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Abstract: Surfacing weld represents the deposition of a filler material on the surfaces or edges of a base
metal. The objective of the process is to improve the mechanical characteristics of metallic structures that are
subjected to cyclic loads. Heat transfer occurs at the interface between the welded beads and the base metal.
Thus, the structural performances of the final product are limited. In this regard, the evaluation of the
temperature distribution by means of simulation tools can provide essential information to the designers of
such structures. The present paper proposes a new approach for the estimation of the thermal gradients that
occur during the welding process. In the first stage, a black box system is developed with the support of
experimental data. A simulation approach that is based on the Finite Element Method is proposed for the
transient analysis of the heat transfer. The conductance and capacitance of the model are defined based on the
parameters of the "Black box" system.
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Model cu parametru redus pentru evaluarea gradientilor
de temperatura a procedeului de inciarcare prin sudare

Rezumat: Incircarea prin sudare reprezinta operatia prin care un material de adaos este depus pe un material
de baza. Scopul procesului este acela de Tmbundtatire a caracteristicilor mecanice a reperelor care sunt
solicitate ciclic. Transferul de caldura care apare la interfata dintre straturile depuse si materialul de baza
limiteaza performantele produsului finit. In acest sens, evaluarea distributiei de temperaturd cu ajutorul
instrumentelor de simulare poate oferi informatii esentiale proiectantilor unor astfel de structuri. Lucrarea de
fatd propune o noud abordare pentru estimarea gradientilor termici care apar in urma procesului de incarcare
prin sudare. In prima fazi, un sistem de tip “black box” este dezvoltat avand ca referinta valori experimentale.
O abordare de simulare bazatd pe Metoda Elementelor Finite este propusd pentru analiza transferului de
caldurd in regim tranzitoriu a procesului. Conductanta si capacitanta modelului sunt definite pe baza
parametrilor sistemului “black box”.

Cuvinte cheie: Sudare, Transfer de Caldura, Black Box, Simulare.

1. Introduction

Surfacing weld represents a single or multiple pass deposition of a hard, wear-resistant layer
of filler material to the surfaces or edges of a base metal Surfacing weld (Garbade & Dhokey,
2021). The aim of the process is to extend the life time of mechanical parts that operate in severe
conditions (Singh et al., 2022). Gas Metal Arc Welding (GMAW) represents one of the most
common surfacing weld procedures (Botez et al., 2011). Due to this fact, the complexity of the
welding setup and its operational costs are kept at the lowest possible figures (Cheng et al., 2021).

However, one major disadvantage of the process is the existence of a Heat Affected Zone
(HAZ) in the proximity of the welded joint (Mician et al., 2020). As a consequence, the mechanical
and structural properties of the filler material are sensitive to the heat transfer of the welding
procedure (Hussin & Lah, 2020).

First order systems are commonly employed in the design of control systems to model the
dynamics of the plant (Junfeng & Chunlong, 2012). They describe the relationship between the
input and output variables by means of a first order differential equation. The system gain (or how
much the output changes for a given input) and time constant (or how quickly the system responds
to changes in the input) are taken into consideration. Dead time is included as a constant time shift
to capture the delay that occurs between the input and the response of the system.
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The temperature distribution that occurs in surface weld processes is a complex and dynamic
phenomenon that is influenced by several factors, such as the welding parameters, material
characteristics and the environmental conditions (Arora et al., 2019). Thus, an accurate
representation of the process requires an in-depth description of the heat transfer. Typical
approaches are based on Finite Element Method (FEM) coupled analysis (Mahiskar et al., 2014) or
Computational Fluid Dynamics (CFD) models (Schnick et al., 2011).

Both FEM and CFD models represent numerical methods that employ a mesh to discretize
the physical domain of the welding process and solve the governing equations of heat transfer and
fluid flow. These models can provide a detailed representation of the temperature distribution and
other important variables, such as residual stresses and distortion.

Even so, First Order or First Order Plus Dead Time (FOPDT) systems can be employed for
the simplified modeling of the temperature distribution in surface weld processes. This objective
can be completed by combining a FOPDT system, FEM thermal analysis and experimental
procedures.

In this regard, a FOPDT model of the surface weld process can be developed based on
experimental data or historical records (Photoon & Wichakool, 2015). The aim of the model is to
describe the relationship between the process input (i.e. the welding current) and the output (the
temperature in a specific location) in terms of the system gain, time constant and dead time.

On the other hand, FEM thermal analysis takes into account the material properties, heat
input and cooling rates. From this perspective, the FOPDT model can be used to provide boundary
conditions for the heat transfer simulation (Park et al., 2020).

Furthermore, experimental procedures can validate both the FOPDT and the FEM model.
These experiments capture the temperature distribution in the welded joint with the support of
thermocouples or infrared cameras (Rose et al., 2010).

Thus, by combining different experimental and simulation procedures, an accurate
description of heat transfer which occurs in welding processes can be obtained.

Several papers deal with the simulation of the thermal gradients of the surface weld
processes.

For instance, the work published by (Roshyara et al., 2011) describes an analytical model for
the approximation of temperature fields in arc welding. On the other hand, the research carried out
in (Moreira et al., 2007) captures the temperature curves of weld beads by means of an
experimental approach. Furthermore, the papers (Arsic¢ et al., 2020; Sachajdak et al., 2018) describe
simulation models that are based on Computational Fluid Dynamics (CFD) or the Finite Element
Method (FEM).

Opposed to the existing literature, the present paper proposes a new approach for the
transient simulation of the heat transfer that occurs in the surfacing weld process. The methodology
is based on black box and FEM modeling techniques.

In the first stage, a batch of experimental samples is decided. Each specimen is subjected to
bead welding. Different welding parameters are considered for completing the study. Temperature
acquisition is carried out in a location that is found outside the welded joint to limit the side effects
of electromagnetic interference.

The experimental values are processed in a numeric computing environment. A black box
model is developed with the support of system identification procedures. The numerator and
denominator coefficients of the resulting transfer function are evaluated for each studied specimen.

In the next stage, FEM simulations are employed by considering an ideal heat transfer
environment. Constraints are applied to the conductance and capacitance of the model. The values
used are mapped to the behavior of the black box system. Thus, accurate simulation results can be
achieved without extended knowledge requirements.
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2. Materials and methods

2.1. The proposed approach

The proposed approach consists of two layers of abstraction: the experimental and the
simulation layer (Figure 1).

Batch of Samples —{ Bead welding Transfer function

v

MATLAB FEM Simulation
CHETEL TR Environment Environment
Experimental Layer Simulation Layer

Figure 1. A schematic representation of the proposed approach

A brief description of the constitutive layers is carried out below:

* The experimental layer: An experimental assessment is carried out for evaluating the
temperature curves of the stringer bead welding process. A batch of 5 samples that are
manufactured from S235JR steel are employed for this purpose. Each work piece has a thickness of
10 mm and a surface area of 20000 mm?. The same current intensity is used for all specimens, but
different gas flow rates. These process parameters are decided for extending the simulation
capabilities of the model. A location that is found outside the welded joint is considered for thermal
acquisition. An infrared pyrometer is employed for capturing the temperature gradients.

» The simulation layer: The start and end time of the welding and temperature acquisition
processes are synchronized. Afterwards, the resulting input and output variables are exported to the
MATLAB numeric computing environment. Noise filtering techniques are employed for removing
the noisy acquisition data. The relevant signal statistics are processed for each studied sample.
Graph observations are carried out for adopting an optimal system identification methodology. The
numerator and denominator constants of the resulting transfer function are mapped to the welding
process parameters. A FEM simulation model is developed in an ideal environment. Thermal
conductance and capacitance elements are employed to constrain the dynamic behavior of the
system. Their parameters are decided based on the constants of the black box model. Thus, the
temperature gradients of the surfacing weld process can be processed in virtually any location of
the base metal.

2.2. The experimental layer

The experimental setup comprises a MIG-MAG robotics welding cell that includes the
standard equipment for gas metal arc welding processes: a robotic arm, the welding power source,
the wire feeder, the welding torch, a shielding gas supply and a process control system. A non-
contact temperature acquisition system is employed for capturing the thermal gradients. Referring
to Figure 2, the base metal (1) is secured in place by a fixture (2). An industrial robot (3) that is
equipped with a welding torch (4) carries out the bead welding process. During the experiments, an
infrared pyrometer (5) continuously acquires the temperatures from a location that is found outside
the welded joint (6). The values are stored on a PC (7) for further processing.
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Figure 2. Details regarding the experimental setup

Table 1 depicts the welding parameters that are employed for the studied batch of samples.

Table 1. Welding parameters employed in the study

Number of | Welding ?Ir;:lc\elldmg %?: Voltage Wire feed ;N:(Iec(ijmg
samples current (A) (I/min) V) speed (m/min) ((F;)m /min)
5 190 10to 24 18.9 4.7 45

2.3. The simulation layer
The simulation layer comprises two distinct environments:

* The MATLAB environment: employed for processing the experimental data by using
preprocessing, cleaning and plotting techniques. The relationship between the input and the output
of the process is further used for deriving an s-domain transfer function. This stage is completed by
employing Black Box modeling procedures (Sima et al., 2017).

e The FEM simulation environment: employed for developing an ideal representation of
the heat transfer that occurs in the welding process. The unrealistic behavior of the conductance
and capacitance of the model is overcome by mapping the simulation parameters to the variables of
the Black Box model.
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Figure 3 depicts a schematic representation of the interactions that occur in the two
environments.
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Figure 3. A schematic representation of the proposed approach

The experimental data is transferred to the MATLAB environment for further processing. In
the first stage, signal filtering and smoothing techniques are employed for removing the acquisition
noise. The relevant signal statistics are derived for each studied sample. Afterwards, the transient
response of the process is evaluated based on the observations from the graph. System
identification methodologies are used for deriving the frequency domain transfer function of the
process. Multiple model structures are tested until the step response of the system matches the
initial signal statistics. The resulting Black box approach has the ability to recreate the thermal
behavior of the experimental temperature curves.

In the next stage, a transient thermal analysis simulation model is developed. A 3D
representation of the solid domain is completed for the base metal and welded joint. The equation
that governs FEM thermal analysis is depicted in (Feng et al., 2020):

[Clfr}+[KKT}={Q°} W

Where: C represents the specific heat matrix, K the conductivity matrix, T the vector of nodal
temperatures and Q? the applied heat flow vector.

Equation 1 resembles a first order system. In this regard, the temperature gain and steady-
state behavior are modeled explicitly by the thermal conductivity. On the other hand, the time
constant of the process is governed by the density and specific heat of the material.

Thermal contact conductance and capacitance can be employed to adjust the dynamic
behavior of the heat transfer process. From this perspective, the heat flux that occurs between the
welded joint and base metal boundaries can be constrained by employing (Kumar et al., 2021):

q= Rth : (Ti _Tj) (2)

Where: g represents the thermal flux, Rw the thermal contact conductance and Ti; the temperatures
at the contacting nodes.

The additional capacitance (Ci) of the solid domain can be included by employing a 0D thermal
mass element. Its behavior is governed by the specific heat matrix (Rincon-Tabares et al., 2022).

lct]=[C.] 3)
Where: Ci represents the lumped capacitance of the element.
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The K. and Cy, variables from equations (2) and (3) can be mapped to the variables of the
Black Box model for generalizing the behavior of the system for any given input. Thus, a reduced
order model is achieved.

3. Results and discussions

3.1. Signal processing

Figure 4 depicts the experimental temperature curves for the 5 specimens (S1 to S5), for the
different gas flow rate (V) regimes.
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Figure 4. Experimental temperature curves for different gas flow rates

3.2. Signal statistics
The signal statistics derived for all specimens are depicted in Table 2.
Table 2. Welding parameters employed in the study

1 74.3°C 18.13°C 56.2°C 43.9°C
2 70.29°C 18.13°C 52.16°C 42°C

3 65.14°C 18.08°C 47°C 40.4°C
4 59.12°C 18.14°C 40.9°C 36.5°C
5 52.4°C 18°C 34.4°C 34.8°C

3.3. System identification

The behavior of the system matches the description of a First Order Plus Dead Time (FOPT)
one, given the start slope of the curve, the process time delay and the steady-state value (Tapék &
Huba, 2016):

Ke *
s +1 4)

Where: K represents the temperature gain, t the process time constant and 6 the process
dead time.
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The curve area method proposed by Nishikawa (Nishikawa, 2007) is employed to determine
the values of the constants from expression 1. Figure 5 emphasizes the locations of the two areas
(Ao and A;) for sample number 1.

80 —
70 — -
o 80—
@ J
2 50
2 | A
§ 4 1 Y
30
20 —|
0 20 40 60 80 100 120 140 160
Time (s)
Figure 5. Experimental temperature curves for different gas flow rates
The relationships used are (Nishikawa, 2007):
A = [ (Ay(e0) - Ay(t))at -
to A0
A=Ayt ot =2
IO Ay(eo) (6)
Thus, the parameters of the first order system can be calculated based on:
T= —Ai
O.368Ay(oo) )
O=t,—7 (®)

The accuracy of the model is verified by using the Mean Absolute Percent Error (MAPE)
(Stoicuta & Mandrescu, 2012):

v Ly[A-R

= -100
N

9)
Where A represents the current value, P; the predicted value and n is the number of specimens.

Table 3 depicts the temperature gain, time constant, process delay and MAPE for each
studied sample.

Table 3. Welding parameters employed in the study

Sample number | k 0 T MAPE
1 57.5 21.133 37 0.45%
2 53.2 23.1 32.8 0.46%
3 48 20.1 27.5 0.51%
4 41.8 25.1 25.9 0.39%
5 34.9 21.1 24.5 0.32%
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3.4. Transfer function

A generalized expression of the transfer function depicted in Equation 4 can be achieved by
matching the numerator and denominator constants with the variable gas flow rate.

Figure 6 depicts the relationship between the gas flow rate and the temperature gain of
the process.
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Figure 6. Experimental temperature curves for different gas flow rates

The slope of the curve matches a 2" order polynomial expression:

y = 66.17468 —0.47518 - x —0.03432 - x* (10)

Where: y represents the temperature gain and x the gas flow rate.

A similar slope can be noticed for the relationship between the gas flow rate and the time
constant of the process in Figure 7.
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Figure 7. Experimental temperature curves for different gas flow rates

In this case, the expression of the 2nd order polynomial is:

y =50.37743 — 2.75516 - X + 0.05423 - X’ 1)

Where: y represents the time constant and x the gas flow rate.

3.5. FEM Simulation model

A FEM simulation model is developed by employing ANSYS Workbench software. The
following settings are employed:

o Analysis type: Transient Thermal
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e Total simulation time: 160 seconds
o 20 seconds: for the welding cycle
o 140 seconds for the cooling cycle
o Heat transfer conditions
due to the thermal

o Conduction: occurs at the solid domain level

characteristics of the material.

o Prescribed body temperature: employed for the individual sections of the
welded joint. The values are derived in the experimental layer.

o Convection: employed for the exterior surfaces of the model. The film
coefficient is derived from (Jaidi & Dutta, 2004)

A 3D tetrahedral mesh is used to represent the solid domain in Figure 8.

Figure 8. 3D Mesh of the solid domain

To this end, the simulation model considers an ideal interaction between the welded joint and
the base metal. On the other hand, the temperature gain and time constant of the process are
constrained only by the thermal conductivity, density and specific heat of the material.

Figure 9 depicts the experimental vs. simulation temperature curve for sample number 1.
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Figure 9. Experimental and simulation temperature curves for sample 1
A slight difference can be noticed between the two curves. Their statistics are depicted in Table 4.

Table 4. Signal statistics derived for the experimental and simulation curves

Derived from Maximum Minimum Peak to Peak Mean
Temperature Temperature

Experimental 74.3°C 18.13°C 56.2°C 43.9°C

Simulation 69.6°C 18.0°C 51.6°C 47.2°C
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Thermal interface conductance is employed at the junction between the welded joint and the
base metal to overcome such issues. Figure 10 depicts the results of a parametric study that was

completed for identifying the optimal conductance value.
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Figure 10. Interface conductance parametric study, temperature gain match = 2.54W/m2°C

The same approach was employed for identifying the capacitance of the model in Figure 11.

90 —

80 —

70 —

60 —

50 —

40 —|

Temperature (°C)

30

20 —

10

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr Cth = 1.87E+05 J/°C
------------------------------- Cth = 2.08E+05 J/°C

Cth =2.30E+05 J/°C
Cth = 2.52E+05 J/°C
Cth=2.74E+05 J/°C

60

Time (s)

120 140 160

Figure 11. Capacitance parametric study, time constant match = 2.30E+05 J/°C

Table 5 depicts the identified values for all studied samples side by side with the temperature
gain and time constant derived in the previous stage.

Table 5. Conductance, capacitance, temperature gain and time constants for all studied samples

s | k r
1 2.54 2.30E+05 57.5 37
2 2.39 2.04E+05 53.2 32.8
3 2.15 1.71E+05 48 275
4 1.89 1.61E+05 41.8 25.9
5 1.57 1.53E+05 34.9 245

The relationship between the temperature gain and the interface conductance considered for
each simple is depicted in Figure 12.
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Figure 12. The relationship between the temperature gain and the conductance of the model

The relationship between the time constant and the capacitance considered for each sample is
depicted in Figure 13.
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Figure 13. The relationship between the time constant and the capacitance of the model

A linear mapping can be noticed between the two sets of constants. Thus, generalization of
the methodology can be achieved for different process parameters.

Figure 14 represents the practical use of the simulation model.
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Figure 14. Section view of the HAZ in the centroid of Sample 1

In this case, a top and section view of the HAZ is depicted at the middle of the welding
cycle. These results can be processed in any location of the model for further use in the structural
design process.

4. Conclusions

The present paper proposes a new approach for evaluating the temperature gradients of the
surfacing weld process. Experiments are conducted by considering 5 base metal samples that are
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made from S235JR steel with a thickness of 10 mm and a surface area of 20000 mm?. The
temperature curves are derived by considering the same current intensity but different gas flow
rates. An infrared pyrometer is used for temperature acquisition at a location outside the welded
joint. The resulting input and output variables are exported to the MATLAB environment where
noise filtering and signal statistics processing are completed. A black box model is developed by
employing the Nishikawa system identification approach. The numerator and denominator
constants of the resulting transfer function are mapped to the welding parameters. A transient
thermal analysis simulation model is employed for recreating the heat transfer of the surfacing weld
process in ideal conditions. Afterwards, thermal conductance and capacitance are employed in
accordance with the constants of the black box model. The resulting methodology has the ability to
capture the temperature gradients of the process in any location.
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