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Abstract

Welding defects pose significant challenges to product quality and productivity in manufacturing industries. Shielded metal arc
welding (SMAW) is the most widely used welding method in developing countries such as Ethiopia. This thesis identifies and
addresses the root causes of welding defects in SMAW of medium carbon steel (AISI 4145) at Akaki Basic Metal Industry
(ABMI), and optimizes welding parameters to enhance weld quality and reduce defect rates. Pareto analysis identified porosity
and undercut as the most critical defects, together accounting for a 6% rejection rate in production over two years. Ishikawa
(cause-and-effect) diagrams were used to analyze the root causes of these defects in detail, including incorrect welding
parameters, inadequate preheat/post-heat treatment, improper technique, and inconsistent quality checks. A Taguchi L9
orthogonal array was then applied to optimize welding current, voltage, and speed. Welding current had the greatest effect on
tensile strength (72.18% contribution), followed by voltage (19.73%) and speed (3.88%). Applying the optimized parameters
(140 A, 40 V, 80 mm/s) reduced the defect rate from 6% to 2.7%. The study concludes that systematic optimization of welding
parameters can effectively mitigate defects, improve weld quality, and enhance productivity in SMAW processes.
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1. Introduction

Shielded Metal Arc Welding (SMAW) remains one of the
most widely used welding technologies in developing manu-
facturing sectors and heavy machinery fabrication due to its
operational flexibility, field adaptability, and equipment af-
fordability [1]. However, manual arc processes are highly sus-
ceptible to parameter fluctuations and operator technique var-
iations, which often induce structural discontinuities such as
porosity, slag inclusions, incomplete fusion, and undercutting
[2, 3]. Process control becomes exceptionally critical when

welding medium-carbon alloy steels like AISI 4145. The ma-
terial's elevated carbon content (0.43-0.48 wt. %) and alloy
additions (chromium and molybdenum) significantly increase
its hardenability and susceptibility to cracking within the heat-
affected zone (HAZ) [4, 5].

At Akaki Basic Metal Industry (ABMI) in Ethiopia,
SMAW accounts for approximately 90% of fabrication activ-
ities, utilized in producing structural components, agricultural
tools, disc-plough assemblies, and high-pressure irrigation
tubing. Despite its widespread application, recent operational
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reports (2023-2024) reveal a persistent weld rejection and re-
work rate exceeding 6% across major product lines. These re-
curring defects lead to substantial material wastage, increased
filler metal consumption, extended production delays, and re-
duced structural integrity. While shop-floor operators fre-
quently attribute these flaws to manual error, process instabil-
ity in SMAW stems from complex interactions between cur-
rent, voltage, and travel speed [6, 7]. Specifically, the persis-
tent defect rate at ABMI is primarily driven by a reliance on
arbitrary operator experience rather than systematically opti-
mized processing parameters for the 10 mm thick AISI 4145
steel plates used in production.

Although existing literature validates the effectiveness of
Taguchi method for optimizing arc welding parameters, sig-
nificant gaps remain regarding its industrial application to me-
dium-carbon AISI 4145 steels under local shop-floor condi-
tions and due to differences in experimental designs, material
grades, joint geometries, and parameter constraints [8, 9, 13,

.....

2. Literature Review

2.1. Process Fundamentals and SMAW
Metallurgy

Shielded Metal Arc Welding (SMAW) remains a vital join-
ing technology across industrial fabrication sectors due to its
operational flexibility, equipment affordability, and field
adaptability [1, 6]. The process relies on an electric arc struck
between a flux-coated consumable electrode and the metallic
work piece. Under intense arc temperatures, the protective
flux coating thermal-decomposes to generate a gaseous enve-
lope CO,, CO, Hz and a floating slag cover, which collectively
shield the molten weld pool from atmospheric oxygen and ni-

Figure 1. Welded products and their defects at ABMI.
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16]. Furthermore, conventional statistical experimental de-
signs—such as Taguchi optimization studies—often evaluate
process variables in isolation, without incorporating plant-
specific root-cause diagnostics [16, 18, 28, 29, 38]. Optimiz-
ing SMAW parameters specifically for AISI 4145 under local
industrial production conditions remains an unaddressed em-
pirical gap [30]. To bridge this empirical and operational gap
and directly mitigate weld defects, this study systematically
investigates the principal causes of SMAW discontinuities at
ABMI using a data-driven optimization strategy. By combin-
ing shop-floor root-cause diagnostics (Pareto and Ishikawa
analyses) with a Taguchi L9 orthogonal array, this research
evaluates three key control variables: welding current, arc
voltage, and travel speed. The ultimate objective is to establish
an optimized parameter window that maximizes ultimate ten-
sile strength and minimizes defect formation, thereby provid-
ing a scalable quality control framework for fabrication facil-
ities facing similar challenges.

trogen contamination [10-12, 15]. The microstructural evolu-
tion, bead geometry, and mechanical integrity of the joint are
fundamentally governed by the net thermal heat input. Be-
cause SMAW relies on manual electrode manipulation, tran-
sient operating conditions significantly impact heat input sta-
bility. Excessive heat input increases thermal dissipation times,
causing grain coarsening within the heat-affected zone (HAZ)
and encouraging joint distortion. Conversely, insufficient heat
input induces rapid thermal quenching, forming hard, brittle
phase structures and incomplete sidewall fusion [12-14].

2.2. Weld Defect Genesis Mechanisms and
Common Weld Discontinuities in SMAW

Shielded Metal Arc Welding (SMAW) is governed by com-
plex thermo-mechanical dynamics where heat input, molten
pool fluid flow, and solid-state phase transformations directly
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dictate joint integrity [2, 3, 38]. Unlike continuous-wire pro-
cesses such as Gas Metal Arc Welding (GMAW) or Sub-
merged Arc Welding (SAW), SMAW relies on a flux-coated
consumable electrode to generate both a shielding gas enve-
lope and a protective slag layer [6, 15]. Consequently, joint
soundliness is exceptionally sensitive to transient operating
conditions, electrode handling, and parameter settings [1, 14].
Defects in SMAW are broadly categorized into processing-
oriented and metallurgical discontinuities, driven by coupled
thermal, fluid, and mechanical phenomena [15, 19]. Industry
benchmarks established by the American Society of Mechan-
ical Engineers (ASME) indicate that process parameter mis-
configurations account for roughly 45% of total weld defects,
followed by operator error (32%), improper technique (12%),
consumable degradation (10%), and joint preparation errors
(5%) [27, 32]. Because discontinuities such as porosity and
undercutting act as critical stress risers concentrations that se-
verely degrade fatigue life and structural load capacity [25,
26], strict controlling heat input variables, specifically weld-
ing current, arc voltage, and travel speed, is essential manda-
tory for effective defect mitigation [16, 22]. The predominant
defect mechanisms encountered during SMAW include:

Porosity: Formed by entrapment of evolved gases (N2, Oz,
or Hy) during solidifying pool dynamics. Key drivers include
damp electrode coatings, surface oil or mill scale, excessive
arc length, or severe shielding envelope turbulence [8, 16, 18].

Undercutting: A severe surface geometry defect appearing
as an unfilled groove at the weld toe. It is primarily induced
by excessive welding current, high arc voltage, or improper
electrode work angles that erode the base metal without suffi-
cient filler metal deposition [13, 17, 22].

Incomplete Fusion and Penetration: Occurs when thermal
heat input is insufficient to melt the joint root or sidewalls,
driven by low welding current, fast travel speeds, or improper
joint preparation [12, 18, 21].

Cracking and Slag Inclusions: Driven by high localized
thermal stresses, elevated carbon/sulfur contents, hydrogen
embrittlement, or incomplete inter-pass slag removal [7, 23].

2.3. Metallurgical Characteristics and
Weldability of Medium-Carbon Steel
(AISI 4145)

Weldability is intrinsically linked to chemical composition,
carbon equivalent, thermal conductivity and dissipation rates,
and microstructural phase transformations under rapid thermal
cycles [23, 24, 30, 32]. Medium-carbon low-alloy steels, such
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as AISI 4145, balance high yield tensile strength, fatigue re-
sistance, and toughness, making them ideal for heavy-duty ap-
plications including agricultural machinery, power transmis-
sion hubs, tractor yokes, suspension plates, and hydraulic tub-
ing [3, 22]. However, the elevated carbon content and alloy
additions (chromium and molybdenum) in AlISI 4145 increase
hardenability and susceptibility to cold cracking, heat-affected
zone (HAZ) embrittlement, and porosity if cooling rates and
heat inputs are not strictly controlled. Under rapid cooling
rates, the HAZ is highly susceptible to brittle martensitic
transformations and hydrogen-induced cold cracking (HICC)
[8, 12, 30, 34]. Achieving defect-free welds in AISI 4145 re-
quires controlled thermal management to prevent localized
burn-through while guaranteeing complete sidewall fusion.
Furthermore, using low-hydrogen basic electrodes (such as
AWS E7018) combined with controlled cooling cycles is crit-
ical to suppressing micro-cracking and gas entrapment in me-
dium-carbon joint geometries. Maintaining a balanced heat in-
put via precise current-voltage-speed combinations is there-
fore essential to prevent rapid thermal quenching while ensur-
ing complete sidewall fusion [7, 23, 34, 35].

2.4. Taguchi-Based Parameter Optimization
Methods in SMAW

To move beyond empirical trial-and-error, Statistical De-
sign of Experiments (DOE)—specifically Taguchi method or-
thogonal arrays has been widely applied to optimize process
variables in arc welding [17]. Utilizing orthogonal arrays al-
lows researchers to evaluate main effects and Signal-to-Noise
(S/N) ratios while drastically minimizing experimental itera-
tions [17, 18]. Previous empirical studies demonstrate the ef-
ficacy of Taguchi L9 arrays in suppressing characteristic
SMAW flaws. For instance, optimizing current, voltage,
travel speed, and electrode angle yielded parameter combina-
tions (1, V, S) that reduced porosity and incomplete fusion [18,
19]. Similarly, Taguchi-based optimization on AISI C1020
mild steel achieved a peak ultimate tensile strength (UTS),
travel speed, and a root gap [13, 16]. Evolutionary algorithms
and central composite designs have also been deployed; re-
search on mild and stainless-steel joints established that para-
metric sets current and travel speeds maximize deposition
rates and tensile capacity [9, 20]. Across these studies, Anal-
ysis of Variance (ANOVA) consistently identifies welding
current as the primary determinant of joint penetration depth
and ultimate tensile strength, followed by arc voltage and
travel speed [16, 17, 21, 37].
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Table 1. Summary of Literature Review.

Key Input Parame-

ters

Current, Voltage,
Speed, Electrode

Angle

Current, Arc
Length, Travel
Speed, Angle

Current, Speed,

Root Gap, Angle

Current, Travel

Key Findings & Optimum Settings

Reduced porosity by 63.19% and incomplete
fusion by 73.72% at 90 A, 24 V, 40 cm/min, and
60<

Achieved a 30.31% reduction in pinhole defects;
identified current and speed as dominant factors.

Peak tensile strength of 487 MPa (S/N =
53.74dB) achieved at 100 A, 3.6 mm/s, and 3.3

mm root gap.

Optimal deposition rate and strength obtained at

Author(s) & Ref. Z;?;TSS & Ma- Sﬂitt:f;:ation
Pradeep et al. [18] g?gfl)w (Mild Taguchi L9
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Verma et al. [13] g?gg)w (Mild Ef:zp?(r:]éeD?ur-

3. Research Methodology and Materials

3.1. Research Methodology

This study combines quantitative and qualitative research
approaches to triangulate findings. Experimental research
comprising nine trials was conducted using an L9 Taguchi or-
thogonal array. Data on welding defects, parameters, and their
interaction with weldability were gathered through direct ob-
servation of the welding process, examination of weld sam-
ples, and mechanical testing, ensuring accurate and useful in-
formation for process optimization. Primary data collection
involved real-time observation of current, voltage, and speed;
interviews with welders and engineers; and mechanical testing
of welded samples. Secondary data collection involved review
of quality-control reports, maintenance logs, historical defect

records, industry standards, and relevant research publications.

Methods included direct observation of the welding process,
structured discussions with ABMI welders and engineers, and
review of existing quality and maintenance records to supple-
ment observational and interview data.

3.2. Materials Specifications and Preparation

Experimental tests were conducted on selected base metal
AISI 4145 medium-carbon steel plates measuring 100 mm x
50 mm x 10 mm thick with a baseline tensile strength of 565
MPa, yield strength 310 MPa, elongation 16%, reduction area
40% hardness 120 HV for the parent material and were welded
using AWS E7018 low-hydrogen electrodes 3.2mm and

Speed, Angle, Root
Gap

Current, Travel
Speed, Angle, Gap
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91.8 A current and 6.7 mm/s travel speed.

Max tensile strength of 394.5N/mm? achieved at
101 A current and 7.0 mm/s speed.

4.0mm to eliminate moisture absorption and prevent hydro-
gen-induced cracking risk during Shielded Metal Arc Welding
(SMAW). A spectrometer test confirmed its chemical compo-
sition is equivalent to standard carbon steel (Table 2). Prior to
welding, plate edges were machined to form single-V groove
geometry with a 60 “included angle, a 2 mm root spacing, and
a 3—4 mm root face with edges cleaned of contaminants.

Figure 2. Experimental preparation.

Figure 3. Specimen after welding.
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Figure 4. Tensile test specimens.

Table 2. Chemical Composition of the AISI 4145 test samples (wt. %).

Grade C Si Mn P S Cr

AlSI

4145 0.33 0.10 0.45

0.041 0.07

0.006

Mo Ni Cu W Fe CSN

0.0030  0.028 0.033 0.04 98.8 12040

Welding operations (manual metal arc (MMA)) were performed using an industrial CEMONT YARD heavy-duty rectifier
DC power source to ensure arc stability and controlled heat input across varying current, voltage, and travel speed settings as

shown in table below.

Table 1. Specification of the CEMONT YARD welding machine SMAW Power Source.

Parameter

Input power
Maximum input current

Input voltage

Specification

22.8 KVA — 13 kW
57A-30A
230V (single) / 400 V (three-phase)

Effective input current 34A-195A
Welding current range 50 A-325 A
Connector size 13 mm

Workshop faces were mechanically wire-brushed and de-
greased to eliminate surface oxide, mill, rust, and residual con-
tamination. Transverse tensile test specimens, Universal Test-
ing Machine (UTM) in accordance with ASTM E8/E8M
standards using a precision power hacksaw were used to eval-
uate post-weld quality and joint performance for uniaxial ten-
sile testing and a Vickers hardness tester 136 °diamond pyra-
mid indenter to measure microhardness distributions across

the weld metal, heat-affected zone (HAZ), and base metal, us-
ing a Vickers hardness tester (HV10) under a 10kg applied
load establishing a data-driven framework to mitigate defects
and optimize joint integrity in AISI 4145 fabrications. The ex-
perimental setup required a combination of base metals, con-
sumables, welding power sources, testing machinery, and sec-
ondary tools/safety equipment, as summarized in Table 4.

Table 4. Experimental Materials, Equipment, and Tools.

Category Item / Description
* SMAW machine
Machinery * Universal Testing Machine (UTM)

 Vickers Hardness Tester/ Rockwell hardness tester
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Category Item / Description

Tensile strength tester

* AISI 4145 Medium-Carbon Steel Plates (100 x 50 x 10 mm)

Consumable Materials
* Cutting & Grinding Discs

* E7018 Electrodes (0 3.2 mm, @ 4. mm)

* Tape Measure, Bench Vise, Chipping Hammer, C-Clamp

Tools & Equipment

« Wire Brush, screwdriver, file

Safety Equipment

3.3. Experimental Design Approach

Process optimization was conducted using a Taguchi’s De-
sign of Experiments (DOE) L9 orthogonal array methodology
[19] to evaluate the effects of three primary operating param-
eters—Welding Current (1), Arc Voltage (V), and Travel
Speed (S) across each three levels based on shop-floor base-
line parameters and electrode manufacturer specifications
(Table 5). Signal-to-Noise (S/N) ratio analysis and Analysis
of Variance (ANOVA) were performed in Minitab 19 soft-
ware to identify parameter contributions to ultimate tensile

Welding Goggles, Jacket, & Helmet, Hand gloves, Leather Apron

strength [21]. The relative impact of each control factor on
tensile strength variation was quantified via Analysis of Vari-
ance (ANOVA) at a 95% confidence interval (alpha = 0.05).
The total sum of squares (SST), factor sum of squares (SSF),
mean square (MS), F-ratio, and percentage contribution (%P)
were evaluated.

N =LAP-1)

Where N = number of experiments, P = number of parame-
ters, L = number of levels.

Table 2. SMAW process control parameters and experimental levels (Taguchi L9 experimental matrix).

Factor Parameter Symbol Unit
A Welding Current | A
Arc Voltage \% \
C Travel Speed S mm/min

3.4. Root-Cause Diagnosing and Parametric
Optimization Procedures

The experimental procedure provides a structured approach
to investigating root causes of weld defects in SMAW joints
of AISI 4145 by systematically varying welding parameters,
performing thorough inspections, and analyzing the resulting
mechanical properties [33, 36]. A combined quantitative and
qualitative framework was implemented to identify defect
drivers (undercut, porosity, cracks, etc.) and evaluate joint
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Level 1 Level 2 Level 3
90*3 120*3 140*3
30,40, 70 30, 40, 70 30, 40, 70
80, 100, 120 80, 100, 120 80, 100, 120

performance. Root Cause Analysis (RCA) was structured us-
ing Pareto distribution principles to isolate defect mechanisms
under actual production conditions, primary shop-floor data—
including operational parameters, direct visual inspections,
operator interviews and welder technical evaluations— were
triangulated with secondary quality-assurance records from
Akaki Basic Metal Industry for over 80% of total plant rework.
[25, 31, 33]. Defect occurrence data collected from historic
production at ABMI were classified into discrete defect cate-
gories. Subsequently, Ishikawa (cause-and-effect) diagrams
were constructed across six major vectors (Man, Machine,
Material, Method, Measurement, and Environment) to trace
root causes.
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Figure 1. Root-Cause Diagnosing and Parametric Optimization Procedures.

4. Results, Analysis, and Discussion

4.1. Weld Defect Identification, Distribution
and Pareto Analysis

This section presents the results of the cause-and-effect
analysis investigation conducted on historical production from
Akaki Basic Metal Industry (ABMI) to evaluate and establish
quality-control priorities using the Pareto optimization princi-
ple (2023-2024). The analysis identified an overall weld re-
jection/rework rate of 6% across SMAW operations on me-
dium-carbon steel (AISI 4145) components. Cumulative de-
fect distribution was evaluated using the Pareto principle
(80/20 rule) to prioritize mitigation efforts. Weld quality at
ABMI is influenced by base-metal composition, welder skill
and technique (electrode angle, speed, arc length), welding pa-
rameters (current, voltage, speed), joint design and prepara-
tion, environmental conditions (moisture, wind, temperature),
and equipment condition, including correct use of shielding.
ABMI products commonly exhibit SMAW defects such as
overlap, undercut, porosity, distortion, slag inclusion, lack of
fusion, incomplete penetration, incomplete fusion, and crack-
ing, which can cause leaks, structural failures, and operational
inefficiencies, increase costs and reduce customer satisfaction.
Categorizing defects into materials, methods, machines, man,
measurement, and environment allows systematic identifica-
tion of root causes and corrective action.
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Figure 6. (left) Vickers hardness testing machine.

Figure 7. (right) Tensile testing machine.


http://www.sciencepg.com/journal/ijmea

International Journal of Mechanical Engineering and Applications

http://www.sciencepg.com/journal/ijmea

Table 6. Frequency, Cumulative frequency and cumulative percentage of SMAW defects at ABMI.

Defect Type Frequency Cumulative frequency
Porosity 76 76
Undercut 63 139
Crack 11 150
Slag inclusion 8 158
Distortion 5 163
Overlap 4 167
Lack of fusion 3 170
Incomplete fusion 2 172
Incomplete penetration 1 173
Other defects 1 174

Pareto chart of SMAW defects in ABMI

Frequency
Cummulative percentage

Types of Defects

Figure 8. Pareto chart of SMAW defect frequency in ABMI.

Under cut

welding bead disconfinuity porosity fusion welding

Figure 9. Various defect types observed at ABMI.

4.2. Root-Cause Diagnostic Analysis and Defect
Prioritization & Ishikawa Findings

Porosity and undercut together account for a cumulative to-
tal of 79.89% of all recorded fabrication failures. Pareto anal-
ysis of historical production records (2023-2024) revealed

148

Cumulative Contribution (%) Category
43.68 Vital Few
79.89 Vital Few
86.21 Trivial
90.80 Trivial
93.68 Trivial
95.98 Trivial
97.70 Trivial
98.85 Trivial
99.43 Trivial Many
100.00 Trivial

that porosity and undercutting constitute overall weld failures
at ABMI. In accordance with Pareto's 80/20 rule, these two
flaw types represent the "vital few" defects governing overall
weld quality, establishing them as the primary focus for root-
cause diagnostic analysis and experimental parameter optimi-
zation to yield significant improvements in weld quality.
Structured technical interviews with welders and experts,
shop-floor observations, and cause-and-effect analysis was
conducted using Ishikawa (fishbone) diagrams to isolate the
key operational drivers of porosity and undercut and system-
atically categorizing potential causes into six main groups:
methods, machines, materials, measurement, environment,
and man. Accordingly, the analysis was identified the follow-
ing key root causes of porosity and undercut such as incorrect
welding parameters monitoring (current, voltage, speed); in-
adequate preheat/post-heat treatment; malfunctioning welding
equipment, improper welding technique (electrode angle,
travel speed, weld-pool control); inadequate shielding gas
flow; lack of consistent quality checks; moisture in the elec-
trode or base metal; a contaminated work area; insufficient
welder skill or experience; and operator fatigue or negligence
(see below diagram). Together, these factors confirm that po-
rosity and undercut at ABMI stem primarily from improper
welding parameters, equipment issues, material contamina-
tion, and environmental conditions — with current, voltage,
and speed emerging as the most critical, directly affecting arc
stability, weld pool behavior, and gas shielding. These diag-
nostic findings confirmed that welding current, arc voltage,
and travel speed serve as the critical control variables govern-
ing defect formation.
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Figure 10. Root Causes-Effects diagram of SMAW Porosity and Undercut.

4.2.1. Porosity Formation Mechanisms (Causes)

Porosity in AISI 4145 SMAW welding is primarily from
atmospheric gas entrapment within the solidifying weld pool:

Method: Unstable / Incorrect manual electrode manipula-
tion (excessive/ long arc length, erratic weave speed/ move-
ment) and uncalibrated heat input parameters (I, V, S) disrupt
molten pool shield stability, trapping evolving gas bubbles
during solidification, wrong electrode type, or improperly set
current/voltage/speed causing insufficient heat input and gas
entrapment.

Man: Inexperienced, tired, or insufficiently trained welders

failing to maintain correct arc length, speed, or electrode angle.

Material & Environment: Surface contaminants (rust, oil,
mill scale or paint) on base plates surface, moisture absorption
in AWS E7018 basic electrode flux coatings, moisture-ab-
sorbed electrodes and high ambient humidity, or shop drafts,
or airborne contaminants disrupting the protective gas enve-
lope/ coverage or unsuitable filler material causing gas entrap-
ment.

Machine & Measurement: Power supply output fluctua-
tions and uncalibrated display meters yield transient arc insta-
bilities. Malfunctioning welding machines, damaged elec-
trode holders/cables, or power supply fluctuations causing un-
stable arc and shielding, Incorrect calibration or inconsistent
monitoring of current and voltage leading to deviations from
optimal settings.

4.2.2. Mechanisms (Causes) of Undercut Formation

Undercutting which manifest as continuous or intermittent
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grooves along the weld toe is fundamentally driven by im-
proper thermal management and base-metal erosion:

Parameters & Method: Excessive /low welding current
(deep penetration, edge melting, poor fusion) which causes
aggressive base-metal toe melting, high/low arc voltage
(broad, fluid pool, poor fusion) which produces an overly fluid
weld pool that sags under gravity, Excessive /slow travel
speed (quick solidification, heat sagging) that restricts filler
metal deposition, leaving unfilled toe grooves and unsuitable
electrode characteristics.

Material Susceptibility: The elevated alloy elements con-
tent of AISI 4145 (Cr, Mo, C) increases fluid flow sensitivity
if not welded correctly, rendering toe boundaries vulnerable
to severe undercutting under uncalibrated thermal inputs, low-
quality electrodes; surface contamination.

Machine & Operator Control (Man): Equipment degrada-
tion (Worn machines, damaged holders/cables, unstable recti-
fiers or power supply) combined with welder fatigue directly
accelerates edge erosion and causing inconsistent current/volt-
age delivery. Inexperienced or fatigued welders struggling to
control arc/electrode angle consistently.

Environment and Measurement: Incorrect calibration or in-
accurate monitoring of parameters, cold environments causing
rapid cooling; wind/drafts disturbing shielding; high humidity
causing hydrogen-induced cracking.

This diagnostic triangulation confirms that welding current,
arc voltage, and travel speed are the primary controllable root-
cause variables governing arc stability, pool fluid dynamics,
and joint soundliness at ABMI and set the stage for optimizing
via the Taguchi experimental design with the goal of improv-
ing tensile strength and hardness while minimizing the heat-
affected zone (HAZ).


http://www.sciencepg.com/journal/ijmea

International Journal of Mechanical Engineering and Applications http://www.sciencepg.com/journal/ijmea

4.3. Parametric Optimization Using Taguchi runs. In this study, an L9 array was used to vary current, volt-

Methods and Experimental Results age, and speed across three levels to identify settings that en-
hance ultimate tensile strength (UTS), hardness, and minimize

The Taguchi method optimizes quality characteristics using HAZ.
an orthogonal array to minimize the number of experimental

4.3.1. Experimental Results of Tensile Strength, Hardness and Heat-Affected Zone (HAZ)

Table 7. Taguchi L9 experimental layout, measured UTS data, and calculated S/N ratios.

Travel Speed S

Trial Run  Current | (A) Voltage V (V) (mm/min) Tensile strength /UTS (MPa) SIN ratio
1 90 30 80 520 54.32007
2 90 40 100 522 54.35341
3 90 70 120 444 52.94766
4 120 30 100 447 53.00615
5 120 40 120 386 51.73175
6 120 70 80 392 51.86572
7 140 30 120 583 55.31337
8 140 40 80 589 55.40231
9 140 70 100 479 53.60671

Table 8. Taguchi L9 experimental runs, data, measured hardness, and calculated S/N ratios.

Trial Run  Current (A) Voltage (V) Speed (mm/min) Hardness SIN Rank
1 90 30 80 93.1 19.8878 3
2 90 40 100 96.8 15.0441 4
3 90 70 120 96.90 12.5486 8
4 120 30 80 89.7 21.0377 7
5 120 30 100 97.3 9.0291 6
6 120 40 100 101.5 3.0099 9
7 140 30 80 88.2 22.0502 5
8 140 40 100 93.60 18.5555 2
9 140 70 120 94.64 16.9776 1

Table 9. Taguchi L9 experimental runs, HAZ readings, and calculated S/N ratios.

Trial Run Current (A) Voltage (V) Speed (mm/s) HAZ S/IN ratio
1 90 30 80 90.5 39.1330
2 90 40 100 95.6 39.6092
3 90 70 120 100.0 40.0000
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Trial Run Current (A) Voltage (V)
4 120 30
5 120 40
6 120 70
7 140 30
8 140 40
9 140 70

4.3.2. Analysis of Tensile Strength, Hardness and
Heat-Affected Zone (HAZ) Testing Results

Tensile strength results for each parameter combination
were analyzed and hardness of welds at ABMI was evaluated
using Vickers and Rockwell methods from recorded results
across each experimental run while HAZ hardness was rec-
orded after testing each sample, and their S/N ratios were com-
puted using Minitab 19 software (smaller-is-better criterion).
Because heat input at the weld zone exceeds that of the HAZ
during welding, the hardness of the HAZ is generally greater
than that of the weld zone when optimal parameters are not
applied; the fusion zone reflects weld defects, whereas the
HAZ reflects only metallurgical change. The HAZ is the por-
tion of base metal that undergoes microstructural and mechan-
ical property changes due to welding heat, with temperature
decreasing with distance from the weld pool, causing varying
degrees of metallurgical transformation.

Experimental trial runs across the Taguchi L9 array speci-
mens yielded ultimate tensile strength (UTS) values ranging
from 386 MPa to 589 MPa, alongside corresponding Vickers
microhardness values distributions across the weld zone rang-
ing from 88.2 to 101.5 HV10. Response data were converted
into logarithmic Signal-to-Noise (S/N) ratios using the
"larger-is-better" quality characteristic formulation to maxim-
ize joint performance and minimize process variance. The
mean S/N response analysis isolates the main effects of each
parameter across the three defined levels. Higher mean S/N
ratios values correspond directly to minimized process vari-
ance and maximized tensile strength. Welding current demon-
strated the strongest influence on tensile strength, exhibiting a
continuous monotonical increase in tensile strength perfor-
mance from Level 1 (90A) to Level 3 (140A) due to higher/
improved current ensures full root fusion /penetration in AlSI
4145. Arc voltage ranked second peaking (40V) while higher/
Excessive voltage (70V) induced/ causes arc turbulence and

Speed (mm/s) HAZ SIN ratio
100 935 39.4162
120 99.5 39.9565
80 97.09 39.7435
120 90.7 39.1521
80 88.1 38.8995
100 94.3 39.4902
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severe undercutting, while insufficient voltage (30V) results
in incomplete sidewall fusion. Travel speed exhibited a minor
overall influence with optimal bead profile morphology reach-
ing/ achieving (120mm/min). Consequently, the optimal pa-
rameter combination was determined /identified as A3B2C3
(140A Welding Current, 40V Arc Voltage, 120 mm/min travel
speed).

(1). Effect of Input Parameters on Tensile Strength,
Hardness and HAZ

Welding current affects heat input and weld-pool size;
higher currents typically improve fusion and tensile strength,
but excessive current can cause overheating, porosity, or
cracking. Welding voltage controls arc length and heat inten-
sity; higher voltage increases penetration but can cause spatter,
HAZ widening, or distortion if excessive. Welding speed af-
fects heat input and cooling rate; slower speeds increase heat
input and can improve fusion and tensile strength. The S/N
ratio and mean were greatest at a welding voltage of 70 V,
current of 120 A, and speed of 80 mm/s, indicating these as
proper/optimum welding variables for maximum tensile
strength.

The highest hardness (94.64) was recorded at 140 A, 70 V,
and 120 mm/s. Medium current supports a stable weld pool
and balanced microstructure; higher current increases the
overall weld pool size; higher voltage supports consistent pen-
etration and uniform hardness; and medium travel speed pro-
vides a balanced cooling rate favoring a fine-grained, higher-
hardness microstructure. Higher welding current increases
heat input, potentially enlarging the HAZ and causing micro-
structural coarsening. Higher voltage increases heat intensity
and can enlarge the HAZ; excessive voltage can cause over-
heating and HAZ softening. Slower travel speed increases
heat input and cooling time, extending the HAZ; excessively
slow speeds can cause grain growth and softening.


http://www.sciencepg.com/journal/ijmea

International Journal of Mechanical Engineering and Applications http://www.sciencepg.com/journal/ijmea

Table 10. Response table for S/N ratios (larger is better) — tensile strength.

Level Welding current Welding voltage Welding speed
1 53.87 54.21 53.86

2 52.20 53.83 53.66

3 54.77 52.81 53.33

Delta 2.57 141 0.53

Rank 1 2 3

Table 11. Response table for S/N ratio (medium is better) — hardness.

Level Welding current Welding voltage Welding speed
1 95.37 91.57 92.03

2 96.83 94.40 94.47

3 91.03 97.27 96.73

Delta 5.80 5.70 4.70

Rank 1 2 3

Table 12. Response table for S/N ratios (medium is better) — HAZ.

Level Current Voltage Speed
1 95.60 90.33 96.07
2 92.83 92.57 93.71
3 92.15 97.68 90.80
Delta 3.45 7.35 5.27
Rank 1 3 2
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Figure 11. Main effects plot for S/N of tensile strength.
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Figure 13. Main effects plot for S/N of HAZ.

(ii). Analysis of Variance (ANOVA) for Tensile
Testing, Hardness and HAZ

ANOVA was performed at a 95% confidence level (o =
0.05); sources with p < 0.05 are considered statistically signif-
icant contributors to tensile strength, Hardness and HAZ (ta-
ble). With Fcr (0.05, 2, 8) = 4.46, all three parameters proved
statistically significant (p < 0.05). By percentage contribution
to tensile strength, welding current is the dominant factor
(72.18%), followed by voltage (19.73%) and speed (3.88%),
with total error of 4.21% (0.816% relative to total variation)
and while to the hardness contribution of current is dominant
(39.82%), followed by voltage (33.46%) and speed (25.91%)
with total error relative to total variation was 0.816% (table).
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Current and voltage have p-values below 0.05, confirming sig-
nificant influence on HAZ hardness; welding speed is com-
paratively less significant. By percentage contribution, current
(42.23%) ranks first, followed by voltage (36.68%) and speed
(16.80%), with total error of 0.816% (table). Analysis of Var-
iance, ANOVA was executed at a 95% confidence level (alpha
= 0.05) to evaluate and quantify statistical significance and
percentage contributions (%P) of each process parameter to-
ward ultimate tensile strength. Analysis of Variance, ANOVA
at a 95% confidence interval (alpha = 0.05) results confirms
that welding current is the statistically significant parameter,
contributing to total strength variance in tensile strength. Arc
voltage and travel speed contribute 6.06% and 1.88%, respec-
tively, with residual error remaining below 1% validating the
experimental accuracy of the model.
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Source

Current
Voltage
Speed

Error

o NN NN

Total

Source DOF

Current
Voltage
Speed

Error

o NN NN

Total

Source DOF

Current
Voltage
Speed

Error

o N N NN

Total

Response

UTS (MPa)
Average hardness (HV)

Seq SS

53.962
45.334
35.104
1.106
135.507

Table 13. ANOVA for tensile strength.

Contribution

72.18%
19.73%

3.88%
4.21%

100.00%

Adj SS

53.962
45.334
35.104
1.106

Table 14. ANOVA for hardness.

MS

26.9809
22.6672
17.5522
0.5532

Table 15. ANOVA for HAZ.

SS

53.962
45.334
35.104
1.106

Adj MS

26.9809
22.6672
17.5522
0.5532

F-value

48.77
40.97
31.73

MS

26.9809
22.6672
17.5522
0.5532

Table 16. Experimental validation of optimal parameters.

SS Contribution SS
53.962 20.76% 53.962
45.334 67.99% 45.334
35.104 6.77% 35.104
1.106 4.48% 1.106
135.507 100.0%

SS Contribution

53.962 42.23%

45.334 36.68%

35.104 16.80%

1.106 4.30%

135.507 100.00%

Predicted

525 MPa

120 HV

Experimental

589 MPa

94.63 HV
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F-value

17.16
4.69
0.92

P-value

0.020
0.024
0.031

F-value

48.77
40.97
31.73

Error %

0.089%
2.19%

P-value

0.008
0.008
0.011

Remark

Significant
Significant

Significant

P-value

0.008
0.008
0.011
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Figure 14. tensile strength and Hardness Pie chart.
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Figure 15. welding parameter contribution to HAZ Pie chart.

5. Conclusions, Recommendations, and
Future Research Work

5.1. Conclusions

This thesis systematically investigated the root causes of
defects in SMAW of AISI 4145 steel at ABMI and optimized
welding parameters to enhance mechanical properties. Using
Pareto analysis, Ishikawa diagrams, and Taguchi experimental
design, the study identified porosity and undercut as the “vital
few” defects most affecting weld quality, arising primarily
from incorrect welding parameters, inadequate preheat/post-
heat treatment, improper technique, and inconsistent quality
checks. Using Taguchi's L9 orthogonal array, the optimal set-
tings identified were 40 V, 140 A, and 80 mm/s. ANOVA con-
firmed welding current as the most significant factor for ten-
sile strength (72.18% contribution), followed by voltage
(19.73%) and speed (3.88%). Applying these optimized pa-
rameters reduced ABMI's defect rate from 6% to 2.7%,
demonstrating the practical value of the methodology for im-
proving weld quality, production efficiency, and cost-effec-
tiveness in medium carbon steel welding.
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5.2. Recommendation

Expand the scope of defect analysis to include distortion,
overlap, slag inclusion, and incomplete fusion for a more ho-
listic quality improvement approach.

Explore additional parameters such as electrode type, joint
configuration, and environmental conditions (humidity, tem-
perature).

Investigate other welding techniques (e.g., GMAW, TIG)
alongside SMAW for comparison.

Implement continuous, real-time monitoring of welding pa-
rameters to reduce human error and improve stability.

Provide regular training and certification programs for
welders.

Conduct long-term performance testing (fatigue, corrosion
resistance, durability) of welded products.

Investigate preheat and post-heat treatments further, partic-
ularly for complex joints.

Adopt digital welding-simulation tools to reduce physical
trial costs.

Implement environmental control measures (humidity, air
drafts) to improve process consistency.

5.3. Future Research Work

This research opens avenues for further work on SMAW of
medium carbon steel across additional joint types — flat butt,
corner, and T-fillet joints — and welding positions. Suggested
directions include:

Extended parameter optimization: exploring pulse-current
variation, alternate electrode compositions, and electrode di-
ameters for further mechanical-property gains.

Process modeling and simulation: using computational
tools to predict mechanical properties and reduce reliance on
extensive physical trials.

Comparative studies of other welding techniques (GMAW,
TIG) for medium carbon steel butt joints to determine suita-
bility for specific applications.

Implementing these recommendations at ABMI can further
enhance the quality and reliability of its SMAW processes, re-
duce defect incidence, and improve overall productivity and
customer satisfaction.
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Abbreviations

SMAW Shielded Metal Arc Welding

AISI American Iron and Steel Institute
ABMI Akaki Basic Metal Industry
METEC Metals and Engineering Corporation
mm Millimeter

GMAW Gas Metal Arc Welding

GTAW Gas Tungsten Arc Welding

SAW Submerged Arc Welding

HAZ Heat-Affected Zone

PWHT Post-Weld Heat Treatment

DOE Design of Experiment

ASME American Society of Mechanical Engineers
mm/s? Millimeters per Second Squared
N/mm? Newtons per Square Millimeter
ANOVA  Analysis of Variance

ASTM American Society for Testing and Materials
SIN Signal-to-Noise (ratio)

HRB Rockwell Hardness B (Scale)

OA Orthogonal Array

HV Vickers Hardness Number

UTMs Universal Testing Machines

3D three-dimensional

MMAW Manual Metal Arc Welding

RCA Root Cause Analysis
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