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This research explores the distortion behavior of welded butt joints using virtual 

manufacturing (VM) analysis. The main aim is to compare and validate the 

simulation outcomes generated through APDL (Ansys Parametric Design 

Language) with experimental results. A nonlinear, three-dimensional finite 

element method (FEM)-based VM framework is utilized for the simulations. To 

enhance modeling efficiency, the complexity of the weld geometry and the impact 

of transient temperature distribution are deliberately reduced. The heat input for 

the butt joint is simulated using Goldak’s double ellipsoid model. Furthermore, a 

flow curve corresponding to S235 low-carbon steel is applied, incorporating a 

constant strain rate of 0.001 s⁻¹, modeled using a nonlinear isotropic plasticity 

approach and the von Mises yield criterion. The results demonstrate that 

simplifying the weld geometry and material definitions substantially reduces the 

pre-processing time without significantly compromising the accuracy of distortion 

predictions. Both simulation methods exhibited high precision in forecasting 

angular distortion, with an average deviation of approximately 20%, indicating no 

significant practical discrepancy. Therefore, the simplified modeling strategy, 

omitting detailed heat source modeling, temperature calibration, and complex 

material characterization, is recommended for scenarios where time constraints 

exist and a moderate level of accuracy is sufficient. 
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1. Introduction 

The integration of Virtual Manufacturing (VM) processes into contemporary engineering is crucial for 

addressing challenges related to the increasing demand for both the quality and quantity of manufactured 

goods. Finite Element Method (FEM)-based VM constitutes a core component of Virtual Engineering, 

enabling the digital representation of real-world manufacturing processes through numerical modeling. 

Fundamentally, the primary aim of VM is to replicate the entire manufacturing process in a virtual environment 

to enhance decision-making and ensure effective quality control throughout production [1]-[2]. Many VM 

engineers utilize three-dimensional models to develop simulations that closely replicate actual manufacturing 

operations [3]. The essential principle underlying the fusion welding process involves heating two or more 

materials, either similar or dissimilar, until they reach their melting points, followed by joining them together 

as they begin to cool. Among various fusion welding techniques, laser welding is widely adopted due to its 

adaptability, high efficiency and suitability for a broad spectrum of plate thicknesses in engineering 

applications [4]-[5]. One prevalent joint configuration is the butt joint, which is extensively used in welding 

pipes and tubes positioned at perpendicular angles. Typically, butt joint welding necessitates multiple welding 

passes, particularly when working with thicker pipes or tubes [6]. 

In modern engineering practices, welding technology is extensively employed in the fabrication of lightweight 

structures composed of thin plates. Nonetheless, distortions that occur during the welding process are often 

challenging to rectify and may result in defects that adversely affect the integrity and design of the final product 
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[7]. Such distortions compromise dimensional precision, leading to misaligned structural elements, poor joint 

conformity and diminished visual appeal. Although welding remains a widely used manufacturing technique, 

the presence of distortion can significantly undermine the final product quality and escalate production costs, 

particularly in terms of maintenance [8]. Welding-induced distortions primarily result from thermally 

generated stresses that are unevenly distributed in joints lacking proper restraint. The three most common 

forms of distortion observed in welding processes include longitudinal shrinkage (along the weld line), 

transverse shrinkage (across the weld line), and angular distortion (rotational deformation about the weld line). 

Several factors, such as joint configuration, heat input parameters, and the sequence of welding operations, 

play critical roles in determining the magnitude of distortion [9]. Performing repair welding not only introduces 

project delays but also adds to overall expenses. Therefore, by accurately predicting the extent of welding 

distortion, engineers can reduce the need for corrective work through the application of reverse design 

methodologies and appropriate distortion allowances [10]. 

Accurately predicting welding distortion is critical for mitigating its adverse effects on manufacturing 

outcomes. The primary approaches for distortion prediction are generally classified into experimental, 

analytical, and numerical methods [11]. Among these, computer-aided numerical techniques, such as the Finite 

Element Method (FEM), serve as powerful tools for analyzing potential deformations by simulating welding-

induced distortion patterns using real-world manufacturing parameters [12]. Since their development, 

numerical simulations have become an integral part of the welding process, enabling the anticipation of 

experimental outcomes prior to actual welding. The application of three-dimensional models plays a vital role 

in enhancing the precision of predictions related to post-weld deformation and stress distribution within welded 

joints. 

One of the primary functions of the Finite Element Method (FEM) in welding applications is to predict the 

extent of distortion that may occur during the welding process through numerical analysis. FEM acts as a 

preventive measure prior to actual welding, enabling engineers to minimize the risk of undesirable 

deformations [13]. In welding simulations, Finite Element Analysis (FEA) typically involves two main 

components: thermal analysis and mechanical analysis [14]. Thermal computations are carried out at each 

phase of heating and cooling to support accurate analysis [15]. Nevertheless, certain computational limitations 

pose challenges in achieving predictions that perfectly match real-world outcomes. Despite these constraints, 

advancements in simulation software and numerical methodologies have significantly enhanced the 

understanding of welding processes, allowing for reasonably accurate predictions of thermal cycles and 

welding-induced distortions [16]. 

Researchers in the field of Finite Element Method (FEM) have consistently sought to reduce the computational 

time and complexity associated with transient linear problems through the use of numerical simulations [17]. 

Mato and Zdenko conducted an analysis of a butt joint weld to investigate the residual stresses and distortions 

induced by the welding process [18]. Their findings indicated that the use of a three-dimensional solid 

numerical model had minimal influence on the resulting temperature distribution. Accurately predicting 

angular distortion is particularly important for effectively mitigating its adverse effects. 

Over the past few decades, significant research has been dedicated to the development of heat source models 

tailored to various welding techniques. Examples include the Gaussian or elliptical heat source model for 

Tungsten Inert Gas (TIG) welding at low current levels, the double-ellipsoidal heat source model for Metal 

Inert Gas (MIG) welding  and the combined double-ellipsoidal and EHGC (Exponentially-Tapered Peak Value 

of Heat Flux in a Gaussian Cylinder) model for plasma arc welding [19]. In the late 1960s, Pavalec introduced 

a circular disc heat source model characterized by a Gaussian distribution applied to the surface of the 

workpiece. Subsequently, Goldak advanced the field by developing the double-ellipsoidal heat source model 

specifically for finite element (FE)-based welding simulations. Goldak’s Double Ellipsoid model is illustrated 

in Figure 1 [20]. 

 

 

 

 

 

 
Figure 1. Goldak’s double ellipsoid heat source model 
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The power density of the heat flux in the front section (𝑄𝑣𝑓) of the heat source can be determined by the formula in Eq. 

(1): 

𝑞𝑣𝑓(𝑥, 𝑦, 𝑧) =
6√3𝑓𝑓𝑄

𝑎𝑐𝑏π√π
𝑒

−3
𝑥2

𝑎2 ⋅ 𝑒
−3

𝑦2

𝑐2 ⋅ 𝑒
−3

𝑧2

𝑏𝑓
2

 

 

Table 1. Heat source dimension in FEM simulation 

Heat source direction Value (mm) 

Width 4.0 

Depth 4.0 

Rear length 3.5 

Front length 3.5 

 

The heat flux power density in the rear section (𝑄𝑣𝑟) can be calculated using Eq. (2): 

 

𝑞𝑣𝑟(𝑥, 𝑦, 𝑧) =
6√3𝑓𝑓𝑄

𝑎𝑐𝑏π√π
𝑒

−3
𝑥2

𝑎2 ⋅ 𝑒
−3

𝑦2

𝑐2 ⋅ 𝑒
−3

𝑧2

𝑏𝑓
2

 

In this context, 𝑓𝑓 and 𝑓𝑟 represent the fractional factors of heat deposition in the front and rear quadrants, respectively, 

with their sum equaling 2. The flux distribution in the double ellipsoid model is defined in four directions: width (𝑎), 
depth (𝐶), rear length (𝑏𝑟), and front length (𝑏𝑓). The values for each direction are provided in Table 1. 

 

2. Virtual Manufacturing Using Nonlinear 3D-FEM Systems: Material Model, Process Parameters and 

Geometry 

The integration of nonlinear 3D-FEM systems into virtual manufacturing frameworks offers a comprehensive 

approach to simulate real-world welding scenarios. This section presents the essential components required 

for accurate modeling, including material characteristics, process parameters and geometric configurations. 

These elements are crucial in ensuring that the simulation mirrors the actual physical behavior observed during 

laser welding processes. 
 

2.1 Material Modelling 

The simulation utilizes S235 low-carbon steel for both the welding and filler materials, reflecting the actual 

material employed in the welding process. The thermomechanical characteristics of S235 are illustrated in 

Figure 2, while the corresponding flow curve—based on an isotropic nonlinear hardening model—is also 

depicted. The parameters used in the simulation are summarized in Table 2 and are subsequently implemented 

during experimental validation using both FEM software platforms. Electrical current (I) and voltage (V) are 

factored into the power calculation and the welding travel speed (v) is selected based on the optimal speed for 

a one-pass T-joint configuration. 

Figure 4 displays the geometrical setup, consisting of a base plate measuring 120 × 150 mm and a stiffener 

plate of 60 × 150 mm, both with a thickness of 4 mm to accommodate a double-sided weld. The model is 

meshed using a single-pass welding bead for this simulation. 

This contemporary simulation methodology integrates thermal, mechanical and metallurgical phenomena 

into a unified numerical model, representing a significant advancement in engineering practices by replicating 

real-world manufacturing conditions. The inclusion of multiple physical domains enables a more in-depth and 

accurate analysis of welding behavior, capturing the complex interactions that occur concurrently. This 

comprehensive perspective enhances the ability to anticipate challenges such as residual stress, deformation 

and material deterioration, which are often difficult to evaluate using conventional approaches. Moreover, the 

simulation facilitates the optimization of welding variables, including heat input and cooling rates, to achieve 

target material properties. By incorporating real-time data from different stages of the process, the simulation 

also minimizes reliance on trial-and-error procedures, thereby reducing development time and associated costs. 
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Within the T-joint welding simulation, the material properties are customized using ANSYS Workbench. 

The process begins by accessing the “Engineering Data” section and selecting the “Edit” function, enabling 

users to modify material attributes according to the simulation’s requirements, as illustrated in the 

corresponding figure. This step is critical to ensure that the material definitions align accurately with the 

thermal and mechanical conditions expected during welding. Once these adjustments are made, the material 

becomes ready for application in the subsequent stages of the simulation. 

To achieve realistic and reliable results, it is essential to input accurate values for key properties such as 

thermal conductivity, specific heat capacity and yield strength. These parameters play a vital role in 

determining heat transfer and stress distribution within the weld model. Additionally, the simulation setup 

should be calibrated to accommodate potential variations in material behavior under different temperature and 

loading conditions. Following the material definition, a well-structured mesh must be generated to precisely 

represent the weld zone. Proper meshing is fundamental to capture the complex interactions occurring during 

the welding process. Before proceeding with the full simulation, a preliminary run is recommended to evaluate 

the material’s performance under initial conditions. Any inconsistencies identified should prompt a 

reassessment of either the material properties or the meshing configuration to ensure simulation fidelity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Temperature-dependent thermo-physical properties of S235 

Figure 3: Flow curves of S235 steel at a strain rate of 10−3 s 

Figure 4. Isotropic thermal conductivity set up using engineering data in Ansys 
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2.2 Process Parameters 

This section presents the fundamental process parameters employed in simulating welding-induced 

distortions in T-joints. Parameters such as electrical current, voltage, welding travel speed, and heat transfer 

coefficients have been carefully chosen to align with the characteristics of the welding technique and materials 

involved. These parameter values are critical to replicating real-world welding conditions within the simulation 

environment, thereby enabling precise prediction of thermal and mechanical responses throughout the welding 

process. 

Table 2. Welding parameters used in both FEM software 

Welding Parameter Value 

Current (A) 200 

Voltage (V) 20 

Travel Speed, v (mm/s) 67 

Latent Heat (J/kg) or (mm²/s²) 256400 or 2564e+11 

Liquidus Temperature (°C) 13000 

Solidus Temperature (°C) 12950 

Contact Heat Transfer Coefficient (W/m²K) 

or (N/mm²K) 

1000 or 1 

Convective Heat Transfer Coefficient 

(W/m²K) or (N/mm²K) 

20 or 0.02 

Emissivity Coefficient (-) 0.6 
 

The impact of each process parameter on both distortion and the structural integrity of the welded joint is 

thoroughly evaluated, offering in-depth insights into the interdependence between these variables and the 

resulting weld quality. This assessment enables the identification of key factors that most significantly 

contribute to common welding defects such as warping, cracking  and incomplete fusion. Parameters like heat 

input, welding speed  and material characteristics are instrumental in shaping the final weld outcome. Through 

simulation-based adjustments of these parameters, engineers can investigate multiple welding scenarios and 

fine-tune the process to meet targeted weld performance criteria. Moreover, the simulation facilitates an 

understanding of how variations in one parameter may influence others, highlighting the need for a carefully 

Figure 5. Spesific heat constant pressure set up using engineering data in Ansys 

Figure 6. Isotropic secant coefficient of thermal expansion set up using 

engineering data in Ansys 

Figure 7. Isotropic elasticity set up using engineering data in Ansys 
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managed balance among all variables. The predictive capability of the simulation to foresee potential 

distortions and defects prior to actual welding is highly beneficial in minimizing rework and material waste. 

Additionally, recognizing how these parameters affect the material’s microstructure enhances control over the 

mechanical properties of the finished weld. Such comprehensive simulation-driven analysis is indispensable 

for achieving consistent, high-quality welds in complex manufacturing environments. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ansys Mechanical APDL conducts finite element method (FEM) simulations utilizing well-established 

principles, providing a unique range of features specifically designed for its script-driven interface. 

Ansys Mechanical APDL supports an extensive simulation workflow, functioning as a versatile FEM 

platform capable of addressing a broad spectrum of engineering challenges, including welding analyses. Figure 

9 presents a schematic depiction of the finite element model constructed using Ansys 2024 R2. The CAD 

geometry was developed in Ansys SpaceClaim, incorporating weld bead representations along the T-joint to 

simulate the welding path accurately. Within APDL, users are granted comprehensive control over meshing 

techniques, boundary condition definitions and load step configurations through a scripting-based approach, 

enabling highly tailored simulations. However, this level of flexibility necessitates a strong grasp of FEM 

fundamentals and proficiency in the APDL scripting language. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Experimental Setup and Procedures of Welded Butt Joint 

A comprehensive set of experimental welding procedures was conducted to validate the FEM simulation 

outcomes using a butt joint configuration. The welding setup featured a TruDisk 4002 laser source with a 

power capacity of 4000 W, integrated with a TRUMPF robotic arm for precise manipulation. The laser head 

was equipped with a shielding gas nozzle that supplied argon gas at a flow rate of 21 L/min, ensuring adequate 

protection of the weld zone throughout the process. The test specimens comprised dissimilar materials and 

potential welding defects were minimized through proper surface preparation and cleaning prior to welding. 

An illustration of the robotic welding system is provided in Figure 10. The experimental procedure was 

Figure 8. Process parameters set up using Mechanical APDL 

Figure 9. FE model of 3D solid welded T-joint using Ansys 2024 R2 
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carefully aligned with the simulation parameters to ensure consistency and comparability of results. Data 

collected during the welding trials included thermal profiles, distortion measurements, and visual inspection 

of the weld seam. These data sets served as critical benchmarks for evaluating the accuracy of the FEM model. 

Furthermore, high-speed imaging and post-weld microstructural analysis were employed to gain deeper 

insights into the weld dynamics.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Chemical composition of material S235 

Elements S235  

(Data Sheet) 

Low Carbon Steel 

(Experiment) 

C 0.15 0.186 

Mn 1.1 0.146 

Si - 0.011 

S 0.027 0.0011 

P 0.02 0.001 

 

Table 3 presents the chemical composition of S235 based on the material data sheet and the experimental results 

acquired with an Arc Spark Emission Spectrometer. 

A high-precision Zeiss Calypso Coordinate Measuring Machine (CMM) was employed to assess distortion 

at various points along the edges of the plate. Measurements were taken at identical locations on the specimens 

both prior to and following the welding process to obtain the final data. Three specific points on the plate were 

chosen for evaluating angular distortion. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. TRUMPF Robotic Arm 

Figure 11. Top view of distortion result in butt joint 

experiment 
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4. Result and Discussion 

Figures 12 and 13 present the angular distortion results based on displacements obtained from both the finite 

element method (FEM) simulation of the solid model and the experimental procedure. The maximum 

displacement points were designated as tracking points to evaluate distortion in both approaches. To ensure a 

valid comparison, the points selected in the FEM simulation matched those measured using the CMM in the 

experimental process. These tracking points were deliberately positioned in regions anticipated to exhibit 

significant distortion, allowing for the identification of critical deviations in the welded joint. The comparison 

between FEM and experimental data serves as a comprehensive validation of the simulation model, confirming 

its ability to replicate the material’s actual behavior under welding conditions. Additionally, this comparison 

facilitates the identification of inconsistencies or limitations within the simulation, which can subsequently be 

addressed to enhance its accuracy. The findings from both methods offer valuable insights into the welding 

process, particularly regarding the extent of angular distortion and its implications for joint integrity. This 

analysis enables the refinement of welding parameters, such as heat input and cooling rates, to effectively 

reduce distortion. 

 
 

 

 

 

 

 

 

 

 

 

Figure 12. Bottom view of distortion result in butt joint 

experiment 

Figure 13. Maximum distortion result with Zeiss Calypso 

coordinate measuring machine 
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Table 4. Pre-processing time ruquired for modfelling to execution 

Non-linear VM Tool Pre-processing time (s) 

Ansys APDL 353 
 

Table 5. Computational time required for simulation in butt joint simulation 

FEM System Computational time (s) 

Ansys APDL 1097 
 

Table 6. Simulation and experimental result comparison in butt joint 

Position Maximum angular distortion (mm) Relative error (%) 

Experiment Ansys APDL Ansys APDL 

1st side 0.29 0.38 31 

2nd side 0.44 0.40 9 
 

In the final analysis of the butt joint, a comparison was conducted between the numerical simulation results and the 

experimental data. For the second side, the findings indicate minimal discrepancy, with the numerical 

simulation yielding a distortion of 0.40 mm and the experimental result showing 0.44 mm, corresponding to a 

relative error of 9%. Conversely, the first side also demonstrates acceptable accuracy, as the numerical and 

experimental results, 0.38 mm and 0.29 mm, respectively, result in a relative error of 31%. Despite this higher 

percentage, the absolute difference remains small (less than 0.5 mm), and thus, the results are deemed 

sufficiently accurate. The variation observed on the first side may be attributed to minor inconsistencies in the 

Figure 14. Total deformation result in butt joint using 

APDL 

Figure 15. First side of angular distortion result in Butt joint 

using APDL 

 

 

Figure 16. Second side of angular distortion result in Butt joint 

using APDL 
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experimental setup, such as subtle deviations in welding parameters or material characteristics. Additionally, 

this difference may stem from inherent limitations within the simulation model, which may not fully capture 

all real-world influences affecting the welding process. Nonetheless, the overall consistency between the 

simulation and experimental outcomes affirms the reliability of the numerical model. The notably low error 

observed on the second side further substantiates the validity of the simulation approach. Future studies may 

aim to enhance both simulation accuracy and experimental precision by incorporating more comprehensive 

models that account for factors such as thermal cycles, residual stresses and material behavior. 
 

5. Conclusion 

A study on the distortions of welded butt joints using Laser Welding has been conducted through FEM-based 

Virtual Manufacturing. The research includes both numerical and experimental analyses, with the final results 

compared. The numerical analysis was performed using Simufact Welding and Ansys APDL software, 

employing 3D solid elements. The key conclusions of the research are as follows: 

1. The FEM-based Virtual Manufacturing of the butt joint model was successfully carried out, with a 

clear and simplified simulation procedure. 

2. The Virtual Manufacturing modeling and simulation using Ansys APDL showed good agreement with 

the distortion tendencies observed in the experimental results. 

3. Ansys APDL provided stable results, with a lower average error percentage of 20%, showing minimal 

difference, even less than 0.5 mm. 

4. Ansys APDL demonstrated fast Pre-Processing and computational times, with 353 seconds for Pre-

Processing and 1097 seconds for Post-Processing. 

5. Due to the simplified procedure, complex factors such as the heat source and thermal calibration could 

be neglected. 

6. Ansys APDL offers a straightforward procedure and is easier to use compared to general-purpose 

Virtual Manufacturing tools. 

7. Variations in non-homogeneous materials, geometry, pre-conditions of the welding process, and 

fluctuating experimental parameters may explain the differences between the simulation and 

experimental results. 

From a knowledge perspective, valuable insights obtained through simulation can be used as a planning tool 

during the design phase or prior to the actual welding process. This research could contribute to the further 

development of FEM-based Virtual Manufacturing applications, such as for other joint geometries and 

materials. By incorporating more complex material models and heat transfer dynamics, simulations can more 

accurately predict welding behavior and minimize potential defects. Moreover, these insights can be utilized 

to enhance quality control measures, reducing the likelihood of post-weld issues and improving overall 

manufacturing efficiency. As computational power continues to grow, the potential for real-time simulation 

and adaptive welding strategies will increase. 
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