Pre prints.org

Article Not peer-reviewed version

Effect of Varying Layer Thickness by
Interlayer Machining on Microstructure
and Mechanical Properties in Wire Arc
Additive Manufacturing

Ganesan G., Neel Kamal Gupta i , Siddhartha S. , Shahu R. Karade , Henning Zeidler,
Narasimhan Krishnaiyengari, Karunakaran K. P.

Posted Date: 10 March 2025
doi: 10.20944/preprints202503.0613.v1

Keywords: Additive manufacturing; Directed Energy Deposition; interlayer machining; layer thickness; WAAM

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of
(=] Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3853142
https://sciprofiles.com/profile/4060317
https://sciprofiles.com/profile/4061899
https://sciprofiles.com/profile/1105817

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2025 d0i:10.20944/preprints202503.0613.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Effect of Varying Layer Thickness by Interlayer
Machining on Microstructure and Mechanical
Properties in Wire Arc Additive Manufacturing

Ganesan G 1, Neel Kamal Gupta >*, Siddhartha S 3, Shahu R Karade 3, Henning Zeidler 2,
Narasimhan K ! and Karunakaran K. P. 3

1 Department of Metallurgical Engineering and Material Science, Indian Institute of Technology Bombay,
Mumbeai - 400076, India

2 Institute for Machine Elements, Engineering Design and Manufacturing (IMKF), Technische Universitat,
Bergakademie Freiberg, 09599 Freiberg, Germany

3 Department of Mechanical Engineering, Indian Institute of Technology Bombay, Mumbai - 400076, India

* Correspondence: neel.gupta@imkf.tu-freiberg.de

Abstract: This study focuses on how varying layer thickness by interlayer machining affects
microstructure refinement, mechanical properties, and residual stresses of Wire Arc Additive
Manufacturing (WAAM) components. It compares four types of WAAM samples: As built with
uneven layer thickness without interlayer machining and uniform layer thicknesses of 2mm, 1.5mm,
and Imm achieved through interlayer machining. It reveals that the machining force reduces grain
size and residual stress in WAAM components. Moreover, uniform and smaller layer thickness
enhances inter-layer bonding, improving mechanical properties but increases the build time with
more layers of deposition.
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1. Introduction

Layer thickness is a crucial factor in Additive Manufacturing (AM), also known as 3D printing,
impacting various aspects of the process and the resulting component's properties. It significantly
influences resolution and surface finish, with lesser layer thickness yielding finer details and
smoother surfaces. Smaller layer thickness increases build time and cost as it requires more layers to
achieve a given part height than higher layer thickness[1]. However, higher layer thickness has to
compromise accuracy and surface quality [2,3]. Layer thickness also influences mechanical properties
with smaller layer thickness, enhancing inter-layer bonding for greater strength [4,5]. Directed
Energy Deposition (DED) is one class of AM which utilizes metal powder or wire as feedstock and
uses a laser, arc or electron beam as a thermal energy source to melt the material for deposition [6].
Powder feedstock has a low yield due to high wastage, and therefore, wire feedstock becomes more
prominent [7]. Wire Arc Additive Manufacturing (WAAM) is an emerging metal AM technology
facilitating the cost-effective production of medium to large metal parts, driven by its outstanding
material utilization (>90%) and improved energy efficiency [8-10]. It employs an electric arc to melt
wire and construct components layer by layer. Further post-processing, such as milling, turning, and
grinding, is required because the WAAM process produces near-net shapes with low dimensional
accuracy and surface quality [11,12]. These machining operations determine the component’s surface
integrity, residual stresses, microstructural deformations, and longevity [13-15]. However, other
techniques, such as pre-heating [16], hammering [17], process selection [18], fixture design [19] etc.,
also have significant effects on the various aspects of the WAAM components.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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During machining, material microstructure evolves through the combined influence of thermal
and mechanical interactions, with plastic deformation significantly advancing this evolution [20]. The
generation of residual stresses in machining can be attributed to non-uniform plastic deformation
resulting from the mechanical and thermal processes associated with chip formation (cutting) and
the interaction between the tool's nose and the freshly machined workpiece surface (compression).
These forces, acting parallel and perpendicular to the surface, develop compressive residual stresses
[21,22]. Numerous studies have investigated the impact of layer thickness on the build time and
mechanical characteristics of metal additive manufacturing [4,5,23,24]. Additionally, various
researchers have investigated the influence of machining on the microstructure evolution and
residual stress of machined surfaces [25-29]. Few researchers have studied the effect of substrate and
layer thickness on residual stress, heat input and deformation in WAAM [18,30,31]. Nevertheless,
there is a noticeable gap in exploring the combined effects of layer thickness by interlayer machining
on the mechanical properties and reduction of residual stress in WAAM surfaces. This study aims to
fill this void by providing insights into how adjusting layer thickness by incorporating interlayer
machining can enhance mechanical properties and reduce residual stress in WAAM components.

2. Materials and Methods

Four different sample blocks (S1-S4) were deposited using the material mild steel (grade ER70S-
6) in the wire form of 1.2 mm diameter by Fronius Magic WAVE 2700 Gas Tungsten Arc Welding
(GTAW) (Fronius, Wels, Austria, Austria-based company) with customized wire feeding assembly,
as shown in Figure 1. The chemical composition of ER70S-6 is shown in the Table 1 [32]. The welding
parameters were optimized with trial experiments and taken as current-150A, welding speed-800
mm/min and voltage-14V. Figure 2 presents samples in various scenarios. Bead height in a single
layer of deposition ranged from 2.3 - 2.7 mm (Figure 2a). Four samples were prepared to assess multi-
pass machining's impact on residual stress, microstructure, and mechanics. The initial sample (S1)
was manufactured without any machining (Figure 2b), consisting of three consecutive deposition
layers (Figure 2f). Subsequently, the second sample (S2) was manufactured with single-pass
machining applied after each deposition layer. In this process, layer thickness was maintained at
2mm, and this procedure was iterated over three layers, resulting in an aggregate layer height of
6mm (as illustrated in Figure 2 c&g). For the third sample, denoted as S3, two machining passes were
executed, and layer thickness of 1.5mm was maintained, and a total of four such layers were
deposited (Figure 2d&h). In the case of the fourth sample, 54, three machining passes were carried
out to attain a layer thickness of Imm, and this sequence was repeated six times to achieve a final
height of 6mm (Figure 2 e&i). The machining process encompassed a depth of cut of 0.5mm, a spindle
speed set at 2,000 rpm, and a feed rate of 800 mm/min constant for all samples

Table 1. Chemical Composition of ER70S-6.

Element Fe C Mn Si Ni Cr P S \% Cu
% Remaining  0.06 1.40 0.80 0.15 0.15 0.025 0.035 0.03 0.50
to to to

0.15 1.85 1.15
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Figure 1. Wire feeding setup.
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Figure 2. Sample preparation with different conditions.

Samples extracted by wire-electric discharge machining (W-EDM) from the various places of
deposited block were used for characterization and testing, as illustrated in Figure 3.
Microstructure examination utilized Electron Back Scattered Diffraction (EBSD) (Zeiss Gemini SEM
300 [Carl Zeiss AG, Oberkochen, Germany, German based company. following grinding and
colloidal polishing. Vickers microhardness using Innovatest Model 41 2D (INNOVATEST,
Maastricht, The Netherlands, Netherland-based company) tests applied a 500g load for 10 seconds
on polished samples. Miniature tensile test samples were machined from build surfaces, with a 5 mm
gauge length, 2 mm width [33], tested on the Tinius Olsen, Model H25KS (Tinius Olsen, Horsham,
PA, USA, USA-based company). The residual stress was measured by XRD using a PANalytical
model, System-EMPYREAN (Malvern Panalytical Almelo, Netherlands, Netherland-based
company) with the following parameters: Cu target (K a average 1.5405 N-m), a tilt angle range of 0-
40° in 8° intervals, and in-plane rotation angles of [0°, 45°, 90°] in the first quadrant, [180°, 225°, and
270°] in third quadrant, with a 20 value of 82.4° and the (2,1,1) plane. All reported values
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(microhardness, ultimate tensile strength, and residual stress) represent averages from three
measurements.

Micro Residual

Hardness Stress Tensile Sample

EBSD
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Figure 3. Framework highlighting the sample extraction for different tests.

3. Results and Discussion

This section explores the influence of varying layer thickness achieved through interlayer
machining on microstructure evolution and mechanical properties. It examines how layer thickness
affects grain refinement and distribution, highlighting its role in altering microstructural
characteristics. Additionally, the section evaluates changes in mechanical properties such as
microhardness, ultimate tensile strength, yield strength, and elongation. Furthermore, it discusses
the impact of layer thickness on residual stress distribution in the X and Y directions, emphasizing
the benefits of machining in reducing stress concentrations. These findings show the importance of
layer thickness by interlayer machining on the performance of WAAM'’s components.

3.1. Microstructure Evolution

Figure 4 illustrates the grain evolution in WAAM-fabricated components under four different
conditions: as-built, 2.0 mm layer thickness, 1.5 mm layer thickness, and 1.0 mm layer thickness,
highlighting the impact of layer thickness by interlayer machining on grain size distribution. In the
as-built WAAM condition, the grain structure varies across the build height due to different thermal
gradients and solidification conditions. In the bottom region (It layer of deposition), rapid heat
dissipation into the substrate leads to a mix of equiaxed and short columnar grains, with an average
grain size of 22.83 um. The middle region, subjected to repeated heat input from successive layers,
experiences epitaxial growth, resulting in predominantly columnar grains with an average size of
56.24 um. In the top region, where cooling rates are lower due to reduced thermal dissipation, the
grains show a mix of equiaxed and columnar morphologies, averaging 24.74 um. Interlayer
machining in the samples, carried out via face milling with cutting and thrust forces of 524N and
340N, respectively, flattens the uneven WA AM-deposited surface and alters the grain structure. This
process interrupts epitaxial columnar growth, and machining-induced plastic deformation, along
with localized strains facilitates grain refinement through recrystallization. For a 2.0 mm layer
thickness, the bottom region exhibits an average grain size of 17.35 pm, the middle region has 22.23
pm, and the top region shows 18.04 um, demonstrating effective grain refinement compared to the
as-built condition. Reducing the layer thickness to 1.5 mm by introducing more number of milling
cycles further enhances grain refinement, with average grain sizes of 13.04 um in the bottom, 12.36
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pm in the middle, and 14.61 um at the top. This reduction in thickness decreases the heat
accumulation per layer, leading to better grain control. The most refined microstructure is observed
at 1.0 mm layer thickness, where the bottom region achieves 9.15 um, the middle 10.89 um, and the
top 10.24 pm, illustrating the significant influence of layer height on thermal history and grain
structure. The primary reason for this refinement is that thinner layers allow for more effective heat
dissipation and induce localized recrystallization due to plastic deformation from milling, promoting
finer equiaxed grains throughout the build. The progressive reduction in layer thickness minimizes
grain growth anisotropy and results in a more uniform microstructure with better mechanical
properties.

As Built 1.5mm LT

22.83 pm

Figure 4. Microstructure evolution with varying layer thickness.

A similar trend of grain size refinement with and without interlayer machining of the same
material was observed by Rashid et al. [34]. Chen et al. [35] also reported the impact of interpass
milling on grain refinement and various related mechanical properties for Titanium alloy, but the
trend shows similar results.

3.2. Microhardness

Figure 5 demonstrates the microhardness variation across different conditions with respect to
build height. In the as-built condition (red squares), microhardness remains the lowest, fluctuating
between 150 HV and 180 HV, due to coarser grain structures from thermal cycling. In the 2.0 mm
layer thickness condition (pink circles), microhardness improves to a range of 175 HV to 195 HV,
attributed to partial grain refinement induced by machining. The 1.5 mm layer thickness condition
(blue triangles) exhibits further hardness enhancement, ranging between 200 HV and 215 HV, as
more frequent interlayer machining promotes finer grain structures and increased work hardening.
The 1.0 mm layer thickness condition (green inverted triangles) shows the highest and most stable
microhardness, consistently between 215 HV and 230 HV, due to maximum grain refinement and
recrystallization effects. The as-built condition shows lower hardness in the middle regions due to
coarser dendritic structures, all machined conditions maintain a more stable hardness throughout the
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build height. The slight increase in hardness at the top may result from variations in cooling rate
during deposition. This analysis confirms that interlayer machining significantly enhances hardness,
with more frequent machining (lower layer thickness) leading to finer microstructures.
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Figure 5. Hardness values with varying layer thickness.

3.3. Stress-Strain Curves

Figure 6 highlights the impact of interlayer machining (ILM) on the stress-strain maps of
WAAM-fabricated samples, demonstrating a progressive increase in strength with decreasing layer
thickness due to grain refinement and work hardening. The as-built condition (red curve) exhibits
the lowest yield strength (~350 MPa) and ultimate tensile strength (~480 MPa) due to coarser
columnar grains, though it retains moderate ductility (~0.55 mm/mm). The 2.0 mm layer thickness
condition (pink) shows a slight improvement in strength (YS: ~370 MPa, UTS: ~510 MPa) and fracture
strain (~0.58 mm/mm), attributed to partial grain refinement. The 1.5 mm layer thickness condition
(blue curve) further enhances strength (YS: ~390 MPa, UTS: ~550 MPa) due to increased dislocation
density, with a slight reduction in ductility (~0.52 mm/mm). The 1.0 mm layer thickness condition
(green curve) achieves the highest strength (YS: ~400 MPa, UTS: ~600 MPa) due to maximum grain
refinement and work hardening but exhibits a moderate drop in ductility (~0.48 mm/mm).

Figure 7 illustrates the variation in ultimate tensile strength (UTS), yield strength (YS), and
elongation across different interlayer machining (ILM) conditions in WAAM-fabricated samples,
highlighting the effect of grain refinement and residual stress reduction. The as-built condition
exhibits the lowest YS (371 MPa) and UTS (494.72 MPa) due to the presence of coarse columnar grains,
yet it retains the highest elongation (59%), benefiting from a more ductile microstructure. The 2.0 mm
layer thickness condition slightly improves UTS (523.45 MPa) and YS (372 MPa), while elongation
remains relatively high (58%) due to moderate grain refinement and stress relaxation. The 1.5 mm
layer thickness condition shows a significant enhancement in YS (471 MPa) and UTS (568.52 MPa) as
finer equiaxed grains and dislocation strengthening contribute to better mechanical properties,
though elongation reduces to 47%. The 1.0 mm layer thickness condition achieves the highest UTS
(582.11 MPa) and YS (519 MPa), indicating maximum strengthening from refined grains and work
hardening, but elongation drops to 46%, suggesting a trade-off between strength and ductility
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Figure 6. Stress-strain maps of varying layer thickness.
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Figure 7. Tensile strength vs varying layer thickness.

3.4. Residual Stress

The presence of non-uniform layer thickness during as-built conditions results in  elevated
residual stress compared to the case where a consistent layer thickness of 2 mm, 1.5 mm, and 1 mm
is employed. This phenomenon primarily stems from variations in thermal gradients and cooling
rates. As-built WAAM often leads to uneven cooling and significant residual stress within thicker
layers, and a high value of residual stresses was observed in sample S1. By applying intermittent
compressive forces to reduce the residual stress from the WAAM surface and redistribute internal
stresses, promoting a consistent distribution. This leads to a reduction in residual stress as the number
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of machining passes increases, imparting compressive load. The reduction in residual stress enhances
structural integrity and minimizes the risk of deformation or cracking.

In Figure 8, the graphs (a, b, ¢, and d) illustrate residual stress (in MPa) along the build height
(in mm) in the X and Y directions under different conditions: (a) As-built, and (b-d) after successive
machining with layer thicknesses of 2.0 mm, 1.5 mm, and 1.0 mm, respectively. The as-built condition
(a) shows the highest residual stresses, which increase significantly along the build height. With
successive machining (b-d), the magnitude of residual stresses progressively decreases as layer
thickness reduces. This reduction correlates directly with material removal during machining, as the
process eliminates surface and sub-surface layers where the most significant residual stresses are
concentrated due to rapid cooling and solidification during WAAM. Machining redistributes the
internal stress field more evenly, reduces stress peaks, and mitigates work hardening effects, while
localized thermal or mechanical effects from machining may further contribute to stress relaxation.
A comparison across different layer thicknesses shows that a 2.0 mm layer thickness (52) results in
moderate stress reduction compared to the as-built condition, while the sample with a 1.5 mm layer
thickness (S3) provides further stress relaxation. The 1.0 mm layer thickness (S4) minimizes residual
stresses, achieving the most uniform stress distribution among all conditions. Additionally,
machining improves the surface finish, removing micro-cracks and makes the uniform deposition of
subsequent layers on machined surface. These observations highlight that increased machining
reduces residual stress by eliminating stress-concentrated layers, redistributing stresses, and
mitigating thermal and mechanical effects, thereby enhancing the overall quality and mechanical
performance of the WAAM-fabricated component.
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Figure 8. Residual stress in X&Y direction for varying layer thickness.

The reduction in residual stress in both the X and Y directions follows a progressive trend as the
layer thickness was decreased with more interlayer machining. Compared to the as-built condition,
which exhibits the highest residual stress due to non-uniform layer thickness and uneven cooling,
the 2 mm layer thickness condition achieves an approximate 22-25% reduction in residual stress due
to improved thermal gradients and stress redistribution. Further reducing the layer thickness to 1.5
mm layer thickness results in a 38-42% reduction, as additional machining removes high-stress
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regions and redistributes internal stresses more effectively. The 1 mm layer thickness condition
achieves the most significant stress reduction, approximately 55-60%, due to maximum material
removal, improved stress relaxation, and uniform stress distribution. These results indicate that
interlayer machining significantly reduces residual stress, minimizing deformation risks and
enhancing the structural integrity of WAAM-fabricated components.

4. Conclusions

This study demonstrates the influence of varying layer thickness through interlayer machining
in WAAM. As-built components exhibit uneven deposition, fostering coarse columnar grains that
degrade hardness and strength. However, reducing layer thickness refines grains by restricting
growth and inducing plastic deformation, thereby enhancing mechanical properties. Additionally,
multi-insert interlayer machining applies compressive forces, effectively reducing residual stress and
improving structural integrity.
¢  Grain refinement at 1.0 mm layer thickness achieves reductions of 62.7% (Top), 77.6% (Middle),

and 64.3% (Bottom), improving microstructural uniformity and mechanical properties through

the Hall-Petch effect.

¢  Microhardness increases from 150-180 HV (as-built) to 210-230 HV, marking a 40-43%
improvement due to dislocation strengthening.

e Tensile properties show significant enhancement: UTS rises from 494.72 MPa to 582.11 MPa
(17.6% increase), and YS increases from 371 MPa to 471 MPa (26.9% increase) due to grain
boundary strengthening and strain hardening.

e  Ductility trade-off: Elongation decreases from 59% to 46% (22% reduction) as restricted
dislocation movement enhances strength at the expense of ductility.

e  Residual stress reduction of 55-60% at 1.0 mm layer thickness improves structural integrity by
minimizing stress concentrations and reducing distortion or cracking risks.

e  While decreasing layer thickness enhances material properties, it increases production time and
cost, necessitating a balance between mechanical improvements and manufacturing efficiency.
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