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ABSTRACT

Girth welded replica of API X70M material have been produced on NG-GMAW welding technique.
The particular area of interest is to develop suitable girth welding process parameter using NG-
GMAW. The major aim of the work was to replicate welds having tensile strength between 650
and 680 MPa. Design of Experiment (DoE) method by Taguchi design, using some selected
welding processes was adopted. Two process parameters (factors) — arc voltage and wire feed
rate, (the variables), and three levels were used. The resultant joint property on tensile strength
of X70M pipeline was examined. The targeted mechanical property was achieved by selecting
the best process parameters. Their effects on ultimate tensile strength — UTS was analysed using
statistical technique — analysis of variance - ANOVA and Signal to Noise - S/N ratio with 'the-
bigger-the—-better’ value. Validation was done using MIDAS NFX (an FEA) mechanical
engineering software. In conclusion, process parameters that affects or influences the girth
welded properties of API X70M under field conditions were identified. Guidance for the
specifications and selection of processes that could be used in field-welding for optimum
performance has been recommended.

Keywords: Optimization, Girth-Weld, Process Parameters, Tensile Strength, NG-GMAW

1. INTRODUCTION

The technological evolution in structural steels are
pointing towards high strength steels for use in the
deep offshore and marine applications. In order to
meet up with the challenges of deep offshore
hostilities, extensive efforts have been made to
develop line pipe steel grades with superior
metallurgical and mechanical (strength, toughness
and ductility) properties in order to allow exploitation
in such hostile environments. Metallurgical
properties and information on processing such as
chemical composition, microstructural design,
thermo-mechanical controlled process (TMCP) and
accelerated cooling process (AcC), to achieve the
target strength, ductility and toughness properties
are among factors to be considered in the new
strategy. The new steel grades for these purposes

* Corresponding author: +234 - 805 - 461 - 6400

can be seen as an advanced variant of high strength
low alloy (HSLA) steels. HSLA steels typically contain
very low carbon content and small amounts of
alloying elements (micro-alloyed), such as Niobium,
Vanadium, Titanium and Molybdenum.

The Research focus is to consider the detailed
procedures for welding qualifications in order to
prevent weld flaws which will eventually avoid weld
repair. The strength of welded joints and weld
dilution in the HAZ which is used to judge the quality
of welds, has been the focus of many research [1].
Therefore, it is important that welding processes
must be carefully selected to obtain this quality.
However, the details about metallurgy of the
material is not within the scope of this work.
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1.1 The Narrow Gap Welding (NGW)

NGW is an advanced welding techniques [2],
developed to reduce the volume of deposited metal
with high economic advantage in welding, [3, 4].
Figure 1 equally demonstrates the advantage in
NGW of low volume of weld metal deposition.

The welding process completion time and welded
metal samples increases, (i.e. more number of
welded metal pieces are completed in less time due
to low volume of deposition) when compared to the
conventional V-groove preparation, see Figure 1. Pal
et al [6] compared in area, (Table 1) the
conventional V-groove with narrow groove for weld
metal. This in turn offers financial benefits arising
from lower material, i.e. less volume of metal
deposition and fabrication costs.

Table 1: Groove area compared for Narrow and
Conventional design. Source [5]
Groove Design Groove Area (mm?)

Conventional (groove width = 26) 338.12
Narrow 1 (groove width = 15) 217.50
Narrow 2 (groove width = 13.4) 202.34

NGW techniques has been successfully applied for
thickness of 50 mm < 300 mm [3, 4], lower thickness
has not been reported. This is one of the aims of this
work.

Gas Metal-Arc Welding with Narrow Gap Welding —
(GMAW-NGW) was selected for this work. According
to [6], GMAW process is versatile because it can be
used by choosing the appropriate welding variables
and in all positions. GMAW is a mechanised welding
process whereby the molten metal and arc are
shielded by an externally supplied gas. The filler
metal is normally obtained from an electrode coil. It
is adopted worldwide to construct pipelines on site.
GMAW is categorised into MIG — Metal Inert Gas, and
MAG - Metal Active Gas. The Metal Active Gas —
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MAG, so named here because, an active gas has
been used as shielding in this work.

The Narrow Gap (Groove) Welding was combined
with GMAW welding to obtain higher productivity
welding process in this work.

2. BRIEF LITERATURE
When lengths of individual pipelines are welded at
their ends to form joints called ‘girth welds’, there
are demands set to be achieved, especially at the
welded region and heat affected zones. These set
demands are the quality of strength, hardness and
impact toughness, depending on the objectives,
which are results of microstructures obtained from
the weld process. [7 - 11]. This girth welded joints
has been the focus of many research and
investigations because it represents a significant
portion in the pipeline with distorted microstructure
(heterogeneous properties), unlike the base metal.
Researches on girth welds in pipeline steel are
categorized by [12] into:
i.  the study on welding process developments
ii.  the study on weld metal properties
ii.  the study on complete joint assessment and
iv.  the study on the HAZ properties.
The interest of this work however, has direct
implications to all of the above.
The methods of joining the pipe segments (or
connecting the joints) are critical and very important
in the design of pipeline. [13], specifies welding and
joining methods for pipe. The reliability of welds is
dependent on the materials employed and the
welding processes used. The challenge for such
welding especially for hostile environment is how to
prevent the formation of brittle fractures in the
welded joint and heat affected zone (HAZ). To
overcome this challenge, a professional method is
required to select suitable welding process
parameters.

Figure 1: The art of narrow groove welding showing welds cross sectional area and material thickness. A
guide for joint preparation. (Source: [5]).
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This optimal process estimate low transition
temperatures of weld for the material.

Although, Handbooks and “Rule of Thumb’ has
been used to determine the welding process
parameter in some cases. This method rarely
guarantees the desired quality due to equipment
used and the environment [1].

The works of [5, 14-16] on the influence of narrow
gap welding on mechanical properties of steel
materials cannot be overemphasised. Narrow gap in
combination with GMAW has been utilized by [17]
on the study of arc characteristics and their
influences on weld bead geometry in narrow gap
GMAW as well as [18] on Characteristics of GMAW
Narrow Gap Welding on the Armor Steel of Combat
Vehicles. Also, Taguchi/DOE were used by [6, 19-
21] to optimise process parameters with excellent
results.

To select parameters with optimal values, a design
of experiment software, (DoE) - Minitab 17, with
Taguchi design, was used to select and analyse
responses.

The Taguchi design has lots of advantage. This
includes process parameters optimisation to control
quality, cost and productivity aspects [22]. In
addition, Taguchi design has been successful in
process performance and product quality
improvement in the last seventeen years, [23]. High
quality products are produced at reduced costs as a
result of this powerful tool as it improves
productivity during research and development. [19]
A statistical package - analysis of variance - ANOVA,
(also provided by the Taguchi design) was used to
analyse the effects of different variables.

N. S. Akonyi, et al

3. MATERIALS AND METHODS

3.1 Materials

A 300 mm x 105 mm x 20.62 mm plate of API
5L70M PSL2 was acquired as the base material. The
Chemical composition as analysed using Optical
Emission Spectroscopy — (OES) test is shown in
table 2. This was analysed by Nigeria Machine
Tools, Osogbo.

3.2 Method
3.2.1 Optimisation of process parameters in
MAG welding.

Two welding parameters (factors), the arc voltage
and wire feed rate with three levels of each factors
were selected for experimentation. The Taguchi’s
method of experimental process using column of Lo
(3?) orthogonal array was used as shown in Table
3. Based on this, nine (9) weld trials were
performed with strict adherence to the design
conditions shown in Table 3.

3.2.2 Preparation of base metal and welding
process.

The welding process parameters selected for this
study are: welding arc voltage and wire feed rate.
The plate (base metal) was prepared into a single V
groove edge as shown in Figure 2. The prepared
edges were properly cleaned to remove unwanted
inclusion that could affect the weld quality.
ER70s-6 type electrode was the filler materials with
1.2 mm thickness, acquired for the weld. Nine
samples were used for this experiment in
accordance with the DoE.

Table 2: Chemical composition

Element C Si Mn P S Cr Ni Cu

Chemical Composition 0.054 0.188 1.50 0.005 0.003 0.222 0.006 0.003
Al V Mo Ti B Pb Co W Sn

0.031 0.021 0.178 0.023 0.0025 0.003 <0.002 <0.02 <0.003

Nigerian Journal of Technology,

Figure 2: The API X70M base material prepared for welding.
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The material samples were welded along the rolling
(longitudinal) direction with an uphill fill welding.
COy, the shielding gas was used at the same
regulator settings. Standard procedures similar to
those used for cold region fabrications were
carefully applied. Settings of parameters on the
welding machine were done in accordance with
orthogonal array designs from Taguchi’s method
and were appropriately applied. Welding was
conducted by qualified personnel on KEMPPI 323R
welding equipment at the Mechanical Engineering
workshop, Federal University of Technology, Minna.
Nigeria. The resulting welded sample is shown in
Figure 3.

3.3 Determination of Ultimate Tensile
Strength.

A circular tensile test piece standard, 2-step grip

shaped specimens were used for the tests (Figure

4).

The test specimens were extracted on the welded

part as shown in figure 5 and prepared to standard

size, (Figure 4) according to the universal testing

equipment specifications.

The specimens were fixed to the UTM to generate

stress- strain curves. The curve was used to

determine the force, and the ultimate tensile

strength and were evaluated.

Figure 3: Welded and machined material

20 10 40

Figure 4: Sample of tensile specimen. (All
dimensifon in, mm.)

Nigerian Journal of Technology,
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Base metal

Figure 6. Extracted tensile specimens machined for
the Test.

Table 3: Experimental Design Matrix.

Weld Trials Arc Voltage Wire Feed Rate

(WT) (V) (m/min)
1 20 3.6
2 20 45
3 20 54
4 25 3.6
5 25 45
6 25 5.4
7 30 3.6
8 30 45
9 30 5.4

Tensile tests were carried out using the Instron
universal tester (Model No. 3369, USA), to
determine the ultimate tensile strength. The tests
were done at the engineering materials laboratory
of Engineering Materials Development Institute,
EMDI, Akure, Ondo State, under ambient conditions
at a loading rate of 50 mm/min, with maximum load
of 50kN applied. The average of three reproducible
specimen results was reported.

Note that no heat treatment was done to the
material and no effects of machining on the samples
was considered in this work.
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4. RESULTS OF THE EXPERIMENT

The tensile stress results of the nine experimental
weld trials are shown in Table 4. The average values
of three readings were recorded for each weld trial.
Equally, the S/N ratios of UTS for each are also
included.

4.1 Analysis

Analysis of variance — ANOVA was used to analyse
the results while MIDAS NFX software was also used
to compare and validate the results of the tensile
test. Design of experiment using Minitab 17
software was used to check the optimum process
factors suitable for the work.

4.1.1 Signal to noise ratio calculation
This was calculated using Larger-the better quality
characteristics shown in Equation 1
Larger — the

_ 1,0 1
— better:S/N ratio = —1010g£<zi=1ﬁ) D
Where k = mean, i = Ith trial and n = number of
trials.
The main effects plots are shown in Figure 7. The
main effects plot shows that optimal tensile
strength can be obtained using Arc Voltage (V) of
30 V and Wire Feed Rate of 4.5 m/min.

4.1.2 Analysis of variance (ANOVA)

The ANOVA table for Tensile strength is shown in
Table 6. The ANOVA showed that Arc voltage has
the most significant contribution on the tensile
strength with a percentage of 52.95 %, while the
wire feed rate has a contribution of 39.60 %. The
error is 7.45%.

4.1.3 Regression equation
The full quadratic equation and the respective
correlation coefficient (Rsq) for tensile strength is
shown in Equation 2.
Tensile strength = —4671 + 205 AV + 1138 WFR
— 2.13 AVX AV — 79 WFR X WFR
—18.8 AVX WFR (2)
Where AV= Arc Voltage, WFR=Wire Feed Rate.
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4.1.4 Contour and 3d surface plots

The contour and 3D surface plots for tensile
strength are shown Figure 7 and 8. These plots
indicate how changes in two experimental factors
affect the experimental responses.

Table 4: Shows the summary of results of the
tensile test.

Weld Trials VoAItg:ge Wire Feed Rate Tensile
(WT) V) m/min strength
1 20 3.6 225.02
2 20 45 435.02
3 20 54 460.95
4 25 3.6 660.21
5 25 45 535.62
6 25 54 298.42
7 30 3.6 553.31
8 30 45 545.00
9 30 54 450.06

Table 5 shows the results of the experiment and
S/N ratios values.
Wire

Weld Arc Feed Tensile Rgﬁ\(l)s
Trials Voltage Rate strength values
(WT) (V) (WFR) (MPa)
m/min (dB)
1 20 3.6 225.02 47.0444
2 20 45 435.02 52.7702
3 20 5.4 460.95 53.2731
4 25 36 660.21 56.3936
5 25 45 535.62 54.5771
6 25 5.4 298.42  49.4966
7 30 3.6 553.31  54.8594
8 30 45 545 547279
9 30 54 450.06 53.0654
348 Arc Voltage (V) Wire Feed Rate (m/min)

510 .
20 25 30 36 as 54

Signal-to-noise: Larger is better

Figure 7: Main effects plot for Tensile strength

Table 6: ANOVA for tensile strength.

Factor DOF SS MS F P (%)

Arc Voltage (V) 2 76101 38050.5 14.214322 52.95

Wire Feed Rate 2 56911 28455.5 10.629969 39.6

Error 4 10707.651 2676.91 7.45

Total 8 143719.65 17965 100
Nigerian Journal of Technology, Vol. 39, No. 4, October 2020 1104
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Contour Plot of Tensile strength vs Arc Voltage (V), Wire Feed Rate (

Tensile
strength

< 300

300 - 400

M 400 - 500

M 500 - 600

m > 600
36 38 40 42 44 46 48 5.0 5.2 54
Wire Feed Rate (m/min)
Figure 8: Contour plots
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at break
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Figure 12: On-Curve plot of maximum and
minimum points.

As shown in Figures 8 and 9, it can be observed that
tensile strength of greater than 600 MPa can be
obtained using an arc voltage between 24 and 29
volts and wire feed rate of less than 4.2 m/min.

4.2 FEA analysis for validation

In order to validate the experimental work, the
stress - strain data were computed into the MIDAS
NFX software with the following results.

5. DISCUSSION

The tensile test results of the welded joints on all
the specimens indicates that the joints have
superior tensile properties. They all failed along the
base metal and the heat affected zones on all the
weld trials. This shows that the weld metal zone is
stronger than the base metal and heat affected
zone. Conversely, hardness test results also indicate
that the region of failure is soft, compared to other
region in the specimen. This may be attributed to
heat input as a result of thermal cycles during the
welding process.

The ANOVA analysis shows that Arc voltage has the
most significant contribution on the tensile strength
with a percentage of 52.95 %, while the wire feed
rate has a contribution of 39.60 % with error of
7.45%. This is because the filler metal electrode in
GMAW is always connected to the positive terminal
(reverse polarity) of the direct current known as
‘direct current reverse polarity’ (DCRP). The amount
of heat generation in GMAW process is large,
approximately two thirds of total heat generated at
the filler metal end. The heat generated was as a
result of the arc voltage which enhances the arc
temperature that increases the peak temperature of

Vol. 39, No. 4, October2020 1105
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the molten metal pool. Depth of penetration is
enhanced by arc voltage too, a phenomenon good
for the objective of this work.

5.1 Tensile Properties

The engineering stress—strain curves of the nine
weld trials (at room temperature) is shown in figure
9. Data obtained from the tensile stress experiment
of the nine samples have been listed in table 3. The
ultimate tensile stress (UTS) values for X70M steel
is determined at 660.21 MPa, according to the API
5L specification, [24] for pipeline application.
Therefore, weld trial 4 parameters meet the
specification requirements and therefore may be
considered for the deep offshore (cold region)
welding requirements.

In the analysis, area under the curve for the elasto-
plastic stress strain curve (figure 13) of the material
that was obtained from the experiment - tensile
strength of the nine (9) weld trials was used to
assess the main objective of the work. All the curves
superimposed to determine the largest area, which
represents the strength of the material.

5.2 Comparison of Results between the

Experimental Model and FEA Model.
The analysis results between the experimental
model and FEA model (Table 7) revealed a
difference of 0.77 MPa, this is negligible value and
shows the validity of the experiment. However, the
extension value difference is 6.7 mm. This
difference may be attributed to the effects of
machine vibrations, human errors and some other
factors.

6. CONCLUSIONS

Girth weld replica of the API X70M material have
been produced using selected welding processes
guided by Taguchi design method. It was observed
from the results of tensile tests that weld trial 4,
with arc voltage of 25 V and wire feed rate of 3.6
m/min has the highest UTS of 660.21 MPa and S/N
ratio of 56.40dB respectively, indicating the best
process parameters for the welding procedure. The
analytical test from the MIDAS NFX FEA software
shows similar strength level. Equally, ANOVA results
shows that the Arc voltage has the most significant
parameters in the welding process.

Nigerian Journal of Technology,
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Table 7: Results of experimental and analytical
models.
Experimental FEA

Difference % error

659.44 0.0012
UTS 660.21 MPa MPa 0.77 MPa %
1
700 .
600 3
4
500
—_5
400 6

TENSILE STRENGTH
8 8
=1
s 8

8
8

-
0 0.1 02 03 04 05 06 07 0.8 0.9
-100 TENSILESTRAIN

Figure 13: Superimposed graphs of tensile
strengths of the 9 weld trials.

o

Additionally, the values of tensile strength achieved
by each weld trial specimens obtained from the
areas under the stress—strain curves were observed
(figure 13) that the area under the curve of weld
trial 4 is much larger than the other curves.
Therefore, the mechanical properties of weld trial
No. 4 could absorb more energy during impact
conditions and resist the propagation of cracks.
The expected target of mechanical properties to
produce welds having tensile strength within the
range of 650 — 680 MPa was achieved through this
process. That is, welding process parameters of
number 4 used, suits the major aim of the research
work.

It is therefore recommended, as shown in figures 8
and 9, that tensile strength values, greater than 600
MPa can be obtained using an arc voltage between
24 and 29 volts with wire feed rate of between 3.6
and 4.2 m/min.
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