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Abstract: 1Cr11Ni2W2MoV is a new martensitic heat-resistant stainless steel utilized in the manu-
facturing of aero-engine high-temperature bearing components. Welding of this type of steel using
fusion welding techniques causes many defects. Friction stir welding (FSW) is a valuable alternative.
However, few investigations have been performed on the FSW of steels because of the high melting
point and the costly tools. Numerical simulation in this regard is a cost-effective solution for the
FSW of this steel in order to optimize the parameters and to reduce the number of experiments for
obtaining high-quality joints. In this study, a 3D thermo-mechanical finite element model based on the
Coupled Eulerian Lagrangian (CEL) approach was developed to study the FSW of 1Cr11Ni2W2MoV
steel. Numerical results of metallurgical zones’ shape and weld appearance at different tool rotation
rates of 250, 350, 450 and 550 rpm are in good agreement with the experimental results. The results
revealed that the peak temperature, plastic strain, surface roughness and flash size increased with an
increase in the tool rotation rate. Lack-of-fill defect was produced at the highest tool rotation rate of
650 rpm. Moreover, an asymmetrical stir zone was produced at a high tool rotation rate.

Keywords: friction stir welding; 1Cr11Ni2W2MoV steel; numerical simulation; Coupled Eulerian
Lagrangian; flash formation

1. Introduction

1Cr11Ni2W2MoV heat-resistant steel is commonly used in aero-engine high-temperature
components. Welding is the technique most used to fabricate complex shapes. However, the
traditional fusion welding methods cause many solidification defects and bad mechanical
properties when used to join this type of steel. Jia and Yue [1] reported that the heat affected
zone (HAZ) width of a tungsten inert gas (TIG) welded 1Cr11Ni2W2MoV joint was 14 mm,
while the weld width was 4.8 mm. In addition, the HAZ showed a high reduction in the
fatigue limit and tensile strength. Yuan et al. [2] studied the microstructure and mechanical
properties of flash welded 1Cr11Ni2W2MoV steel. They found that the weld microstructure
contains martensite and delta ferrite. Moreover, quenching and tempering heat treatments
were required to improve joint plasticity and impact toughness. On the other hand, Zhang
et al. [3] used diffusion bonding to join 1Cr11Ni2W2MoV steel. They reported that the
surface was required to be finished by 2000# grit SiC paper produce good joint quality.
However, the process was very time consuming, and the joint size was limited to the
available equipment. Consequently, finding new welding techniques for 1Cr11Ni2W2MoV
heat resistant steel is a crucial issue.
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Friction stir welding (FSW) is a solid-state welding technique invented in 1991 by
The Welding Institute (TWI) for the main purpose of joining aluminum alloys [4]. The
heat generated due to the plastic deformation and friction between the tool and workpiece
material plasticizes the material below the tool shoulder and around the pin. Thus, the
plasticized material is welded as the tool traverses in the solid state under the tool pressure
and stirring. The heat input and peak temperature during the process are lower than those
produced during the traditional fusion welding methods. Thus, the microstructure changes
away from the nugget zone are smaller after the FSW. The welds are manufactured with
low distortion, residual stress and solidification defects [5]. Moreover, FSW can reduce the
energy consumed compared to fusion welding by up to 60% [6].

The FSW parameters such as tool rotation, welding speed, plunge depth, plunge rate
and tool tilt angle should be selected carefully to avoid or reduce the welding defects. It
is well known that tool rotation and welding speed play the most significant role in the
FSW process. The rotation speed is mainly responsible for generating the heat and stirring
the material at the tool–workpiece interface, while the welding speed controls the cooling
rate after welding [7]. To create a good joint, a suitable combination of tool rotation and
welding speed is crucial.

To date, FSW becomes one of the most powerful techniques in joining low softening
temperature alloys such as aluminum and magnesium alloys [8–11]. However, there is a
great interest in the last decade in using FSW to join high softening temperature materials
such as steel [12,13]. The major challenges in the welding of steels such as carbon steel (CS),
high strength steel (HSS) and stainless steel (SS) by FSW are the expensive tool material and
choosing suitable welding parameters [14]. Many tool materials are utilized to weld steel
by FSW. The polycrystalline boron nitride (PCBN) [15,16] and tungsten-based refractory
metals [17–19] are the FSW tool materials most commonly used for steel. Several studies
have been performed to join stainless steel by FSW. The FSW of ferritic stainless steel [13,20]
and austenitic stainless steel [21,22] have been carried out. However, no investigations have
studied the feasibility of using FSW to join 1Cr11Ni2W2MoV martensitic heat-resistant
steel due to its high hardness and the severe tool wear that might occur during welding.

Numerical simulation is an advantageous and successful method to study the FSW
process. Compared to the experimental work, the visualization of thermal cycles, surface
features and material flow after each stage of the FSW can be easily determined with
low effort and cost through numerical modeling. Moreover, numerical simulation can
be used to choose the proper welding parameters from a wide range with low cost [23].
Accordingly, different modeling methods such as computational fluid dynamics (CFD),
Lagrangian, Eulerian, and arbitrary Lagrangian Eulerian (ALE) methods have been used
to study the FSW process.

Almoussawi et al. [24] developed a 3D CFD model to simulate FSW of a 6 mm thick
DH36 steel plate in a Eulerian domain. They found that the temperature measured by the
thermocouple and CFD model was in good agreement at high welding speed. In addition,
the strain rate was enhanced with increasing tool rotation, while increasing the welding
speed resulted in increasing the shear stress on the tool surface. Moreover, the optimum
range of the tool rotation and welding speed was below 550 rpm and between 100 to
350 mm/min, respectively. Golegrove and Shercliff [25] developed a CFD code, FLUENT,
to simulate the material flow around two tools with trivex-based geometry. They reported
that the traversing and down forces decreased when using the trivex tools compared to the
triflute one. Additionally, they used the streamline planes to understand the material flow
around the tool pin and found that the triflute tool has a strong augering action. Although
the CFD method had been used successfully to simulate the FSW process [26,27], CFD
cannot model the material hardening and elastic properties. In addition, the full sticking
conditions assumed between the tool and workpiece material lead to simulation errors in
tool reactions and joining temperature [23].

Lagrangian and Eulerian approaches are other methods to simulate the FSW process.
The material position relative to nodes remains fixed in the Lagrangian method, while
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nodes stay fixed and material moves inside the fixed mesh in the Eulerian one. Thus,
the Lagrangian method is suitable to simulate the process outside the processed zone,
while the Eulerian approach is good in modeling the material flow [28]. With advances in
numerical simulation, the arbitrary Lagrangian Eulerian (ALE) method was developed.
Guerdoux and Fourment [29] developed an adaptive ALE formulation to simulate the
temperature distribution and material flow during the FSW of 6061 aluminum alloy. They
used the Forge 3 FE software to develop their model. Non-steady phases of FSW were
simulated as well as the steady phase. Fourment et al. [30] utilized the same software used
by Guerdoux and Fourment [29] to model the FSW defect. Meyghani et al. [31] used ALE
and a smoothed particle hydrodynamics (SPH) formulation to study the FSW of 6061-T6
aluminum alloy. The results showed that the temperature distribution was symmetric, and
the peak temperature increased with increasing the tool rotation. However, the weld surface
features and equivalent plastic strain were not studied. Simulation of FSW of aluminum
and lightweight alloys was successfully done by the ALE method. However, severe plastic
deformation in the SZ caused severe mesh distortion and precocious simulation failure with
the ALE formulation [32]. Unlike the ALE formulation, the Coupled Eulerian Lagrangian
(CEL) method can simulate the FSW process with severe plastic deformation without
precocious failure of the simulation. The CEL method aims to capture the advantages of the
Lagrangian and Eulerian approaches. Ansari et al. [32] developed a CEL model to simulate
the defects formed during friction stir processing (FSP) of AA 5083-H111 aluminum plate.
They did not study the effect of the FSP parameters on the thermal cycle and surface
appearance or flash formation.

In the present study, a 3D thermo-mechanical finite element model based on the
Coupled Eulerian Lagrangian (CEL) method was developed, using Abaqus/Explicit, to
simulate the FSW of 1Cr11Ni2W2MoV heat-resistant martensitic stainless steel. In this
model, the thermal cycles at the stir zone (SZ) and the heat affected zone (HAZ) were
investigated carefully. In addition, the generated surface appearance defects and the
flash formation at different tool rotation rates were also studied. The model results were
validated and compared to the weld appearance, welding defects and the metallurgical
zones’ shape obtained experimentally.

2. Materials and Procedures

A 3.8 mm thick 1Cr11Ni2W2MoV heat-resistant martensitic stainless-steel plate was
used as the starting workpiece material. The chemical composition of the workpiece
material is listed in Table 1. The welding tool was made from a W–25%Re refractory
material. The FSW tool had a convex scrolled shoulder with a 15 mm shoulder diameter
and a threaded tapered pin with a 2.95 mm pin length and 3 mm tip pin diameter. Figure 1
shows a detailed drawing of the FSW tool.

The FSW process consisted of three stages; the plunge, dwell and traverse stages.
During the plunge stage, the tool penetrated through the workpiece at a tool rotation
rate of 200 rpm and a plunge speed of 60 mm/min. After the tool shoulder reached the
predefined plunge depth of 0.3 mm, the tool dwelled for 3 s to heat the tool and the
workpiece material. During the traverse stage, the tool traverse speed was kept constant at
75 mm/min, while the tool rotation differed from 250 rpm to 650 rpm. Argon gas shielding
was used to prevent surface oxidation. To study the macrostructure, the FSW welded joints
were cut perpendicular to the welding direction. The joints’ cross-section was ground
using SiC paper with a grit size up to 2500 and polished by 1 µm diamond past. Then, the
samples were etched in a picral solution (4 g picric acid in 100 mL ethanol) and examined
using a Nikon MA200 optical microscope.

Table 1. Chemical composition of 1Cr11Ni2W2MoV steel.

C Si Mn P S V Mo Ni Cr W Fe

0.12 0.35 0.33 0.025 0.01 0.21 0.41 1.56 11.2 1.56 Bal.
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Figure 1. Geometric dimensions of the experimental friction stir welding (FSW) tool.

3. Model Description

A 3D thermo-mechanical finite element model was promoted to anticipate and analyze
the plastic strain distribution, temperature distribution and flash formation during the FSW
process using the Coupled Eulerian Lagrangian formulation, the Johnson-Cook material
low, and coulombs frictional low.

3.1. Governing Equations

In this study, the workpiece domain was modeled as a Eulerian framework, while
the welding tool was considered as a Lagrangian rigid body. It is well identified that
the conservation equations in the Eulerian description are written using the spatial time
derivative. On the contrary, the Lagrangian description for solid and structure analysis
conservation equations are a material time derivative. Spatial and material time derivatives
can be interconnected with each other as in Equation (1) [33]:

Dφ/Dt = ∂φ/∂t + v · (∇φ) (1)

where φ is the arbitrary solution variable, v is the material velocity, and Dφ/Dt and ∂φ/∂t
are the material and spatial time derivatives of φ, respectively.

The mass, momentum, and energy can be written as follows:

Dρ/Dt + ρ∇ · v = 0 (2)

ρ(Dv/Dt) = ∇ · σ + ρb (3)

DE/Dt = ∇ · (σ · v) + ρb · v (4)

where ρ is the density, σ is the Cauchy stress, b is the body force, and E is the total energy
per unit volume.

As the total energy is the sum of kinetic energy (0.5ρv · v) and the internal energy (e),
Equation (4) can be rewritten with the velocity strain D as shown in Equation (5):

De/Dt = σ:D. (5)
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The three Lagrangian conservation Equations, (2), (3) and (5), can be translated into
the spatial time derivative; thus, the Eulerian conservation equations can be written as
follows:

∂ρ/∂t + ∇ · (ρv) = 0 (6)

∂ρv/∂t + ∇ · (ρv⊗v) = ∇ · σ + ρb (7)

∂e/∂t + ∇ · (ev) = σ:D (8)

To solve the problem, Equations (6)–(8) can be written in the general conservation
form, as shown in Equation (9):

∂φ/∂t + ∇ · Φ(φ,v,x,t) = S (9)

where Φ is the flux function and S is the source term. Operator splitting divides Equation (9)
into two equations, as shown in Equations (10) and (11) [34]:

∂φ/∂t = S (10)

∂φ/∂t + ∇ · Φ(φ,v,x,t) = 0 (11)

where Equation (10) is referred to as the Lagrangian step, which contains the source term,
while Equation (11) is the Eulerian step and contains the convective term.

Figure 2 schematically represents the split operator for each step of the Coupled
Eulerian Lagrangian method. Equation (10) corresponds to the standard Lagrangian
governing formulation if the spatial time derivative is replaced by the material time
derivative on the fixed mesh. In order to solve Equation (11), the deformed mesh is moved
to the original one and the volume of the material transported between adjacent elements
is calculated. Mass, momentum, energy, and other Lagrangian variables are adapted to
account for the material flow between adjacent elements by the transport algorithms.

Figure 2. The operator split for the Eulerian formulation.

3.2. Model Geometry and Mesh

The Coupled Eulerian Lagrangian approach was utilized to accomplish the strength
of both the Eulerian and Lagrangian methods. The workpiece was modeled as a Eulerian
domain, while the Lagrangian formulation was used to consider the welding tool. In
order to diminish the computational time (cost), the tool dimensions were the same as
the experimental tool but were featureless. However, the featureless tool produces lower
equivalent plastic strain and material flow than that produced in experiments using a
threaded tool. In addition, the Eulerian domain size used was four times the tool shoulder
diameter to realize the accuracy and computational cost [32,35–37]. The Eulerian domain
size was 60 × 60 × 5.5 mm3. As previously stated, the experimental workpiece thickness
was 3.8 mm, while the physical workpiece and Eulerian thickness were 4 and 5.5 mm,
respectively. The difference between the physical workpiece and the Eulerian domain
thicknesses was left unfilled (void) for visualization of flash formation during the FSW
process.
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The rigid tool was meshed as a four-noded thermally coupled tetrahedron (C3D4T),
with a 0.55 mm mesh size and total elements of 36,010, as shown in Figure 3a. The Eulerian
domain was sectioned into three parts. The center part, which may contain the processed
zone, SZ and thermo-mechanical affected zone (TMAZ), has a fine mesh size, and the
side parts have a coarse mesh. An eight-noded thermally coupled linear Eulerian brick
(EC3D8RT) was used to mesh the Eulerian domain with 105,600 total number of elements,
as is shown in Figure 3b.

Figure 3. Finite element mesh for tool (a) and workpiece (b).

3.3. Material Model

The workpiece material during FSW was exposed to a huge strain, ranging from 5 to
80 and a strain rate from 5 to 100 S1 at elevated temperature, as reported by Kuykendall
et al. [38]. The peak temperature can reach 0.9 times the material’s melting point. In
the present study, the Johnson-Cook material model [39], a temperature and strain rate–
dependent visco-plastic model, was used. The yield stress, σy, is expressed as:

σy =
[

A + B
(

εn
pl

)][
1 + C ln(

εpl

ε.o
)

][
1−

(
T − To

Tmelt − To

)m]
(12)

where A is the material yield stress at room temperature, B is the hardening modulus, n is
the work-hardening exponent, C is the strain rate hardening, and m is the thermal softening
coefficient. εn

pl , εpl , and ε.
o are the effective plastic strain, strain rate, and reference strain

rate, respectively. To and Tmelt are the ambient temperature and the melting point of the
workpiece material, respectively. The Johnson-Cook material constant values are taken
from reference [40] and listed in Table 2. Tables 3 and 4 present the workpiece and tool
material’s mechanical and thermal properties, such as density, elastic modulus, Poisson’s
ratio, thermal conductivity, and specific heat.

Table 2. Johnson-Cook plasticity model constant for 1Cr11Ni2W2MoV steel [40].

A (MPa) B (MPa) C n m To Tmelt ε.
o

877 621 0.024 0.229 1 25 1450 0.01

Table 3. Physical and mechanical properties of 1Cr11Ni2W2MoV martensitic stainless steel.

Density
(kg/m3)

Yield
Strength

(MPa)

Thermal
Conductivity

(W/m·K)

Specific Heat
(J/kg·K)

Poisson’s
Ratio

7800 885 20.9 481 0.278

Young’s Modulus (E) VS Temperature (T)

T (◦C) 20 300 400 450 500 550 600
E (MPa) 196,000 172,000 162,000 154,000 142,000 123,000 109,000
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Table 4. Physical and mechanical properties of W–25%Re tool material.

Density
(kg/m3)

Yield Strength
(MPa)

Thermal Conductivity
(W/m·K)

Specific Heat
(J/kg·K)

Young’s Modulus
(MPa)

19,700 1100 35 156 430,000

3.4. Heat Generation and Boundary Conditions

As explained in the introduction, the FSW is a thermo-mechanical process. During
FSW, the plastic deformation and friction between the tool and workpiece are two sources
of heat [23,41]. The heat generation due to plastic deformation, Qpl, can be calculated using
Equation (13):

Qpl = ησf sε.
pl (13)

where η is the amount of plastic deformation converted into thermal energy (taken as 90%),
ε.

pl is the plastic strain rate, and σf s is the flow stress of the workpiece material.
The heat generated from friction can be calculated as follows:

Q f = τγ (14)

where τ is the frictional shear stress and γ is the slip rate.
The frictional shear stress can be calculated according to the classical coulomb’s law

from Equation (15):
τ = µP (15)

where µ is the coefficient of friction and P is the contact pressure. For FSW, the coefficient
of friction is a function of contact pressure P, slip rate (γ), and temperature. However,
accurate values for the friction coefficient during FSW cannot be determined because of
the process complexity [42]. Subsequently, a constant coefficient of friction values is used.
Ahmed et al. [43] took the friction coefficient of 0.3 in their simulation work of FSW of low
alloy steel, while Nandan et al. [44] used a coefficient of friction equal to 0.4 to simulate the
FSW of 304 austenitic stainless steel. Therefore, a constant coefficient of friction of 0.35 is
considered in this investigation.

In this study, the heat loss due to conductance between the workpiece bottom surface
and the backing plate is taken into consideration as the main source of heat loss, while
the heat loss from other surfaces to the surrounding environment is neglected. A constant
convection coefficient at the workpiece bottom surface of 3000 W/m2·K is assumed instead
of the backing plate. Almoussawi et al. [24] and Ahmed et al. [43] assumed a convection
coefficient of 2000 W/m2·K at the bottom surface, and Chauhan et al. [45] defined it as
4000 W/M2·K. In order to prohibit the material flow out of the Eulerian domain, a velocity
boundary condition is applied as shown schematically in Figure 4. As in the experimental
work, the simulation work consists of three stages: the plunge, dwell, and traverse stages.
In addition, the position control method is applied in the tool to achieve a tool shoulder
plunge depth of 0.3 mm. After reaching the predefined plunge depth, the tool dwells for
3 s to heat the tool and workpiece before the traverse stage.
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Figure 4. Velocity boundary conditions.

4. Results and Discussion
4.1. Plunge and Dwell Stages

Figure 5 shows the temperature distribution in both the plunge and dwell stages at
the top surface and weld cross section. As there is no traverse movement, the temperature
in the plunge and dwell stages was uniformly distributed, as demonstrated in the top and
cross section views. As indicated previously, the tool dwells during the dwell stage to heat
the tool and workpiece material. As a result, the peak temperature in the dwell stage is
higher than that in the plunge stage. The temperature spreads over a wide area in the dwell
stage. The peak temperature in the plunge stage is about 850 ◦C and lies under the tool
shoulder, while the peak temperature during the dwell stage reaches 1120 ◦C and lies near
the shoulder-pin intersection point.

Figure 5. Temperature distribution in ◦C at plunge and dwell stages. (a) Top view at plunge, (b) top
view at dwell, (c) cross section view at plunge, and (d) cross section view at dwell.
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A uniform flash is formed at the external edges of the joint. It is obvious from
Figure 5c,d that the flash in the dwell stage is thicker due to the higher peak temperature
and plastic deformation. Dialami et al. [46] reported that increasing the welding peak
temperature resulted in flash formation. In the same way, Kim et al. [47] showed that the
higher heat generated under the tool shoulder softens the material and expels it out by the
tool pressure in the form of flash.

Figure 6 presents the equivalent plastic strain, showing the top and cross section views,
in the plunge and dwell stages. As exhibited in Figure 6c,d, the plastic strain distribution
in both stages is symmetrical around the weld center. However, the equivalent plastic
strain in the dwell stage is higher. The higher equivalent plastic strain value can be found
near the shoulder-pin intersection point, as in the temperature distribution, in both stages;
it decreases toward the tool shoulder and pin tip. This may be attributed to the severe
plastic deformation near the shoulder-pin intersection point, caused by both the tool pin
and shoulder.

Figure 6. Equivalent plastic strain distribution at plunge and dwell stages. (a) Top view at
plunge, (b) top view at dwell, (c) cross section view at plunge, and (d) cross section view
at dwell.

4.2. Traverse Stage and Model Validation
4.2.1. Temperature Distribution and Plastic Strain

Experimental and simulation work are conducted using five different tool rotations:
250, 350, 450, 550 and 650 rpm. Figures 7–10 show the experimental macrostructures for all
welded conditions and the corresponding temperature distribution (Node Temperature
NT) and equivalent plastic strain (PEEQVAVG) results from the CEL model. For all tool
rotations, the higher peak temperatures are found in the SZ, with slightly higher values
at the retreating side (RS). Sorger et al. [48] used FSW to join DH36 steel and reported
that the peak temperature was found near the FSW tool, i.e., inside the SZ. In addition,
the temperatures measured at the RS were higher than the temperatures measured at the
advancing side (AS) by 25 ◦C [48]. The peak temperature increases with an increase in
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the tool rotation rate. At the SZ of joints welded at 250, 350, 450 and 550 rpm, the peak
temperatures are 1128, 1181, 1254 and 1300 ◦C, respectively.

Figure 7. Temperature and equivalent plastic strain distribution of welded joint at 250 rpm: (a) tem-
perature distribution in ◦C, (b) experimental macrograph, and (c) equivalent plastic strain distribution.
(AS on the left, counter-clockwise tool rotation).

Figure 8. Temperature and equivalent plastic strain distribution of welded joint at 350 rpm: (a) tem-
perature distribution in ◦C, (b) experimental macrograph, and (c) equivalent plastic strain distribution.
(AS on the left, counter-clockwise tool rotation).
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Figure 9. Temperature and equivalent plastic strain distribution of welded joint at 450 rpm:(a) temper-
ature distribution in ◦C, (b) experimental macrograph, and (c) equivalent plastic strain distribution.
(AS on the left, counter-clockwise tool rotation).

Figure 10. Temperature and equivalent plastic strain distribution of welded joint at 550 rpm: (a) tem-
perature distribution in ◦C, (b) experimental macrograph, and (c) equivalent plastic strain distribution.
(AS on the left, counter-clockwise tool rotation).

The experimental weld cross section is characterized by four metallurgical zones,
including the base metal (BM), HAZ, thermo-mechanical affected zone (TMAZ) and SZ.
The HAZ can be divided into three zones—HAZI, II and III—according to their color under
etching and temperature distribution. To understand the difference between the three
HAZs, the thermal cycles are recorded for the three HAZs in the AS and RS. Figure 11
shows the location of the selected nodal points in each zone.
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Figure 11. Schematic location of nodes on the weld cross section for measuring the thermal cycle.

Figures 12 and 13 exhibit the thermal cycles at the selected nodal points in Figure 11
for the joints welded at 250 and 550 rpm, respectively. As the plunge and dwell stages
are the same for all welds, the thermal cycles until the dwell stage, i.e., until the second
6.25, for all respective points are nearly the same. The peak temperatures in the RS are
slightly higher than those in the AS. In addition, the cooling rate in the RS is slower than
the cooling rate in the AS.

Figure 12. Heat affected zone’s (HAZ) thermal cycle for the FSW welded joint at 250 rpm.

Figure 13. Heat affected zone’s (HAZ) thermal cycle for the FSW welded joint at 550 rpm.

For the joint welded at 250 rpm, the peak temperatures at HAZI, II and III are 830, 600
and 415 ◦C, respectively. Likewise, the peak temperatures at the same HAZs in the joint
welded at 550 rpm are 880, 635 and 423 ◦C. Lu et al. [49] studied the effect of tempering
temperature on the microstructure of 13 wt. % Cr- type martensitic stainless steel. They
reported that the resultant microstructure of the sample tempered at 300 ◦C is tempered
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martensite and Cr-rich M23C6 carbides. The number of M23C6 carbides increased with
an increase in the tempering temperature [49]. It is clear from these results and data that
HAZI reaches the intermediate temperature between A1 and A3, while HAZII and III are
tempered at high temperature and low temperature, respectively. Moreover, the HAZ
width in both experimental and simulation work increased with increasing the tool rotation.
The same result was reported by Iqbal et al. [50]. The increase in the tool rotation softens
the material because of the high heat generated and bolsters the extending of the heat
removal across the workpiece.

Figure 7b,c show that the SZ has a basin-like shape that is symmetric across the
weld centerline in both experimental and computed results. However, with an increase
in the tool rotations (Figure 8b,c, Figure 9b,c, Figure 10b,c), the SZ at the RS takes a wavy
shape. This may be attributed to the higher shear stress at the AS compared to the RS. At
the highest tool rotation, the sample has a more complex material flow. In addition, the
equivalent plastic strain increases with an increase in the tool rotation. Increasing the tool
rotations enhances the tangential velocity around the pin, leading to a higher deformation
rate, or in other words, a higher strain rate. Compared to the AS, the plastic strain at the
tool shoulder edge in the RS is high. This may be attributed to the excessive flash formed
at the RS.

It is evident that there are no volumetric defects in the cross section of the welds,
except the band structure shown in Figures 9b and 10b. The band structure at the bottom
AS shown in Figures 9b and 10b, specified by black arrows, may be due to the tool pin tip
wear at high tool rotation rates. In addition to the tool wear, the peak temperature at the
SZ of the sample welded at 550 rpm is higher than 1300 ◦C. Below this temperature, the
delta ferrite phase forms, according to Sam et al. [51]. The delta ferrite does not transform
to austenite and then martensite during the cooling process because of the high cooling
rate. Therefore, it is expected that the clear band structure at the top AS, specified by
the red arrow in Figure 10b, is due to the tool wear and the delta ferrite phase formed at
high temperature. Good agreement between the computed results and the experimental
results indicates that the model can be utilized to estimate the thermal cycles and weld
macrostructure at different welding conditions.

4.2.2. Weld Appearance and Defects

Figure 14a–e shows the surface appearance and flash formed for all joints from FSW
experiments and modeling results using EVF-VOID. EVF-VOID is the volume fraction of
the empty regions in a Eulerian domain. An EVF = 1 indicates that the element is empty,
while EVF = zero indicates that the element is completely filled with the material instance.
No surface defects, i.e., grooves and/or lack of fill, appear on the weld surface of all
samples, except the sample welded at 650 rpm. Samples welded at 250 and 350 rpm have
a good surface appearance and a uniform surface ripple, as can be seen in Figure 14a,b,
respectively. The surface roughness increases with an increase in the tool rotation rate,
and the ripples become deeper and discontinuous, as exhibited in Figure 14c,d. The black
ellipse in Figure 14b–d refers to the rough surface at the high tool rotation rates. Iqbal
et al. [50] reported that a smooth weld appearance with fine ripples was produced at
800 rpm, while increasing the tool rotation to 1500 rpm resulted in a rough surface and
non-uniform ripples [50]. In addition, the weld surface color of the sample welded at
550 rpm shows that the weld surface is overheated. This agrees with the temperature
distribution for the same sample shown in Figure 10a. The sample surface temperature
exceeds 1300 ◦C. This temperature is more than 90% of the workpiece material melting
point. As the tool rotation increases (650 rpm), i.e., the welding temperature increases, the
steel may begin to show a tendency toward decohesion at the weld surface. At this point,
the tool shoulder is insufficient to constrain and form the plasticized weld metal. Some loss
of material will occur, either in the form of weld flash or in excessive positive reinforcement
of the weld surface. The result is a lack of material to flow completely behind the tool from
the retreating side to the advancing side of the weld, as shown in Figure 14e.
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Figure 14. Visualization of the generated flash and weld surface appearance experimentally and numerically using
EVF-VOID for samples welded at (a) 250 rpm, (b) 350 rpm, (c) 450 rpm, (d) 550 rpm, and (e) 650 rpm.

A little flash is formed at the lowest tool rotation, i.e., 250 rpm, in both experimental
and computed results. The flash size increases with increasing the tool rotation rate. The
increase in the tool rotation rate enhances the heat generated during the FSW process. As
explained earlier, the increased heat input leads to more plasticized material. The softened
material splits under the tool pressure out in the form of flash [52]. Furthermore, for all
welding conditions, most of the flash is formed in the RS indicated by the white ellipse
numbered 1 in Figure 14a–d. On the other hand, no or little flash is formed in the AS
indicated by the white ellipse numbered 2 in Figure 14a–d. During the traverse stage, the
material from the leading edge is continuously softened and streams to the trailing edge
through the RS. If the material under the tool shoulder is dramatically plasticized, the
material spews out from the weld cavity forming the flash in the RS [53]. The traverse stage
of the numerical work is shorter than that of the experimental work in order to reduce the
computational cost; there was no remarkable change when using a longer time for one
sample.

Figure 15a–e shows the computed weld side view at different tool rotation rates. No
volumetric defects occur with increasing the tool rotation up to 550 rpm. However, a small
void initiation can be observed at 550 rpm (Figure 15d). Such a defect did not appear in
the experiment due to the fixed coefficient of friction and featureless tool geometry used
in the model. By increasing the tool rotation to 650 rpm, a lack-of-fill defect is produced,
as shown in Figure 15e. Figures 14 and 15 indicate that the weld surface appearance and
generated defects of the computed results agreed well with the experimental ones.
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Figure 15. Equivalent plastic strain and defects visualization at various welding conditions: (a) 250
rpm, (b) 350 rpm, (c) 450 rpm, (d) 550 rpm, and (e) 650 rpm.

5. Conclusions

A three-dimensional Coupled Eulerian Lagrangian model was developed using
Abaqus/Explicit to simulate the FSW of 1Cr11Ni2W2MoV heat-resistant martensitic stain-
less steel. All the three stages of the FSW process, i.e., plunge, dwell and traverse, were
studied. The temperature distribution, plastic strain and weld appearance at different tool
rotation rates were investigated. The following conclusions can be drawn:

1. During the plunge and dwell stages, as there is no traverse motion, a uniform flash is
formed at the outer tool edges. Compared to the plunge stage, the workpiece is more
heated and plasticized after the dwell stage.

2. A basin-like shaped stir zone is created at the different tool rotation rates. However,
the increase in the tool rotation rate to more than 350 rpm leads to an asymmet-
ric stir zone around the weld centerline. The equivalent plastic strain is increased
dramatically with an increase in the tool rotation.

3. The peak temperature is increased with an increase in the tool rotation. The peak
temperature at 550 rpm reaches the austenite-to-delta ferrite transformation tempera-
ture. The HAZ width increases with an increase in the tool rotation. Moreover, the
HAZ is divided into three zones according to the thermal cycles and the experimental
macrostructure.
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4. A fine weld surface roughness is achieved at low tool rotation, i.e., 250 and 350 rpm.
The major flash is formed at the RS for all joints and increases with the tool rotation.
At 650 rpm, a lack-of-fill defect is observed at the advancing side of the SZ.

5. The processed zone shape, HAZs and weld appearance computed numerically at
different tool rotations are in good agreement with the experimental results. Thus, the
model is capable of studying various process parameters, such as low-temperature
conditions, which are expected to reduce the HAZ width.
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