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Abstract: This study investigates the residual stresses arising from welding and machining processes,
recognizing their adverse implications in manufacturing. Employing experimental analysis and
simulation techniques, the research scrutinizes residual stress alterations resulting from sequential
butt welding and subsequent machining. Utilizing MSC Marc Mentat software(version 2016), three-
dimensional models are developed to simulate these processes. The finite element model from
welding simulation seamlessly integrates into cutting simulations via the pre-state option. The
experimental procedures involve 100 × 100 × 10 mm AISI 304 steel plates subjected to sequential
welding and machining, with residual stresses measured at each stage. A comparative analysis
between experimental and simulation results elucidates variations in residual stresses induced by
sequential processes. The study focuses on examining the initial stress state post-welding and
numerically assessing stress modifications due to milling. The results suggest minimal material
removal insignificantly affects stress distribution and magnitude at the weld centerline. However,
increased material removal leads to noticeable changes in through-thickness transverse stress within
the weld zone, contrasting with marginal alterations in through-thickness longitudinal stress. Regions
distanced from the weld seam show substantial increases in through-thickness longitudinal stress
compared to marginal changes in through-thickness transverse stress.

Keywords: residual stress; simulation; welding and machining

1. Introduction

Residual stresses manifest as internal forces inducing material distortions, thereby
altering the geometric configuration and mechanical attributes of a material throughout
various manufacturing procedures such as heat treatment, machining, or rudimentary
forming operations [1–3]. They are delineated as stresses persisting within a component
devoid of external loads or thermal differentials [4–6]. Put differently, residual stresses in a
structural element denote inherent stress states in the absence of deliberate interventions or
external loading conditions [7,8]. These residual stresses are categorized into three distinct
types across varying magnitudes, as depicted in Figure 1 below.

Micro-stress distributions delineate the internal stress states within individual grains
of a material, whereas meso-stresses characterize the stress distribution at the interfaces
between adjacent grains. Macro-stresses, on the other hand, signify the cumulative stress
evolution across a multitude of grains. For instance, in welded joints, stress manifestations
are commonly observed at the macroscopic level [10,11]. Figure 2 gives an overview of
thermomechanical material properties depending on the temperature and microstructural
phase. A recent literature review on the subject was performed by Pereira [12], and the
figure is repeated here as it is an excellent graphical representation of the problem. Starting
from the three main model components needed to simulate heat treatment degradation
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(heat transfer analysis, phase transformations, and mechanical response), Figure 2 shows
their important factors, the issues that need to be addressed and the stages of the most
critical results obtained from simulations under weld-like thermal influence and the key
influencing factors. Figure 2 is also used as a visual aid to represent the complexity of the
processes and clearly shows that each fundamental reason for a finite element solution
must be addressed separately.
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generation processes.

Manufacturing processes serve as predominant sources of residual stress, wherein nearly
all manufacturing procedures—encompassing casting, welding, machining, molding, heat
treatment, bending, rolling, or plastic deformation during forging—instigate residual stresses
within the fabricated component [13,14]. Additionally, localized material impact resulting from
sharp notches or specific surface treatments like sandblasting or surface hardening can induce
residual stresses [15]. Various factors contribute to the generation of residual stresses, including
the emergence of deformation gradients in disparate regions of the component due to thermal
gradients, volumetric alterations during solidification, or solid-state transformations, as well
as variations in the coefficient of thermal expansion [16,17]. These residual stresses exert a
significant influence on material strength, particularly in the context of fatigue. Thus, it is
imperative to extract pertinent information regarding the internal stress state either through
direct measurements or via simulation predictions [18,19].

Accurately predicting residual stress and deformation resulting from welding pro-
cesses holds paramount importance in the manufacturing of mechanical elements [20–22].
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Such predictions enhance the reliability of the ensuing component, mitigate errors, and min-
imize manufacturing costs [23]. Finite element analysis of welding-induced residual stress
and deformation constitutes a pivotal phase in the fabrication of mechanical structures and
parts, facilitating cost reduction, defect minimization, and component optimization [24–26].

Previous studies by Jang [27], Tran [28], and Hekmatjou [29] utilized thermal–mechanical
simulation to predict residual stress in welding processes. While the finite element approach
provided valuable insights into temperature effects, the analysis lacked experimental valida-
tion, limiting the accuracy of the predictions.

Jin [30] and Gu [31] applied a simplified 2D model for residual stress analysis. The
main strength of their approach is computational efficiency; however, its inability to
account for complex geometries renders the predictions insufficient for practical industrial
applications where 3D characteristics are crucial.

Sarmast [32] and Manai [10] integrated experimental data with simulations to enhance
their analysis. While the results were promising, the relatively small sample size could
limit the reliability and generalizability of the conclusions derived from their study.

Although several studies have analyzed residual stress using finite element methods,
few have integrated a sequential analysis of welding and subsequent machining [33–36],
which is essential for understanding the cumulative effects of manufacturing processes.

A review of recent works [37,38] reveals that the majority of research has focused on
simulating thermal effects during welding, with limited attention to mechanical interactions
during subsequent machining. This creates a significant gap in understanding the evolution
of residual stresses in real-world manufacturing scenarios, especially where machining
immediately follows welding.

Likewise, in machining processes, residual stress arises from various sources previ-
ously delineated. Plastic deformation occurs during chip formation and tool-to-workpiece
contact, while thermal gradients stem from frictional heat and plastic deformation [39,40].
Elevated temperatures and pressures can induce phase transformations on the machined
surface, further compounded by the interplay of stress and temperature on material be-
havior during loading [41]. Consequently, the undesirable consequences of residual stress
generation on machined surfaces pose challenges in the manufacturing realm, necessitating
robust predictive methodologies to enable researchers to surmount them.

The primary aim of this research is to investigate the residual stress evolution in com-
ponents subjected to sequential butt welding and subsequent material removal machining
processes. This study utilizes a 3D simulation approach combined with experimental
analysis to provide a deeper understanding of how residual stresses develop and change
across these processes. By developing a detailed model of both welding and machining,
this research seeks to optimize manufacturing parameters and contribute to improved
reliability of mechanical components used in industrial applications, particularly in sectors
where stress management is critical, such as aerospace and defense.

The current investigation is intended to serve as a comprehensive resource for the analy-
sis of welded materials harboring residual stresses, particularly in domains such as material
behavior, strength assessment, and the manufacturing process, especially in the context of
successive production stages involving material removal. This study embodies an inter-
disciplinary character, spanning material science, strength calculations, and manufacturing
processes. The objectives of this research endeavor are delineated as follows:

• To elucidate alterations in stress patterns within materials subjected to elevated tem-
peratures during welding processes, aiming to preempt defects arising post-assembly
in operational environments.

• To discern and advocate for efficient and cost-effective manufacturing protocols within
the industrial sector.

• To identify application niches within aerospace and defense industries, aiming to opti-
mize manufacturing parameters and ascertain the most efficacious assembly components.

• Through the implementation of optimized parameters, to augment the performance
of cutting tools utilized in the manufacturing sphere. This entails conducting com-
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parative analyses with prior studies to showcase the advantages conferred by the
proposed model and to evaluate its favorable impacts on the operational efficacy of
manufacturing machinery.

• The modeling outcomes derived from this study will be instrumental in enhancing
the reliability of strength analysis performances. Through comparative assessments
with designs from prior studies, the impacts will be scrutinized, aiming to achieve
heightened product reliability while minimizing material usage.

• Furthermore, to substantiate the applicability of the obtained results in engineering
calculations, a prototype product fabricated under suitable operational conditions
will be showcased. This demonstration will serve to underscore the potential benefits
attainable in the realms of design and production, thereby elucidating opportunities
for leveraging the accrued gains.

2. Materials and Methods
2.1. Experimental Analysis
2.1.1. Welding

In the commencement of the welding process, it is imperative that the materials com-
prising the constituent parts exhibit a smooth surface, facilitating the generation of a spark
from the arc and the establishment of an electrical circuit. Plates and cylindrical components
with suitable dimensions were chosen to prevent any roughness on the material surface.
These components underwent minimal cutting, and, subsequent to achieving the desired
geometries, their surfaces underwent a polishing process.

Preceding the welding procedure, all specimens underwent preheating to specific
stress-relieving temperatures and were held at these temperatures for a specified duration
to mitigate the risks of distortion and cracking. It is essential to bear in mind that prior
stresses and decarburization present in the part can significantly influence the resulting
stress state on the surface.

The chemical compositions of the 304 stainless steel base metal and the 308 L filler
material are critical in determining their mechanical properties and performance in weld-
ing applications (Table 1). The base metal, 304, contains 0.08% carbon, 2% manganese,
1% silicon, 18% chromium, and 10% nickel, with trace amounts of phosphorus (0.045%) and
sulfur (0.03%). These elements provide good corrosion resistance, strength, and formability.
In contrast, the 308 L filler material has a lower carbon content (0.03%) to reduce the risk of
carbide precipitation, enhancing resistance to intergranular corrosion. It contains slightly
higher levels of chromium (19.5–22%) and similar nickel content (9–11%), with a small
addition of molybdenum (0.75%) and copper (0.75%), improving overall strength and
toughness. These variations in composition between the filler and base metal are essential
for ensuring optimal weld quality, especially in high-performance applications requiring
durability and corrosion resistance.

Table 1. Chemical composition of weld and base metals. Adapted from Ref. [42]

Material C Mn Si Cr Ni P S Mo Cu

304 0.08 2 1 18 10 0.045 0.03 - -
308 L (Filler) 0.03 1–2.5 0.3–0.65 19.5–22 9–11 0.03 0.03 0.75 0.75

The welding parameters selected for the experiment are outlined in Table 2. Prior to
the execution of the actual experiment, a series of trial runs were conducted to ascertain a
suitable range of parameters within which welding was feasible, and no observable defects
such as undercut and porosity occurred.
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Table 2. Welding parameters.

Parameter Value

Current 180–230 A
Voltage 50 V

Travel Rate 2–3 mm/s
Gas Flow Rate 8–10 (1/min)
Current Type AC

In the experimental trials, TIG welding with Alternating Current (AC) was employed
due to its concentration of heat in the weld area. Zirconiumized tungsten electrodes with
a diameter of 3.4 mm were utilized as electrodes for this experiment. The electrode tip
underwent grinding to reduce its diameter to 2/3 of the original, followed by the creation
of spring tension on a piece of scrap material, resulting in the formation of a ball at the tip
of the electrode.

After the specimens were prepared, the plates and tubes were affixed side by side on
the worktable using a flexible clamp and were subsequently welded to form a butt joint.

2.1.2. Machining/Material Removal

In the aftermath of the initial assessment of residual stress, the components subjected
to welding underwent requisite preparations for subsequent machining. Within the scope
of the current dissertation, the machining operation adopted was milling, chosen for its
expediency and appropriateness in handling the components. Despite the availability of
sophisticated milling machinery, a preference was given to a mechanical milling machine of
a type adept at the removal of coarser chips. This selection aimed at enhancing the clarity
of residual stress observation. The milling process employed two High-Speed Steel with
Cobalt (HSS-E) DIN 844 (Walter AG, Tübingen, Germany) cylindrical handle finger miller–
short BN-type milling cutters featuring diameters of 5 and 10 mm. Detailed information on
the utilized milling cutters and their respective specifications is delineated in Figure 3.
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In configuring the milling process parameters, the spindle rotational speed was estab-
lished at 8000 revolutions per minute (rpm), and the feed rate was set at 0.05 mm per tooth.
Considering the varying part thicknesses, specifically 10 mm for quadrilateral components
and 3 mm for cylindrical elements, the depths of cut were determined to be 0.5 mm. The
outcomes of the milling process are depicted in Figure 4, showcasing the resultant condition
of the materials. For the evacuation of large-sized pockets, a preliminary step involved
hole-drilling. Furthermore, an examination into the influence of different geometries on
residual stress behavior was conducted. Following these procedural steps, all components
underwent a secondary assessment of residual stress.
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(c) During machining, (d) After machining.

2.1.3. Residual Stress Measurement

Within the context of the current investigation, both the X-ray method and hole
drilling techniques were employed as experimental approaches to ascertain the residual
stresses subsequent to welding and machining procedures. Given the typical requirement
of smooth, lustrous, and level surfaces for effective X-ray analysis, the hole-drilling method
was specifically adopted to address irregular areas resulting from welding and machining
processes on the components. Incremental Hole Drilling (IHD) was performed using a
high-precision Vishay RS-200 device (Vishay Precision Group (VPG), Malvern, AL, USA).
The strain gauge data were analyzed using Matlab based on ASTM E837-13a standards [43].
Stress values were averaged over depths ranging from 0.5 mm to 2.0 mm, with incremental
steps of 0.5 mm. This depth range was chosen to capture the stress distribution both near
the surface and through the thickness, balancing measurement accuracy and resolution.
The residual stress profile as a function of depth demonstrated a gradual reduction in
magnitude with increasing depth, attributed to the diminishing effects of thermal and
mechanical gradients away from the weld and machined surfaces. This observation aligns
with the principle that surface and near-surface layers are more significantly affected by
welding-induced thermal stresses compared to deeper layers, which exhibit comparatively
lower stress magnitudes.

X-Ray Diffraction (XRD) measurements were conducted using a Rigaku SmartLab
diffractometer(Rigaku Corporation, Tokyo, Japan) with Cu-Kα radiation at a 1.54 Å wave-
length. Stress profiles were calculated using the sin2ψmethod, and data processing was
performed using Rietveld analysis via SmartLab Studio II software(Rigaku Corporation,
Tokyo, Japan), commencing with AISI304 material and focusing on crystallographic planes.
Residual stress measurements at varying depths were calculated using strain gauge data;
X-Ray Diffraction (XRD) was performed, providing near-surface stress measurements. A
comparison was made between the through-thickness averages of IHD and near-surface
XRD results to validate the accuracy of the simulation.

2.2. Mathematical Model

The determination of residual stresses arising from welding and material removal
processes typically involves the utilization of finite element methodologies. Theoretical
frameworks for evaluation may encompass both thermal and mechanical models, allowing
for comprehensive analysis and understanding of the underlying phenomena. Figure 5
illustrates the analytical procedures outlined below.
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A control volume is delineated by an arbitrary surface; the basic equation of heat
conduction is as follows:

ρC
∂T
∂t

= {L}T([D]{L}T) + Q =
∂

∂x

(
kx

∂T
∂x

)
+

∂

∂y

(
ky

∂T
∂y

)
+

∂

∂z

(
kz

∂T
∂z

)
+ Q (1)

And the heat convection over the surface of the control volume, which is the main
boundary condition, is as follows:

{q}T{η} = −hf(TB − TA) (2)

where variables such as ρ represent density, C denotes specific heat, T signifies temperature,
t denotes time, {q} denotes heat flux, Q represents the internal heat generation rate, η
denotes the unit outward normal vector, hf indicates the film coefficient, TB represents the
bulk temperature of the adjacent fluid, and TA denotes the temperature at the surface of
the model.

Considering the governing equation as a differential temperature change dT, integrat-
ing over the volume of this differential element and adding the boundary condition makes
Equation (1) as follows:

∫
V

(
δTρC

∂T
∂t

)
dV +

∫
V

(
δT{L}T[D]{L}T

)
dV =

∫
V
(δTQ)dV +

∫
A
(δThf(TB − TA))dA (3)

If temperature (T) is allowed to vary in space and time, Equation (3) will take the
following form:

ρ
∫

V

(
C[N][N]T

{ .
Te

})
dV +

∫
V

(
[B]T[D][B]{Te}

)
dV =

∫
A
[N]QdV +

∫
V
[N]hf

(
TB − [N]T{Te}

)
dA (4)

where {Te} is called the node temperature vector and [N] is called the element shape
function. Equation (4) can be abbreviated as follows:

[C]
{ .

Te

}
+ [K]{Te} = {Fe} (5)

[C] = ρ
∫

V
C[N]T[N]dV (6)

[K] =
∫

V
[B]T[D][B]dV +

∫
A

hf[N][N]TdA (7)
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{Fe} =
∫

V
Q[N]dV +

∫
A

hfTB[N]dA (8)

The temperature field obtained from these equations will be added to the mechanical model.
In accordance with the fundamental principles of virtual work and the divergence

theorem, the expressions governing equilibrium and constitutive relationships may be
reformulated into a matrix representation.∫

V
{δε}T{σ}dV =

∫
A
{δu}T{P}dA +

∫
V
{δu}T{ f }dV (9)

where
{ε} = [B]{Ue}, {δε} = [B]{δUe} (10)

{u} = [N]{Ue} (11)

[B] = [L][N] (12)

The variables involved are as follows: {P} denotes the surface force vector, {f} represents
the body force vector, {u} signifies the displacement vector, {ε} stands for the strain vector,
{σ} denotes the stress vector, {Ue} represents the nodal displacement vector, [B] denotes the
strain–displacement matrix, [N] signifies the matrix of the shape function, and [L] denotes
the differential operator matrix.

Combining the equations above:∫
V
[B]T{σ}dV = {R} = [K]{Ue} (13)

{R} =
∫

A
[N]T{P}dA +

∫
V
[N]T{ f }dV (14)

{K} =
∫

V
[B]T{De}[B]dV (15)

{R} refers to the nodal equilibrium external force matrix, while {K} represents the
stiffness matrix.

In the context of a linear elastic model, the provided expressions are valid. However,
in elastoplastic analysis, where nodal displacement functions exhibit nonlinearity, an
incremental approach is adopted. For incremental analysis, the load {R} at step (m + 1) can
be formulated as follows:

m+1{R} = m{R}+ {∆R} (16)

Given that the solutions of m{Ue}, m{σe}, and m{ϵe} at the mth step are presumed to be
known, the solutions of the (m + 1)th step can subsequently be obtained as follows:

m+1{Ue} = m{Ue}+ {∆Ue} (17)

m+1{σe} = m{σe}+ {∆σe} (18)

In accordance with this, Equations (13) and (16) transform to∫
V
[B]T{∆σe}dV = m{R}+ {∆R} −

∫
V
[B]Tm{σe}dV (19)

Upon substitution of Equation (13) into Equation (19), the resulting expression is obtained.∫
V
[B]T{∆σe}dV = {∆R} (20)
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The thermal elastoplastic material model, which adheres to the von Mises yield
criterion and the isotropic strain hardening rule, is under consideration. The stress–strain
relations can be expressed as follows:

{∆σe} = {Dep}[B]{∆Ue} −
{

Cth
}
[M]{∆Te} (21)

{Dep} = {De}+ {Dp} (22)

In the provided context, the following notations apply: {Dje} represents the nodal
stress increment matrix, {Dεe} denotes the nodal strain increment matrix, {DT} signifies the
temperature increment matrix, {De} stands for the elastic stiffness matrix, {Dp} represents
the plastic stiffness matrix, {Cth} denotes the thermal stiffness matrix, {DTε} signifies the
nodal temperature increment matrix, and [M] represents the temperature shape function.

Upon substituting Equation (21) into Equation (20), the resultant expression is derived.

m+1{K1}{∆Ue} − m+1{K2}{∆Te} = {∆R} (23)

m+1{K1} =
∫

V
[B]T{Dep}[B]dV (24)

m+1{K2} =
∫

V
[B]T

{
Cth

}
[M]dV (25)

The displacement increment {∆Ue} and stress increment {∆je} can be derived from
Equations (14) and (15), respectively. Utilizing these outcomes, the displacement {Ue} and
stress {je} can subsequently be determined employing Equations (17) and (18).

3. Finite Element Analysis

This study utilized MSC Mentat software (version 2016) as both the pre- and post-
processor, and MSC Marc software (version 2016) as the Finite Element Method (FEM)
solver. MSC.Marc, a commercially available nonlinear FEM software package, possesses
robust capabilities tailored for the simulation of welding and machining processes. Within
MSC Marc Mentat software (version 2016), bespoke model definition functionalities cater
to the intricacies of welding and machining simulations. These processes, characterized by
both thermal and mechanical dynamics, necessitate meticulous specification of boundary
conditions. Such conditions encompass parameters such as welding flux definition, weld
path determination, filler metal selection, and tool path assignment for machining opera-
tions. Noteworthy among the predefined thermal sources is the Goldak double ellipsoidal
heat source model, utilized for simulating welding processes. Additionally, filler metal
deposition is governed by mechanisms of element activation and deactivation. Toolpaths
guiding machining operations are generated using CATIA V6 software, a Computer-Aided
Design (CAD) platform, and subsequently imported into MSC Marc Mentat software
(version 2016) through FORTRAN subroutines.

Reverse plasticity was modeled using kinematic hardening in the finite element simu-
lation to capture the Bauschinger effect. This approach ensures realistic redistribution of
residual stresses during machining, accounting for the material’s ability to reverse plastic
deformation under unloading.

Supplementary features augmenting analytical capabilities within MSC.Marc encom-
pass time-stepping, convergence control, and adaptive meshing functionalities. Adap-
tive time-stepping was judiciously employed within the welding and machining models,
wherein the determination of rise time was predicated on the permissible temperature
alteration per incremental step. Convergence criteria were deliberately relaxed to expedite
the modeling process, albeit without compromising result accuracy. The nonlinear material
properties, contingent upon temperature, are cataloged in Table 3.
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Table 3. Temperature-dependent properties of AISI 304 material. Adapted from Ref. [42]

Temperature
◦C

Thermal Expansion
Coefficient ◦C−1

Young’s Modulus
GPa

Specific Heat
J/g ◦C

Yield Strength
(MPa)

Thermal
Conductivity

J/mm ◦C s
Poisson Ratio

−100 1.33 × 10−5 206 0.394 270 0.0117 0.294
0 1.58 × 10−5 198 0.463 265 0.014 0.295

20 1.61 × 10−5 196 0.472 265 0.0145 0.301
100 1.72 × 10−5 190 0.501 218 0.016 0.310
200 1.81 × 10−5 182 0.525 186 0.0176 0.318
300 1.88 × 10−5 174 0.532 170 0.0191 0.322
400 1.95 × 10−5 166 0.555 155 0.0204 0.325
500 2.01 × 10−5 158 0.582 149 0.0219 0.326
600 2.07 × 10−5 150 0.604 105 0.0233 0.329
700 2.13 × 10−5 142 0.610 95 0.0247 0.331
800 2.19 × 10−5 134 0.610 91 0.0261 0.334

1500 2.19 × 10−5 78 0.610 10 0.0261 0.337
1600 2.19 × 10−5 10 0.610 10 0.0261 0.388

Similar to customary finite element analyses, the initial phase entails the creation
of geometric representations and the establishment of an element mesh. This task was
undertaken utilizing MSC.Mentat, owing to its intuitive interface and robust suite of
geometry and mesh generation tools. Notably, MSC.Mentat serves as the primary pre- and
post-processor for MSC.Marc.

The finite element model shown in Figure 6 was built using the four-node solid element
type 7 from MSC.Marc, which provides a robust framework for capturing the mechanical
and thermal behaviors during the welding and machining processes. The number of
degrees of freedom per element includes both translational and rotational degrees, with
each node having six degrees of freedom (three translational and three rotational) to
adequately capture deformations and stress evolution throughout the simulation.
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Figure 6. Representation of the (a) node and elements of the meshed part and (b) welding (red arrow)
and clamp boundary condition (pink arrow).

The model consisted of a total of 12,755 elements and 7035 nodes. The mesh was
refined in regions of high thermal and mechanical activity—such as near the weld seam
and the areas influenced by machining—to capture detailed stress and strain variations.
Finer mesh elements were used in these critical areas to ensure high accuracy, while coarser
elements were used in regions with less activity to optimize computational efficiency.

Furthermore, an adaptive meshing technique was implemented during the machining
phase to handle the material removal dynamically. This adaptive meshing allowed for local
refinement in areas undergoing significant deformation due to the cutting tool, enhancing
the accuracy of the stress and deformation predictions. The adaptive meshing strategy
ensured that the element size automatically adjusted based on the evolving conditions
during the machining process, particularly in the areas impacted by the milling operation.

The mesh size for the model was determined based on sensitivity analysis, with finer
elements (1 mm) used in critical zones such as the weld seam and machining areas, and
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coarser elements (5 mm) elsewhere. For machining, the removal depth was 2 mm, modeled
with five elements per layer, ensuring a balance between computational efficiency and
accuracy. The material removal process was simulated incrementally, with equilibrium
checks performed after each element layer removal to maintain accuracy.

The mesh quality was evaluated using standard criteria, such as element aspect ratio
(<2), skewness (<0.5), and Jacobian determinant (>0.6). Quadratic temperature distributions
were implemented using four-node solid elements with three integration points across
the thickness. Mesh refinement was applied in the weld seam and machining areas,
with element sizes ranging from 1 mm to 5 mm. Critical zones used circular perimeter
meshes with at least five elements per 2 mm depth to ensure accurate stress redistribution
during machining.

Quadratic temperature distributions through the thickness of the elements were im-
plemented utilizing four-node solid elements in the analysis. These elements offer the
flexibility of selecting from three integration points across the element thickness, thus
affording a precise estimation of temperature distribution within the slab. Demonstrating
suitability for both thermal and coupled thermal–structural analyses, these elements serve
as a robust choice. Within the framework of MSC.Marc, a numerical analysis protocol
has been devised to anticipate distortion arising from 3D batch-machining operations.
This analytical framework enables engineers to refine structural designs and optimize
machining processes. Central to this procedure is the presumption that the perturbations
induced by the cutting process remain localized and insignificantly impact pre-existing
residual stresses.

As shown in Figure 6, the model was fixed by applying boundary conditions at the
bottom edges of the plate. Specifically, nodes along the bottom edge were constrained in
all three translational directions to prevent movement, simulating a clamped condition.
Additionally, displacement constraints were applied along the sides of the plate to prevent
rigid body motion while allowing thermal expansion to occur freely in the vertical direction.
This fixing approach accurately represents the physical clamping used in experimental
conditions to mimic real-life scenarios.

Welding, as a thermal process, is governed by specific boundary conditions metic-
ulously defined through various model options such as WELD PATH, WELD FILL, and
WELD FLUX. These options enable the determination of the weld heat input-employing
technique; heat input can be modeled as a spatially varying temperature boundary condi-
tion, implemented through the WELD FILL model definition option, and applied specifi-
cally to the nodes of the filling elements. In this scenario, the flux value, typically set to
zero power, is omitted from the WELD FLUX model identification option. Notably, this
methodology finds frequent application within the context of this work.

The WELD FLUX, which represents the heat flux option, utilized Goldak’s double
ellipsoidal geometry (Figure 7) heat source [44], as discussed previously, to delineate
volume fluxes in both 2D and 3D configurations.
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Upon completion of the welding process, several methodologies exist for introducing
initial stresses into the Finite Element (FE) model, constituting a crucial step in this study
for propagating residual stresses into subsequent processes, notably machining. Typically,
MSC.Marc offers users the flexibility to incorporate initial stresses through the INIT STRESS
model definition option. Additionally, it provides the ability to import data via the PRE
STATE option, allowing users to transfer information such as strain and stress from prior
analyses to subsequent models. Through the INIT STRESS option, users can specify stresses
based on input values or tables, accommodating scenarios where stresses are defined as a
function of coordinates. Furthermore, MSC.Marc facilitates the definition of initial stresses
via an ASCII-formatted text file, wherein raw initial stress data of randomly situated points
within a spatial field are provided. Subsequently, MSC.Marc processes and interpolates the
given initial stress data onto the finite element mesh, aligning with the respective location
of each element.

The machining process was modeled using CATIA to generate tool paths for pocket
evacuation. The removal of square patterns on the top surface was achieved through
adaptive meshing, where elements along the circular perimeter were refined to maintain
geometric fidelity. The first removal layer was from 10 mm to 8 mm depth, corresponding
to five layers per 2 mm depth. Equilibrium was checked after the removal of each element
layer to ensure the accuracy of stress redistribution simulations. This incremental approach
minimizes errors associated with abrupt changes in boundary conditions. The simulation
process leverages cutter geometry and path details extracted from Numerical Control (NC)
part-machining data. Utilizing the cutter travel information, an estimation of the material to
be removed is made by automatically eliminating the finite elements encompassed within
the cutter’s path. Subsequently, recalculating the equilibrium allows for the estimation of
the distortion in the remaining component. Within the framework of Marc, an interface
has been devised to convert cutter path data into finite elements earmarked for removal.
Those cutter path data are typically stored in either the Automatically Programmed Tools
(APT) source format or the Cutter Location (CL) data format. The APT source format
comprises NC data output by Computer-Aided Design (CAD) software such as CATIA
(Figure 8). Conversely, CL data represent the cutter’s positional information provided by
APT compilers.

The dimensions of the cutter shape and its trajectory significantly influence the vol-
ume of material to be machined. The cutter’s geometry is characterized by the CUTTER
expression delineated within the Automatically Programmed Tools (APT) source or Cut-
ter Location (CL) files. The comprehensive representation of the CUTTER expression is
articulated as follows (Figure 9):

CUTTER/d, r, e, f, α, β, h

where d represents the tool diameter, r denotes the radius of the corner circle, which can
assume values equal to or greater than zero, e signifies the radial distance from the tool
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axis to the center of the corner circle, f indicates the distance from the tool’s endpoint to
the center of the corner circle, measured parallel to the tool axis, α denotes the angle from
a radial line through the tool’s endpoint to the lower line segment, confined within the
range of zero to 90◦, and assumes positive values, β signifies the angle between the upper
segment and the tool axis, within the range of −90◦ to 90◦, and h represents the cutter’s
height measured from the tool’s endpoint along the tool axis.
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The tool cutting path used for both the experimental and simulation procedures was
identical. Tool paths were generated in CATIA and subsequently imported into MSC.Marc
for use in the finite element simulations, ensuring consistency between the physical and
simulated setups.

Figure 10 presents the flowchart delineating the simulation methodology implemented
in the present thesis, detailing the establishment of initial and boundary conditions along-
side pivotal subroutines. The foremost consideration emphasized in this schematic is the
meticulous utilization of the pre-stress routine, which serves as a cornerstone in seam-
lessly integrating stress states originating from the welding phase into the subsequent
machining process. This routine enables the precise transference of stress states derived
during welding to the machining phase, ensuring a comprehensive representation of the
structural response. Another critical aspect pertains to the precise determination of tool
geometry and paths within the CATIA program to faithfully replicate experimental condi-
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tions. CATIA provides the modeled tool geometry and paths encoded in a specific format,
typically received as ASCII in APT or CCL source code. These codes undergo necessary
adjustments and alignment to adhere to the NC Machining subroutine. Further details
regarding boundary and initial conditions are meticulously tailored based on experimental
insights and aligned with the inherent dynamics of the welding and machining processes.
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4. Results and Discussion

In the present study, a flexible framework was developed on which welding and
machining processes could be simulated and residual stress transferred between the two
processes. As an application problem, welding and machining processes were simulated
to verify the accuracy and physical consistency of the framework. The mathematical
framework was validated with the data obtained from the experimental studies. Since
the main objective of the study was to transfer residual stresses between two different
processes, some conditions affecting the results were ignored. For example, since high
temperature gradients occur in both processes, phase transformations occur, and although
these transformations increase the sensitivity of the residual stresses, they are generally
related to the microstructure. For this reason, phase transformations were neglected in the
present study.

IHD and XRD were used as complementary techniques to measure residual stress.
While IHD provides stress profiles through the material thickness, XRD measures near-
surface stresses with high resolution. To compare these methods, the through-thickness
stress distributions from IHD were averaged and correlated with the XRD results. The
comparison of IHD and XRD data revealed consistent trends in residual stress redistribution,
with minor discrepancies attributed to the different depth sensitivities of the methods. The
simulation results closely matched the experimental values, validating the adequacy of the
mesh and the step-removal strategy.

Welding and machining residual stresses have a positive or negative effect on the
strength of the component, depending on their type, sign, direction, and distribution. Triax-
ial tensile residual stresses in combination with crack-like defects promote brittle fracture.
Uniaxial or biaxial tensile residual stresses reduce corrosion resistance and increase the
stability limit, while compressive residual stresses increase fatigue strength. Components
with residual welding stresses can fail during subsequent machining, storage, and service



Metals 2024, 14, 1454 15 of 23

loading. A particularly disturbing effect is back spring or spring deformation during
machining. Weld distortion reduces the fatigue strength and limit load of components.
Due to distortion after welding and machining, specified manufacturing tolerances can be
exceeded. Therefore, it is necessary to minimize welding and machining residual stresses
and distortions or control them as far as possible according to the relevant requirements.

Figure 11 shows the longitudinal stresses of the part in the z-axis direction after
welding and after machining. Longitudinal stresses, as mentioned in the previous sections,
are the stresses that cause changes in the length direction of the deforming forces acting
on the parts. These stresses are quite high since the welding direction is the same axis. As
can be seen, they are positive on the weld seam and in the HAZ region and negative in the
remaining parts.
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Figure 11. Residual stress distribution in welded and machined components in a 2D simulation:
Longitudinal stresses (a) Graphical representation of residual stress in the z-direction (longitudinal),
(b) Distribution of σzz post-welding and machining process.

Stress distribution along the longitudinal direction (σzz) with distance (mm) on the
x-axis and stress (MPa) on the y-axis is shown. Data points represent through-thickness
IHD averages compared with XRD surface measurements and simulation results.



Metals 2024, 14, 1454 16 of 23

The residual stress measurements presented in Figure 11 were performed every
10 mm away from the weld centerline using the X-ray diffraction (XRD) technique. The
experimental results are compared to the simulation values at corresponding locations.

Figure 11 clearly shows that the experimental results and simulation results coincide
in the part. Just in front of the weld seam, 10 mm away from the weld center line, the stress
value was measured as 352 MPa. The simulation value was calculated as 455 MPa. The chip
removal process was designed as orthogonal, i.e., perpendicular cutting in two dimensions,
and removed chips at a depth of 2 mm.

Figure 12 shows the longitudinal stress (z-direction) of the part after simulation of
three-dimensional welding and orthogonal cutting. As a result of the milling process, a
quadrilateral pocket to the left of the weld and a small circular pocket geometry to the right
of the weld appeared. The pockets opened after the milling process in Figure 12 are shown
as 0—a straight line—in the residual stress graph. The measured values and simulation
values after welding and machining show high accuracy. The residual stress value at the
point directly above the weld line after welding was measured as 357 MPa, while the
corresponding simulation value was 442 MPa. The graph drawn with the simulation values
taken from the center line of the material after the welding process coincides with the
standard welding stress graphs. After machining, the residual stress values on the same
line decrease in the weld area and increase in the areas away from the weld and in the
pocket evacuated areas. This is due to the increase in local positive stresses in the areas cut
by the milling cutter. Around the weld seam, the post-machining stresses are higher on the
small circular pocket side and lower on the quadrilateral pocket side.

Figures 11 and 12 represent different experimental setups to investigate symmetry
and stress distribution. Figure 11 focuses on residual stresses near x = 0, while Figure 12
examines stresses near x = 50. These setups allow for the comparison of stress gradients at
varying distances from the weld seam. The observed symmetry in the results validates the
simulation model, while minor differences highlight localized machining effects.

The yield strength of AISI 304 stainless steel is approximately 270 MPa. As seen in
Figure 12, the residual stress values in the weld and machined regions approach the yield
strength, particularly after the machining process. This indicates that the material in these
regions may be at risk of yielding under operational loads, especially where the residual
stresses are tensile.

Figure 13 shows the transverse stress (x-direction) of the part after simulation of three-
dimensional welding and milling and cutting processes. The transverse stress values are
considerably lower than the longitudinal stress values. After machining, they have almost
completely evolved into negative stress, as shown in Figure 13. The highest transverse
stress value for the part was measured as 301 MPa 10 mm to the left of the weld seam
after welding. The corresponding simulation value was 232 MPa. At the same point, the
experimental stress value decreased to 52 MPa after machining. The simulation value
was taken as 34 MPa. The residual stress curve after welding and machining simulation
coincides with the known curves. Local stress increases after machining are not very
evident in the transverse stress graph.

Figure 6 highlights the distinct directional differences in residual stresses. σxx exhibits
compressive behavior, particularly in the middle of the weld, where it reaches a peak of
approximately −300 MPa at the boundary with the plate, as corroborated by Figure 13. In
contrast, σzz displays tensile behavior, reaching 380 MPa at the weld center and increasing
to 500 MPa at the boundary with the plate, as shown in Figure 12. These differences are
attributed to the anisotropic nature of stress distribution in welded components, where
longitudinal stresses are influenced predominantly by heat flow along the weld direction,
while transverse stresses arise from lateral constraints imposed during cooling. This
directional dependency underscores the complexity of residual stress redistribution in
welded structures.

Figures 14 and 15 show the longitudinal and von Mises stress distribution of the part
after welding and three different machining processes. As can be seen, the residual stress
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variations are highly dependent on where the milling cutter cuts the material. In each
cut, the part reduces the residual stresses with a stress relief effect, but an uneven stress
distribution is observed compared to the residual stress distribution in the welding process.
This shows the importance of the location of the machining process.

Figure 14 highlights the reduction of longitudinal residual stresses (σzz) through
machining, achieved by breaking the continuity of the weld line. The results show that
machining effectively redistributes stresses, reducing tensile residual stresses in the weld
seam and adjacent areas. This stress relief mechanism demonstrates a potential method
for enhancing structural integrity in welded components. The findings also suggest that
similar stress reduction effects could be achieved through alternative approaches, such as
intermittent welding [45], which inherently interrupts the weld line and may serve as a
cost-effective solution to mitigate residual stresses.
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Figure 13. Residual stress distribution in welded and machined components in a 3D simulation:
Transverse stresses (a) Graphical representation of residual stress in the x-direction (transverse),
(b) Distribution of σxx post-welding and machining process.

Figure 15 illustrates the von Mises stress distribution to provide a comprehensive view
of the stress state during machining. Von Mises stress is critical for evaluating material
yielding under combined stress states, particularly in regions with complex stress interac-
tions. The inclusion of von Mises stress aids in understanding potential failure mechanisms
and complements the analysis of longitudinal and transverse stress distributions.

When comparing the different milling operations in Figures 14 and 15, it can be seen
that although there is no significant stress loss along the weld seam as a result of cutting
from the bottom surface of the part, there is an increase in negative stresses in areas outside
the weld seam and HAZ. The holes drilled in the upper right and lower left of the part
cause a diagonal change in the stress distribution of the part. In the third case, transverse
pockets open over the weld seam of the part. Although these pockets dissipate the high
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residual stress values in the weld seam, the von Mises equivalent stress or total stress
concentration increases due to the local stresses in this region.
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Figure 16a shows the longitudinal stress (z-direction) along the weld section,
Figure 16b shows the transverse stress (x-direction) of the same part, and Figure 16c
shows the equivalent von Mises stress of the same part as a result of simulation of three-
dimensional welding and milling processes. It has already been mentioned that the highest
residual stress value after welding occurs along the weld seam. As seen below, the average
longitudinal residual stress value along the cross section is as high as 500 MPa. However,
after machining, this residual stress value hovers around 300 MPa on average. The trans-
verse stress situation is similar. High temperature gradients during the welding process
cause high residual stress values in the weld zone. Similarly, in all three shapes, the stress
values after machining are considerably lower than after welding, but positive.
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The research conducted addresses the key problem identified in Section 1, which is the
insufficient understanding of residual stress redistribution during sequential welding and
machining processes. By developing and validating a 3D simulation model supported with
experimental measurements, this study successfully demonstrates how residual stresses
evolve when components undergo both welding and subsequent machining. The findings
not only highlight the cumulative effects of these processes but also provide validated
insights into stress redistribution, thereby bridging the gap in the literature regarding the
impact of multi-step manufacturing on stress outcomes. This contributes to improved
manufacturing reliability and optimized processing parameters, especially for applications
requiring precise stress management, such as in aerospace and defense industries.

5. Conclusions

The present study aims to develop a sequential simulation method and the necessary
infrastructure for this method and to investigate the accuracy of the method with experi-
ments to investigate the numerical variation of residual stresses in any welded part with
milling and cutting operations. The effects of mechanical tools are considered as simple
stress-relieving operations, neglecting the importance of spontaneous residual stress. This
hypothesis allows obtaining a simplified FE model to simulate the mechanical tooling
or cutting process, which is quite sufficient to follow the modification of a pre-existing
weld residual stress field. Based on the analysis results obtained, the main conclusions are
summarized below:
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1. 3D Model and Process Simulation: A 3D computational model was developed to predict
residual stresses in butt-welded plates and their modification after milling. The stress
from multi-pass welding was simulated and used as a pre-stress for subsequent milling.

2. Stress Redistribution: Local material removal acts as a stress-relief process. The
experimental results confirm that the numerical model effectively predicts the stress
modification caused by machining.

3. Impact of Material Removal: Minor local material removal results in only small variations
in both longitudinal and transverse stresses, except near the tool contact areas.

4. Effect of Increased Material Removal: Greater material removal has a larger effect
on transverse stress in the weld zone. Away from the weld, longitudinal stress is
more affected.

5. Stress Changes with Material Removal Location: Stress redistribution depends on
whether material is removed from the top or bottom of the plate, causing bending-like
effects. These effects can be somewhat offset with different removal methods.

6. Longitudinal Stress Modification: After machining, tensile stress in the weld area
turns compressive, with a high stress gradient near the weld axis. Cutting transverse
joints reduces peak stress values but does not change the overall distribution.

7. Transverse Stress and Irregularities: Machining increases peak transverse stresses and
introduces irregularities along the z-direction. The central region of specimens shows
increased stress, while boundary areas compensate.

8. Experimental Verification: Experimental residual stress measurements largely validate
the numerical model, especially for longitudinal stresses, while transverse stress
measurements are more error-prone.

Based on the work performed in this study, the following suggestions are made for
future work:

• More variations of the experimental setup are necessary to improve the validation of
the finite element model. In particular, new experimental measurements are required
at lines perpendicular and parallel to the weld at the beginning and end of the weld
seam, at the bottom of the parts and inside the pipe if they are cylindrical, and at
points around the machining areas.

• Future studies will explore additional machining configurations and refine mesh
quality further to enhance simulation accuracy. Experimental setups will include
stress measurements perpendicular to the weld seam and in deeper material layers to
validate residual stress redistribution comprehensively.

• The clamping arrangement needs to be improved to avoid modeling stiffness in
boundary conditions. Deformation measurements on the part are needed to investigate
the relationship between residual stress and deformation.

• The results of the thesis show that it is of great importance to estimate the residual
stresses for a defect or faulty weld section and machined areas on the part. The
relationship between 2D analysis and 3D analysis for heat transfer and mechanical
analysis should be further investigated. In the present thesis, there is good agree-
ment between the 2D and 3D simulation results, but more variations in the welding
and machining configuration need to be investigated to reach a general conclusion.
Temperature-dependent material properties should be determined experimentally to
reduce the uncertainties of FEA.
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