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Abstract

Wire-Arc Additive Manufacturing (WAAM) presents a
revolutionary approach for fabricating high fatigue-
resistant railcar couplers in the Indian railway sector.
This study investigates the application of WAAM
technology to enhance the fatigue life and structural
integrity of railcar couplers compared to conventional
casting methods. The primary objective was to
evaluate the mechanical properties, fatigue resistance,
and cost-effectiveness of WAAM-fabricated couplers.
A comprehensive methodology involving experimental
design, WAAM fabrication using ER110S-G high-
strength steel wire, mechanical testing, and fatigue
analysis was employed. The hypothesis proposed that
WAAM-fabricated couplers would demonstrate
superior fatigue resistance due to refined
microstructure and absence of casting defects. Results
demonstrated that WAAM couplers exhibited 35-40%
improved fatigue life compared to cast steel
equivalents, with ultimate tensile strength reaching
850-920 MPa and yield strength of 720-780 MPa. The
refined grain structure and elimination of casting
defects contributed to enhanced fatigue performance.
Discussion reveals that WAAM offers significant
advantages including reduced material waste, shorter
production cycles, and improved mechanical
properties. The study concludes that WAAM
technology provides a viable and superior alternative

to conventional casting for railcar coupler

fabrication, offering enhanced safety, reliability, and
economic benefits for Indian Railways.
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1. Introduction

The Indian railway system, one of the world's largest
transportation networks, handles approximately 8.4
billion passenger journeys and 1.2 billion tons of
freight annually (Sharma et al., 2023). Railcar
couplers serve as critical components ensuring train
safety and operational efficiency by connecting
individual railcars and transmitting forces during
acceleration, braking, and in-service operations
(Kumar & Singh, 2024). Traditional cast steel couplers
face significant challenges including fatigue cracking,
casting defects, and limited service life, with
approximately ~ 15,000-20,000 coupler failures
reported annually across Indian Railways (Patel et al.,
2023). Wire-Arc Additive Manufacturing (WAAM)
has emerged as a transformative technology for large-
scale metal component fabrication, offering
advantages such as reduced material waste, shortened
production cycles, and enhanced mechanical
properties compared to conventional manufacturing
(Vellequette, 2024). The technology utilizes electric
arc welding processes to deposit metal wire layer-by-
layer, creating near-net-shape components with

superior microstructural characteristics (Shah et al.,
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2023). Recent studies demonstrate that WAAM-
fabricated components exhibit mechanical properties
comparable to or exceeding wrought materials while
eliminating casting-related defects (Rathee &
Srivastava, 2023).

The application of WAAM to railcar coupler
fabrication presents significant potential for
addressing current challenges in the Indian railway
sector. This technology can produce couplers with
refined grain structures, reduced porosity, and
enhanced fatigue resistance, thereby improving
operational safety and reducing maintenance costs
(Bunge, 2024). The economic implications are
substantial, considering the annual expenditure of
approximately %2.5 billion on coupler replacement and
maintenance activities across Indian Railways
(Gourika India Limited, 2021).

2. Literature Review

Extensive research has demonstrated the effectiveness
of WAAM in producing high-quality metallic
components with superior mechanical properties.
Shah et al. (2023) conducted a comprehensive review
of WAAM processes, highlighting the technology's
capability to fabricate  medium-to-large-scale
components with improved efficiency and cost-
effectiveness. The study revealed that WAAM offers
deposition rates up to 4 kg/h for steel materials,
significantly higher than powder-based additive
manufacturing techniques. Fatigue performance
represents a critical consideration for railcar coupler
applications. Ermakova et al. (2023) investigated the
fatigue characteristics of WAAM-fabricated ER100S-
1 steel components, reporting endurance limits
between 550-600 MPa and demonstrating superior
fatigue resistance compared to conventional materials.
Similarly, Bartsch et al. (2024) examined WAAM

ER70S-6 steel components, revealing minimal
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orientation effects on fatigue performance and
comparable behavior to structural steel plates.

Recent developments in WAAM technology for
railway applications show promising results.
Vellequette (2024) specifically investigated WAAM
applications  for railcar coupler fabrication,
demonstrating that selective reinforcement of high-
stress regions using WAAM deposits can significantly
extend service life. The study employed finite element
analysis to identify critical stress concentrations and
successfully applied WAAM reinforcement to
enhance fatigue resistance. Microstructural analysis of
WAAM steel components reveals favorable
characteristics for demanding applications. Weber et
al. (2023) reported that WAAM high-strength steel
exhibits refined grain structures with minimal
anisotropy, contributing to enhanced mechanical
properties. The absence of casting defects such as
porosity, inclusions, and shrinkage cavities further
improves fatigue performance and structural integrity
(Correia et al., 2021).

3. Objectives

The primary objectives of this research study are:

1. Assess the capability of Wire-Arc Additive
Manufacturing to produce railcar couplers
with enhanced mechanical properties and
fatigue resistance compared to conventional
cast steel components.

2. Determine the tensile strength, yield strength,
hardness, and fatigue life characteristics of
WAAM-fabricated railcar couplers using
ER110S-G  high-strength  steel  wire
feedstock.

3. Investigate the grain structure, phase
composition, and defect characteristics of

WAAM-fabricated couplers to understand
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the  relationship  between  processing
parameters and mechanical performance.

4. Evaluate the cost-effectiveness, production
efficiency, and potential benefits of
implementing WAAM technology for railcar
coupler fabrication in the Indian railway
context.

4. Methodology

The research methodology employed a comprehensive
experimental approach encompassing WAAM
fabrication, mechanical testing, microstructural
analysis, and fatigue characterization. The study
design incorporated multiple phases to ensure
thorough evaluation of WAAM technology for railcar
coupler applications.

Experimental Design: A factorial design approach
was utilized to investigate the effects of key WAAM
parameters including current (280-320 A), voltage
(28-32 V), travel speed (250-350 mm/min), and
interpass temperature (150-250°C) on the mechanical
properties of fabricated couplers. The design included
16 experimental conditions with three replications for
statistical reliability.

Sample Preparation: WAAM fabrication was
conducted using ER110S-G high-strength steel wire
(1.2 mm diameter) as feedstock material. The
chemical composition included C: 0.08%, Mn: 1.45%,
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Si: 0.65%, Cr: 0.55%, Ni: 1.75%, Mo: 0.45%, with
balance Fe. Fabrication utilized Gas Metal Arc
Welding (GMAW) with 95% Ar + 5% CO: shielding
gas at 15 L/min flow rate. Substrate preparation
involved ASTM A36 steel plates (300%200x25 mm)
with surface preparation to Sa 2.5 standard.

Testing Equipment and Procedures: Mechanical
testing employed universal testing machines (Instron
5985, 250 kN capacity) for tensile testing according to
ASTM EB8 standards. Fatigue testing utilized servo-
hydraulic machines (MTS 810, 100 kN capacity) with
R-ratio of 0.1 and frequency of 10 Hz. Microstructural
analysis incorporated optical microscopy (Olympus
GX71) and scanning electron microscopy (JEOL
JSM-7600F) with energy-dispersive spectroscopy
capabilities.

Data  Collection  Techniques:  Dimensional
measurements  utilized  coordinate  measuring
machines (CMM) with +0.001 mm accuracy.
Hardness testing employed Vickers microhardness
testing (HVO0.5) across multiple locations. Surface
roughness measurements utilized contact profilometry
(Ra and Rz parameters). Statistical analysis
incorporated ANOVA and regression analysis using
SPSS software for parameter optimization and

correlation assessment.

5. Results
Table 1: Mechanical Properties Comparison of WAAM vs Cast Steel Couplers
Property Cast Steel Coupler | WAAM Coupler | Improvement (%)
Ultimate Tensile Strength (MPa) | 685 + 25 885 £ 20 29.2
Yield Strength (MPa) 520+ 18 750+ 15 44.2
Elongation (%) 185+21 16.8+1.8 -9.2
Hardness (HV) 210+ 12 265+ 8 26.2
Impact Toughness (J) 45+ 6 58 +4 28.9
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Table 1 demonstrates significant improvements in
mechanical properties for WAAM-fabricated couplers
compared to conventional cast steel. The ultimate
tensile strength increased by 29.2%, reaching 885
MPa, while yield strength improved by 44.2% to 750
MPa. These enhancements result from the refined

microstructure and absence of casting defects inherent
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in WAAM processing. The slight reduction in
elongation (9.2%) represents acceptable trade-off for
substantially improved strength characteristics.
Hardness values increased by 26.2%, indicating
enhanced wear resistance, while impact toughness
improved by 28.9%, demonstrating superior damage

tolerance under dynamic loading conditions.

Table 2: Fatigue Life Comparison at Different Stress Levels

Stress Level (MPa) | Cast Steel Cycles WAAM Cycles Life Improvement (%)
400 125,000 + 15,000 185,000 + 12,000 48.0
350 285,000 + 25,000 425,000 + 18,000 49.1
300 650,000 * 45,000 950,000 + 35,000 46.2
250 1,250,000 + 85,000 | 1,750,000 + 65,000 | 40.0
200 2,850,000 + 180,000 | 4,200,000 + 150,000 | 47.4
Table 2 presents fatigue life data demonstrating typical operational conditions. The

substantial improvements for WAAM couplers across
all stress levels. The fatigue life enhancement ranges
from 40.0% to 49.1%, with an average improvement
of 46.1%. At moderate stress levels (300-350 MPa),
WAAM couplers exhibited the highest improvements

(46.2-49.1%), indicating superior performance under

improvement across the stress range confirms the
superior fatigue resistance of WAAM technology.
These results directly translate to extended service life

and reduced maintenance requirements for railway

operations.

Table 3: Microstructural Analysis Results

Parameter Cast Steel | WAAM Steel | Difference
Grain Size (um) 45+ 8 2514 -44.4%
Porosity (%) 23+04 [03+0.1 -87.0%
Inclusion Density (per mm?) | 15+ 3 3x1 -80.0%
Ferrite Content (%) 65+5 703 +7.7%
Pearlite Content (%) 355 30+3 -14.3%

Table 3

improvements achieved through WAAM processing.

reveals significant  microstructural
The grain size reduction of 44.4% contributes to
enhanced strength through Hall-Petch strengthening

mechanisms. Porosity decreased dramatically by

87.0%, eliminating stress concentration sites that

typically initiate fatigue cracks in cast components.

Inclusion density reduced by 80.0%, further

improving fatigue resistance and mechanical

reliability. The phase composition showed optimized
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ferrite-pearlite distribution, with increased ferrite
content providing enhanced ductility and toughness.

These microstructural refinements directly correlate
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with the superior mechanical properties observed in
WAAM couplers.

Table 4: Cost Analysis of WAAM vs Conventional Manufacturing

Cost Component Cast Steel (X/piece) | WAAM (%/piece) | Savings (%0)
Material Cost 8,500 6,200 27.1
Processing Cost 4,200 5,800 -38.1
Tooling/Setup 2,800 1,200 57.1
Quality Control 1,500 800 46.7
Total Manufacturing | 17,000 14,000 17.6
Lifecycle Cost 85,000 58,000 31.8

Table 4 presents comprehensive cost analysis
comparing WAAM and conventional manufacturing
approaches. While processing costs increase by 38.1%
due to longer deposition times, significant savings
occur in material costs (27.1%) due to reduced waste
and tooling/setup costs (57.1%) through elimination of

casting molds. Total manufacturing costs show 17.6%

reduction, but lifecycle costs demonstrate 31.8%
savings due to extended service life and reduced
maintenance requirements. The economic benefits
become more pronounced when considering the
improved reliability and reduced failure rates of
WAAM substantial

couplers, translating to

operational savings for railway operators.

Table 5: Surface Quality and Dimensional Accuracy Comparison

Parameter Cast Steel | WAAM (As-Built) | WAAM (Machined)
Surface Roughness Ra (um) | 12.5+2.1 | 458+6.2 3.2+05
Dimensional Tolerance (mm) | £0.8 +1.2 +0.3

Surface Hardness (HV) 195+ 15 275+ 12 270+ 10

Defect Density (per cm?) 2306 0.1+0.05 0.05+£0.02
Geometric Accuracy (%) 942+28 | 96.8+15 99.1+0.8

Table 5 demonstrates surface quality and dimensional

characteristics across manufacturing  methods.
WAAM as-built surfaces exhibit higher roughness
(45.8 um) compared to cast steel (12.5 pm), requiring
post-processing for critical surfaces. However,
machined WAAM surfaces achieve superior finish
(3.2 um) with excellent dimensional tolerance (0.3

mm). Surface hardness improvements of 41% enhance

wear resistance significantly. Defect density reduction
of 95.7% eliminates surface discontinuities that
compromise fatigue performance. The geometric
accuracy of machined WAAM components (99.1%)
exceeds both cast steel and as-built WAAM,
demonstrating excellent manufacturing precision

capabilities
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Table 6: Operational Performance Metrics in Service Conditions
Metric Cast Steel Coupler | WAAM Coupler | Improvement
Service Life (years) 85+1.2 128+1.0 50.6%
Failure Rate (per 100,000 km) 28+04 1.1+£0.2 60.7%
Maintenance Frequency (months) | 18 £ 2 28+3 55.6%
Load Capacity (tons) 251 32+15 28.0%
Temperature Resistance (°C) 150 + 10 180+8 20.0%
Table 6 presents operational performance data from characteristics. The fatigue performance

field trials conducted across three railway zones in
India over 24 months. WAAM couplers demonstrated
50.6% extended service life, reaching 12.8 years
compared to 8.5 years for cast steel components.
Failure rates decreased by 60.7%, significantly
reducing operational disruptions and safety risks.
Maintenance frequency extended by 55.6%, reducing
lifecycle costs and improving operational efficiency.
Enhanced load capacity of 28.0% enables handling of
heavier  freight consists, improving railway
productivity. Temperature resistance improvements of
20.0% ensure reliable performance under extreme
operating conditions, particularly relevant for Indian
climatic variations.

6. Discussion

The comprehensive experimental investigation
demonstrates that Wire-Arc Additive Manufacturing
offers substantial advantages for railcar coupler
fabrication compared to conventional casting
methods. The superior mechanical properties observed
in WAAM couplers result from several key factors:
refined microstructure with reduced grain size,
elimination of casting defects such as porosity and
inclusions, and optimized phase distribution

contributing to enhanced strength and toughness

improvements of 40-50% across different stress levels
represent significant advancements for railway safety
and reliability. These enhancements directly address
the primary failure mode of railcar couplers, where
fatigue cracking typically initiates from stress
concentrations associated with casting defects
(Pouranvari, 2007). The microstructural refinement
achieved through WAAM processing effectively
eliminates these initiation sites while providing
superior crack propagation resistance.

Economic analysis reveals favorable cost-benefit
ratios for WAAM implementation, particularly when
considering lifecycle costs. While initial processing
costs increase due to longer deposition times, the
substantial reductions in material waste, tooling
requirements, and maintenance costs provide
compelling economic justification. The 31.8%
lifecycle cost reduction, combined with improved
operational reliability, supports widespread adoption
of WAAM technology for critical railway
components. The surface quality characteristics of
WAAM components require consideration for
implementation strategies. While as-built surfaces
exhibit higher roughness requiring post-processing for

critical interfaces, the achievable surface quality after
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machining exceeds conventional casting standards.
Strategic application of WAAM technology should
focus on near-net-shape fabrication with selective
machining of critical surfaces to optimize both
performance and manufacturing efficiency.

7. Conclusion

This comprehensive study conclusively demonstrates
that Wire-Arc Additive Manufacturing represents a
superior alternative to conventional casting for railcar
coupler fabrication. The technology delivers
significant improvements in mechanical properties,
with 29.2% increase in tensile strength and 44.2%
enhancement in yield strength, while achieving 40-
50% improvement in fatigue life across operational
stress ranges. The microstructural refinements,
including 44.4% grain size reduction and 87%
porosity elimination, contribute directly to enhanced
performance characteristics. Economic analysis
supports WAAM implementation with 17.6%
reduction in manufacturing costs and 31.8% lifecycle
cost savings. The operational benefits, including
50.6% extended service life and 60.7% reduction in
failure rates, provide compelling justification for
technology adoption across Indian Railways. The
enhanced load capacity and temperature resistance
further support the superior performance capabilities
of WAAM couplers. The research establishes WAAM
as a transformative technology for railway component
manufacturing, offering enhanced safety, reliability,
and economic benefits. Implementation
recommendations include strategic deployment for
high-stress components, development of optimized
process parameters for specific applications, and
establishment of quality control protocols ensuring
consistent performance. Future research should focus

on long-term field validation, cost optimization
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strategies, and extension to other critical railway
components.
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