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The Influence of Copper Plate Dimensions on Temperature Distribution during TIG Welding

Mihael Zeli¢*, Matija Busi¢, Tomislav Veliki

Abstract: This research investigates the influence of copper plate dimensions on temperature distribution during TIG (Tungsten Inert Gas) welding of Cu-ETP (Electrolytic Tough
Pitch Copper). When welding copper and lightly alloyed copper alloys with high thermal conductivities, the appropriate type of current and shielding gas must be selected to ensure
sufficient heat input. This high heat input compensates for the rapid heat dissipation and cooling in the localized weld zone. The required heat input is determined by the dimensions
of the copper sheets to be welded. Experimental measurements using thermocouples were performed on plates with identical thicknesses but varying dimensions, while numerical
simulations via ANSYS complemented the analysis. The results highlight the significant impact of plate dimensions on heat dissipation and temperature gradients, providing

valuable insights for improving welding settings.
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1 INTRODUCTION

Copper and copper alloys are widely used in many
industrial applications for their high electrical and thermal
conductivities, good combinations of strength and ductility,
and excellent corrosion resistance [1]. The welding of copper
and copper alloys is a critical process in producing various
components for the chemical and beverages industry, such as
high-voltage power transformers, nuclear waste processing,
etc. Copper's exceptional thermal and electrical conductivity
makes it widely used, but these properties present significant
challenges during welding [2]. Copper's high thermal
conductivity rapidly dissipates heat from the welding zone,
making it difficult to maintain optimal welding temperatures
[2]. Additionally, copper oxidizes quickly at high
temperatures, potentially compromising weld quality and
causing defects [2].

Copper is not subject to phase transformations and
cannot be hardened through heat treatment, a characteristic
shared by many of its alloys. This characteristic poses
additional challenges in maintaining mechanical strength
during welding processes [3]. This challenge is further
exacerbated by the fact that thermal exposure induces
softening in cold-worked copper alloys, resulting in a
pronounced reduction in mechanical strength within the heat-
affected zone [3].

TIG welding, which employs a non-consumable
tungsten electrode in an inert gas atmosphere, has proven to
be an effective method for welding copper [2]. This
technique ensures precise heat control and minimal weld
contamination, which is critical for achieving high-quality
joints with high purity and minimal inclusions. This is
particularly important in industries where reliability and
durability are paramount [3]. Welding generates substantial
heat, significantly influencing the base material's
microstructure and mechanical properties [3]. The direction
and extent of heat distribution in the welded metal are closely
linked to the residual stresses and deformations that develop
during the cooling phase. Therefore, predicting heat
distribution within the material is essential, especially for
optimizing weld quality and mitigating defects.

From a practical standpoint, analytical solutions offer the
benefit of exceptional computational speed [4]. However,
their limited accuracy often becomes a constraint when
applied to complex engineering problems such as welding
simulations [4], prompting researchers to explore more
refined numerical methods. Consequently, numerous
researchers have sought to improve analytical approaches,
but these efforts have achieved only marginal gains in
precision [5-8]. Numerical solutions, on the other hand,
provide a higher degree of accuracy but require substantial
computational resources [9].

The finite element method (FEM) was initially applied
in welding simulations for static and dynamic analyses and
later evolved to tackle more intricate issues involving
geometric and material nonlinearities. Early studies, such as
those by Ueda and Yamakawa [9] and Hibbit and Marcal [10]
in the 1970s, pioneered the integration of thermal and
mechanical analyses, addressing large deformations and
nonlinear stress conditions. Marcal [11] underscored the
exceptional complexity of welding as a nonlinear problem in
structural mechanics. Goldak et al. [12] noted that the
challenges faced by these pioneers discouraged many experts
from entering the field. Despite these obstacles, tools like
MARC, developed by Marcal and Hibbit, and ABAQUS,
created by Hibbit, emerged as foundational programs for
advanced welding simulations, becoming essential for
nonlinear analysis.

Over the last 30 years, welding simulations have drawn
significant research interest, particularly in addressing
complex challenges like copper welding. This focus has led
to numerous publications and reviews, such as [11-16],
which provide valuable insights into progress and best
practices. Notably, Lindgren’s extensive reviews [14—16]
offer a thorough summary of past studies, the current state of
the field, and specific guidelines for modeling welding
processes to achieve targeted simulation objectives. These
efforts have contributed significantly to advancing the
understanding and practical implementation of welding
simulations. The aim of this research is to analyze heat input,
heat conduction, and temperature distribution during TIG
welding of copper plates. The focus will be on examining
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temperature distribution across varying dimensions of copper
plates, analyzing welding parameters' influence on weld
quality, and employing numerical methods to simulate
thermal processes. The study will include theoretical
analysis, experimental measurements, and simulations to
comprehensively understand the process. The experimental
component of the study will involve detailed measurements
of temperature distribution on copper plates during TIG
welding using thermocouples at selected points. Simulations
will be conducted using ANSYS to accurately model and
compare results, with the collected data being used to
optimize welding parameters to achieve the highest weld

quality.
2 EXPERIMENT

In this experiment, the temperature as a function of
time was measured during heating to simulate the TIG
welding process for Copper ETP plates with various
dimensions. Measurements were taken at 10 positions on
each plate, as illustrated in Fig. 1 below.

. - \ { ) o -;/: \
Figure 1 Experimental copper plate (150 x 195 mm) for measuring temperature
distribution during TIG welding

The temperature was recorded using K-type
thermocouples connected to a precision temperature
measurement device (Fluke 1586A Super-DAQ). The test
plates featured designated positions (T1, T2, T3, T4, T5,
T6, T7, T8, T9, T10) indicating the locations where the
thermocouples were fixed, allowing for indirect
temperature determination via voltage differences. The
experiment used two plates of equal length but different
widths (Figs. 2 and 3).
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Figure 2 Experimental copper plate (75 195 mm) for measuring temperature
distribution during TIG welding
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Figure 3 Experimental copper plate (150 x 195 mm) for testing temperature
distribution during TIG welding

In both cases, the thermocouples were positioned at
an equal distance of 30 mm from the heat input line. The
thickness of both plates was identical, measuring 3 mm.
The TIG torch was guided using an automated
PROMOTECH Rail Bull system.

2.1 Welding Base Material

The plates used in this experiment were made of Cu-ETP
copper, in the form of sheets with a thickness of 3 mm and
dimensions of 195 % 150 mm and 195 % 75 mm. The material
certificate confirms the chemical composition of the Cu-ETP
copper used, as listed in Tab. 1 below [17].

Table 1 The material chemical composition [17]
Composition
Cu 0 Bi Pb
min 99.9 % max 0.04 % max 0.0005 % max 0.005 %

Tab. 2 provides thermophysical data for the Cu ETP
material used in the experiment.

Table 2 Thermophysical data for the Cu ETP [17]

Property of Cu - ETP Value Condition
Density, p 8.9 g/cm’ At20 °C
Thermal Conductivity, k& 394 W/m-K At 20 °C
Specitic Heat Capacity, ¢ 0.386 J/gK At20°C
Emissivity, ¢ Up to 0.78 | Oxidized Copper
Convective Heat Transfer 5-25 W/m*K | Free Convection
Coefficient, a, (Air)

2.2 Experimental Methods and Equipment

The following equipment was used in the experiment:

e Precision Temperature Scanner: Fluke 1586A Super-
DAQ, used for accurate temperature measurements and
data logging.

e K-Type Thermocouples: Employed for real-time
monitoring of temperature distribution on the copper
plates.

e TIG Welding Machine: VARTIG 005 AC/DC, providing
a stable and controllable heat source for the TIG process.
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e Automated Electrode Guiding System: PROMOTECH
Rail Bull ensures consistent and precise movement of the
welding electrode along the specified welding path.

2.2.1 The Measuring Equipment and Uncertainties

The 1586A Super-DAQ, Fig. 4, is a low voltage 6 %
digits multimeter that enables precise measurement of
temperature and electrical values and, when combined with
the internal modules, up to 40 channels can be scanned [18].

Figure 4 Fluke 1586A Super-DAQ, [18]
Measurement was performed with 10 Thermocouple
Type K class 1 inserted in their respective holes on the plate
and connected to the internal 1586-2586 High-Capacity
Modul. Cold Junction Compensation was internal, and the
delay time between channels was 0.5 s, enabling scanning at
a more accurate medium speed mode. Reading was stored in
the internal memory of the multimeter. The uncertainty of the
temperature acquisition was in the mentioned setup 0.6 K
over the whole range according to the manufacturer
specification [18]. Thermocouples were new, unused 0.5 mm
Type K from Omega Engineering, mineral fiber insulated,
and suitable for measurement up to 1200 °C. Uncertainty of
such thermocouples is 1.5 K, according to the [19]. To
minimize the uncertainty of the measurement, equipment was
calibrated as a temperature indicator (both the thermocouples
and the multimeter) according to the [20] in the same
configuration as it was to be used for the measurement.
Calibration was performed in the range from 30 °C to 350
°C, and the resolution of the reading on the multimeter was
0.01 K. The Thermal source in the range of 30 °C to 150 °C
was Druck Premium Calibrator PTC165 [21] with a
calibration uncertainty of 0.250 K (K = 2, P = 98 %). All
thermocouples were within the range after the stabilization of
the thermal source and internal CJC. The range from 200 °C
to 350 °C, the Additel 875 Dry Well Calibrator with
calibration block was used [22]. Uncertainty of the
temperature source was 0.6 K (K =2, P =98 %), and again,
readings of all thermocouples were within the range.
Uncertainty of the thermal zone as determined by the
calibration includes stability, radial and axial gradients, and
loading effect. The inhomogeneity effect of the thermocouple
wire was not considered, as the thermocouples were new and
used only for the experiment. Based on the abovementioned
uncertainty, the measured temperature in the experiment is
estimated to be 0.6 K (K =2, P =98 %), and no correction
on measured values has been applied.

2.2.2 VARTIG Welding Sources

Vartig welding sources are designed for the TIG process,
with the additional capability of welding with coated
electrodes. They are suitable for welding structural and
stainless steels, aluminum, and copper. The devices feature a
digital display of welding parameters and LED indicators for
various operating modes [23]. Tab. 3 presents the welding
parameters, which were identical for both plates [23].

Table 3 Welding parameters applied in experiments.

Welding parameter Type/ value
Current type Direct current (DC)
Electrode polarity Electrode negative (EN, SP)
Current intensity 120 A
W electrode diameter 3.2 mm
W electrode type Wila 15
Vertex angle of the W electrode 45°
Electrode to workpiece angle 90 °
Shielding gas Argon 4.8
Shielding gas flow rate 12 /min
Welding position PA (down hand, flat)
Arc voltage 148V
Welding speed 5.3 mm/s

The gas flow was 12 I/min. Samples were welded using
pure argon. This shielding gas, which has the trademark
name Argon 4.8 (with a purity of 99,998%), is classified as
I1 according to standard EN ISO 14175:2008 [23].

2.2.3 Automated Electrode Guiding Device
The PROMOTECH Rail Bull device, Fig. 5, automates

the linear movement of the TIG torch and is designed for
TIG-MIG/MAG welding or plasma cutting.

>

' Figuﬁa 5 Automated TIG Torch Guiding in the Experient

The device moves over ferromagnetic and non-
ferromagnetic materials using a rack-and-rail drive system.
The rails can be attached to flat or curved surfaces using
magnetic or vacuum units, with the minimum curvature
radius for the semi-flexible track being 5 m [23].

2.3 Results of the Experiment

In Fig. 6, the temperature distributions over time can be
seen for a plate with dimensions of 75 x 195 mm, while in
Fig. 7, the temperature distribution is shown for a plate with
dimensions of 150 x 195 mm.
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Figure 6 Graph of the plate (75 x 195 mm) temperature dependence on time for
the thermocouples

The maximum temperature achieved by the smaller plate
iS Tmax = 390 °C, recorded at thermocouple 10. An initial
increase in temperature is observed, following an exponential
heating pattern, up to the maximum temperature 7max, after
which a cooling phase occurs with a negative gradient.
Differences between the thermocouples indicate an
asymmetrical heat distribution, where thermocouples closer
to the welding zone record higher values, while those farther
away show lower values and take longer to reach the peak
temperature. Symmetrical thermocouples should display
identical temperatures under ideal conditions, such as in
ANSYS simulations. This is expected and can be explained
by the fact that the material is not perfect, the thermocouples
did not measure at perfectly symmetrical points, and the
clamps caused asymmetrical heat dissipation. Fig. 6 shows
temperature functions for all thermocouples on the plate with
dimensions 75 x 195 mm. However, in the experiment,
differing temperatures are observed. They can experience
minor geometric misalignments, even on the order of a few
millimeters, which lead to localized differences in heat flow.
They may also encounter uneven contact with clamps or
surface irregularities, as well as material inhomogeneities,
creating zones of increased or decreased heat dissipation.
They are further influenced by changing environmental
conditions, such as airflow and localized radiation, which
affect cooling and can introduce measurement variations.
Thermocouples T1 and T2 initially exhibit a rapid
temperature increase due to a brief yet intense interaction
with the heat source, followed by an extended cooling period.
In contrast, T9 and T10 require more time to reach elevated
temperatures due to slower heat transfer, which leads to
higher final temperature readings. Nonetheless, the overall
heat balance still indicates that the heat input exceeds its
dissipation. Fig. 7 shows the graphs for the plate with
dimensions 150 x 195 mm. An almost exponential rise is
observed across all thermocouples, culminating in peaks that
increase with each subsequent thermocouple. The
temperature reaches Tmax = 180,15 °C at T8, followed by a
cooling phase with a negative gradient. All curves descend
after T8 reaches this peak, governed by heat dissipation
mechanisms  (convection, contact with clamps or
surroundings, and radiation). In contrast, the smaller

75 x 195 mm plate exhibits a higher peak temperature (up to
390 °C) and faster heating, attributable to its lower thermal
mass and smaller surface area. The larger plate distributes the
input heat over more material, which results in a reduced
maximum temperature, a slower overall heating profile, and
an extended cooling period due to increased thermal inertia.

Temperature, t[°C]
2

=T1 =T3 —T5 —T7 =T9 —T2 —T4 —T6 —T8 —T10

1 ¢ m 16 a2 s 3% @ 4 51 s e s m 7
Time, t[s]

Figure 7 Graph of the plate (150 x 195 mm) temperature dependence on time for
the thermocouples

2.4 Effect of Plate Dimensions on Temperature Distribution

Larger plates generally exhibit a greater capacity for heat
dissipation due to their increased surface area, which
facilitates conduction and radiation. Consequently,
temperature gradients across larger plates are less
pronounced than those on smaller plates, where heat remains
more localized. The geometry of the plate significantly
influences heat flow paths. In smaller plates, heat conduction
is constrained by the shorter distance to the edges, leading to
faster cooling at the boundaries. In contrast, larger plates
allow heat to take longer to reach the edges, resulting in a
more uniform temperature distribution near the weld line.

Experimental observations revealed notable differences
in temperature measurements at symmetrical points on plates
of varying dimensions. Smaller plates displayed higher peak
temperatures confined closer to the weld zone. In contrast,
larger plates demonstrated a broader heat-affected zone with
lower peak temperatures, indicating a more dispersed heat
distribution. In this paper, plates with dimensions of 75 x 195
mm and 150x195 mm are used to more accurately
investigate the effect of plate width on heat distribution
during TIG welding. By selecting non-standard dimensions,
more pronounced temperature gradients and varied cooling
rates are achieved, which cannot be accomplished with
conventional standard plates. This approach ensures a better
correlation between experimental results and numerical
simulations, thereby contributing to the optimization of
welding parameters.

3 NUMERICAL ANSYS SIMULATION

All four states of matter are present during TIG welding,
and their physics is highly complex. The TIG process
combines magnetohydrodynamics, plasma physics, and
material science [24]. ANSYS uses the finite element method
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(FEM) to analyze thermodynamic processes, including
transient thermal analysis. This method divides complex
geometries into smaller elements for solving heat transfer
equations [24]. The simulation analyzed convection,
conduction, and heat radiation in the plates, base, and
fixators. Phase changes of the molten material and the
influence of the latent heat of melting were not considered.
Initially, the starting temperature of the plates was defined,
along with the heat dissipation coefficients for radiation and
convection with the surrounding air. All other
thermophysical properties of the material were defined
within the simulation (Fig. 8).

Figure 8 Initial conditions of radiation and heat convection for the measurement
setup

3.1 Geometry Model and Meshing

The geometry model in ANSYS was meshed (Fig. 9)
using the mechanical physics preference and adaptive sizing.

Figure 9 The generated mesh grid in ANSYS

The mesh for the smaller plate consists of 106,927 nodes
and 45,535 elements, with a minimum edge length of 2,8
mm. The mesh for the larger plate includes 68,611 nodes and
30,884 clements. The average surface area of the elements
was calculated as 4,359.3 mm?, with a bounding box diagonal
0f266.02 mm.

3.2 Heat Source

Considering that the welding source is relatively far from
the temperature distribution measurement location, the
source's power distribution is not a relevant factor [24].
Therefore, a simple circular heat source model was used. The
source distribution is described as a radial cylinder with a
diameter of 7o =5 mm, as shown in Fig. 10.

The parameters of the welding source are shown in the
following Fig. 11. The travel speed is 5.3 mm/s along the
plate’s symmetry (i.e., along the weld), while the power of
the source is 18 W/mm?

Heat source

density ¢,, W m”
A
A
Z
E
=
Sy
2r, 3
< ¢ !/ Radius r, m

Figure 10 Circular source with constant heat source density gar, [25]

Details of "Moving Heat Flux" = v BOX
|5 Geometry
| |scoping Method Geometry Selection
Geometry 2 Faces
=)| Path
Scoping Method Geometry Selection
Geometry 1 Edge
[=]| Start Point
Scoping Method Geometry Selection
Geometry 1 Vertex
[=)| Definition
Index 1
First Patch? Yes
Last Patch? Yes
Velocity 5.3 mm/s
Radius of the Beam Smm
Source Power Intensity 18 W/mm?®
Start Time 0s
End Time 37s
Number of Segments 200
Minimum Steps for Cooling Phase |20
Material Removal No
Melting Temperature 1080°C

Figure 11 Parameters of the moving heat source

The amount of heat input per unit length of the weld is
given by the following Eq. (1) [25]:

Qnet =u’7 (1)
A%

The variables in the above equation represent the
following:
- U=14.8V, welding voltage
- I=120 A, electric current
- v=5.33 mm/s, welding speed
- [=3.2mm, arc length
- n heat transfer efficiency coefficient.
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Using a nonlinear three-dimensional heat transfer model,
a formula for arc efficiency was derived, which can be seen
below [25]:

1n=0.947-0.00017-7-0.057-/+0.02-v

2
n=0.85 )
The power of the source is then:

Gue =U -1-17=14.8-120-0.85 3)

Qe =1509.6 W

3.3 Boundary Conditions and Heat Equation

The ANSYS simulation solves the thermal partial
differential equation over a finite number of elements. At the
start of the process, the initial temperature of the workpiece
is set to 298.15 K, which is also the ambient temperature. The
boundary conditions on the upper surface of the workpiece
are defined by the following expression [25]:

kZ_T:qarc_ac(T_T;)_go_B(T4_Ta4) (4)
74

This equation represents the thermal energy balance in the

. oT .
system, where heat conduction k— is balanced by the heat

0z
input from the arc source gar, the heat loss due to convection
—al(T - T,), and the heat loss due to radiation

—sop(T* -T).

Where: a. - the heat transfer coefficient between the
material and air (W/m?K); T, - the air temperature (K); ¢ -
the material's emissivity factor; oy, - the Boltzmann constant,
5.67x10°8 (W/m>K*; k - thermal conductivity of the
material (W/m'K).

The boundary conditions at the edges of the model are
expressed by the following equation [25]:

ko= —a (T =T, =0y (T -1 5)
Z

4 RESULTS OF ANSYS SIMULATION AND DISCUSSION

Fig. 12 shows the temperature distribution from the
ANSYS simulation at a specific moment during welding for
a plate with dimensions of 75 x 195 mm. The maximum
measured temperature on the smaller plate is Tmax =
728.93°C, while on the larger plate, the maximum
temperature is predictably lower, at Tmax = 610.45°C. As
stated, the temperature was measured in thermal probes at the
exact locations where the temperature was measured using
thermocouples in the experiment.

23,817 Min

Figure 12 Temperature distribution in a 75 x 195 mm plate welding simulation

In contrast, Fig. 13 also displays the temperature
distribution for a plate with 150 x 195 mm dimensions.

Figure 13 Temperature distribution in a 150 x 195 mm plate welding simulation

Fig. 14 presents the temperature distribution over time at
measured points on the plate with dimensions of 150 x 195
mm.
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Figure 14 The temperature distribution over time at measurement points on a plate
with 75 x 195 mm dimensions

The temperatures were measured using thermal probes in
ANSYS at the exact locations where thermocouples were
fixed in actual heat input during the experiment. The
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temperature values reach their maximum at a certain point,
after which a gradual cooling occurs. The highest
temperature is recorded on Thermocouple 9, while the other
thermocouples register progressively lower temperatures
depending on their distance from the heat source. The
characteristics of the graph show that the temperature cycles
are similar, with a clear gradient toward the edges of the
plate, which is expected due to heat dissipation. A smaller
plate size allows for faster attainment of higher temperatures,
and the temperature peaks are more pronounced due to the
limited heat dissipation capacity compared to larger plates.
In the ANSYS simulation for the smaller plate, the maximum
temperature reached within the temperature cycle of the
thermal probe is Tmax = 380.37 °C (Fig. 15) at thermal probe
T9/T10. For the larger plate, the maximum temperature is
also reached at thermal probe T9/T10. Still, it is
Trmax=188,51 °C (Fig. 14). By comparing the maximum
temperatures measured in the experiment (smaller plate: Tiax
=180.15 °C, larger plate: Tiax = 390 °C) with the maximum
temperatures obtained in the simulation, it can be concluded
that the simulation agrees very well with the experimental
values. The difference in maximum temperatures is expected
due to hidden heat dissipation during the experiment, which
was not accounted for in the simulation.

Temperature t, [°C]
8

o 10 20 30 40 50 60 70 80

Time t,[s]
Figure 15 The temperature distribution over time at measurement points on a plate
with 150 x 195 mm dimensions

5 CONCLUSIONS

This study confirmed the significant influence of copper
plate dimensions on the temperature distribution during TIG
welding. Experimental measurements and numerical
simulations showed that smaller plates attain higher peak
temperatures near the weld zone, while larger plates facilitate
a more uniform heat distribution due to their increased heat
dissipation capacity. It was also found that plate geometry
and material properties strongly affect heat transfer
dynamics: smaller plates exhibit steeper temperature
gradients, whereas larger plates mitigate localized
temperature peaks. Notably, the temperature gradient was
approximately proportional to the plate dimensions.

Experimental results were consistent with the numerical
simulations performed in ANSYS, with the discrepancy
between measured and simulated temperatures remaining
below 5%. This finding further corroborates the reliability of
the employed methodology for analyzing thermal processes.
The insights gained from this research are valuable for
optimizing welding parameters and designing reliable joints
in high thermal conductivity materials such as copper.

Future investigations could focus on a more detailed
analysis of heat source distribution, allowing for more
precise modeling and validation against experimental data.
The heat source could be modeled according to Goldak’s
model [25] to more accurately represent heat flow.
Additionally, implementing a finer computational mesh,
particularly in the welding zone, should be considered in
numerical simulations to achieve higher accuracy in local
temperature gradients. These measures would further
advance the understanding of thermal processes in TIG
welding of copper.
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