Comparison of empirical and predicted substrate temperature during surface melting
of microalloyed steel using TIG technique and considering three shielding gases
Munoz-Escalona, P.; Walker, A.; Ogwu, A.; Mridha, S.; Baker, T. N.
Published in:
Applied Surface Science
DOI:
10.1016/j.apsusc.2017.11.014
Publication date:
2019
Document Version
Author accepted manuscript
Link to publication in ResearchOnline

Citation for published version (Harvard):
Munoz-Escalona, P, Walker, A, Ogwu, A, Mridha, S & Baker, TN 2019, 'Comparison of empirical and predicted
substrate temperature during surface melting of microalloyed steel using TIG technique and considering three
shielding gases', Applied Surface Science, vol. 477, pp. 179-183. https://doi.org/10.1016/j.apsusc.2017.11.014

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please view our takedown policy at https://edshare.gcu.ac.uk/id/eprint/5179 for details
of how to contact us.

Download date: 06. Dec. 2021

Accepted Manuscript
Title: Comparison of empirical and predicted substrate
temperature during surface melting of microalloyed steel
using TIG technique and considering three shielding gases
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Abstract
Erosion and wear resistance of steel can be enhanced by incorporating a ceramic powder in the
surface. This aspect of surface engineering has applications in areas such as mining, agriculture and
transport . An economic alternative to laser for melting the surface is by using a tungsten inert gas
torch. The process requires shielding gas to protect the melted and re-solidified track from oxygen
and hydrogen in the environment, which often have a deleterious effect on the mechanical
properties of the modified surface. During the melting process, the heat produced is conducted to
the substrate ahead of the torch; this has been described as ‘preheat’ giving a temperature several
hundred degrees higher than the area under the torchTo reduce the number of trial and error
experiments for determining the optimal conditions to modify the surface, a mathematical model,
based on the Rosenthal approach, was developed. Experiments using TIG technique were conducted
on microalloyed steel using argon, helium and nitrogen shielding gases to obtain heating and
cooling curves from positions along the melted track. The data for argon was compared with the
model. This first attempt to validate the model was satisfactory, showing a deviation of 6% (35oC)
between experimental and numerical values.
Keywords: surface engineering, TIG, temperature prediction, mathematical model
1. Introduction
Surface engineering techniques are used to improve the surface properties of many alloys including
microalloyed steels. Techniques such as high powered lasers for transformation hardening [1]
surface melting [2-4] and development of surface metal matrix composites [4-8] are well
established. More recently the tungsten inert gas (TIG) technique has been explored as a heat
source for the surface modification of steels as a much cheaper option than lasers [9-12]. Both
techniques require a gaseous shielding atmosphere, usually 2, Ar, He, CO2 or mixture of these gases.
The shielding gas protects the metal transfer stream and the molten weld pool from contamination

resulting from dissolution from the atmosphere of nitrogen, oxygen and water vapour , which often
have a deleterious effect on the mechanical properties of the modified surface ] [13-17].
Shielding gases also provide a medium for the electrical current to flow in the plasma jet between
workpiece and electrode.
In all laser and welding melting techniques, the heat generated by the source is normally also
conducted to the substrate ahead of the torch, and has been described as ‘preheat’ [18,19]. This
leads to a gradually higher substrate temperature, from the start to the finish of a melted surface
track [17], which is increased when multipass tracks are produced to modify the area of a surface
[19].
Therefore iIt is essential that chosen surface treatment produces a modified layer of such a
thickness that it still provides the improved properties, such as wear or erosion resistance, over the
life-time of the component. A treatment which provides a small preheat means that the maximum
temperatures reached during the processing are similar in different parts of the substrate, leading to
similar cooling rates on solidification.
A mathematical model for predicting the temperature ahead of the heat source has been developed
for laser transformation hardening by Ion et al[20], based on the Rosenthal approach [21], which
was also used initially by Gray et al. [22] who applied this to welding processes. This is known to
show satisfactory results for predicting temperatures in the heat affected zone. The present work is
the first part in applying these earlier analytical approaches to surface engineering using the TIG
technique, with the aim of linking the temperature distribution at any stage of melting and fusion
of a track, to microstructure and properties. Based on temperature data recorded for three shielding
gases, argon, helium and nitrogen, argon was chosen for a comparative study. Here the effect of the
shielding gas in developing the level of preheat along the track, which is recorded as an increase in
temperature, is compared with the results given by the analytical model. When fully developed, the
model should lead to the optimal conditions for surface engineering incorporating ceramics powders
into the molten surfaces as a means of developing improved properties.

2. Experimental Method
Three plates of a microalloyed steel with composition of 0.1C-0.7Mn-0.20Si -0.05Cu-0.05Nb (all in
wt. %) with dimensions, 300 x 30 x 10 mm where used as a substrate. Each plate was drilled from
the underside of the 10 mm thick substrate to place thermocouples type K at 75, 150 and 225 mm
from the sample’s edge, dividing the melted track into four sections. Each hole had 1 mm diameter
and 5 mm depth. Fig.1 shows details of thermocouples positions, the tip of the thermocouple being
located 5mm below the surface.
A TIG technique was used to melt the surface of the substrate by using a Miller Dynastry 300DX
torch to generate an arc with a 2.4 mm diameter thoriated tungsten electrode. The electrode was
direct current negative and the tip of the electrode was placed 1 mm above the specimen surface.
Each sample was melted on the surface as shown in Fig. 1b. The current (I), the voltage (V), the
speed (s), were changed as shown in Table 1 in order to guarantee a constant energy input (E) of ~
840 J/mm along the melt track when using three different shielding gases, argon (Ar), nitrogen (N)
and helium (He) at a constant flow rate of 10 L/min. The energy input was chosen from previous
results [10, 15]. Table 2 gives the thermal properties of the microalloyed steel and the shielding
gases used in this research.

The energy input was calculated using Eq. 1.
E=η VI/s

(Eq. 1)

where η is the efficiency of energy absorption, which was taken as 48% for a TIG process [20].
During the melting process, the temperatures were recorded by the thermocouples, and once the
melting process was completed, the samples were allowed to cool at room temperature.
3. Results
3.1.Experimental Results
Figure 2 shows the temperatures registered by the thermocouples when using the different shielding
gases with an energy input of ~ 840J/mm.

Analysing Figure 2, it is observed that all the samples recorded a higher temperature at the end of
the melted track, which was registered by thermocouple 3; this is due to the preheating process the
samples were subjected to during the melting of the track. The maximum temperatures recorded in
each of the three positions is given in Table 3, emphasizing the effect when using helium.
Also, it is observed that argon registered the smallest increment between the recorded temperatures
of thermocouple 1 (75 mm) and that of thermocouple 3 (225 mm), when compared to nitrogen and
helium. , The temperature difference between these two thermocouples for argon is 45 oC , while
those for nitrogen and helium is 210 oC and 150 oC respectively. This result is associated with the
smaller values of specific heat and thermal conductivity of argon compared with nitrogen and
helium. For this reason, the temperature data recorded using an argon shielding gas for TIG surface
engineering was chosen for comparison with that predicted by the model.
3.2 Modelling
The heat flow in the plate is modelled using the heat equation in two-dimensions (in space)
𝑘𝛻 2 𝑇(𝑥, 𝑦, 𝑡) = r𝑐∂T/∂t(𝑥, 𝑦, 𝑡)

(Eq. 2)

where k is the thermal conductivity (W/mmK), 𝜵 = 𝒊(∂/∂x) + 𝒋(∂/∂y) + 𝒌(∂/∂z) is the usual
differential operator, T is the temperature of the plate (°C), r is the density of the steel (kg/mm3), c is
the heat capacity of the steel (J/kgK) and x, y and t are the spatial (mm) and time (s) variables,
respectively. The dependence on the spatial component z is neglected due to the assumed symmetry
with the spatial component y. It is assumed that the plate has constant room temperature T0 (°C) on
each boundary which is not affected by the TIG process. That is,
𝑇(0, 𝑦, 𝑡) = 𝑇0 ,

𝑇(300, 𝑦, 𝑡) = 𝑇0 ,

𝑇(𝑥, 0, 𝑡) = 𝑇0 .

(Eq. 3)

Following [11-17], the boundary condition on the TIG affected boundary is proposed to be
2

𝑇(𝑥, 10, 𝑡) = 𝑇0 + (P/kd)𝑒 −(𝛼(𝑥−𝑣𝑡) ) + (Pβ/kd)(1/(x-vt))2

(Eq.4)

where P=hEI is the power of the heat applied, d is the arc length (mm), α is a point source factor
(1/mm2), v is the welding speed (mm/s) and β is a spread factor (Kmm2). Of course, a full derivation
of the boundary condition from first principles must be addressed for a more accurate solution.
Figure 3 shows the cross-sectional area of the plate towards the longitudinal side with the
boundaries conditions that were considered.

4. Discussion
The choice of shielding gas has a major influence on the arc temperature and therefore on the
maximum surface and HAZ temperatures of the specimen. Shielding gases also affect the shape of
the molten pool in welding and the track dimensions produced using TIG for surface
engineering.[16,17] These parameters will in turn
determine the microstructure and
mechanical/toughness properties of the surface engineered specimen, through variations in the
cooling rate under different gases.. Compared with argon, all the other shielding gases and gas
mixtures are expected to give a greater weld depth, since the higher heat flux density is likely to
dominate, as shown by the data collected in Table 2. Fig.2 shows a substantial increase in
temperature under the same energy input conditions for the three positions and confirmed
experimentally in the case of TIG shielded by nitrogen and helium. [12, 16, 17] It is noted that as
well as the generally desirable effect of increasing the weld depth (16,17), addition of molecular
gases to argon may have deleterious effects on the weld pool. These could include the promotion of
porosity and introduction of contaminants, and these factors should be considered in choosing the
optimum shielding gas composition of a given objective [24, 25].It is for these reasons that unmixed
argon was chosen as the shielding gas to be used in current projects concerning the development of
surface metal matrix composites using TIG [26,27]. The implication of the graphs in Fig.2, is that
using helium as a shielding gas, could have major affects in producing different microstructures
with a range of properties such as hardness, depending on test position in the surface treated alloy
[16, 18, 23].On the other hand, the advantage of using helium is that it may allow lower heat inputs
to be used.
Due to the many similarities between using TIG as a heat source for welding and also for surface
engineering, a model based on that devised by Rosenthal [21] was used to predict temperature
variations with time at three positions, 5mm below the surface, along the melted track, Fig.1.
Rosenthal’s model assumes no liquid phase is present, and therefore is applicable only to deal with
solids, such as HAZ and parent plate.
The comparison in the present work between the experimental temperature readings with the
mathematical heat transfer model is shown in the graphs in Fig.4.

Here in Fig.4 it can be seen that the temperature variation associated with the preheat can be
predicted satisfactorily using the constants given in Equation 1 and Table2. With argon as the
shielding gas, the difference between experimental readings and those predicted by the model is 6%
(max 35oC). It is also seen that the curves determined experimentally from the three positions merge
after 2500s cooling, when the temperature is <100°C.
Future work is centered on constructing a fully nonlinear mathematical model of the TIG process
and consequent heat flow from first principles. In particular, the prediction of the peak temperature
reached in the melt zone will be sought, as this will enable a better understanding of the
development of microstructures and related properties when incorporating ceramic powders during
a surface engineering process.
o

5. Conclusions

Experimental data on the temperature changes at three positions along the track melted on a
microalloyed steel surface by a TIG torch were recorded using three shielding gases, argon, helium
and nitrogen. The data collected using argon showed the smallest effect of preheat ahead of TIG
torch.
A mathematical model, based on the Rosenthal approach normally used in welding situations, was
developed to predict temperature of melted track at any point in space/time. Based on the lower
preheat recorded using argon as the shielding gas , a comparison has been made of the experimental
data and the temperature changes predicted by the model. This initial modelling attempt with a
~6% difference, shows a satisfactory quantitative agreement with experimental data.
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Figure 1. Schematic TIG melted surface. a) Sample’s dimensions and location of thermocouple b)
location of melted track and welding direction
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Figure 2. Temperature versus time registered by thermocouples located at different locations in the
plate a) argon, b) nitrogen and c) helium

Figure 3. Schematic drawing of plate indicating the mathematical model and boundaries conditions
in each part of the plate

Figure 4. Comparison between experimental and numerical values obtained using developed
mathematical model (Equation2) when using argon as shielding gas

Table 1. Conditions used in the experiment
Sample (Gas) I [A]
Argon
80
Nitrogen
80
Helium
97

V [v]
11
22
18

s [mm/s]
0.5
1
1

E [J/mm]
840
840
840

Table 2. Thermal properties of the parent material and shielding gases used in this research
Property
Density [Kg/m3]
Specific heat [kJ /Kg K]
Thermal conductivity [W/m K]
First ionization potential [eV]

Parent
material
7850
0.49
54.00

Argon

Nitrogen

Helium

1.661
0.520
0.016
15.80

1.165
1.040
0.024
14.50

0.169
5.190
0.143
24.58

Table 3. Maximum values of temperature registered by each thermocouple located at different
positions in the melted track

Gas
Argon
Nitrogen
Helium

Temperature (oC)
Thermocouple 1
(75mm)
545
530
970

Thermocouple 2
(150mm)
575
660
1050

Thermocouple 3
(225mm)
590
740
1120

