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Abstract

Friction stir welding (FSW) is an effective solid-state joining technique for magnesium
alloys such as AZ31, owing to its ability to minimize conventional welding defects. Nev-
ertheless, the process generates significant residual stresses that can impair the fatigue
performance and dimensional stability of welded structures. In this study, a sequentially
coupled thermo-mechanical finite element model was employed to characterize the resid-
ual stress distribution in FSW AZ31 Mg alloy. The calculated near-surface longitudinal
residual stress was assessed against XRD measurements at five locations on the top surface,
giving a root mean square error of about 10.34 MPa. The results revealed an M-shaped
longitudinal residual stress profile with marked asymmetry between the advancing and
retreating sides, associated with non-uniform heat input and the resulting asymmetric
temperature history. Among the three stress components, the longitudinal residual stress
was the largest, followed by the transverse component, while the normal stress was the
smallest. The thermo-mechanically affected zone and the crown zone exhibited higher
residual stresses compared to the heat-affected zone. In addition, the influences of welding
speed and tool rotational speed on residual stress evolution were systematically evaluated.
The longitudinal residual stress increased with welding speed up to 350 mm/min and
subsequently decreased, while a peak value was observed at 1200 rpm. These numerical re-
sults provide useful guidance, within the studied parameter range, for welding-parameter
selection and residual-stress control in magnesium alloy joints.

Keywords: friction stir welding; weld residual stress; sequentially coupled thermo-
mechanical finite element model; Mg alloy

1. Introduction

Friction stir welding (FSW) is extensively utilized as a solid-state joining method for
magnesium alloys due to its efficacy in eliminating common fusion welding defects such as
cracks, porosity and inclusion [1-4]. Nevertheless, the residual stresses inherent to the weld-
ing process significantly affect the fatigue resistance, stress corrosion cracking susceptibility,
dimensional stability and mechanical performance of welded components [5-8]. From a
mechanistic perspective, these residual stresses superimpose on service load, altering the
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effective mean stress. In particular, high tensile residual stresses reduce the margin to both
yield and ultimate strengths, whereas compressive residual stresses can be beneficial [8]. A
thorough understanding of residual stress distribution is therefore essential for optimizing
welding parameters and improving the long-term reliability of FSW joints.

The distribution of residual stresses in FSW has been extensively investigated through
both experimental and numerical approaches [9-11]. Experimental techniques such as
X-ray diffraction (XRD), neutron diffraction and hole-drilling offer high measurement
accuracy for local residual stress. However, these methods are limited by poor spatial
resolution, high cost, and time-consuming procedures [10-12]. In contrast, numerical
approaches employing finite element modelling (FEM) enable comprehensive examination
of the full residual stress field, effectively overcoming the aforementioned experimental
limitations. Various FEM frameworks [13], including smoothed particle hydrodynamics
(SPH) [14,15], coupled Eulerian—-Lagrangian (CEL) [16,17], arbitrary Lagrangian—Eulerian
(ALE) methods [18], and sequentially coupled thermo-mechanical models [19,20], have
been successfully applied to FSW. These models generally reproduce the characteristic
M-shaped residual stress profile that results from non-uniform heat input, localized plastic
deformation, and differential cooling during welding [6,10,21,22]. However, most existing
models predict a nearly symmetrical residual stress distribution between the advancing side
(AS) and retreating side (RS), which contradicts the asymmetrical distributions observed
experimentally [5,6,10,22,23].

The root cause of this discrepancy lies in the inadequate representation of the asym-
metric heat generation inherent to the FSW process at the modelling level. Our previous
work demonstrated that when the differences in frictional heat generation between the tool
side and bottom surfaces are considered, the temperature distributions on the AS and RS
exhibit pronounced asymmetry, indicating that the heat input modelling approach directly
influences the simulated temperature difference across the weld [24]. This persistent dis-
crepancy highlights that accurately capturing the inherent process asymmetry—particularly
the role of non-uniform heat generation and the resulting asymmetric temperature history—
remains a key challenge in residual stress modelling. Addressing this gap is critical because
asymmetric residual stresses can lead to side-dependent fatigue performance and distortion
in service [25].

In addition to this unresolved asymmetry issue, the influence of welding parameters
on residual stress formation remains insufficiently clarified. Generally, higher welding
speeds reduce the tool-workpiece interaction time, producing steeper temperature gradi-
ents that, during subsequent cooling, lead to elevated residual stresses due to non-uniform
thermal contraction [21,26-29]. Similarly, increasing the rotational speed enhances frictional
heating and plastic deformation, thereby intensifying thermal expansion and contraction
cycles and potentially increasing residual stress [22,29]. For instance, Farhang et al. [21] re-
ported that increasing the welding speed from 25 to 31.5 mm/min in AA2024-T6 aluminum
alloy enhanced the longitudinal residual stress by 12.5% and 2.67% at rotational speeds of
1120 and 1600 rpm, respectively. He et al. [22] observed that raising the rotational rate from
500 to 900 rpm in AA6061-T6 alloy increased longitudinal residual stresses to approximately
55% of the material’s yield strength. More broadly, friction stir welding and its derivative
processes have been studied extensively for dissimilar aluminum joints, particle-reinforced
systems, and additive friction stir deposition, in which process parameters, reinforcement,
and residual stress jointly govern joint performance [30-33], and parameter optimization
has likewise been applied to SiCp-reinforced AZ31 magnesium alloy [34]. These experi-
mental observations will serve as reference points for contextualizing the parametric trends
obtained from the present model in Section 4.3. Nevertheless, the effects of welding param-
eters on residual stress are complex, governed by the coupled evolution of temperature
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fields and plastic deformation during welding [26-28]. Systematic numerical investigations
are therefore required to achieve reliable predictions of residual stress distributions and to
support the optimization of welding parameters.

To address these challenges, a sequentially coupled thermo-mechanical model is
adopted in this work. Compared to fully coupled approaches [26,35], this method offers
a favorable balance between computational efficiency and predictive capability, making
it well-suited for parametric studies across a range of welding conditions. Although
it does not capture instantaneous thermal-mechanical feedback, it has been shown to
adequately reproduce the primary temperature and residual stress fields in FSW [19,20],
while enabling the systematic investigation of process asymmetry that is often overlooked
in conventional simulations.

In the present study, the sequentially coupled thermo-mechanical finite element model
is employed to investigate the asymmetrical residual stress distribution and the influence of
welding parameters on residual stress formation in FSW of AZ31 Mg alloy. The calculated
near-surface longitudinal residual stress is assessed against XRD measurements at five top-
surface locations. This work aims to clarify the relationship between welding parameters
and residual stresses, providing insights for the optimization of welding conditions to
enhance the mechanical performance of Mg alloy joints. Although previous parametric
studies [21-23,27-29,36] have suggested that welding speed and rotational speed can alter
residual stress magnitude and distribution, systematic investigations specifically targeting
AZ31 Mg alloy remain limited. Rather than presenting the sequential formulation as a
methodological innovation, this study uses a previously assessed asymmetric heat-source
model to examine whether the AS/RS residual-stress asymmetry can be reproduced in
a sequential residual-stress analysis. It also characterizes the calculated spatial field and
examines one-factor effects of welding speed and rotational speed within the adopted
modelling framework.

2. Experimental Procedures

The base material used for both experiments and modelling was a commercial
AZ31 Mg alloy sheet with a thickness of approximately 6 mm and planar dimensions
of 150 mm x 90 mm. Welding was performed on a gantry-type FSW machine, and a
schematic diagram of the welding process is shown in Figure 1a. The primary geometric
directions are defined as the normal direction (ND), transverse direction (TD), and welding
direction (WD). During FSW, a non-consumable tool with a shoulder diameter of 18 mm, a
conical threaded pin (root diameter 8 mm, tip diameter 5.5 mm, and length 5.6 mm) was
used. The tool was tilted 2.5° relative to the WD and rotated anticlockwise at a constant
speed of 800 rpm. The entire welding procedure was divided into four stages according to
tool movement and dwell time: (1) penetration into the plate along the ND at a slow rate of
20 mm/min; (2) dwell at the plunging point for 6 s; (3) lateral movement along the WD at
90 mm/min; and (4) dwell at the terminal point for 2 s.

As illustrated in Figure 1b, post-weld residual stress measurements were conducted
at five representative locations on the top surface: 10 mm from the weld centerline on
the advancing side (point 1) and retreating side (point 5), 5 mm on the advancing side
(point 2) and retreating side (point 4), and at the weld centerline (point 3). Residual stresses
were determined by X-ray diffraction (XRD) using Cu—-K« radiation (A = 1.5418 A)[11,12].
Measurements were performed on a Rigaku D/max 2500PC diffractometer with the Cu
target operated at 40 kV and 150 mA, using the (0002) diffraction reflection of the magne-
sium matrix, with a penetration depth of approximately 5 pm (near-surface measurement).
At each location, one complete sin?\ sequence was acquired from } = —20° to +20° in
5° increments, giving nine 1 tilts per point. The corresponding diffraction angles were
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recorded, and a linear regression analysis was performed on the 20 versus sin’{ data.
Residual stresses were determined using the well-established sin?{) method, assuming a
biaxial near-surface stress state, with Young’s modulus of 44,319 MPa and Poisson’s ratio
of 0.33 adopted as the X-ray elastic constants.
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Figure 1. Schematic illustrations of (a) the FSW process and (b) the residual stress measurement
locations on the top surface.

The five locations span the weld centerline, the off-center regions where the calculated
M-shaped profile reaches its maxima, and both sides of the weld, thereby enabling a direct
AS/RS comparison.

The use of discrete measurement points provides a practical validation of the numerical
model; however, it is acknowledged that the limited number of points does not capture the
full spatial variation in residual stress, particularly the steep gradients near the weld center.
The experimental data serve primarily to verify the overall trend and order of magnitude
of the predicted stresses.

3. The FEM Model
3.1. Mesh and Boundary Conditions

In our previous work, the temperature field of FSW AZ31 Mg alloys was established
using a moving heat-source model [24]. Based on the calculated thermal cycles, a subse-
quent thermo-mechanical stress-strain analysis was performed using the commercial FEM
software ABAQUS 6.14. The dimensions of the FEM model were designed to match the
experimental workpiece. As shown in Figure 2a, a non-uniform meshing strategy was
employed to balance accuracy and computational cost [24]. Specifically, a refined mesh
with element dimensions of 0.5 mm x 1.5 mm X 2 mm was applied in the weld zone
to capture the steep temperature and strain gradients expected in this region, whereas a
coarser mesh of 1 mm x 1.5 mm x 2 mm was used elsewhere. The workpiece contained
a total of 72,900 three-dimensional 8-node reduced-integration elements (C3D8R) with
hourglass control. C3D8R was selected to balance computational cost and accuracy in
the large three-dimensional thermo-mechanical elastoplastic analysis; reduced integration
helps limit locking-related numerical stiffness, and hourglass control was used to control
hourglass modes.
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Figure 2. (a) Mesh configuration and (b) boundary conditions of the AZ31 Mg alloy sheet.

In the present work, residual stress was examined by varying the welding speed
(90-600 mm/min) and rotational speed (800-1600 rpm). The investigated parameter levels
are summarized in Table 1. The applied boundary conditions and constraints are illus-
trated in Figure 2b. The clamping plate and backing anvil (workbench) limited workpiece
displacement along the ND, while deformation along the WD and TD was allowed to
accommodate welding-induced distortion. These boundary conditions were maintained
throughout the welding and subsequent cooling stages to simulate the physical constraint
of the fixturing. A constant friction coefficient of 0.3 was prescribed at the contact inter-
faces between the workpiece and the clamping plate/backing anvil, which is a commonly
adopted value in FSW simulations for magnesium alloys [24].

Table 1. Detailed welding parameters.

Welding Speed/(mm/min) Rotation Speed/(rpm)
90, 350, 600 800, 1200, 1600

Because workpiece-fixturing friction can vary with temperature, contact pressure, and
sliding conditions, the constant value is treated as a modelling assumption. This coefficient
applies only to the workpiece—fixturing contact in the mechanical analysis; tool-workpiece
frictional heat generation is represented separately by the asymmetric thermal model [24].
Its quantitative influence on the calculated residual stress is included among the uncertainty
factors identified in Section 4.4.

3.2. Material Parameters and Constitutive Model

The nodal temperature histories obtained from the moving heat-source model [24,37,38]
were imported into an elastoplastic framework for residual stress evaluation. The tem-
perature field was obtained from the asymmetric frictional moving heat-source model
reported in [24], which separates heat-generation contributions from the shoulder bottom,
shoulder side, pin bottom, and pin side. The resulting nodal temperature histories were
transferred to the mechanical analysis as predefined temperatures. The thermal model
was previously assessed against K-type thermocouple measurements, with a reported
maximum relative error of the peak temperature of about 10%. The sequential implementa-
tion therefore evaluates the mechanical response to this assessed thermal history; material
flow and instantaneous thermo-mechanical feedback are not explicitly resolved. Figure 3
illustrates the temperature-dependent thermomechanical properties of AZ31 Mg alloy [39]
from ambient temperature to 560 °C, including the elastic modulus, Poisson’s ratio, and
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thermal expansion coefficient. This upper value is the tabulation limit of the property data
rather than a predicted welding temperature, since the calculated peak temperature in the
steady-welding stage is about 485 °C [24], below the reported AZ31 solidus of about 566 °C.
Specifically, the elastic modulus drops from 45.2 GPa at room temperature to 28.8 GPa at
560 °C. In contrast, the thermal expansion coefficient exhibits relative stability, with values
of 25 x 107¢ °C~! at room temperature and 29.8 x 10~° °C~! at 560 °C. Poisson’s ratio
increases from 0.29 at room temperature to 0.328 at 560 °C.

60
—=a— Thermal Expansion Coeff., 10°°C™*
50 —=o— Elastic Modulus, GPa
Poisson's Ratio, 107

40
] ._—.’_.__.___.__._—r——'—‘.'}-
20 4
10 4

0

0 100 200 300 400 500 600
Temperature / °C

Figure 3. Temperature-dependent thermo-mechanical properties of the AZ31 Mg alloy.

Given the substantial plastic deformation during FSW, the Johnson—Cook constitutive
law was adopted to represent the flow behavior of the AZ31 Mg alloy [40—-42]. This model
is typically expressed as shown in Equation (1):

o= [A+ Be"] x {1—|—Cln<§0)] X [1— (;__Ti)m} (1)

In Equation (1), A represents the yield strength at room temperature under the ref-

erence strain rate, while B and n denote the material strain hardening coefficient and
exponent, respectively. The term [A + Be"| describes the strain-hardening contribution.
Parameter C is the strain-rate hardening coefficient, ¢ is the strain rate, and ¢y = 1073 s~
is the reference strain rate used in this study. The strain-rate effect is captured by the
logarithmic term {1 + Cln( )} Parameter T denotes the material temperature, Ty, is the
melting temperature, and T, = 20 °C is the room temperature The temperature-dependent

softening effect is given by the term {1 - (TZ _Tfr> } . The individual Johnson-Cook pa-
rameters for the AZ31 Mg alloy used in this computational model are provided in Table 2
for clarity [42].

Table 2. Johnson-Cook parameters for AZ31 Mg alloy.

A

B C m n £ T T,

175.655 MPa

332.272 MPa 0.0198 1.468 0.448 103 g1 650 °C 20°C

The temperature dependence of the elastic modulus, Poisson’s ratio, and thermal
expansion coefficient was incorporated as shown in Figure 3, while the Johnson-Cook
model captures the temperature- and strain-rate-dependent plastic flow. This combination
allows a reasonable representation of the material behavior during the FSW thermal cycle.
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4. Results and Discussion
4.1. Model Verification

Figure 4 compares the numerically predicted longitudinal residual stresses (solid
curve) with the experimental X-ray diffraction measurements (star markers) at five repre-
sentative locations across the weld top surface. Before examining the longitudinal com-
ponent, however, it is instructive to consider the difference among the three residual
stress components.

120

longitudinal Upper surface
2 345

1
100

normal

80 1

60

40 1

20 4

Residual stress / MPa

Distance from weld line / mm

Figure 4. Comparison of longitudinal residual stress between X-ray diffraction measurements and
finite element predictions. The orange star markers denote near-surface XRD measurements of the
longitudinal residual stress, and the solid curves denote finite element predictions.

As shown in Figure 4, among the three stress components, the longitudinal residual
stress (along the welding direction, WD) is the largest, followed by the transverse com-
ponent (along the transverse direction, TD), while the normal stress (along the normal
direction, ND) is the smallest. For the reference top surface transverse profile, the calculated
longitudinal stress exhibits an M-shaped distribution with a peak of about 105 MPa; the
transverse component peaks at approximately 46.5 MPa near the weld centerline, and the
normal component remains within a few MPa. This component ranking is a numerical
result of the present model, whereas the XRD measurements assess only the near-surface
longitudinal component. This difference is consistent with the dominant thermal mismatch
and in-plane cooling contraction in FSW, as reported in the literature [6,8,22]. Specifically,
the heat-affected zone along the WD is more continuous, leading to a longer constrained
contraction path during cooling, which further amplifies the longitudinal residual stress.

Moreover, the longitudinal residual stress exhibits a characteristic M-shaped profile
across the TD, with two tensile maxima close to the weld centerline. In Figure 4, the CZ,
TMAZ, and HAZ labels are approximate top-surface positional guides inferred from the
projected dimensions of the tool pin and shoulder. The calculated peaks reach 99.1 MPa
on the AS and 67.6 MPa on the RS at a 5 mm offset from the centerline. Within the
present sequential framework, the AS/RS difference is associated with the asymmetric
temperature history generated by the non-uniform heat input. The AS is hotter and exhibits
a steeper temperature gradient than the RS. The thermal analysis in [24] reports an AS/RS
temperature difference of up to 17.3 °C at corresponding locations. The larger thermal
excursion and steeper gradient on the AS lead to a larger constrained thermal contraction
during cooling and, consequently, a higher longitudinal residual stress on that side.

Turning to the experimental validation, the measured longitudinal residual stresses
(star markers in Figure 4) follow the same M-shaped trend as the simulation. The peak
stress appears at the same transverse location (=5 mm from the centerline on the AS), and
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the overall distribution shape is well reproduced. Quantitatively, the root-mean-square
error across the five measurement points is approximately 10.34 MPa, and the average
absolute error is 9.82 MPa. The experimental asymmetry ratio (AS peak/RS peak) is com-
parable with the simulation one (1.25 vs. 1.47), indicating that the model captures the
qualitative asymmetry with reasonable fidelity. These comparisons support the ability of
the model to reproduce the reference-condition near-surface longitudinal-stress profile and
its AS/RS trend. Because the XRD assessment is limited to five single-scan near-surface
locations, the through-thickness field and the parameter-sweep results presented below are
treated as numerical predictions requiring further experimental assessment. It is considered
that the minor deviations primarily stem from the limitations of the sequentially coupled
thermo-mechanical approach, which cannot explicitly capture additional heat generation
associated with severe plastic deformation within the CZ and TMAZ. Nevertheless, the
good agreement in trend, peak location, and asymmetry confirms that the model can
reproduce the reference-condition near-surface longitudinal-stress profile within the stated
validation limits. Unlike many previous numerical simulations that predicted a nearly
symmetrical residual stress distribution [17,19,20], the present model captures the experi-
mentally observed asymmetry by incorporating non-uniform heat input in the assessed
thermal history.

4.2. Numerical Spatial Heterogeneity of the Longitudinal Residual Stress Field

Because the longitudinal residual stress is the largest component and therefore has
the most significant influence on the mechanical performance of welded components, the
following analysis focuses on the longitudinal residual stress and its three-dimensional
spatial heterogeneity along the WD, TD, and ND.

4.2.1. Overview of the Welding Stages and Through-Thickness Layers

Figure 5a presents a contour map of the longitudinal residual stress on the top surface,
clearly partitioning the workpiece into three characteristic zones along the WD: the plung-
ing zone (Section I), the steady-welding zone (Section II), and the welding-ending zone
(Section III). These three zones represent three stages of the welding process. The color code
indicating stress level is placed on the left bottom. It is clear that the highest stress appears
adjacent to the plunging zone and gradually attenuates towards the welding-ending zone.
To analyze the through-thickness variation later, four layers (Layer I to Layer IV) are also
defined from the top surface to the bottom.

()

I ) Section I1

T

Layer I i
Layer II :
|

i

' Layer I11 105 MPa +
Section I 3 4

Layer IV

Y
S

Section II

Longitudinal residual stres:
(SRS
= 8 8

|
w2
S

I
|
|
|
]
T T T T T T T T T
25 20 15 10 5 0 5 10 15 20 25

Distance from weld line / mm

Figure 5. (a) Contour map of longitudinal residual stress on the top surface, indicating the positions
of Sections I-III along the welding direction. (b) Transverse profiles of longitudinal residual stress
across Section II for Layers I-IV, from the AS to RS.
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4.2.2. Transverse Distributions in the Steady-Welding Zone (Section II)

The transverse distribution of longitudinal residual stress in steady-welding zone is
shown in Figure 5b, which was measured in Layers I-IV across the weld centerline from
AS to RS. In Layer I (top surface), the stress profile exhibits a clear M-shape with two peaks.
The peak on the AS (=105 MPa) is significantly higher than that on the RS (=72 MPa),
confirming the asymmetry noted in Section 4.1. With increasing depth (Layers II and
I1II), the overall stress magnitude decreases, and the M-shape becomes less pronounced.
The peaks shift slightly towards the centerline. In Layer IV (bottom surface), the stress
magnitude is substantially reduced but still shows a weak tensile peak near the centerline,
with the weakest lateral asymmetry among the four layers.

To figure out whether this through-thickness attenuation is related to the temperature
field, the instantaneous temperature distribution (at 60 s) on a representative cross-section
in the steady-welding zone is displayed in Figure 6a. Moreover, Figure 6b presents the
temperature profile extracted from the simulated results across the centerline in different
layers indicated in Figure 6a. The peak temperature (484.8 °C) appears on the top surface of
the AS. Temperature decreases with depth and with distance from the weld centerline, and
it is consistently higher on the AS than on the RS. Consequently, the top surface experiences
the most intense thermal cycle and the steepest temperature gradients, leading to the
highest residual stresses. The cooler, more constrained interior and bottom layers undergo
less thermal contraction mismatch, resulting in lower residual stresses.

T v
40 30

Distance from weld line / mm

(b)
Top surface (Layer I) Temperature / °C
] I 4710 T P
500 .ayer
484.8°C_| Lagex Ik
421.0 450 4 . Layer I11
421 Layer IV
%)400- 410.0 °C
371.0 ~ ’ 1 402.4 °C
- I
I~ .
Z 350 [
210 F :
2300 i
g i
271.0 @ .
& 2501 i
|
221.0 — :
|
" 171.0 150 A——————————————
0

20

10

0 10 20 30 40 40 30 20 10

Distance from weld line / mm

10 20 30 40

Figure 6. (a) Instantaneous cross-sectional temperature distribution in the steady-welding zone
(Section II) at 60 s. (b) Corresponding transverse temperature profiles for Layers I-IV across the weld
centerline from AS to RS.

Moreover, the calculated peak in Figure 5b occurs close to the approximate shoulder-
affected positional region. Because metallographic boundaries were not measured for the
present joint, the location is discussed relative to the tool geometry rather than assigned
to a CZ or TMAZ. The stress concentration is consistent with the combined contraction
of the hot central region and the restraint imposed by the cooler surrounding material
during cooling.

4.2.3. Transverse Distributions in the Plunging and Welding-Ending Zones

Figure 7a,b present the transverse distributions of longitudinal residual stress in
plunging zone and welding-ending zone, respectively. Similarly, the longitudinal residual
stress is extracted in Layers I-IV across the centerline from AS to RS. In plunging zone, a
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needle-like peak stress of 218.7 MPa is observed on Layer I close to the centerline, while the
responses in Layers II-IV are substantially lower. Small troughs of near-neutral or slightly
compressive stress appear away from the centerline. This reflects the highly localized
thermo-mechanical effect during plunging and dwelling, consistent with the intense local
heating and rapid cooling in this transient stage.

b

@) ®) , 218.7 MPa

1 Section I 1 . Section I11 .

N -

1 = 11 4 .

1 111 i

v v : |

: 5 —27.6 MPa
« 2207 Layer 1 2182MPasy = Layer | :
; 200 Layer I1 E Layer I1 |
Z 180 Layer I1I — Layer Il 294 MP"'i
§ 160 4 Layer IV § Layer IV i
o :
2 1401 g !
= 120 =204 i
= s e
= 1004 2 !
8 @»
S 80 2
£ ] £
g E i
B 20 T 04 i
5 o = !
S 2.8 MPa < i
= 204 24.7 MPa - :
T T T T T T v ¥ v T T T T ! T T T T
25 20 15 10 5 0 5 10 15 20 25 25 20 15 10 5 0 5 10 15 20 25
Distance from weld line / mm Distance from weld line / mm

Figure 7. Transverse profiles of longitudinal residual stress across (a) Section I (plunging zone) and
(b) Section III (welding-ending zone) for Layers I-IV, from the AS to RS.

In welding-ending zone, all peak residual stresses throughout the thickness are sub-
stantially reduced, dropping from about 29 MPa at the top surface to near zero at the
bottom. This is related to stress relaxation induced by tool retraction and subsequent
heat reduction. Overall, the distinct transverse stress distributions in the three zones are
primarily governed by the corresponding temperature fields: the plunging zone features
an intense, localized thermal spike; the steady-welding zone develops a stable, asymmetric
temperature field; and the welding-ending zone experiences rapid cooling with reduced
heat input.

4.2.4. Correspondence Between Longitudinal Residual Stress and Peak Temperature on the
Top Surface

To further reveal the relationship between residual stress formation and thermal
history, Figure 8a shows the contour of peak temperature experienced by each material
point during the entire welding process, and Figure 8b shows the resulting longitudinal
residual stress distribution on the top surface (Layer I). The two maps exhibit a strong spatial
correspondence. A continuous high-temperature band forms along the weld centerline in
the steady-welding zone, which corresponds closely to the high-stress band in Figure 8b.

The highest peak-temperature region appears near the weld line in the plunging and
early welding region, with a spatial bias consistent with the asymmetric heat input. The
temperature gradient is steeper on the AS than on the RS, directly contributing to the
observed stress asymmetry. This correspondence confirms that the longitudinal residual
stress distribution is primarily driven by the spatial variation in peak temperature and the
resulting differential thermal contraction.
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Figure 8. (a) Peak temperature distribution on the top layer (Layer I) during the entire welding
process. (b) Longitudinal residual stress distribution on the top surface (Layer I), showing the staged
evolution along the welding direction and the spatial correspondence with the peak temperature field.

4.2.5. Evolution Along the Welding Direction at Different Depths and Lateral Offsets

Figure 9 provides a quantitative characterization of the longitudinal residual stress
evolution along the WD at different thicknesses and lateral positions. Specifically, the stress
profiles for Layers I-IV are presented in Figure 9a—d, respectively, at the weld centerline
and at offsets of 5 mm and 10 mm on both the AS and RS. In Layer I (top surface), the
centerline stress exhibits a sharp spike in the plunging zone, maintains a high plateau in
the steady-welding zone, and drops sharply in the welding-ending zone. Except for the
5 mm AS profile in Layer I, the stress levels at the off-center positions are generally lower
than the centerline, indicating that high residual stress is mainly concentrated in the weld
core region.
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Figure 9. Longitudinal residual stress profiles along the welding direction at the weld center and at
offsets of 5 mm and 10 mm on the AS and RS, for (a) Layer I, (b) Layer II, (c) Layer III, and (d) Layer IV.
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In layers II and III (Figure 9b,c), the curve amplitudes gradually decrease, and the
plateau range in the steady-welding zone progressively narrows. This reflects the dimin-
ishing influence of the tool shoulder during the welding process with increasing depth.
In layer IV (Figure 9d), the overall stress level is significantly reduced, with only a weak
tensile response remaining near the centerline.

Importantly, at the same offset distance, the curves on the AS and RS do not completely
overlap. This confirms that the longitudinal residual stress retains a measurable transverse
asymmetry even when viewed along the WD. In summary, the post-weld residual stress
not only exhibits a pronounced surface concentration effect but is also influenced by the
asymmetric heat input distribution and the resulting temperature history; possible material-
flow effects are not explicitly resolved in the present sequential model.

4.3. Effect of Welding Parameters on Residual Stress

Both welding speed and tool rotational speed exert substantial influences on residual
stress distributions, but their effects differ in nature. Figure 10 summarizes these influences
on the longitudinal residual stress at the top surface of the steady-state zone. As seen in
Figure 10a, under constant rotation speed of 800 rpm, the peak longitudinal residual stress
rises from 105 MPa to 114.8 MPa with welding speed increases from 90 to 350 mm /min.
This increase is attributed to steeper thermal gradients caused by reduced tool-workpiece
interaction time, consistent with the trend observed by Farhang et al. [21] in AA2024-T6
aluminum alloy, where increasing welding speed enhanced longitudinal residual stress.
However, at a higher speed of 600 mm/min, the peak drops to approximately 101.4 MPa.
According to a previous study [24], this reduction is associated with an overall lower
temperature achieved during welding at high speeds.

() (b)
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Figure 10. Effect of welding parameters on the longitudinal residual stress profile on the top surface
of the steady-welding zone: (a) constant rotational speed of 800 rpm at various welding speeds;
(b) constant welding speed of 90 mm/min at various rotational speeds.

Under constant welding speed of 90 mm /min, the peak longitudinal residual stress
increases from ~105 MPa at 800 rpm to 127.7 MPa at 1200 rpm, and then decreases to
~106 MPa at 1600 rpm (Figure 10b). In the adopted thermal model [24], the temperature at a
characteristic point increase from 346.7 °C at 800 rpm to 360.7 °C at 1200 rpm and remains
near 360.7 °C at 1600 rpm. Within this model, the non-monotonic stress response is inter-
preted as a consequence of thermal-field redistribution; this interpretation requires further
thermal and residual-stress measurements at additional rotational speeds. This is consistent
with the findings of He et al. [22] and others [24,29] that, beyond a critical rotational speed,
enhanced frictional heating promotes a more uniform temperature distribution, thereby
mitigating stress localization.
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In summary, Figure 10 reveals that variations in welding speed alter both the magni-
tude and the shape of the longitudinal residual stress profiles, whereas changes in rotational
speed exert a relatively limited influence on the overall curve morphology. At 90 mm/min
and 800 rpm, the calculated peak lies close to an approximate shoulder-affected positional
region. As welding speed increases to 350 and 600 mm/min at 800 rpm, the calculated
peak moves towards the approximate central positional region. Because metallographic
boundaries were not measured, these locations are described only as tool-geometry-based
positional guides. The rotational-speed variation at 90 mm/min primarily changes the
calculated stress magnitude over the investigated range.

4.4. Model Limitations

The present results should be interpreted within the bounds of the adopted sequential
framework. The mechanical analysis uses a thermal history previously assessed against
thermocouple measurements, while material flow and instantaneous thermo-mechanical
feedback are not explicitly resolved. The reference condition is assessed against five single-
scan near-surface XRD locations; therefore, the through-thickness field and parameter
effects remain numerical predictions. Additional uncertainty arises from the constitu-
tive parameters, mesh density, clamping conditions, fixturing contact, and heat-source
assumptions, whose sensitivity has not been quantified here.

Future work should combine fully coupled thermo-mechanical simulations with
temperature measurements under additional process conditions and targeted sensitiv-
ity analyses. Through-thickness residual-stress measurements using neutron diffraction,
synchrotron diffraction, or the contour method would provide a direct assessment of the
numerical field beyond the present near-surface XRD data.

5. Conclusions

This study investigated the residual stress distribution in friction stir welded AZ31 Mg
alloy using a sequentially coupled thermo-mechanical finite element model, with particular
emphasis on process asymmetry and the influence of welding parameters. The following
conclusions can be drawn:

(1) The longitudinal residual stress exhibits a clear M-shaped distribution across the weld,
with the advancing side showing 15-50% higher stresses than the retreating side. This
asymmetry is associated with non-uniform heat input and the resulting asymmetric
temperature history.

(2) Among the three stress components, the longitudinal residual stress is the largest,
followed by the transverse component, while the normal stress is negligible. The
peak longitudinal stress resides in the thermo-mechanically affected zone, whereas
the transverse stress peaks in the crown zone.

(3) Residual stresses are highest on the top surface and decrease through the thickness.
The plunging zone produces a localized stress spike (up to 218.7 MPa), while the
steady-welding zone maintains a stable M-shaped profile, and the welding-ending
zone exhibits substantial stress relaxation.

(4) Within the adopted heat-source model, increasing welding speed up to 350 mm /min
raises the longitudinal residual stress, but further increase to 600 mm /min reduces it.
The calculated rotational-speed response reaches a maximum at 1200 rpm. Welding
speed changes both stress magnitude and spatial distribution, whereas rotational
speed mainly changes the magnitude over the investigated range.

(5) The calculated near-surface longitudinal residual stress profile agrees in overall shape
with the five XRD measurements, with an RMSE of about 10.34 MPa and an MAE of
about 9.82 MPa. Because the assessment is limited to five discrete single-scan locations
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on the top surface, the through-thickness field and the parameter trends should be
interpreted as numerical predictions requiring further experimental assessment.

Within these validation limits and modelling assumptions, the results provide useful
guidance for selecting welding parameters to manage residual-stress asymmetry in AZ31
Mg alloy FSW joints.
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