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Abstract
The friction stir weld (FSW) method was developed in 1991 by The Welding Institute (TWI) and is very useful for manufac-
turing components with low fusion weldability. The success of this relatively new technique is due, in part, to an appropriate
combination of some parameters. In order to understand the influence of the parameters such as rotation speed, axial force,
and welding velocity, simulations were carried out using the AISI 304L stainless steel. In this work, the process was
considered to be a 3D non-Newtonian fluid and the heat input was calculated from the friction between the tool and the plate
and from the plastic deformation. The thermal results were compared with the experimental results from the thermocouple
measurements. Furthermore, the material flow was related to the formation of defects observed in the experimental welds.
The results of the simulation were able to determine the temperature distribution and heat flow, as well as to predict defects
in the welding. The simulated viscosity values enabled the prediction of the parameters most likely to cause the formation
of flashes. In addition, the injection of inert particles into the model made it possible to predict the formation of wormholes.
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do Ceará - UFC, Fortaleza, CE 60455-760, Brazil

3 Helmholtz-Zentrum Geesthacht GmbH, Institute of Materials
Research, Materials Mechanics, Solid State Joining Processes,
Geesthacht, 21502, Germany

1 Introduction

Since the advent of friction stir welding (FSW) in 1991,
which was developed by The Welding Institute (TWI)
[1], different materials have been welded successfully by
this technique including stainless steels. Initially, the FSW
technique was used for low melting point alloys such
as aluminum and magnesium. Thomas and Nicholas [2]
described the advantages of FSW in aluminum alloys for the
transportation industries. However, the development of new
materials for the FSW tool has enabled other metals, such
as steels, to be welded by the FSW technique. Nandan et al.
[3] described the welding of austenitic stainless steel using
a tungsten tool and Cho et al. [4] welded ferritic stainless
steel using a PCBN tool.

In addition to the material of the tools used, the geometry
of the tools have also been studied [5]; different geometries
can change the mixture between the materials and even
develop new techniques, such as the friction stir process
(FSP) and stationary shoulder friction stir lap [6–8]. FSP
uses the plastic deformation caused by the tool to promote
dynamic recovery and recrystallization, aiming to improve
the mechanical and metallurgical properties of the surface
of the materials [6]. The latter uses a tool, in which the
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shoulder is static and the pin rotates. This technique reduces
the welding temperature compared with the conventional
FSW, and because most of the heat is generated by the
pin this can improve the surface finish [7, 8]. Therefore,
the FSW has been a precursor process, in developing new
techniques.

FSW has many advantages over fusion welding pro-
cesses. When compared with arc welding, FSW has a lower
peak temperature, which is on average 80% of the melting
temperature of some metals and alloys. FSW can also refine
the grain of some materials when welded; for example, Sato
et al. [9] showed that FSW significantly refined the ferrite
and austenite phases through dynamic recrystallization. Due
to these and other advantages of the FSW process over the
traditional welding processes, various studies have, over the
last two decades, simulated these complex phenomena.

Despite the numerous advantages of the FSW, the correct
combination of parameters is essential to obtain good
results. These parameters are responsible for the heat input
and material flow during welding. Low thermal input is
known to cause problems in the material mixture, such as
voids [10], wormholes, and scalloping. On the other hand,
excessive high thermal input causes other types of defects,
such as root flow, faying surface, and collapsed nugget.
Arbegast [11] studied the influence of FSW parameters on
the formation of these defects, classifying them in terms
of categories and associating them with parameters such as
hot and cold, due to their contribution to the thermal input.
According to him, an ideal combination of such parameters
that prevents the flow-related defects occur when stick-slip
wiping flow takes place and the material flow in front of the
pin is exactly balanced with the material flow behind the tool.

These flow-related defects can damage the material
properties, decreasing the tensile strength of the weld [12],
deteriorate the fatigue lifetime [13, 14], favor corrosion and
cause problems such as stress concentration and surface
finishing [15].

Observing the various physical phenomena involved and
the need to choose the correct parameters to obtain a good
weld, simulation appears as an excellent tool to understand
and predict problems that could occur during a welding.

The first simulations performed by Frigaard et al. [16] with
aluminum considered the heat generated by friction but
these authors did not take into account the heat generation
by plastic deformation.

The evolution of computational tools has enabled other
important phenomena to be simulated. The flow of the mate-
rial around the tool was proposed by Seidel and Reynolds
[17] based on 2D fluid flow. Initially, these authors used
the viscosity model proposed by Sellars and Tegar [18]
and later on they used the viscosity model modified by
Sheppard and Wright [19]; in this model, the viscosity was
a function of the temperature and the strain rate.

Ulysse [20] used the viscosity model of Sheppard and
Wright [19] to develop a 3D model for friction stir welding.
The same approach has been used to investigate the FSW
technique in other materials, for example, in the studies
developed by Nandan et al. [3] with austenitic steel, by
Cho et al. [4] with ferritic steel, by Nandan et al. [21]
with a titanium alloy, and by Zhu et al. [22] with welding
AA2024-T4.

The significant improvements in the simulation models
have also made it possible to predict many defects in
the FSW process, which in turn have minimized the
number of experimental tests necessary. In this work, the
simulations of the AISI 304L are validated through different
experimental tests. The validated numerical results were
used to forecast the conditions that could give rise to some
of the defects frequently found in the FSW of the AISI 304L
steel. A parameter was developed to predict flash defects
and a new way was used to analyze internal defects due to
material flow.

2Materials and experimental data

In this work, seven different welding conditions were
simulated with the goal to understand how the axial force,
the welding velocity, and the rotational velocity affected the
final welded material; the welding conditions are given in
Table 1. These combinations of parameters were selected
from the study developed by Caetano [23].

Table 1 Experimental parameters investigated

Axial force (kN) Weld velocity (mm/s) Rotational velocity (rpm)

Test 1 35 1 450

Test 2 50 1 450

Test 3 15 1 800

Test 4 20 1 800

Test 5 35 1 800

Test 6 35 1.25 800

Test 7 35 1.50 800
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Table 2 Chemical composition of AISI 304L stainless steel (% mass)

Material Fe C Cr Mn Ni P Si S Mo

304L Bal. 0.026 18.5 1.21 7.94 0.029 0.32 < 0.010 0.29

All welds were performed using AISI 304L stainless
steel plates of 200 × 500 × 4 mm and the samples were
joined along the 500 mm side at the Helmholtz Zentrum
Geesthacht (HZG) Center, Germany. The FSW equipment
used to perform the welds was the HZG gantry system with
a PCBN tool and argon as the shield gas. The chemical
composition of the AISI 304L stainless steel used in this
investigation is given in Table 2

The thermal properties of the AISI 304L stainless steel
and the tool are in Table 3 and it was constructed using Eq. 1
(density), Eq. 2 (thermal conductivity), and Eq. 3 (specific
heat).

ρ = 7.97·103−6.01·10−2·T −1.12·10−3·T 2+6.16·10−7·T 3

(1)

k = 19.36−0.02960·T ++6.525·10−5 ·T 2−2.88·10−8 ·T 3

(2)

CP = 431.73+0.2879·T −0.000131237·T 2+3.85·10−9·T 3

(3)

3 Physical model

The main assumptions used in this work are presented here.
Due to the heterogeneities at the beginning and end of
the weld bead, these regions were not considered in this
study. The intermediate section of the weld bead had the

same heat input, the same physical properties and cross
section throughout. These characteristics indicate a steady
state regime [25] throughout the intermediate section of
the weld bead; consequently, this study analyzed the FSW
considering a steady state regime.

The shoulder was considered to be in contact with the
top surface of the workpiece as shown in Fig. 1. During the
welding, the pin is forced to penetrate into the workpiece,
and to a depth that is sufficient to fully stir the workpiece.
However, penetration through the plate is undesirable, as
the pin should not weld the plate to the backing bar. Thus,
a minimum thickness needs to be considered at the bottom
of the hole. In this study, the pin length and the thickness
of the plate between the tip of the pin and the backing bar
were equal to 3.7 mm and 0.3 mm, respectively. Throughout
the welding process, the pressure (that is a function of axial
force), the rotation, and the welding velocity are assumed to
remain constant.

3.1 Governing equations

The material was assumed to be a non-Newtonian,
incompressible, and viscoplastic fluid. A partial sticking
condition is assumed between the tool and the workpiece
and the tilt angle of the tool was equal to zero [3]. The
reference coordinates are fixed in the center of the tool and
at the top of the workpiece. The continuity equation is given
by

∂ui

∂xi

= 0;i = 1, ..., 3 (4)

Table 3 Thermal proprieties of the materials [24]

Material Temperature Density Thermal conductivity Specific heat

(K) (kg/m3) (W/m K) (J/kg K)

304L 298 7868.93 15.57 505.97

400 7806.18 16.11 526.13

600 7663.80 18.86 558.05

800 7520.51 22.69 580.02

1000 7405.90 26.21 592.24

1400 7380.96 26.78 588.12

1800 7825.53 9.528 547.19

PCBN 298 3450.00 100 750
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Fig. 1 Schematic diagram used in the FSW simulation. a velocity boundary conditions and b view of tool from above

where u is the velocity of plastic flow in x-(1), y-(2),
and z-(3) coordinates. Equation 4 states that the volume
variation is zero. The momentum conservation equations
with reference to a coordinate system attached to the tool
using an indicial notation are given by Eq. 5, where i = 1, 2
or 3 [4].

∂ρuj

∂t
+ ∂ρuiuj

∂xi

= − ∂P

∂xj

+ ∂

∂xi

(
μ

∂uj

∂xi

)
− ρU

∂uj

∂x1
(5)

where U is the weld velocity, ρ is the density, P is
the pressure and μ is the non-Newtonian viscosity of the
material. The conservation energy equation is given by

∂(ρCP T )

∂t
+ ∂(ρCP uiT )

∂xi

= −ρCP U1
∂T

∂x1
+ ∂

∂xi

(
k

∂T

∂xi

)

+Si + Sb (6)

The simulations were performed using a steady-state
regime. In Eq. 6 CP is the specific heat and k is the thermal
conductivity. Si is a source term that denotes the rate of
energy per unit of volume dissipated by friction between
the tool and workpiece, and Sb denotes the rate of energy
per unit of volume generated by plastic deformation in the
workpiece away from the interface.

3.2 Boundary conditions and heat source

The heat source, Si, is added to the commercial software
Fluent by means of UDF (user-defined functions) as a heat
flux (q1) as described by

q1 = [
δητ + (1 − δ) μf P

]
(ωr − U1 sin θ) (7)

where P is the pressure of the tool during the welding,
ω is angular velocity, δ is slip rate, U1 is welding speed,

η is the thermal efficiency, τ = σyield/3 (where σyield is
evaluated using the distortion energy theory for the plane
stress) and μf is a friction coefficient. The term (ωr −
U1 sin θ) represents the relative velocity between the tool
and workpiece. The sin θ is defined by

sin θ = y

r
(8)

cos θ = −x

r
(9)

r =
√

x2 + y2 (10)

where r is the radius with the global axis fixed at the center
of the tool.

The source term per unit volume, generated by plastic
deformation in the workpiece away from the interface (Sb),
is defined in Fluent as the heat generation rate in the
boundary condition section. This source term is calculated
as fmμ
, where μ is the viscosity, fm is an arbitrary
constant that indicates the extent of atomic mixing in the
system. In this study, a value of 0.04 was used for fm and
the viscous dissipation function 
 [4] is given by


 = 2

((
∂u1
∂x1

)2 +
(

∂u2
∂x2

)2 +
(

∂u3
∂x3

)2
)

+
(

∂u1
∂x2

+ ∂u2
∂x1

)2

+
(

∂u1
∂x3

+ ∂u3
∂x1

)2 +
(

∂u3
∂x2

+ ∂u2
∂x3

)2

(11)

The Si and Sb are split between the tool and workpiece.
The fraction inputted into the workpiece (f ) is defined by
[21]

f = Jw

Jt + Jw

(12)
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where Jw (workpiece) and Jt (tool) are defined by the
following equation:

Ji =
√(

ρCpk
)
i
;i = w or t (13)

In Eq. 13, i = w or t for the workpiece and
tool, respectively. A convection boundary condition is
established for all faces of the plate. For the top of the plate,
in addition to the convection heat loss, the thermal radiation
is added to the convection flux. After establishing these
conditions, the boundary conditions for the bottom, side,
and top of the plate are respectively given by the following
equations:

k
∂T

∂z
= hb (T − Te) (14)

±k
∂T

∂y
= hs (T − Te) (15)

−k
∂T

∂y
= ht (T − Te) + σε(T 4 − T 4

a ) (16)

where hb, hs , and ht are the coefficient heat convection
for bottom, side, and top of the workpiece, respectively;
Te a is the environment temperature; and k is the thermal
conductivity.

The velocities in the contact region between tool and
workpiece were set in the boundary conditions. For the
shoulder, the velocity components are given by

vx = (1 − δ)(ωr sin θ − U1) (17)

vx = (1 − δ)(ωr cos θ) (18)

For the contact between the tool pin and workpiece, the
velocity components are defined by

vx = (1 − δ)(ωRp sin θ − U1) (19)

vx = (1 − δ)(ωRp cos θ) (20)

where Rp is the radius of the pin. All velocity components
were implemented in the Fluent simulator using UDF. All
experimental parameters such as size of the workpiece,
thermal conductivity, and welding speed are shown in
Appendix.

3.3 AISI 304 stainless steel flow stress

The flow stress for the AISI 304L stainless steel followed a
viscosity model based on the simplified Hart’s model [26].

In this model the flow stress (σe) is calculated using the sum
of σp (plastic contribution) and σv (viscous contribution).

σe = σp + σv (21)

The plastic contribution is the resistance of dislocation
entanglement and the viscosity glide. In this model,
both plastic and viscosity contributions depend on the
temperature and strain rate, and are given by

σp = k1 exp

[
−

(
b

ε̇

)λ
]

(22)

b = b0

(
k

G

)N

exp

[
−

(
Q

RT

)]
(23)

σv = G

(
ε̇

a

)1/M

(24)

a = a0 exp

[
−

(
Q0

RT

)]
(25)

where T is the absolute temperature (K) and R is the
universal gas constant. The other constants are material
parameters and they are determined from the experiments.
These parameters were determined by Cho et al. [27], who
developed a study about the modeling of strain hardening
and texture evolution of the 304 stainless steel in FSW. The
k1 parameter is the maximum value of viscosity contribution
for the stress flow. The saturation value of k1 depends on
temperature and strain rate; however in Hart’s model it is
replaced by Eqs. 26 and 27 [27].

k1 =
(

C

ϕ

)m0

(26)

where the Fisher factor ϕ is given by [28]:

ϕ = T . ln

(
D0

ε̇

)
(27)

Figure 2 shows the viscosity profiles as a function of the
strain rate and temperature.

4 Results andmethod

All simulations performed in this work used a non-uniform
grid composed of only hexahedron elements that was
modeled using the ICEM-Mesh Software. As shown in
Fig. 3, local grid refinement was performed in the tool
region, since this is the area where the gradients are
expected to be higher. Therefore, based on the work of
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Fig. 2 Logarithm base 10 of the viscosity (Pa s) profiles for the 304
stainless steel as a function of temperature and strain rate [29]

Silva et al. [29], a grid refinement study with 1,227,002
volumes and 1,296,068 nodes was chosen for all simulations
presented in this section.

The numerical results in terms of temperature cycles
of this work were compared with the experimental results
of Caetano [23], who evaluated the temperature cycles
during the welding of AISI 304 stainless by FSW. In
the experimental study performed by Caetano [23], six
thermocouples were positioned on the top surface of the
steel plate, at positions 15, 20, and 25 mm away from
the weld centerline; three thermocouples were positioned
on the advanced side and the other three were placed on
the retraction side of the weld. The weld bead width was
equal to 23.6 mm; consequently, the distance from the tool

to thermocouples was 3.2 mm, 8.2 mm, and 13.2 mm,
respectively. Figure 4 shows the comparison in terms of the
temperature cycles between experimental and simulation
results for Test 1. This figure shows that the temperature
peaks reached in the simulated results were very close
to the peaks determined experimentally, for both sides of
the weld bead. Although some minor differences between
the numerical and the experimental results were observed,
especially those furthest away from the pin, the differences
did not exceed 50 K.

After the validation of the numerical approach used in
this work, we investigated the effect of different welding
conditions presented in Table 1 on the material and weld
bead quality.

As shown in Section 3.3, the viscosity depends on the
strain rate and temperature. Table 4 presents the maximum
temperature and viscosity on the top of the workpiece and
stain rate at the same point in order to observe the influence
of each combination of parameters of Table 1 on the viscos-
ity. The results showed that the strain rate and temperature
have a great influence on the minimum viscosity.

Comparing Test 1 and Test 4 that have approximately the
same temperature (only 2.39% difference) but have a large
difference in terms of strain rate (approximately 76.58%
difference), the variation in viscosity is 42.24%. However,
when comparing Test 1 with Test 2 that have the same strain
rate and difference in temperature of almost the reverse
of the previous case (temperature difference of 16.04%)
and strain rate (variation of 1%), the viscosity changes
about 43.24%. Although the influence of temperature in the
viscosity is larger than the strain rate, the effect of both on
viscosity cannot be neglected.

Fig. 3 Hexahedron grid with 1,227,002 volumes and 1,296,068 nodes used for all simulations
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Fig. 4 Comparison between thermocouples and simulation in different positions along the welding line

Table 4 shows that some tests reached temperatures
above or close to the melting point of the steel. These
overheated regions occur in thin layers, especially those
close to the contact surface with the tool because the
simulation does not predict the loss of mass caused by
excessive axial force or intense plasticizing. In addition, the
friction coefficient used in the current model is constant.
Consequently, extreme temperatures should be carefully
analyzed because previous studies have shown that in
extreme conditions the maximum temperature should be
artificially defined [30]. However, in practice, those regions
in which the simulation predicted temperatures as high as
the melting point would reach a visco-elastoplastic state
capable of allowing the material to escape from the nugget
in the form of flashes.

The physical model applied in this work has been
successfully used to predict the temperature distribution
for the group of parameters in which there was a low
heat generation or low tendency for flash production, as
shown in Fig. 4. However, when this model is applied to

a set of parameters that resulted in high heat generation,
it fails to predict a reasonable temperature. Depending on
the combination of high rotation speed, high intensity of
axial force, or low welding velocity, the heat generated is
too high, indicating that the temperatures are too high for
practical purposes.

Therefore, in this later case, where it failed to predict the
temperature field correctly in the contact region between the
workpiece and the pin, because it did not consider that the
plasticized material will be forced to flow out of the nugget.
However, it physically expected that the material in the
regions mentioned above is expelled in a solid-state before
reaching the extremely high temperatures. Some aspects of
these problems are commented on in the text of this section.

Figure 5 presents the temperature distribution at the
center of the pin for all welding conditions presented in
Table 1. The results clearly verified that the heat generated
for high rotation, axial force, and low weld velocity will
contribute to a temperature above the melting point close to
the contact surface.

Table 4 Investigation into the
effect of the temperature and
stain rate on the viscosity

Test Maximum temperature Maximum strain rate Minimum viscosity

1 1383.87 K 235.12 s−1 1.85 · 104 kg/m s

2 1606.05* K 249.24 s−1 1.07 · 104 kg/m s

3 1325.33 K 425.99 s−1 1.47 · 104 kg/m s

4 1426.57 K 428.65 s−1 1.08 · 104 kg/m s

5 1875.66* K 471.97 s−1 0.46 · 104 kg/m s

6 1777.18* K 474.49 s−1 0.47 · 104 kg/m s

7 1733.79* K 477.13 s−1 0.40 · 104 kg/m s

*The higher temperatures do not occur in practice, they occur due to the method limitations, as discussed in
the text
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Fig. 5 Temperature cross section at the center of the pin. a Test 1, b Test 2, c Test 3, d Test 4, e Test 5, f Test 6, g Test 7

As previously mentioned, the model used in this work
does not take into account the loss of mass that occurs
during the welding under certain conditions. In addition, it
does not consider the reduction of the friction coefficient.
Thus, the effect of the friction coefficient on the temperature

field was evaluated in additional tests. The reduced friction
coefficient of test 5 (1 mm/s, 35 kPa and 800 rpm) is shown
in Fig. 6. These additional tests were designed to observe
how the friction coefficient can influence the maximum
temperature reached. Figure 6 shows that the temperature

Fig. 6 Temperature cross section at the center of the pin of Test 5 with different μf values
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Fig. 7 Top a and transverse b sections for Test 5—800 rpm, 1 mm/s and 35 kPa

of the welded region has decreased to levels close to 80%
of the melting temperature, as can be seen in Fig. 6c.
Su et al. [31] simulated the FSW welding of aluminum
alloy under different conditions and their friction coefficient
(μf ) and slip rate (δ) were not constant and changed with
the welding conditions. In the present study, there are
no experimental results taken from the hotter tests which
would permit adjustments and correction in this model;
thus ensuring accuracy for the entire range of parameters
tested, specifically from the temperature distribution point
of view. However, the goal of the above tests is to show
that the friction coefficient (μf ) will have a significant
influence on the maximum temperature reached, and that
future studies on the FSW process of stainless steel are still
necessary to develop functions for variable friction and slip
rate coefficients.

The high temperatures observed in Figs. 5 and 6 are
due to the contribution of different welding parameters and
may be related to defects in the weld. Figure 5, with lower
rotation, shows that when the axial force is increased from
35 to 50 kN (Tests 1 and 2), the temperature does not
rise as much as was observed for the increase of rotation
from 450 to 800 RPM (Tests 1 and 5). This indicates
that rotation is the main parameter responsible for the
generation of heat. In fact, from the Test 5 results, which was
performed applying an axial force of 35 kN and a rotation of

800 rpm, the temperature distribution along the cross section
presented some regions that tended to reach extremely high
temperatures (Fig. 5e). This result corroborates with the
experimental results for this condition that indicated an
intense production of flashes and poor surface finish, as
shown in Fig. 7.

The above results cannot possible mean that defects
such as flashes will only occur when the temperature
rises dramatically, as observed in Tests 5 through 7. For
instance, for Test 2 that was welded with the highest axial
force (50 kN) but using a lower rotation (450 RPM),
such high temperatures were not found. Nonetheless, when
tested experimentally, this condition showed an excessive
flash formation (Fig. 8). These previous results suggest
that the combination of low viscosity and high pressure
is also very detrimental, contributing to the formation of
flashes. Therefore, there is an axial force limit at which
the heated material, whose viscosity has decreased due
to the contribution of heating, does not have enough
strength to withstand the pressure applied by the tool,
and therefore is expelled from the weld in the form
of flashes.

Since these several tests performed with different
welding parameters showed similar behavior concerning
the formation of flashes and considering that the main
parameters associated with these defects are pressure (axial

Fig. 8 Transverse section for Test 2—450 rpm, 1 mm/s and 50 kPa
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Table 5 Y values for all tests

Test Y

1 87.07

2 213.91

3 26.27

4 47.68

5 223.08

6 193.81

7 190.13

force) and rotation speed, a new empirical parameter has
been proposed. The Y parameter was developed to correlate
the tendency to form flashes on FSW welds, considering the
two main welding parameters responsible for the heating
and stirring, as stated in Eq. 28. According to this parameter,
the higher the Y value, the greater the tendency to form
flashes during welding.

Y = P

ω.μminimum
(28)

where P is the axial pressure calculated from the
experimental tool area. Table 5 shows all the Y values for
the tests performed.

There is a gradual increase in the Y parameter for
the rotation and pressure change for Tests 3 (15 kN and
800 rpm), 4 (20 kN and 800 rpm) and 1 (35 kN and 450
rpm). Therefore, there is a tendency to generate flash when
the Y parameter increases. An example of this tendency can
be observed in Fig. 9. However, the Y parameter cannot
predict other welding problems such as wormholes, as can

be seen in Fig. 9a for Test 3. The wormholes are discussed
next.

The wormholes were analyzed using a discrete phase
simulation. Inert particles were injected into the fluid and
their paths on the plate were recorded. The results of this
investigation were plotted in terms of the density plane of
the particles after they passed over the tool; we associated
the density of the particles that crossed the plane with the
tendency to form wormholes. Figure 10 shows a general
path of particles in the material. In this and the following
figures, “inlet plane” denotes the plane where particles enter
the material and “outlet plane” denotes the plane after the
tool, where it is possible to see the particle density. The
using of discrete phases to predict wormholes was used by
other authors to forecast the wormholes in other materials
using FSW, see for example, Zhu et al. [22] who used
this approach to predict the formation of wormholes in an
aluminum alloy.

The difference between the real tool geometry and
simulated tool geometry changes the wormhole position.
However, this change does not prejudice the prediction of
wormhole formation. Figure 11 shows the cross section of
Test 1. The experimental results confirmed that a small
wormhole at the base of the pin existed, as highlighted in
Fig. 11a. The wormhole is predicted in the numerical result
by the reduction of particle density as verified in Fig. 11b.
As mentioned before, there is a difference in the position
of the experimental and numerical wormholes due to the
difference in shape of the real and simulated tool. In Fig. 11
this difference was evidenced by the red lines (Real format)
and the black lines (Simplified format of the simulation).

Figure 12 compares the differences among the Tests 5,
6, and 7, in which the welding speed is changed and other

Fig. 9 Macrography results. a Test 3 with Y = 26.27, b Test 4 with Y = 47.68, and c Test 1 with Y = 87.07
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Fig. 10 The route of the particle(s) in the material

parameters are kept constant. Test 6 verifies that a small
wormhole is formed in the simulation results (see Fig. 12d),
which is compatible with the experimental result that shows
the wormhole in the highlighted region (see Fig. 12c). Test
7 also shows the formation of wormholes in the same
region as the simulation. However, the simulation indicated
a large area of low particle density throughout the plane
when compared with the simulated results of Test 6. This

achievement is once again collaborated by the experimental
result (Fig. 12e) that presents a large wormhole in the
same location. The experimental test 5 (Fig. 12a) did
not have any wormholes; however, the simulation has a
lower particle density when compared with Tests 6 and
7. This occurred because this experimental test had other
mechanisms of mass loss, such as the flashes previously
analyzed.

Fig. 11 Concentration of particles in the plane of Test 1
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Fig. 12 Experimental and simulated wormholes. a Test 5—experimental, b Test 5—numerical, c Test 6 – experimental, d Test 6—numerical, e
Test 7—experimental, and f Test 7—numerical

5 Conclusions

In this work, we performed a numerical investigation of
FSW for the AISI 304L stainless steel using the commercial
simulator ANSYS-Fluent. The numerical thermal cycles
were in good agreement with the experimental thermal
cycles of the test analyzed; the maximum difference
observed between the experimental and numerical thermal
cycles was about 50 K for the conditions simulated. We also
investigated the effect of several parameters, such as, the
axial force, the welding speed, and the rotation on the FSW

process for the AISI 304L stainless steel. The numerical
analyzes were able to predict two important defects
commonly found in the FSW process: the flashes and the
wormholes. In order to investigate the flashes, we proposed
the use of parameter Y , which depends on the minimum
viscosity, the axial force, and the deformation rate. We
verified that the flashes increased when the parameter Y

increased and this was directly connected to the axial forces.
In addition, the discrete phase simulation was an efficient
technique to predict wormholes and the welding speed is
one of the main factors in the formation of wormholes.
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Appendix . Constants

PN (MPa) (Axial force)/π · RS

Rs (mm) 11.8
Rp (mm) 4.6
η 0.5
δ 0.7
μ 0.4
a0 (s−1) 1.36 · 1035

b0 (s−1) 8.03 · 1026

G (Pa) 73.1 · 109

k0 (Pa) 150 · 106

Q (J/mol) 410 · 103

Q0 (J/mol) 91 · 103

λ 0.15
M 7.8
N 5
C (Pa) 132 · 106

D0 (s−1) 108

m0 2.148
n0 6
hb (W/m2 K) 200
hs (W/m2 K) 30
ht (W/m2 K) 30
ε 0.3
A (mm2) 463.55
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