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Abstract: Numerical simulations are commonly employed for comprehending and prognosticating welding procedures.
However, repair often requires supplementary actions such as gouging for defect removal. Thermal cycles and non-
uniform expansion and contraction of the base metal can engender internal and residual stresses in the gouged region.
Residual stresses can wield influence over mechanical properties, thereby underscoring the necessity for their
investigation. This study endeavors to establish a numerical method to simulate gouging while devising a rationale for
thermal cutting processes. The model was validated by comparing computational and experimental results, which
showed good agreement. Mechanical simulation unveiled residual stresses characterized by modest magnitude. This
methodology can prevent mechanical failures in repaired components by providing valuable insights into the effects of
the gouging process.
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1. Introduction

Gouging is a thermal cutting process that melts metal to remove weld beads or create bevels for subsequent weld filling.
Due to the removal of material through heat, a large amount of energy is used, resulting in significant temperature variations.
As a result, residual stresses and distortions can occur in the gouged part, which can ultimately affect the mechanical strength
and function of the welded part or structure.

Residual stresses are defined as the stresses present in a welded joint or base metal that is free of external stresses and
thermal gradients [1], which is in agreement with the definitions of American Welding Society [2]. The stresses that initiate
during welding and cooling can also be classified as part of the residuals by some authors [3]. These stresses can have a significant
influence on the mechanical strength and function of the welded part or structure, and can contribute to its early failure.

The residual welding stresses can originate from several factors, including intense surface cooling, contraction during
cooling of differently heated and plasticized regions during welding, and phase transformations [4]. Additionally, other
operational factors can influence the intensity of these residual stresses.

Despite attempts to define and quantify the separate effects of each operational factor on the generation of residual
stresses through computational or experimental analysis, the literature presents conflicting results [5]. Additionally, distortion
or collapse can occur in a welded structure that lacks sufficient stiffness to relieve residual stresses [6].

One potential issue with gouging is microstructural transformations in the material due to multiple thermal cycles resulting
from welding, gouging, and re-welding. Previous experimental work [7-9] has examined the effects of such repairs on the
mechanical and microstructural properties of different materials.

While numerous thermal and mechanical simulations of welding processes exist, few studies address gouging simulations.
However, some works [10-12] have simulated the laser cutting process, which, in some extent, is close to the computational
approach for gouging simulation.

The relationship between the welding and gouging processes, coupled with the different directions in the scientific advances of
each, suggests that gouging simulations are more complex than welding simulations. In a recent study [13], a thermal simulation of
gouging was developed, but to simplify the physical phenomena and reduce the complexity of the numerical study, the dimensions of
the section that would be removed by melting were modeled. This limits the applicability of the results in practice.

To address these issues, this study aims to model the entire assembly without controlling the dimensions of the gouged
region, which will be obtained through simulation. Furthermore, the study aims to determine the arrangement and intensity of
the residual stresses that occur during gouging processes, which are not yet well understood. By avoiding simplifications that
can manipulate results and making gouging simulations more reliable, this study aims to contribute to a better understanding
of gouging and its effects on welded structures.
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2. Experimental Procedure

The experimental procedure was carried out in order to calibrate and validate the numerical model. The experiments
involved plasma gouging of a 400 x 300 x 25.4 mm structural steel plate (ASTM A131 EH36), using a Computer Numerical Control
(CNC) table. The gouging process was performed utilizing an air pressure of 55 psi, an electric current of 60 A, a voltage of 215
V, a torch travel speed of 5.1 mm/s, a contact-to-work distance of 15 mm, and a torch travel angle of 45°.

To improve the accuracy of the measurements, a portion of the gouged region was scanned using a Creaform
HandySCAN307 3D laser scanner, with 0.1 mm resolution. An imaging processing software (VXelements and VXmodels) was
used to analyze the results. Additionally, a part of the gouged region was crosswise cut and analyzed via macrograph to identify
the Heat-Affected Zone (HAZ) region. The experimental results used for numerical model calibration included the width, depth,
and transverse contour of the material withdrawal region, as well as the dimensions of the HAZ.

3. Simulation Model

The software Ansys Multiphysics APDL (Ansys Parametric Design Language) was used for all stages of the numerical study.

The present study commences with the preparation of the thermal and mechanical simulation model, which involves the
design and meshing of the gouged plate. To achieve symmetry in the case study, the gouging is carried out along the plate's
centerline. Consequently, it becomes feasible to simplify the simulation model by modeling only one-half of the gouged plate.
The simulation's temperature distribution is perfectly symmetrical, since it is a simulation.

The mesh size utilized in the gouging region was 0.2 mm, whereas the size of the mesh in the farthest regions of the plate's
center was 2 mm. The total number of nodes within the mesh was 386,131. The mesh employed within the gouging and farthest
regions from it were of the structured type, with a transition between these regions using an unstructured mesh. This can be
observed in Figure 1a. Also, the symmetry is used in the locking scheme for the mechanical simulation, which is shown in Figure
1b. The perspective of the plate has been altered in relation to Figure 1a in order to facilitate the visualization of the locking
points. In Figure 1b can be observed that the brown face is completely prevented from moving in the direction of the x-axis, due
to the simulated model being symmetric and the brown face being the plane of symmetry.

Y
(a) (b)

Figure 1. Gouging simulation mesh (a) plate fixing for mechanical simulation (b)

It should be noted that each type of simulation requires a specific kind of element, designated to calculate either
temperature or stress and distortion.

During the thermal analysis, the SOLID70 element with 8 nodes and 1 degree of freedom per node was utilized to account
for conduction and convection heat transfer. In addition, the SURF152 element was employed to apply the radiation heat
transfer condition on the entire part's outer surface.

In contrast to the thermal simulations, the mesh utilized in the mechanical simulations remained constant. However, the
element type was modified to SOLID185, which is geometrically comparable to SOLID70. SOLID185 was implemented to calculate
stress and distortion within the material.

Despite being low-order elements, refining them in the region with the highest thermal gradient within the mesh yields
favorable outcomes [14-17].

4. Thermal and Mechanical Numerical Analysis

The second step in this study involves conducting a thermal simulation to identify the HAZ and the dimensions of the
gouged section. To achieve this, a set of equations are solved through iterative computation during the simulation process. It is
essential to define the thermally dependent properties of the material and the heat source used for energy imposition to obtain
accurate simulation results.

The temperature field in the numerical model is governed by the heat conduction equation given by Equation 1.
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In this study, T is temperature, k(T) is the thermal conductivity of the temperature-dependent material, p(T) is the specific mass
of the material, Cp(T) is specific heat, and Qv is the energy generated per unit of volume (in this study, Qv is null).

The thermodynamic boundary conditions applied were convection and radiation, both applied to the external surfaces of
the material. Convection heat flow (q¢) in a medium with gas or liquid is given by Equation 2 of Newton's heat transfer law.

qc = he(T —Tp) (2)

The temperature of the outer surface of an object is denoted by T, while Ty represents the temperature of the gas or liquid
surrounding the object. The coefficient of heat transfer by convection is represented by h.. In the literature, various values for
the convection coefficient have been proposed, with some authors [18-20] suggesting a value between 5 to 20 W/mZK.

The heat flow by radiation (q;) is governed by Equation 3 of Stefan-Boltzmann's law.

qr = grar(T4 - T(;t) (3)

The emissivity value of a material's surface is denoted by €, while the Stefan-Boltzmann constant is represented by o,, equal to
5.67 x 10 Wm2K*. The value of emissivity is dependent on the condition and temperature of the material's surface.

The source under analysis is a modification of the Gaussian source, known as the modified three-dimensional (MTD)
source, which varies its radius logarithmically along the Z axis (i.e., along the thickness of the plate). This type of heat source was
demonstrated by Dhinakaran et al. [21]. Equations 4 to 7 presents the mathematical model of MTD, while

Qr2) = Qexp (- %) (@)
ro(z) = aln(z) +b (5)
a=—¢<1 (6)

"~ Inze)-In(z)

_ riln(ze)-reln(z;)
b= In(ze)-In(z;) )

The function Q(r,z) represents the distribution of heat flow in the volume, which depends on both the radial and depth
coordinates of the source. Qp, on the other hand, refers to the total imposed heat, which is calculated as the product of the
power and efficiency of the process. The upper radius of the source is represented by re, while the lower radius is represented
by ri. Ze and Z; denote the starting and ending positions of the source, respectively, in the z direction.

For the thermal simulation, a convection coefficient of 15 W/m?K [1,3] was defined at a room temperature of 25 °C. To
model the emissivity of the material, a value of 0.80 was utilized [3]. The arc efficiency was set to 0.85 [1,3].

The third step in this study was the mechanical simulation. With the aim of calculating residual stresses and distortions
from the gouging process, it is necessary to perform thermal-structural coupling. This involves utilizing the results from the
thermal analysis, which provide a history of temperature distribution at each instance, and accepting them as forces in the
structural simulation (i.e., expansion and compression).

For the numerical structural analysis of the welding process, the total deformation that occurs during the process is
decomposed into three components, as shown in Equation 8.

g = e+ eP 4+ ¢t (8)

Where & represents the total deformation calculated by elastic deformation (&%), which is modeled using Hooke's law, the
modulus of elasticity (E) and Poisson's ratio (v). Regarding plastic deformation (€P), a plasticity model is employed with the
material's yield strength (o). And the thermal deformation (g') is calculated using the material's coefficient of thermal expansion
(a). From this information, deformations in the plates, as well as residual stresses, are calculated.

Additionally, other thermally dependent thermal and mechanical properties based on previous studies [22] for ASTM A131
steel can be found in Table 1. The properties vary linearly between the temperatures specified in Table 1, which Ansys APDL will
automatically define the remaining properties values through linear interpolation. The temperature values defined in Table 1
are based on the linear changes in the properties' graphical behavior [22].
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Table 1. Mechanical and thermal properties thermally dependent of ASTM A131 steel.

Mechanical properties

T[°C] o [MPa] E [GPa] o [10°/K] [V}
25 343.0 205.3 12.1 0.3
375 245.5 173.5 12.6 0.36
450 210.6 130.6 12.8 0.38
525 172.0 89.4 12.8 0.39
600 127.5 60.0 12.8 0.4
750 67.4 35.3 13.1 0.43
975 20.5 12.9 13.4 0.48

1050 12.0 10.6 13.6 0.48

1400 12.0 10.6 13.6 0.48

Thermal properties

T[°c] p [kg/m?] k [W/mK] Cp [J/kg°C]
0 7774.4 54.9 385.0
700 7618.2 30.6 893.7
744 7600.9 29.0 1230.9
800 7583.5 25.2 913.3
900 7566.2 26.2 621.1
1400 7444.7 30.5 795.3

Another need for mechanical simulation is to constrain the gouged plate. This was done in a way that leaves it as free as
possible, in order to only constrain it to ensure it does not move along the axes when thermal loads are applied. The plate is
free to deform as shown in Figure 1b.

5. Gouging Numerical Procedure

In numerical simulations of gouging or welding processes, heat is often introduced using heat sources. In the present study,
the MTD heat source was employed to impose a heat flow on the mesh nodes at each time step (i.e., in each time interval At).
The value of At used for heat application was calculated based on the travel speed of the welding or gouging process (v) and the
size of the elements (dn), as shown in Equation 9.

At=2= (9)

In this context, the symbol At represents the duration of heat source exposure at each node in the current steps. AS denotes
the change in space (which refers to the distance between two points). The symbol v represents the gouging travel speed, while
dn is the distance between the nodes.

In the present work, the gouging process was simulated using algorithms similar to those employed in welding processes.
However, in addition to the traditional thermal solution, the material melted by the heat source was made to disappear using the
“birth and death” technique. This technique involves not only the appearance or disappearance of elements, but also the change in
properties of the mesh. Specifically, the stiffness matrix of the finite element technique receives a very small value, typically 10 in the
case of Ansys software, which is used in this study. For heat transfer problems, the stiffness matrix is related to thermal conductivity.

In the present investigation, the “death” condition of the elements is defined as the melting temperature of the material,
that is 1450°C for steel. However, this type of analysis is not straightforward, as the temperature needs to be determined at
each step of the simulation. This requires the algorithm to exit the solution at each step and enter post-processing mode to
monitor the temperature throughout the mesh before resuming the analysis. Additionally, since the region where the heat
source is applied reaches very high temperatures, it becomes deactivated and cannot continue to apply heat to dead elements.
Since the conductivity is practically zero, the temperature would rise to very high levels. To circumvent this issue, the region of
the next heat application is reactivated. The complete process is described in the following sequence:

(1) Nodes where heat source is to be applied are selected;

(2) Elements associated with these nodes are saved to an external file;

(3) Heat is applied to the nodes using the heat source equation (Eq. 4) and a given time interval (Eq. 9);
(4) The solution is exited and post-processing is performed to obtain the temperature distribution throughout the mesh;
(5) Elements that reach temperatures above 1450°C are identified;

(6) These elements are saved to another external file;

(7) The EKILL control is used to deactivate elements that exceeded the temperature limit;

(8) The function ANTYPE “restart” is applied to recalculate the solution with the dead elements;

(9) Heat source elements saved in step 2 are reactivated using the EALIVE command,;

(10) The heat source is moved to the front nodes in the direction of gouging;

(11) The process resumed from step 1.
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In summary, by employing the “birth and death” technique for finite element analysis, were possible to simulate the
gouging process and incorporate the disappearance of the melted material. Although the analysis was complicated due to
temperature monitoring and the deactivation of the heat source region, was necessary to revive the next heat application region
to address the high temperature issue.

Thus, when continuing a numerical study from thermal to mechanical, it is necessary to interpret the temperature
distribution at each time step of the gouging process and subsequently inform the software which elements should be
deactivated at that step. For this reason, the mechanical solution of the gouging process is not trivial, as it requires knowledge
of, when and which, elements have reached the melting temperature in the previously conducted thermal numerical study.

Therefore, the complete sequence of the mechanical simulation process in gouging is described below:

(1) The temperature distribution results obtained from the thermal simulation at the current step are read;

(2) The file in which the elements that reached the material's melting temperature in the thermal simulation were identified
and saved, is read;

(3) The identified elements are deactivated using the “birth and death” technique;

(4) Calculations are performed for these imposed conditions;

(5) The process is resumed from item 1.

Figure 2a presents a flowchart comparison between the solution of a thermal simulation of welding (a-left) and gouging (b-
right) processes, utilized in the current study. Where Eneit is the name of the file in which the elements to be removed are stored.
While the parameters Teiements and Tmeit are the temperatures of the elements and the melting temperature of the steel, respectively.

The methodology of the mechanical numerical study is simpler as it leverages data previously obtained in the thermal
simulation solution process. Figure 2b shows a flowchart comparison between the mechanical simulation solution of the welding
(b-left) and gouging (b-right) processes used in this work.

@ [ Step sStepsl ][ Heat flow apply ]
Solution
| Time = dt*step | Heat flow delete
supssiep | [ Elemento pirth |
post (@)
Solution processor Eprete™ Toierments”Traen
Post Solution
processor —
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| step=sieper | [Thermal Results |

¢

Time = dt*step

Residual Stress Post
processor processor Residual Stress

| step=stepe1 | [ Thermal Results |
) Solution * (b)
Solution
essor [P ]

Left right

Figure 2. Flow diagram sequential of thermal numerical welding (a-left) and gouging (a-right) processes, and the flow diagram sequential of
mechanical numerical welding (b-left) and gouging (b-right) processes.
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6. Results and Discussion

Initially, macrography of the gouged cross-sectional area was conducted, with a sample taken 25 mm from the end of the
gouging. This sample is presented in Figure 3a and is used to validate the computational simulation by comparing the width and
depth of the removed material section and the heat-affected zone as shown in Figure 3b.

W 727°C ~ 1450°C
(a) (b)

Figure 3. Macrography of the gouged cross-sectional area (a) and comparison between experimental and numerical cross section and heat
affected zone (b).

To determine the dimensions of the gouged section, a 3D scanning of the metallographic sample was performed. Regarding
depth, the highest depth measurement was adopted as it showed uniformity throughout the sample, as observed in the color map
in Figure 4a, with a value of 4.34 mm. The gouged width showed variations along the length of the gouge. Therefore, measurements
were taken in ten sections along the gouge, and an average value of 6.20 mm was adopted, as presented in Figure 4b.

4337

0.100
-0.100 -

(a) (b)

Figure 4. Measurement of the depth (a) and width (b) of the gouged section by 3D scanning.

By observing Figure 4, it is possible to verify that both the depth and width of the material removal by the gouging process
do not have a very pronounced variation along the analyzed length. Therefore, the material removal process occurred in a
uniform and stable manner along the length of the plate.

With the experimental procedure finished, the study conducted a comparison between the results obtained from
experimental and numerical gouging. It was found that the experimental and numerical model exhibited similar results, as
depicted in the cross-sectional gouging and heat affected zone image presented in Figure 3b.

It is noteworthy that the discernible “steps” exhibited in the simulation outcomes presented in Figure 3b are attributable
to the mesh. In the course of the simulation, the software determined the region that underwent gouging and subsequently
removed the elements with temperatures exceeding the material's melting temperature, leaving the adjacent elements intact.
This constitutes the methodology adopted in this study, differing from the approach presented in reference [13]. In [13], the
parameters relating to the width and depth of the gouged section are treated as input parameters, meaning they are
predetermined. In contrast, this study acknowledges that, akin to real-world scenarios, the values of width and depth are initially
unknown, thus regarding them as output parameters in this context. This outcome yields the observed visualization in the form
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of “steps”. It is anticipated that the refinement of the gouging volume mesh will progressively reduce the “step-like” visual
effects, leading to a closer resemblance to the experimental results.

The experimental measurements of the depth and width were 4.34 mm and 6.20 mm, respectively. While for numerical
calculations, it were 4.40 mm and 6.40 mm, respectively.

In order to obtain the results, the heat source parameters as defined by Equations 4 through 7 were established at values
of 3,3.7,0.1, and 4 mm for the variables re, ri, Z. and Z;, respectively. The visual representation of the heat source is depicted in
Figure 5a, through a perspective view of the complete model which has been mirrored in the plane of symmetry. Meanwhile,
Figure 5b illustrates the heat source at the same moment in time, but in a cross-sectional view along the axis of symmetry.

Based on the analysis of Figure 5, it can be inferred that the appearance of the heat source aligns with the anticipated
outcomes derived from the mathematical calculations conducted according to Equations 4 to 7.

Through experimental validation, it can be inferred that the mechanical simulation results are accurate. This is because
the validated numerical thermal study results are employed in the mechanical simulation. Additionally, the mechanical
properties have been correctly established [22], and the clamping of the sheet is executed in the same manner as it is in the
experiment. Hence, there is sufficient foundation to consider the mechanical simulation results as valid.

There is no literature available that describes the intensity or arrangement of residual stresses generated during the
gouging process. Given that, residual stresses on the top surface of the sheet were analyzed.

(a)

(b)

" . r— ""C
; T | J 960.1 BV ]

336. 648.4 960. ;
180.8 492.5 804.2 1116.0 1450
Figure 5. Thermal field of gouging with expanded symmetry (a) and in the plane of symmetry (b).

Initially, stress results were obtained to provide a general perspective on the intensity and arrangement of the stresses.
Longitudinal and transverse residual stresses in relation to the gouged length were analyzed in a manner analogous to that
employed in works on welding process simulations. Figure 6 illustrate the arrangement of longitudinal (a) and transversal (b)
residual stresses in the gouged sheet. Subsequently, graphs are presented that facilitate a more objective analysis of these stresses.

In order to create charts of the top surface of the plate, longitudinal stresses were obtained along the center of the gouged
region and parallel to its side (at a distance of 4.5 mm). The transverse stresses are those present transversely to the direction
of gouging at half the length of the plate.

First, the longitudinal residual stress in the center of the gouged section and adjacent to it is analyzed on the top surface. Both
stress distribution curves are presented in Figure 7. The transversal residual stress on the upper surface is also illustrated in Figure 7c.

It is observed that in Figure 7a, the beginning and end of the plate length present marked stress variations, due to irregularities
generated in the mesh at the start and end of the process, which are moments of transient regiment of the heat source. These
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irregularities can be observed in Figure 5. On the other hand, in Figure 7b, greater stability of residual stresses is verified, which is
justified by the complete presence of all mesh elements and by being located in a non-critical location during the process.

(a)
| e =

P2

=550 -430 -309 -189 -.0688 0516 172 292 412 550

Figure 6. Perspective view of the gouged plate with display of the longitudinal (a) and transversal (b) residual stress distribution.
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5

g

Transverse Residual Stress [MPa)
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(C) Distance from the center of the gouged section [mm]
Figure 7. Longitudinal residual stress in the center of gouged region (a), longitudinal residual stress beside the gouged region (at a distance
of 4.5 mm from the center) (b) and transversal residual stress on the upper surface (c).

The disposition of transverse stress on the upper surface in Figure 7c has been previously described in a welding study
[23]. Unlike welding, where filler metal is deposited, in gouging, the melted base metal is removed. Therefore, the highest tensile
stresses are observed at the center of the gouged region since this section undergoes the most heating, and its tensile strength
is reduced when heated, according to the material's Table 1 properties. Similarly to the study [23], in the heat-affected zone,
the reduction of transverse residual stress to zero is attributed to the numerical study. Since the gouged dimensions were not
considered as input parameters, as in the manner of [13], the removal of mesh elements to create the “step-like” visual effect
shown in Figure 3b necessitates that nodes belonging to the adjacent elements of those removed (and shared with them)
possess a null residual stress value. This is due to their preservation of equilibrium conditions and susceptibility to greater
distortions. After the heat-affected zone, the stresses become tensile again.

7. Conclusion

Based on the presented results, it can be concluded that the simulation method developed using a MTD heat source was
able to provide results that closely match the experimental data, without any manual adjustment of the width or depth of the
material removal resulting from gouging.
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In general, gouging tends to result in lower residual stresses. This is due to the removal of heated material during the process,
leading to reduced intensity of thermal cycles experienced by the underlying base metal. The diminished dissipation of energy in
the gouged plate contributes to this effect. Figure 7c illustrates that the transverse residual stress reaches its maximum at the
center of the gouged area, gradually diminishing to zero upon entering the heat affected zone. It subsequently increases, then
decreases along the base metal. Meanwhile, the longitudinal residual stress exhibits transient behavior at the outset and conclusion
of the gouging process, corresponding to the initiation, stabilization, and termination of the electric arc, as depicted in Figure 7a.

With respect to distortions, it can be concluded that they occur with higher intensity in the transient regime of the heat
source. Despite the plate being clamped only to the minimum required, it exhibited low levels of distortion, which can be
attributed to the fact that the heated material is removed in the gouging process. By eliminating elements with high
temperature, the temperature is not conducted intensively to the remaining base metal, and due to the low thermal cycle, small
distortions are obtained. It is important to note that the gouged plate is thick and of small dimensions, which also contributes
to the reduction of distortion levels.
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