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ABSTRACT

Partial joint penetration (PJP) welding is widely applied in structural, mechanical, and piping systems where full penetration is not required, offering benefits in cost,
time efficiency, and reduced heat input. The main goal was to evaluate the effects of Heat Input on the weld geometry and ultimate tensile strength of low-carbon steel
tubes. Therefore, the welds were carried out using Orbital TIG Welding, designed to achieve partial joint penetration (PJP). The number of experiments and the welding
parameter matrix were created using the Taguchi method (L9) for various diameters of ©@48x3.2mm, @60x2.6mm, and @89%2.9mm. The results indicated that, under
the same Heat Input levels, variations in tube thickness had a greater impact on weld profile and ultimate tensile strength than changes in diameter. Furthermore, the
ANOVA analysis ranks the influence of welding factors on tensile strength. This study proposes an optimal set of welding parameters and predicts the corresponding

tensile strength for each pipe diameter, thereby providing valuable insights for improving the reliability and performance of welded joints.
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INTRODUCTION

Low—carbon steel pipes play a fundamental role in modern industrial applications
due to their excellent mechanical properties, affordability, and ease of
fabrication. Defined by carbon content typically below 0.3%, low carbon steel
(also referred to as mild steel) offers a balance between strength, ductility, and
weldability, making it one of the most widely used materials across various
sectors, including construction, oil and gas, water treatment, automotive,
manufacturing, and power generation [1]. The widespread use of low-carbon
steel pipes is largely attributed to their economic efficiency and material
performance. Compared to higher alloy steels or non-ferrous metals, low-carbon
steel is significantly more cost-effective, making it an ideal material for large-
scale infrastructure projects and industrial networks [2]. Additionally, its
formability and machinability enable efficient manufacturing processes,
including cutting, bending, and welding. From a mechanical standpoint, low-
carbon steel pipes provide sufficient tensile strength and toughness for a wide
range of structural and fluid transport applications. While not as hard or resistant
as high carbon steels, their high ductility allows for deformation without fracture,
which is especially advantageous in dynamic or seismic environments [3].

In pipeline systems, the ability to absorb energy and resist crack propagation is
vital, especially in applications involving vibration or variable pressure.
However, Heat Input (HI) has a significant influence on the mechanical
properties and microstructure of both the weld zone and the heat-affected zone
(HAZ) in low-carbon steel welds. Bodude et al. [4] investigated the influence of
heat input on the mechanical properties of low-carbon steel by employing Oxy-
Acetylene Welding and Shielded Metal Arc Welding techniques. It was found
that tensile strength and hardness decreased with increased HI, while impact
strength increased. Additionally, the result of this research revealed that the
chemical composition of steel significantly affects weldability and mechanical
properties, with elements such as carbon and Manganese enhancing strength but
increasing the risks of cracking and grain coarsening during welding. According
to the study of Panji et al. [5], this study investigates the effects of welding
current and welding speed on the weld geometry and distortion of A36 mild steel
pipes during the TIG welding process with a V-groove joint. The findings
indicate that increasing the welding current widens the weld bead and increases
distortion levels, while varying the welding speed has a minimal impact on these
parameters. Notably, the optimal parameters for achieving the widest outer bead
and the highest distortion were established at a welding current of 170 A and a
speed of 0.9 mm/s, with distortion being more pronounced in the axial direction
than in the transverse direction. Another key advantage is the excellent
weldability of low-carbon steel pipes, which allows for seamless integration into
complex pipeline networks using welding processes such as Shielded Metal Arc
Welding (SMAW), Gas Tungsten Arc Welding (GTAW), or automated
techniques like orbital welding. This facilitates the assembly of long, continuous

runs of piping with minimal joints, reducing the potential for leakage and
maintenance [6].

Nowadays, Orbital TIG Welding (OTW) is widely used in industries to weld
pipes for transporting materials such as oil, gas, food, and beverages [7-11].
Notably, this technology has been extensively researched for stainless steel tubes
because OTW stands out as a highly accurate and automated process that enables
consistent and defect-free joints, particularly in tubular structures. This method
involves rotating the welding arc 360 degrees around a stationary workpiece,
typically using a tungsten inert gas (TIG) welding process under computer
control (Fig. 1).
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Fig.1 The principle of Orbital TIG welding.

When applied to low-carbon steel, OTW must be carefully optimised to control
factors such as thermal conductivity, oxidation, and microstructural changes in
the heat-affected zone (HAZ). While low-carbon steels are generally forgiving in
terms of weldability, improper heat control or shielding can result in unwanted
hardness, grain growth, or residual stresses that affect the mechanical properties
of the joint. Therefore, understanding the influence of welding parameters such
as current, voltage, arc travel speed, and shielding gas composition on the quality
of the weld is essential for ensuring optimal performance. For instance, Hussein
et al. [12] investigated the tensile strength of orbital-welded mild steel tubes with
dissimilar thicknesses, emphasising the impact of welding current and jig
rotational speed on the strength of the welds. It is observed that increasing the
welding current enhances tensile strength, whereas higher jig rotational speeds
impair it. An empirical mathematical model was developed, demonstrating a high
accuracy of 96.8%, which elucidates the relationship between welding
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parameters and the ultimate tensile strength. The optimal welding conditions for
maximum tensile strength were determined to be 80 A welding current and 40
rpm jig rotational speed when applied to 26.70 mm diameter tubes with varying
wall thicknesses. Moreover, Figueirda et al. [13] investigated the welding
efficiency in terms of position and parameters for orbital TIG welding of low-
carbon steel pipes. They studied the impact of welding position and parameters
on the OTW process of low-carbon steel pipes. It highlights that using pulsed
current results in wider and harder weld beads with a finer microstructure, while
the vertical up welding position yields better penetration and lower shape factors.
Additionally, the research finds that a specific wire speed-to-power ratio is
crucial for ensuring stable metal feed during welding, which significantly
influences variations in microstructure and hardness. The differences between
conditions highlight the effects of heat input, with pulsed current producing
smaller prior austenitic grain sizes. According to Ngo et al. [14], automatic
welding methods— including continuous, pulsed, and step-pulse modes — each
offer unique benefits and applications within welding processes. Furthermore,
edge preparation is crucial in welding, as different techniques significantly
impact its quality and efficiency. The choice between V-shaped and U-shaped
edge cuts is emphasised, as they suit different pipeline wall thicknesses and
influence weld quality. An appropriate HI parameter will achieve full penetration
welds [15-18]. Excessive heat input can cause the weld to overheat, burn, and
distort [5, 15]. Conversely, if the heat input is too low, the weld may not reach
sufficient melting and penetration, resulting in poor joints.

Most existing research on low-carbon steel welding has focused on full-
penetration welds or butt joints, as they play a critical role in pressure vessels,
pipelines, and structural components. Studies have also predominantly focused
on the influence of heat input, welding speed, and filler material on the
mechanical properties and microstructural evolution in full-penetration welds. In
contrast, PJP welds in low-carbon steel tubes have received relatively limited
systematic investigation, especially concerning the influence of varying heat
input on penetration, microstructure heterogeneity, and residual stress in PJP tube
welds, which is not well understood.

MATERIAL AND METHODS

Material

The material used in this paper is low-carbon steel (type F and grade A),
complying with ASTM AS53/A53M-12 standards [19], with outer diameters of
48mm, 60mm, and 89mm, and respective thicknesses of 3.2mm, 2.6mm, and

2.9mm. The chemical composition and mechanical properties of this basic metal
are shown in Table 1 and Table 2.

Table 1 Chemical content of low carbon steel (type F and grade A) [19]

ASTM AS3 — Composition (%), max
Type F C Mn S P Ni Cr Cu
Grade A 0.3 1.2 0.0045 0.05 0.4 0.4 0.4

Table 2 Mechanical properties of low carbon steel (type F and grade A) [19]

I is arc current (A), U is arc voltage (V), and Vs is welding speed
(mmY/s).

1 is the weld thermal efficiency, which is often 0.6 for the GMAW or
TIG.

Table 3 Experimental parameters, HI and Ultimate Tensile Strength

: Ultimate Tensile
Welding parameters Heat Strength, UTS (Mpa)
- Input,
Code Current, Welding Voltage, HI
1(4) " Speed, Vs Uw) ’ (j/mm) 048 a60 | 089
(mm/s)
S1 80 144 10 200 124 174 131
S2 80 180 11 180 107 93 67
S3 80 216 13 170 98 66 93
S4 100 144 11 280 109 202 142
S5 100 180 13 260 122 203 76
S6 100 216 10 170 120 48 110
S7 120 144 13 390 241 251 177
S8 120 180 10 240 152 233 133
S9 120 216 11 220 126 188 141

ASTM AS3 — Tensile strength, Yield strength, Elongation in

Type F min, MPa min, Mpa 50mm, min, %

Grade A 330 205 36
Methods

The experimental parameter table was established using the Taguchi method,
with the three welding parameters —arc current (I), Arc voltage (V), and
Welding speed (Vs) — varied at three different levels, as shown in Table 3.
Table 3 is the welding parameter table for each diameter. Besides, Heat Input
(HI) in welding refers to the total arc energy supplied to the weld pool during the
welding process. It's a crucial parameter in arc welding, affecting factors such as
weld quality, cooling rates, and the microstructure of the weld and the heat-
affected zone (HAZ). Therefore, the HI value is mentioned in this study and
calculated according to formula (1.) [20]:

n.1L.U
HI= (1)
Vs
Where:  HI is heat input (kJ/mm),

After performing 27 butt welds on pipes of three various diameters, the tensile
test locations were selected in accordance with the ASME IX standard and are
presented in Fig. 2a [21]. The tensile samples are tested according to the ISO
6892-1 standard [22], as shown in Fig. 2b.

Tensile test
position

Root bend Face bend

{ }
Face bend : Ej i Root bend

Tensile test
position

a) Sampling position for tensile test b)Tensile test profile

Fig. 2 Tensile testing sample

To investigate the microstructural changes in welds under the influence of heat
input (HI), the specimen preparation process was carried out according to the
flowchart shown in the Fig. 3. The microstructures of the samples were also
observed using an Oxion OX.2153-PLM EUROMEX metallurgical microscope
in 6 steps.

L. Cuﬁing> 2. Moulding> 3. Grinding > 4. Polishing> 5. Etching > 6. Observing >

Fig. 3 Flow chart of preparation for microstructure sample

RESULTS AND DISCUSSION

Tensile test results

After performing nine welds for each pipe size, the sampling location for UTS
testing was selected according to the ASME IX standard (Fig. 2a). Table 3
presents the welding parameters, Heat Input (HI), and Ultimate Tensile Strength
(UTS) of the 27 tube welds. The results show that weld S7 had the highest HI
value of 390 J/mm, and it also exhibited the highest UTS among the three pipe
sizes, @48mm, @60mm, and @89mm, with respective values of 241 MPa, 251
MPa, and 177 MPa. However, these UTS values are still lower than the reference
UTS value of 330 MPa listed in Table 2. Among the S7 samples, only S7-60
achieved full penetration, while the others exhibited incomplete penetration, as
the depth of penetration (DOP) only reached slightly more than half of the pipe
wall thickness. This indicates that the HI generated from the selected welding
parameters was insufficient to fully melt and fuse the entire cross-section of the
joint. In contrast, the S3 and S6 sample groups exhibited the lowest UTS values,
as the HI provided for these welds was the lowest, only 170 J/mm. The results of
this study once again confirm that HI plays a decisive role in weld quality,
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particularly in terms of DOP and UTS [23, 24]. Most of the welds on @60mm
diameter pipes achieved higher UTS compared to the other two pipe sizes, even
at the same HI values. However, samples S3-60 and S6-60 showed the lowest
UTS values, at 66 MPa and 48 MPa, respectively, because both samples

Table 4 Metallurgraphy of 27 samples on the X100 scale.

belonged to the group with the lowest HI. Referring to weld geometries in Table
4, welds were created by low HI (under 200J/mm), which were significantly
misaligned from the gap.

Code ?48mm

S1

S2

S3

S4

S5

S6

S7

S8

S9
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In the case of sample S3-60, the high welding voltage resulting from an excessive
arc length could have caused arc deflection during welding. For sample S6-60,
the highest welding speed likely led to arc instability throughout the welding
process.

In conduction heat transfer [25], the most common means of correlation is
through Fourier's Law of Conduction. The law, in its equation form, is used most
often in its cylindrical form (pipes and cylinders), which are presented below.

. AT
Q=kA — 2)
Ar

Where: Q is heat transfer (kW).

A is a cross-sectional area of heat transfer (mm?).

AT is the temperature difference (°F).

Ar is the radius of the cylinder (mm).

k is the coefficient of thermal conductivity of the substance.

From Equation (2.), we can explain the reason why, despite having the same HI
levels, the tensile test samples of the @60mm pipes (except for samples S2-60,
S3-60, and S6-60) generally achieved the highest UTS compared to other
diameters. This equation indicates that the rate of heat transfer in the radial
direction (Fig. 5) depends on the wall thickness (Ar). Therefore, since the
@60mm pipe has the smallest thickness of 2.6mm, heat is transmitted more
quickly through the wall, making the fusion process more efficient and resulting
in deeper weld penetration.
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Fig. 4 The chart of comparison of UTS results
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Fig. 5 The principle for thermal conductivity in Orbital TIG Welding.

Microstructure analysis

With the faster heat transfer in the radial direction, the HAZ (Heat-Affected
Zone) of all welds on @60mm pipes is larger than that of the @48mm and
?89mm pipes. Observations of the microstructures in Table 4 reveal clear
differences in HAZ size among samples within the same group. In particular, for
the S7 sample group, which exhibited the highest UTS, the HAZ width decreased
progressively from 9.4 mm (@48) to 9.1 mm (@60) and 6.2 mm (989). This
indicates that, at the same HI value, the larger the pipe diameter, the smaller the
HAZ area.

The difference in HAZ between the pipes may be attributed to the heat transfer
rate per unit area, or heat flux, which has the symbol (Q"). The heat flux can be
determined by dividing the heat transfer rate by the area through which the heat is
being transferred [25].

Q== @)
A

Where: Q" is heat flux (kW/mm?).

Q is the heat transfer rate (kW).
A is a cross-sectional area of heat transfer (mm?).

From Equation (3.), it can be seen that as the pipe diameter increases, the heat
flux decreases because the cross-sectional area of heat transfer increases.
Therefore, under the same HI and welding conditions, the heat flux is
significantly affected by the change in pipe diameter, which leads to variations in
penetration depth and HAZ. However, this result does not apply to sample groups
S1, S2, and S3, which were welded with a low HI level (below 200 J/mm). With
such low HI or insufficient preheating, the cooling process occurs more rapidly.
In this case, the cooling rate becomes the primary factor forming the
microstructure of the weld and the HAZ [26]. Observing microstructure at the
cross-section of the specimen with the highest tensile strength (Fig. 6), there are
clear differences among the three regions: base metal (BM), heat-affected zone
(HAZ), and weld metal (WM). The WM region exhibits the largest grain size
because the cooling rate at the weld is the slowest. The grain structure coarseness
is also dependent on the cooling rate during the welding process. The degree of
cooling in this welding depends on the heat input and the working temperature
[10, 33].

2.6mm _*

Fol

S gigiad cenl ,
Fig. 6 Microstructure of the sample S7-60

Observations of the microstructures in the WM region of S7-48, S7-60, and S7-
89 show that they all exhibit similarly coarse phase structures. These phases are
primarily ferrite, as the welding temperature was insufficient to alter the structure
of the base metal [10]. However, when measuring the average size of 10 random
phases in the HAZ, it can be observed that the phase size of the S7-60 specimen
is larger than that of the other specimens in the group. Although the same HI
level of 390 J/mm was applied, differences in microstructures were found among
specimens with varying diameters and thicknesses.




Ngoc-Thien Tran et al. in Acta Metallurgica Slovaca

Table 5 Metallurgraphy of the S7 sample group at the X500 magnification

Sample
S7-48
S7-60
S7-89
oS
Length 79um Width: 5. 9um

Taguchi and ANOVA analysis

The SN ratio analysis results from the Taguchi method (Figs. 7, 8, 9) represent an
important step in evaluating and optimising the influence of Hl-related factors on
UTS.

Main Effects Plot for SN ratios
Data Means

Vs U

Mean of SN ratios

80 100 120 24 30 35 10 n 13

Signal-to-noise: Larger is better

Fig. 7 Signal-to-noise: Larger is better for UTS of @48mm

Main Effects Plot for SN ratios
Data Means

Vs u

Mean of SN ratios

BO 100 1z0 24 20 X 10 n 12
Signal-to-noise: Larger is better

Fig. 8 Signal-to-noise: Larger is better for UTS of @60mm

Main Effects Plot for SN ratios
Data Means

Vs u

Mean of SN ratios

80 100 120 24 3.0 35 10 n 13
Signal-to-noise: Larger is better

Fig. 9 Signal-to-noise: Larger is better for UTS of @89mm

Despite the differences in pipe diameters, among the three welding parameters
investigated, welding current (I) and welding speed (Vs) still have the most
significant impact on the UTS of the weld. These results are consistent with
previous studies [12]. When the welding current (I) increases, the Heat Input (HI)
also increases according to Equation (1.), resulting in a corresponding increase in
UTS [10, 27]. On the other hand, increasing the welding speed (Vs) significantly
reduces UTS due to the decrease in penetration [10, 27, 28]. Finally, although
welding voltage (U) is also directly proportional to HI, increasing U by extending
the arc length can lead to an unstable arc formation during the welding process.

The ANOVA analysis results show the ranking of the influence of welding
parameters for each pipe size. For the @48x3.2mm pipe, the welding current has
the most significant impact (Table 6) on UTS, with a contribution of 48.26%
(Table 7), followed by the welding speed with 20.04%, and finally the welding
voltage. These findings are consistent with those reported by Adigun et al. (2025)
[29]. However, for the two pipes with larger diameters and thinner wall
thicknesses, the ranking of influence on UTS changes. For the @60x2.6mm and
?89x2.9mm pipes, the welding speed has the greatest impact, followed by
welding current and finally welding voltage (Table 6). Referring to Table 8, the
percentage contribution of welding current is still higher than that of welding
speed, at 44.73% and 42.08%, respectively. However, this difference is not
significant, as the F-values and P-values do not show large discrepancies, and the
R? value of 88.42% obtained in this analysis is higher value than that reported by
Abioye et al. [30]. This indicates a good correlation between the factors and UTS.
As presented in Table 9, welding speed (Vs) has the greatest influence with a
51.12% contribution, while the contribution of welding current (I) is 46.65%. The
lowest contribution is from voltage (U), with only 1.52%. This result confirms
once again the significant influence of welding current and welding speed on
UTS. It highlights that the relationship between welding current and welding
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speed is fundamental to controlling HI and UTS, as also reported by Rohan
Ishaan et al. [31]. Moreover, the F-value for Vs is higher than that of the other
parameters, and the R? value of 99.30% in this analysis indicates an extremely
strong correlation of this model.

Table 6 Response table for Signal to noise ratios for UTS of tubes.

Factor 1 Vs U
Rank in @48mm 1 2 3
Rank in @60mm 2 1 3
Rank in @89mm 2 1 3

Table 7 Summary ANOVA for UTS of @48mm.

Source| DOF SS Contribution MS F-Value | P-Value
1 2 7201 48.26% 3600 3.05 0.247
Vs 2 2991 20.04% 1495 1.27 0.441
U 2 2367 15.86% 1183 1.00 0.500
Error 2 2363 15.84% 1181
Total 8 14922 100.00%

S =34.3721; R*= 84.16%; R*(adj) = 33.66%

Table 8 Summary ANOVA for UTS of @60mm.

Source | DOF SS Contribution MS F-Value | P-Value
1 2 19698.0 44.73% 9849.0 3.86 0.206
Vs 2 18528.7 42.08% 9264.3 3.63 0.216
U 2 708.7 1.61% 3543 0.14 0.878
Error 2 5100.7 11.58% 2550.3
Total 8 44036.0 100.00%

S = 50.8008; R?= 88.42%; R(adj) = 53.67%

Table 9 Summary ANOVA for UTS of @89mm.

Source | DOF SS Contribution MS F-Value | P-Value
I 2 4677.6 46.65% 2338.78 66.61 0.015
Vs 2 5126.2 51.12% 2563.11 73.00 0.014
U 2 152.9 1.52% 76.44 2.18 0.315
Error 2 70.2 0.70% 35.11
Total 8 10026.9 100.00%

S = 5.92546; R*= 99.30%; R*(adj) = 99.20%

Based on the ANOVA analysis, the optimal welding parameter sets for each pipe
size are proposed to achieve the highest UTS of the welds as follows:

@48x3.2mm: I= 120A, Vs = 2.4mm/s, U = 13V.

060x2.6mm: I = 120A, Vs =2.4mm/s, U= 11V.

?89x2.9mm: 1= 120A, Vs = 2.4mm/s, U = 10V.
The predicted PJP weld behaviour in low-carbon tubes with diameters of 48,
060, and F89 was 218 MPa, 270 MPa, and 175 MPa, respectively. However, to
achieve the required UTS for tubes or pipes welding used in high-pressure
applications, further adjustment of welding parameters is necessary, particularly
the welding current (I) and welding speed (Vs).

CONCLUSION

For the purpose of investigating the influence of different levels of Heat Input
(HI) on pipe welds when the pipe dimensions vary, the research results showed
that:

- With the same level of Heat Input (HI), the weld penetration and UTS of pipe
welds vary noticeably when pipe dimensions change. However, changes in wall
thickness should be given more attention than changes in.

- The Taguchi method indicates that welding current (I) and welding speed (Vs)
have significant impacts on the UTS of the weld. In this case, for the smaller tube

diameter of @48, the welding current (I) is the most influential factor, whereas
for the larger diameters of @60 and @89, the welding speed (Vs) becomes the
dominant factor.

- Based on the ANOVA analysis, the sets of parameters were predicted to
produce PJP welds for each tube dimension, and the highest UTS was obtained
with the @60x2.6 mm tube at 270 MPa.
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