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Abstract. Wire Arc Additive Manufacturing (WAAM) is a promising technology for producing
large, high-performance metallic components, though process stability and geometric control remain
critical challenges. The present work investigates the influence of deposition trajectory on the
geometry, surface quality, and microhardness of wire arc additive manufactured Inconel 625 walls,
produced by a Cold Metal Transfer (CMT) process. A conventional linear double-pass strategy is
directly compared with a single-pass triangular weave trajectory under equivalent heat input per unit
length, in order to isolate the effect of the torch path from other process variables. Single-layer and
multi-layer walls were fabricated and characterized in terms of geometry, dimensional stability,
surface waviness, and Vickers microhardness. The results show that the weave trajectory leads to
improved geometric consistency, reduced variability, and significantly lower surface waviness
compared to the linear strategy, while maintaining comparable mean wall width and microhardness.
These findings demonstrate that appropriate trajectory design can enhance geometric stability and
near-net-shape capability in WAAM-CMT without altering thermal input or material properties.

Introduction

Additive Manufacturing (AM) has emerged as a revolutionary technology within the Industry 4.0
paradigm, representing a strategic departure from traditional subtractive manufacturing processes.
AM offers significant advantages, including reduced material waste and shorter lead times [1]. These
capabilities have established AM as a critical manufacturing option in high-value sectors such as the
aerospace, marine, nuclear, biomedical, and petrochemical industries [2].

Metal AM processes can be categorized based on feedstock form into powder-based and wire-based
methods [3]. Among wire-based techniques, Wire Arc Additive Manufacturing (WAAM) has
garnered significant attention. WAAM uses an electric arc to melt wire feedstock and offers distinct
advantages over powder-based methods, most notably a higher material deposition rate, resulting in
shorter fabrication times and lower production costs [4]. In WAAM, the choice of heat source is
critical, as it directly affects the deposition rate, thermal management, and the resulting metallurgical
quality of the component [5,6]. Among the available options, Cold Metal Transfer (CMT), a
specialized variant of the Gas Metal Arc Welding (GMAW), has emerged as a preferred approach
due to its ability to provide significantly lower heat input, which is achieved through the digital
coordination of the wire feeding movement and droplet transfer [7,8].

These characteristics make WAAM a highly promising technology for the production of large, high-
performance metallic components, particularly when using strategically valuable and costly
materials. Inconel 625, a premier nickel-based superalloy, is often chosen for such applications. It
combines excellent tensile strength at elevated temperatures, superior resistance to corrosion and
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oxidation, and outstanding fatigue performance, making it indispensable for components such as gas
turbine cores, subsea controllers, and chemical plant hardware [3,9].

Despite these advantages, Inconel 625 presents specific challenges in WAAM, as the final properties
of the manufactured component depend not only on the material itself but critically on the process
parameters [10]. Different deposition strategies generate spatially varying thermal histories, which in
turn produce microstructural features that directly influence mechanical performance [4,11]. Previous
studies on deposition strategies have focused on geometrical accuracy, microstructural evolution, and
final mechanical performance [11,12,13]. However, many of these works vary multiple parameters
simultaneously, making it difficult to isolate the specific influence of the torch path.

In this study, the effect of deposition trajectory in WAAM-CMT of Inconel 625 is systematically
investigated. A conventional linear double-pass strategy is directly compared with a single-pass
weave strategy under equivalent heat input, ensuring that observed differences in wall geometry and
surface quality can be primarily attributed to the deposition trajectory. This approach provides a clear
link between trajectory design, layer stability, and final part quality, and demonstrates how trajectory
control enhances process repeatability and enables a more robust understanding of geometry
evolution in WAAM-CMT processes.

Materials and Methods

Experiments were carried out using the WAAM system shown in Fig. 1, which consists of a Fronius
TransPuls Synergic CMT power source, a Delta robot integrated with the welding torch, a wire
feeding system, and a gas shielding system. Inconel 625 (ERNiCrMo-3) wire with a diameter of 1.0
mm was used as the filler metal, while mild steel plates with dimensions of 250 mm X% 30 mm % 20
mm served as the substrate. The average chemical composition of the wire is shown in Table 1. A
constant flow of 16 L/min of shielding gas (98% Argon, 2% CO-) was used to prevent oxidation of
the molten pool. The contact tip to work distance (CTWD) was maintained at 15 mm for all
experiments.

G
R’%ﬁ%ﬁ@

ARG ADDrTE

Fig. 1. WAAM setup used for deposition.

Table 1. Chemical composition of Inconel 625 wire (wt%).

Cr Mo Nb Fe Co Si Mn Ti Al C P S Ni
2%%’ Ei'(()).(; 34':155’ <50 <1.0 <0.50 <0.50 <0.40 <0.40 <0.10 <0.015 <0.015 Bal

For the linear strategy, two parallel beads were deposited side by side with a step-over distance of 4.0
mm, which is defined as the distance between the centerlines of adjacent beads. Within each layer
(intralayer strategy), deposition was unidirectional, meaning that the adjacent beads were deposited
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with the same start and end points, as illustrated in Fig. 2a. Walls produced with the weaving strategy
followed a triangular weave path, illustrated in Fig. 2b along with its defining parameters. Between
successive layers (interlayer strategy), a bidirectional deposition sequence was adopted for both the
linear and weaving strategies, alternating the start and end points of each layer to reduce the
accumulation of excess material at arc start positions. All walls were 100 mm in length and were
constructed by stacking five layers, incorporating a dwell period between layers to ensure adequate
heat dissipation.

A wire feed speed (WFS) of 5.5 m/min was used in all experiments, which, through the built-in
synergic control of the power source, corresponded to a welding current of 140 A and an arc voltage
of 13.3 V.

For the linear case, the travel speed (TS) was 5 mm/s. The corresponding heat input was calculated
using Eq. 1 and resulted in a value of 298 J/mm.

_nvi
HI =" (1)

n = thermal efficiency (set to 0.8) [15]
V= arcvoltage [V]
I = welding current [A]
TS = travel speed along the deposition direction [mm/s]
To provide the same total heat input per unit length of deposited wall for both strategies, the single
oscillating track was deposited with a heat input of 596 J/mm, corresponding to the cumulative energy
of the two linear passes. Accordingly, the traverse speed, TS, which is one of the two components of
the weave motion and represents the longitudinal advancement of the torch along the wall, was
adjusted to ensure this heat input and was therefore set to 2.5 mm/s, i.e., half of the 5 mm/s travel
speed used in the linear case. Consequently, the actual travel speed along the triangular trajectory,
TS,,, was calculated using the relationship given in Eq. 2 [14] and resulted in 14.2 mm/s:

2
TS, =TS, |1+ (%) )
where
TS, = weave traverse travel speed [mm/s]

weave path amplitude [mm]
= weave path wavelength [mm]
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Fig. 2. Schematic representation of the deposition trajectories: (a) linear path and (b) triangular
weave path used for material deposition.

As reported in the literature [13], a weaving frequency of f= 1 Hz was found to maintain a roughly
constant penetration depth along the deposition direction and a more uniform thermal field. This value
was therefore adopted in the present work. The wavelength of the weave, A, was determined as the
ratio of the longitudinal traverse speed, T'S,, to the weaving frequency, as depicted in Eq. 3, and was
set at 2.5 mm:
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The weave amplitude, A = 3.5 mm, was selected to replicate the effective width of two overlapping
linear beads.

Table 2 summarizes the process parameters used for both the linear and weaving cases.

A

Table 2. Process parameters used for linear and weaving deposition strategies.

Weave parameters

Deposition WES TS [mm/s] Current Voltage CTWD i
Strategy [m/min] [A] [V] [mm] Amplitude Wavelength
[mm] [mm]
Weave 5.5 14.2 140 13.3 15 3.5 2.5
Linear 5.5 5.0 140 13.3 15

In a preliminary stage, single-layer depositions were produced and analyzed in terms of width and
height in order to isolate the effect of the deposition trajectory on geometry and process stability,
while minimizing the influence of layer stacking effects. Single-layer and multi-layer wall width and
height were measured using a digital microscope at multiple locations along the deposition length to
evaluate local geometric variations; the reported values represent the mean and standard deviation.
Surface waviness of the multi-layer walls was evaluated using a confocal optical microscope (Leica
DCM3D). Multiple surface profiles were acquired at different positions from both lateral surfaces of
each wall. The waviness parameters analyzed were the arithmetic mean waviness deviation, W,
defined as the average absolute deviation from the mean line, and the total waviness height, W,,
defined as the vertical distance between the highest peak and the deepest valley within the evaluation
length.

Vickers microhardness measurements were performed on cross-sections of the wall samples using a
CV Instruments 2000 tester. The specimens were metallographically prepared according to the ASTM
E3-11 standard, following sequential steps of cutting, mounting in resin, and grinding and polishing.
Tests were carried out with a 500 g load, a dwell time of 15 s, and indentations spaced 1 mm apart
along the wall height; the reported values correspond to the mean and standard deviation.

Results and Discussion

Fig. 3 presents the as-deposited walls examined in this study: (a) weave deposition and (b) linear
deposition.

20 mm

Fig. 3. Top view of the multi-layer walls produced with the two deposition strategies: (a) weave
trajectory and (b) linear double-pass.

The comparison between single-layer depositions highlights distinct differences in both geometric
dimensions and deposition stability, as summarized in Fig. 4. The weave single-pass strategy results
in a slightly larger mean bead width (8.81 + 0.07 mm) compared to the linear double-pass deposition
(8.33 £0.18 mm), accompanied by a reduced mean height (4.40 = 0.08 mm vs. 4.86 £+ 0.20 mm). This
behavior suggests a lateral redistribution of the molten material induced by the oscillatory motion of
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the weave trajectory, which promotes spreading in the transverse direction at the expense of vertical
buildup. More importantly, the weave strategy significantly reduces geometric variability. Standard
deviations in width and height decrease by approximately 61% and 60%, respectively, compared to
the linear double-pass case. This indicates a more stable and reproducible deposition process, with
fewer local inconsistencies caused by the interaction between adjacent tracks and their thermal
overlap.
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Fig. 4. Comparison of single-layer geometry for the two deposition strategies: mean width and
height with corresponding standard deviations.

These trends are further reflected and amplified at the multi-layer scale, as illustrated in Fig. 5a. The
weave-deposited wall exhibits a lower mean height (13.7 + 0.1 mm) compared to the linear wall (15.7
+ (0.3 mm), bringing the final geometry closer to the nominal CAD target of 12 mm, while maintaining
a comparable mean wall width (12.8 £ 0.3 mm vs. 12.6 = 0.2 mm). The reduced height overshoot and
smaller standard deviation indicate improved layer stacking consistency when using the weave
strategy.
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Fig. 5. Comparison of multi-layer walls geometry for the two deposition strategies: (a) mean width
and height with standard deviations, and (b) mean waviness parameters (W, and W) with standard
deviations.

Surface quality is also markedly improved. As shown in Fig. 5b, both the average (W,) and total (W)
wall waviness are lower for the weave wall (W, = 0.234 £ 0.068 mm; W; = 1.052 + 0.298 mm) than
for the linear wall (W, = 0.289 + 0.108 mm; W; = 1.559 + 0.370 mm). Notably, the reduction in W;
(~33%) is more pronounced than that in W, (~19%), indicating that the weave trajectory is particularly
effective at suppressing extreme local deviations, which are often associated with transient process
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instabilities or irregular layer stacking. The decrease in W, is particularly significant, as it reduces the
amount of material that must be removed during subsequent machining operations to achieve the
desired final geometry. This highlights the practical advantage of the weave deposition strategy in
producing near-net-shape parts and minimizing material waste.

Vickers microhardness measurements revealed subtle differences between the linear and weave walls
(Fig. 6). The linear wall exhibited a mean microhardness of 235 + 11 HV, while the weave-deposited
wall showed a slightly lower mean value of 228 + 3 HV. These hardness values are consistent with
those reported in the literature for standard WAAM-CMT processes [10,16].
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Fig. 6. Comparison of Vickers microhardness of multi-layer walls for the two deposition strategies.

The similarity in mean microhardness values suggests that the mechanical properties are primarily
governed by the total heat input during deposition. Thus, under equivalent thermal conditions, the
intrinsic microstructure of the material remains largely unaffected by the torch path. In contrast, the
observed decrease in variability indicates that the deposition trajectory mainly affects the
homogeneity of the material, mitigating local variability induced by thermal fluctuations and
overlapping passes.

Conclusion

This study investigated the influence of deposition trajectory on the geometry, surface quality, and
microhardness of multi-layer Inconel 625 walls produced by WAAM-CMT, comparing linear double-
pass and triangular weave strategies under equivalent total heat input per unit length.

Walls produced with the weave trajectory exhibited lower height overshoot, comparable width, and
significantly reduced surface waviness (W, and W), indicating improved layer stacking consistency
and more predictable wall geometry. Vickers microhardness measurements showed similar mean
values for both strategies, confirming that mechanical properties are primarily governed by the total
heat input, while the weave trajectory enhances material homogeneity by reducing local variability.
These findings demonstrate the importance of torch path design in optimizing WAAM-CMT process
stability and part quality. Future work will focus on optimizing weave trajectories as a means to
increase the deposition rate, thereby reducing production time while maintaining dimensional
accuracy and surface quality. Additional investigations could also consider larger or more complex
geometries and examine the relationship between trajectory design, microstructural features, and
overall performance.
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