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Abstract

This study investigates the effect of sinusoidal arc oscillation frequency on bead geometry
accuracy in Cold Metal Transfer-based Wire Arc Additive Manufacturing (CMT-WAAM)
of the Al-4043 alloy. Single-pass depositions were performed at frequencies of 0–4 Hz
(1.0 mm amplitude) and 0–5 Hz (1.5 mm amplitude), followed by multi-pass, multi-layer
builds using optimal parameters. Cross-sectional analysis revealed that a 3–4 Hz frequency
window minimizes wetting angle asymmetry and maximizes bead width-to-height ratio.
At 4 Hz with 1.5 mm amplitude, the arc oscillation yielded a symmetric wetting angle
deviation of only 1.22◦. Multi-layer builds indicated that oscillation improved the effective
cross-sectional area ratio from 75% (non-oscillating) to 82%, suggesting superior geometric
efficiency and reduced material waste in post-machining.

Keywords: wire arc additive manufacturing; arc oscillation; bead geometry; wetting angle;
Al-4043; Cold Metal Transfer; melt pool dynamics; multi-layer deposition

1. Introduction
Additive manufacturing (AM) continues to transform modern industry by enabling the

production of complex, high-value components with reduced material waste and shortened
lead times. Among the various AM techniques, wire arc additive manufacturing (WAAM)
stands out for its ability to fabricate large-scale metallic structures at high deposition
rates and relatively low operational costs, making it especially attractive for aerospace,
automotive, and marine applications. The adoption of WAAM for structural aluminum
alloys is particularly promising, as it aligns with the sector’s demand for lightweight,
cost-effective solutions. Within the WAAM process spectrum, the Cold Metal Transfer
(CMT) technique offers improved process stability and lower heat input compared to
conventional arc welding approaches [1–3]. This is crucial for aluminum alloys, which
are known for their high thermal conductivity, low melting points, and sensitivity to
hydrogen-induced porosity [4]. Despite these advantages, WAAM of aluminum alloys
is still constrained by persistent challenges, mainly arising from porosity formation and
difficulties in bead geometry control. Dimensional consistency and repeatability of the
deposited beads, which are governed by process parameters such as current, travel speed,
and shielding gas flow, remain difficult to achieve, particularly given the complex thermal
histories and microstructural evolution associated with multi-layer builds [5].

Arc oscillation, also known as torch weaving, has emerged as a promising strategy
to mitigate geometrical inaccuracies and surface irregularities in WAAM. By imparting a
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periodic lateral motion to the welding torch, arc oscillation modifies the spatial distribution
of heat and enhances convective stirring within the melt pool [6]. This alteration of the
thermal field extends the melt pool solidification time and optimizes the wetting behavior
and contact angles at the bead–substrate interface, ultimately facilitating superior bead
uniformity across successive layers. While previous investigations have highlighted the
benefits of oscillation for titanium alloys [7] and simplified aluminum setups [8], systematic
research into the frequency-dependent effects of torch weaving on the wetting dynamics
and geometric stability of realistic, multi-pass, multi-layer aluminum WAAM remains
relatively sparse.

This study systematically examines how the frequency of sinusoidal arc oscillation
influences weld bead morphology, specifically width, height, and wetting angle develop-
ment in Al-4043 components produced via CMT-WAAM. The investigation is partitioned
into two distinct stages to bridge the gap between fundamental bead-on-plate physics and
industrial-scale production. Initially, single-pass deposits were fabricated at oscillation
frequencies ranging from 0 to 4 Hz and 0 to 5 Hz with lateral amplitudes of 1.0 mm and
1.5 mm, respectively. Detailed cross-sectional characterization of bead width, height, and
wetting angle symmetry provided the baseline for understanding the fluid dynamic re-
sponse of the melt pool. In the second stage, optimal oscillation parameters were extended
to a multi-pass, multi-layer experimental design consisting of a three-pass-per-layer strat-
egy repeated over five layers. The primary objective of this multi-layer study is to evaluate
the cumulative effects of arc oscillation on bead geometry stability, layer stacking efficiency,
and the accuracy of the overall structural geometry under repeated thermal cycling. By
establishing these relationships, this work aims to contribute to the understanding of
frequency-dependent parameter selection for arc oscillation in aluminum CMT-WAAM in
the production of high-quality, high-complexity, large-scale aluminum structural parts.

2. Materials and Methods
2.1. Materials and WAAM System

All depositions were conducted using a WAAM setup based on a Fronius Cold Metal
Transfer (CMT) power source integrated with a YASKAWA robotic system. An aluminum
alloy Al-4043 welding wire of 1.2 mm diameter was used as the feedstock material due to
its favorable weldability, high silicon content, and widespread use in aluminum WAAM
applications [9]. A flat heat-treated Al-6082 alloy substrate plate (200 × 100 mm × 25.4 mm)
was employed for all depositions to ensure consistent thermal boundary conditions. High-
purity argon shielding gas was supplied at a constant flow rate of 15 L/min to minimize
atmospheric contamination during deposition.

2.2. Single-Pass Deposition Procedure

Single-pass bead depositions were performed to systematically investigate the in-
fluence of arc oscillation frequency and amplitude on bead geometry. All single-pass
experiments were conducted using identical baseline process parameters to isolate the
effects of oscillation. The welding current was maintained at 120 A and the travel speed at
810 mm/min. The substrate temperature was controlled at approximately 180 ◦C prior to
deposition to ensure thermal consistency across all trials.

Left–right sinusoidal arc oscillation was applied perpendicular to the welding direc-
tion. Two oscillation amplitudes were investigated, 1.0 mm and 1.5 mm, corresponding
to the lateral displacement on each side of the weld centerline. For the 1.0 mm amplitude,
oscillation frequencies varied from 0 to 4 Hz, while for the 1.5 mm amplitude, frequencies
ranged from 0 to 5 Hz. A frequency of 0 Hz corresponds to conventional non-oscillating de-
position and serves as the baseline condition. Each single-pass bead was deposited with an
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approximate length of 135 mm and allowed to cool to ambient conditions prior to characteri-
zation. Bead geometry was quantified by measuring bead width and height at five locations
along the deposit length, with measurement points spaced approximately 25 mm apart.
A calibrated digital caliper was used for geometric measurements to ensure repeatability.
In addition, to assess changes in bead spreading behavior associated with arc oscillation,
the wetting angle was evaluated across successive transverse cross-sectional planes ob-
tained via a progressive serial-sectioning and polishing approach along the longitudinal
axis of the weld track. The baseline wetting angle measurement for non-oscillating beads
and the modified measurement for oscillating beads are illustrated in Figures 1a and 1b,
respectively. Wetting profiles were measured at target intervals of 0%, 25%, and 50% of
the frequency-dependent spatial wavelength (λ), which correspond from left to right to
the consecutive vertical dashed lines illustrated for each frequency in Figure 1c. Here, 0%
represents the baseline reference cross-section, while 25% and 50% correspond to parallel
planes obtained by progressively polishing further into the weld bead at precise distance
increments of 0.25 λ and 0.5 λ, respectively. It is important to note that only the relative
distance between the positions of the cross sections investigated is controlled, as finding
the absolute position was difficult.

Figure 1. Illustrative sketch of cross-sectional (C.S.) area for wetting angle analysis: (a) non-arc
oscillation wetting angle measurement; (b) arc oscillation wetting angle measurement; (c) C.S. analysis
regions obtained via progressive longitudinal serial sectioning, where the three vertical lines for each
frequency represent the 0%, 25%, and 50% planes of the spatial wavelength (λ), respectively, read
from left to right.

2.3. Multi-Pass, Multi-Layer Experimental Design

Based on trends observed in single-pass deposition, the optimal arc oscillation con-
dition was identified for extension to a multi-pass, multi-layer build. The multi-layer
experimental design consisted of a three-pass-per-layer strategy repeated over five layers,
representing a simplified yet structurally relevant WAAM configuration. A gap-filling
deposition strategy was employed: the first and last passes were deposited first, followed
by the third pass deposited in the center between them, with a cooling period of 13 s after
each pass and 60 s after each layer. Two deposition cases were defined: (i) non-oscillating
deposition (0 Hz) and (ii) oscillating deposition at 4 Hz with 1.5 mm amplitude. All
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multi-layer depositions were performed using the same baseline welding parameters as
the single-pass experiments to maintain consistency.

2.4. Macrograph Characterization

Geometric consistency and wetting angle distributions were quantified through the
analysis of high-resolution Infinite Focus Microscopy (IFM, Alicona, Raaba, Austria) scans,
a focus-variation optical profilometry technique, performed on the bead cross-sections.
For each sample, a transverse cross-section was extracted approximately 75 mm from the
start of the deposited bead. The specimens were mechanically ground and polished to a
mirror finish, followed by chemical etching using a 10 wt.% sodium hydroxide (NaOH)
solution for 5 min to reveal the bead profile. Macrographs of the etched cross-sections were
captured, and wetting angles were quantified using ImageJ 1.54g.

3. Results and Discussion
3.1. Effect of Arc Oscillation on Single-Pass Weld Bead Geometry
3.1.1. Width and Height

The effect of arc oscillation frequency on single-pass weld bead geometry is illustrated
by the representative deposits shown in Figure 2a,b, with corresponding quantitative
measurements of bead width and height summarized in Figure 2c. In the absence of arc
oscillation (0 Hz), the deposited beads exhibit noticeable variations in geometry along
the deposition length, indicating limited melt pool stabilization under static arc condi-
tions. The application of arc oscillation modifies the spatial distribution of arc energy,
resulting in systematic changes in bead morphology as a function of oscillation frequency
and amplitude.

 

Figure 2. Single-pass depositions at (a) 0–4 Hz and 1.0 mm amplitude; (b) 0–5 Hz and 1.5 mm
amplitude; (c) bead width and height as a function of oscillation frequency.

For both oscillation amplitudes investigated (1.0 mm and 1.5 mm each side), increasing
oscillation frequency leads to a pronounced increase in bead width accompanied by a
reduction in bead height, demonstrating an inverse width–height relationship (as shown
in Figure 2c). At low oscillation frequencies (1–2 Hz), although lateral weaving of the
arc is evident (Figure 2a,b), the spacing between successive oscillation cycles remains
relatively large, resulting in non-uniform material distribution along the weld path. This
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behavior is reflected in moderate width enhancement and comparatively higher bead
heights, indicating incomplete lateral spreading of the molten pool.

At intermediate oscillation frequencies, particularly around 3–4 Hz, the deposited
beads exhibit the highest degree of geometric consistency along their length for both os-
cillation widths, based on visual estimation. As shown in Figure 2c, bead width reaches
a maximum (approximately 7.2 mm for 1.0 mm oscillation amplitude and 7.5–7.6 mm
for 1.5 mm oscillation amplitude), while bead height reaches a minimum (approximately
2.4–2.5 mm), resulting in the highest width-to-height ratios among all conditions studied.
This regime corresponds to closely spaced oscillation traces (as seen in Figure 2a,b), indicat-
ing effective lateral redistribution of molten material and a stabilized melt pool response.

Further increases in oscillation frequency beyond this range result in a reduction in
bead width and a loss of geometric consistency. At higher frequencies, the bead remains
continuous; however, quantitative data in Figure 2c show a decline in bead width accompa-
nied by increased variability in height, suggesting that excessively rapid oscillation limits
the effective interaction time between the arc and the molten pool, thereby reducing lateral
spreading efficiency.

3.1.2. Wetting Angle

The wetting angle is a critical metric for evaluating interfacial quality in WAAM,
as it determines the potential for inter-pass lack-of-fusion defects. Lower wetting angles
(typically θ < 90◦) signify improved spreading and metallurgical bonding with the pre-layer
and substrate.

Figure 3 shows the variation of wetting angles at a constant 1.0 mm oscillation am-
plitude. At low frequencies (f = 1 Hz), anisotropic wetting angles are observed (visible in
Figure 3b), with ∆θ (difference between right and left wetting angles) = 46.82◦, indicating
that at slow oscillation frequency the arc dwell time relative to the travel speed allows for
localized heat accumulation on one side of the track, preventing uniform fluid spreading,
consistent with behavior reported for other alloy systems [10]. As the frequency increases
to the 2–3 Hz range, the wetting angles reach a minimum (approximately 57.3◦) and exhibit
higher symmetry, indicating the attainment of melt pool stability [10].

Figure 3. Cross-section view of single pass at 75 mm with (a) non-oscillating; (b) 1 Hz; (c) 2 Hz;
(d) 3 Hz; and (e) 4 Hz frequencies at 1.0 mm amplitude.
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For the 1.5 mm oscillation amplitude, as shown in Figure 4, the experimental data
reveal a recurrence of anisotropic wetting behavior at low frequencies (f = 1–2 Hz). At
1 Hz, a significant divergence is noted between θleft (70.36◦) and θright (102.34◦), reflecting
the inherent instability of the deposition at lower frequencies. While a transition toward
improved stability is observed at 3 Hz (∆θ = 59.89◦), for the 1.5 mm amplitude conditions
studied, the most symmetrical wetting profile was observed at 4 Hz, characterized by the
most symmetrical interfacial profile with a marginal deviation ∆θ of only 1.22◦ between the
left (θleft = 73.40◦) and right (θright = 72.18◦) angles. This interfacial symmetry was further
corroborated by the cross-sectional analysis in Figure 5, which confirms that the balanced
wetting profile is maintained consistently across different phases of the oscillation cycle.
Similar to the 1.0 mm frequency response, the system encounters a rebound effect once
the stable optimal window is surpassed; at 5 Hz, the wetting angles rise to an average of
82.88◦, indicating a deterioration in spreading efficiency as the oscillation speed exceeds
the stable threshold.

Figure 4. Cross-section view of single pass at 75 mm with (a) non-oscillating; (b) 1 Hz; (c) 2 Hz;
(d) 3 Hz; (e) 4 Hz; and (f) 5 Hz frequencies at 1.5 mm amplitude.

For the process parameters investigated in this study, the 3–4 Hz frequency range
appears to represent the optimal window for deposition stability, which may be attributed
to a balance between time-averaged heat distribution and the energy required to overcome
surface tension forces at the molten pool boundaries. To quantitatively verify the suppres-
sion of anisotropic wetting at moderate frequencies and the recurrence of high wetting
angles at elevated oscillation speeds, cross-sections extracted at positions corresponding to
25% and 50% of the sinusoidal oscillation cycle were prepared and analyzed. Consistent
with the transverse observations in Figure 4, the measurements in Figure 5 demonstrate
that the 3–4 Hz window promotes stable, laterally spread wetting profiles with minimal
asymmetry throughout the deposition path, whereas low frequencies (f ≤ 2 Hz) induce
significant anisotropic variance and frequencies exceeding 4 Hz trigger a “rebound effect”
characterized by a sharp increase in the average contact angle.
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Figure 5. Wetting angle measurements at 1.0 mm and 1.5 mm amplitude for left wetting angle
(WA1L, WA1.5L) and right wetting angle (WA1R, WA1.5R) at (a) 0% sinusoidal arc oscillation; (b) 25%
sinusoidal arc oscillation; and (c) 50% sinusoidal arc oscillation cycle.

3.2. Effect of Arc Oscillation on Multi-Pass Multi-Layer Weld Bead Geometry

The cross-sectional macrographs of the five-layer, three-pass-per-layer builds for
the non-oscillating (NAO) and oscillating (AO, 4 Hz, 1.5 mm amplitude) conditions are
presented in Figure 6. Visual inspection reveals a pronounced difference in the lateral
build profiles. The NAO build exhibits an irregular outer contour, with steeply inclined
edge angles of approximately 110◦, reflecting limited lateral spreading and asymmetric
accumulation of deposited material across successive layers. By contrast, the AO build
displays a markedly more regular and compact profile, with edge angles reduced to
approximately 79◦, indicative of adequate bead wetting and inter-pass fusion quality.
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Figure 6. Macrographs of WAAM multi-pass multi-layer wall: (a) non-arc oscillation (NAO);
and (b) 4 Hz frequency, 1.5 mm amplitude arc oscillation (AO).

Quantitative cross-sectional analysis further substantiates these observations. The
NAO build yielded a total deposited area of 188 mm2, of which only 140 mm2 constitutes
the effective rectangular envelope—the usable cross-section remains after removal of the
irregular outer surface, corresponding to an effective area ratio of approximately 75%. The
AO build, despite a slightly lower total deposited area of 175 mm2, achieved an effective
area of 145 mm2, giving a notably higher effective area ratio of approximately 82%. These
measurements confirm the superior geometric efficiency of the 4 Hz, 1.5 mm arc oscillation
strategy in a multi-pass, multi-layer configuration.

The improvement in effective area ratio under arc oscillation can be attributed to the
lateral heat redistribution and enhanced melt pool convection established at the optimal
oscillation window identified in the single-pass analysis. At 4 Hz, the periodic lateral
weaving promotes uniform energy distribution across the full width of each deposited pass,
facilitating consistent wetting at the bead edges and suppressing the steep, irregular flanks
characteristic of NAO builds. As layers accumulate, this stabilizing effect compounds: the
broader, better-wetted bead profiles stack more consistently, preserving a near-rectangular
cross-section throughout the build height. The edge angles directly reflect this behavior:
a reduction from ~110◦ (NAO) to ~79◦ (AO) suggests that oscillation-induced melt pool
redistribution alters the inter-layer wetting geometry.

Conversely, the pronounced edge angle in the NAO build (~110◦) reflects the inherent
tendency of non-oscillated deposits to form high-contact-angle, centrally peaked beads
in which material accumulates preferentially along the weld axis rather than spreading
uniformly to the flanks.

Over multiple layers, this produces a characteristic “crowning” of the build profile
and increases the volume of material requiring post-process machining. The approximately
7 percentage-point improvement in effective area ratio achieved through arc oscillation
(82% vs. 75%) therefore represents a tangible gain in both material utilization and build
geometric regularity, suggesting potential benefits for machining allowance and geometric
efficiency in configurations similar to those studied here. Taken together, these results
suggest that the 4 Hz, 1.5 mm arc oscillation strategy may sustain its geometric benefits
under the thermal cycling conditions of multi-pass, multi-layer builds for the Al-4043
system studied.
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4. Conclusions
This study investigated the influence of sinusoidal arc oscillation frequency on bead

geometry accuracy in the CMT-WAAM of Al-4043 alloy across both single-pass and multi-
pass, multi-layer configurations. The following conclusions are drawn:

1. An inverse relationship between oscillation frequency and the bead height–width ratio
was consistently observed across the conditions studied. Increasing the frequency
from 0 to 3–4 Hz progressively widened the bead and reduced its height, maximizing
the width-to-height ratio and geometric uniformity.

2. The 3–4 Hz frequency range was identified as the optimal operational window for
both oscillation amplitudes (1.0 mm and 1.5 mm), promoting symmetric wetting
profiles and minimal anisotropy. At 4 Hz with a 1.5 mm amplitude, the wetting angle
deviation was reduced to ∆θ = 1.22◦, compared to ∆θ = 46.82◦ at 1 Hz.

3. Frequencies below 2 Hz induced significant anisotropic wetting due to localized heat
accumulation, while frequencies exceeding 4 Hz triggered a rebound effect character-
ized by increased average contact angles, indicating a loss of melt pool stability.

4. In multi-pass, multi-layer builds, the 4 Hz, 1.5 mm arc oscillation strategy improved
the effective cross-sectional area ratio from 75% (NAO) to 82% (AO) and reduced edge
angles from ~110◦ to ~79◦, confirming superior geometric efficiency and reduced
post-process machining requirements.
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