, 100 39.2 x 103

Table 3 Material constants of Johnson-Cook relation [17, 18]
A B C n m Melting Point (◦C)

Inconel 718 1108 699 0.0085 0.5189 1.2861 1593

Nimonic 80A 487 2511 0.0116 0.983 1.162 1365

constant at 1300 rpm while tool travel speed was increased from 40 mm/min
to 100 mm/min in equal increments of 10 mm/min. Finally, the influence of
tool rotation speed and travel speed on temperature distribution was plotted.

Finite element analysis of friction stir welding using Abaqus/explicit soft-
ware is achieved using coupled Eulerian-Lagrangian formulation, Coulomb’s
law of friction, and the Johnson-Cook constitutive equation for the material
deformation. Johnson-Cook model governs material plasticity. Table 6 shows
Johnson-Cook constants of Inconel 718 and Nimonic 80A. Johnson-Cook
relation between strain rate and the temperature is as follows [16]:

σ = [A+B(εpe)
n]

[
1 + Cln

ε̇

ε̇0

] [
1 −

(
T − Tr
Tm − Tr

)m]
(1)

Where T = temperature, Tm = melting point, εpe and ε̇ are effective plastic
strain rate respectively, and A,B,C, n,m are material constants.

3 Governing Equations for Heat Transfer Model

Heat generation due to friction at the interface between the rotating tool and
workpieces causes friction stir welding. In a static coordinate system, the
Fourier law of heat conduction explains the heat transfer equation for tools in
solid models. Temperature variation during friction stir welding is explained
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by the equation as follows [19]:
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Where Cp: heat capacity, ρ: density, and k: heat conductivity. Newton’s
law of cooling is used to represent convection at the sides of the workpiece
and tool.

k
∂T

∂n
= h (T − T amb) (3)

The torque required for rotation of tool is given by∫ MR

0
dM =

∫ R

0
µP (r)2Πr2dr =

2

3
µΠPr3 (4)

Where µ is the friction-coefficient, M is the interfacial torque, R is the
surface radius, and P (r) is the pressure distribution across the interface.
Average heat input per unit area is given by

Q1 =

∫ R

0
ωµP (r)2Πr2dr, Where ω = 2ΠN, (5)

Where ω is the angular velocity (rad/s), Q1 is the net power (W) and P is
the pressure [MPa]. Tool shoulder radius and rotation speed are identified as
the main parameters by B Kiral in his studies on friction stir welding of an
aluminium joint [20]. In this study, the frictional-coefficient was set to 0.3.

4 Description of Finite Element Model

Coupled Eulerian-Lagrangian formulation in Abaqus/Explicit software was
used to simulate friction stir dissimilar welding of Inconel 718 and Nimonic
80A. During FSW, workpiece materials become viscous, which can be
explained in a better manner using Eulerian analysis. From literature, plastic
deformation and friction effect were the reasons for heat generation during
FSW. The volume of the fluid method was used to implement the Eulerian
method in Abaqus software. Material properties assigned to the finite element
analysis for the present simulation studies are shown in Table 4.

The volume of the fluid method in Abaqus/explicit was used for Eulerian
implementation. FSW tool is assigned with rigid body constraint and surface
to surface contact is maintained between the FSW tool and workpiece surface.
Tangential behavior, normal behavior, and heat generation properties are
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Table 4 Physical and thermal properties of base and tool materials
Young’s Thermal Specific

Density Modulus Conductivity Heat Poisson’s
(g/cm3) (GPa) (W/m.◦C) (J/g.◦C) Ratio

Inconel 718 8.2 207 11.4 0.435 0.3

Nimonic 80A 8.19 222 11.2 0.448 0.3

WC-Co (Tool material) 3.9 600 70 0.350 0.3

Figure 4 Coupled Eulerian-Lagrangian formulation: (a) Lagrangian body, (b) Eulerian body,
(c) Coupled Eulerian-Lagrangian.

assigned as internal property to maintain the frictional property. A frictional
coefficient of 0.3 was assigned. The energy caused by friction was fully
converted to heat and fifty percentage of heat was transferred to the slave
(workpiece) surface. Both Inconel 718 and Nimonic 80A were maintained
at an initial temperature of 25◦C. The bottom and side surfaces of both the
workpieces were grounded by selecting Symmetry/Antisymmetry/Encastre
type boundary condition and all movements were arrested. Three steps were
assigned for this simulation study. Both displacement and rotatory move-
ments were arrested for the initial step. Later for step 1, displacement of
4.8 mm along the negative y-axis was maintained as a part of FSW plunging
with a force of 39.2 kN. Insertion depth should be such that the tool shoulder
should come in proper contact with the workpiece to avoid defects like
surface groove and inner channel. The tool was also provided with an rpm
and the same rotation speed was maintained till the end of the process. Step 3
was assigned with a displacement along the x-axis to maintain welding travel
speed and rotation about the y-axis. EC3D8RT, an 8-noded thermally coupled
linear eulerian brick element type was used in this analysis for meshing.
For Eulerian-lagrangian type simulation, the Lagrangian body need not have
meshed. Eulerian-Lagrangian model is described in Figure 4.
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After applying all the necessary conditions, the simulation was run for
data check and was submitted for final analysis. From the results, the depen-
dence of both tool rotation speed and travel speed on temperature variation
was noted and graphs were plotted. From the results, a suitable tool rotation
speed and travel speed were selected for further simulation studies such as
tensile test and bend test.

5 Results and Discussion

In the present analysis, the heat generated due to friction between tool-
shoulder and workpiece surfaces was considered. Whereas heat generated
due to plastic deformation was not considered. The heat generated during
FSW was one of the primary reasons for dynamic recrystallization that caused
grain refinement. The dynamic recrystallization was known to occur at a
temperature of 700◦C. Improvement in mechanical properties of FSW joints
was attributed to grain refinement. H Das in his paper on friction stir welding
of Inconel 825 found that the mechanical performance of welded joint was
significantly increased due to dynamic recrystallization and nanoprecipitation

Figure 5 Temperature variation for trial R1.
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Figure 6 Temperature variation for (a) trial R2, (b) trial R3.
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Figure 7 Temperature distribution for trial R3 using Abaqus software.

[21]. Rate of cooling after FSW was maintained to an optimum level to
avoid grain growth. The high temperature in the stir zone can increase the
dissolution of precipitates into the base matrix. Complete dissolution of
precipitates can improve the properties and produce a strong weld.

From theoretical relation, there is a proportional relationship between
rotation speed and heat generation, which is evident from Equation (5). Using
Abaqus software, temperature distribution was obtained for all the trials. The
temperature towards the advancing side was slightly higher than the retreating
side. Peak-temperature was noticed at 3-4mm away from the weld interface.
From the simulation results, an increase in temperature was noticed with an
increase in tool rotation speed. Figure 5 shows a graph for a travel speed
of 40mm/min. For a tool rotation speed of 1300 rpm at a travel speed of
40 mm/min, a peak nodal temperature of 701.57◦C was noted. J Kangazian
observed similar kind of results in his studies on friction stir dissimilar
welding of Inconel 825 and 2507 super duplex stainless steel. Raising tool
rotation speed increases heat input of FSW process and hence tempera-
ture rise [22]. Intense stirring and mixing of material due to an increase
in tool rotation speed can also be a reason for higher temperature in the
weld zone.

Nickel-based super-alloys like Inconel 718 have a low stack fault energy,
compared to other materials like Al alloys that make these materials undergo
easy dynamic recrystallization. Figure 6 shows the temperature distribution
of R2 and R3 trials. Similar to the R1 trial, temperature increases with an
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Figure 8 Temperature variation for (a) trial R4, (b) View A (refer to above figure).



428 T. Saju and M. Velu

Figure 9 Tensile test specimen (a) unmeshed, (b) meshed (c) after the test (by simulation).

increase in tool rotation speed for both R2 and R3 trails. Peak temperature for
R1, R2, and R3 trails was more than 700◦C at a rotation speed of 1300 rpm.

Now, to understand the influence of travel speed on temperature distribu-
tion during FSW, travel speed is varied keeping tool rotation speed constant.
For the R4 trail, travel speed is varied from 40 mm/min to 100 mm/min at a
tool rotational speed of 1300 rpm. From the result, temperature distribution
did not have a huge variation while changing the travel speed. From a closer
look at the temperature plot from the R4 trail, with an increase in travel
speed, there is a proportional increase in temperature distribution. Figure 8
explains the temperature plot for the R4 trail. An increase in travel speed
can influence the stir zone grain size. K Song in his paper on friction stir
welding of Inconel 600 mentioned that increase in travel speed results in
refined grain size which causes improvement in mechanical properties [23].
M Ahmed observed a similar result in his investigation of friction stir weld
Inconel 718 alloy. Hardness values of weld zone found a proportional relation
with weld travel speed due to grain refinement in higher travel speed [24].

Tensile test for friction stir welded joint was carried out using Abaqus
software. An improvement in mechanical properties was noticed in the
friction stir weld specimen compared to the parent material. The tensile
test specimen, meshed specimen, and final tensile tested result are shown
in Figure 9. The tensile fracture occurred in the Inconel 718 base metal
and the weld-zone was intact. M Ahmed In his paper on friction stir weld-
ing of Inconel 718 noticed an improvement in microhardness and strength
for friction stir welded joint when compared to base material [25]. Grain
refinement was one of the reasons for the improvement in weld specimen
properties. From the stress-strain curve obtained from simulation, an increase
in ultimate tensile strength was noticed. Ultimate tensile strength (UTS)
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Figure 10 Transverse tensile test results: (a) Stress vs strain plot, (b) UTS and % Elongation
of base material and FSW specimen.
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Figure 11 Bend test image after simulation.

and percent-elongation of Inconel 718 base metal were 886 MPa and 60%
respectively [26]. From simulation results, UTS of FSW joint has increased to
1200 MPa, while elongation reduced to 31.3%. Hence there was an increase
in tensile strength of almost 25% more than base material. This clearly
explains the influence of grain refinement on mechanical properties. Similar
to the above result, K Song noticed a 20% increase of ultimate tensile strength
in friction stir welded Inconel 625 sample [27]. The stress-strain curve of the
FSW weldment is shown in Figure 10(a). Comparison of UTS and percent-
elongation for Inconel 718, Nimonic 80A, and FSW weldment is shown in
Figure 10(b).

Using Abaqus tools, a three-point bend test was conducted and results
were plotted. The bend-test specimen was designed as per ASTM-E290. The
length and thickness of the specimen were 67.5 mm and 5 mm respectively.
Weld-zone was at the center of the specimen. Distance between supports
during bend-test was 37.5 mm. Simulation results for a deflection of 10 mm
are noted. The bending stress-strain curve and Force – displacement curve
were plotted from results. For a deflection of 6 mm, friction stir dissimilar
weld was able to withstand a maximum load of 13958 N. A maximum stress
of 1144 MPa at a strain of 0.36 was noted from the bend test. Bend test results
in Abaqus software were given in Figure 11. Stress-strain curve and force vs
displacement plot from bend test are shown in Figure 12.
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Figure 12 Bend test results after simulation: (a) Stress vs strain plot, (b) force vs displace-
ment plot.
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6 Conclusions

Heat generation during friction stir welding is caused by plastic deformation
and friction. The effect of tool speed and travel speed on the temperature dis-
tribution in the weld zone was found by simulation of the FSW process using
commercially available Abaqus software. Tensile and bend tests were also
simulated. Mechanical properties better than the base metals were observed
for the FSW weldments. The following conclusions can be drawn from the
analysis.

• The temperature in the weld zone was found to increase with the increase
in rotational speed when travel speed was held constant. This can be
attributed to intense stirring and mixing of materials. The advancing side
of the tool experienced higher temperatures than the retreating side.

• Temperature distribution remained nearly constant for different travel
speeds when tool rotation speed was held constant.

• Simulated tensile test on transverse tensile specimens revealed a 25%
increase in ultimate tensile strength and 50% reduction in percentage-
elongation of FSW weldment in comparison to base metals.

• Simulated bend test on FSW weldment revealed a maximum load of
13958 N for a deflection of 6mm. Maximum bending stress of 1144
MPa at the maximum strain of 0.36 was also noticed.
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