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Rezime: Plazma aditivna proizvodnja (PWAAM) omogucava izradu aluminijumskih in-situ
legura primenom vise dodatnih zica. Medutim, usled razli¢itog ponaSanja legirajucih elemenata
pri topljenju, moze do¢i do nepotpunog rastvaranja, odnosno pojave zaostalih oblasti bogatih
bakrom i mikrostrukturne nehomogenosti. U ovom radu su bruseni PWAAM depoziti legure
Al-Cu-Si pretapani primenom konvencionalnog TIG pretapanja i aktiviranog TIG pretapanja
pri jacini jednosmerne struje od 173 A. Cilj rada bio je ispitivanje uticaja aktiviraju¢ih flukseva
na bazi nanocestica na geometriju pretopljene zone, mikrostrukturu i mikrotvrdocu. Uporedena
su tri fluksa, na bazi nanocestica 20 nm TiOz, 40 nm SiO:z 1 5 nm SiO:, sa pretapanjem bez
fluksa. Rezultati su pokazali da aktivirajuéi fluks utice na dubinu uvara, §irinu pretopljene zone,
a samim tim 1 na povrSinu pretopljene oblasti. Fluks na bazi 40 nm Si0O: doveo je do formiranja
najvece pretopljene zone, dok je fluks na bazi 20 nm TiO. omogucio najizraZenije usitnjavanje
mikrostrukture. Fluks na bazi 5 nm SiO: takode je povecao povrSinu pretopljene zone u
poredenju sa pretapanjem bez fluksa, iako su lokalno uocene zaostale oblasti bogate bakrom.
Swvi ispitivani uzorci pokazali su relativno nisku poroznost. Merenja mikrotvrdoc¢e pokazala su
povecane vrednosti u okviru pretopljenih oblasti, pri ¢emu je najveca tvrdoc¢a izmerena kod
uzorka pretapanog uz primenu TiO: fluksa. Dobijeni rezultati ukazuju da se aktivirano TIG
pretapanje jednosmernom strujom moze primeniti za modifikaciju geometrije pretopljene zone
1 poboljSanje lokalnih mikrostrukturnih karakteristika 1 mikrotvrdo¢e brusenth PWAAM Al-
Cu-Si depozita.

Kljucne re€i: plazma aditivna proizvodnja, aktivirano TIG pretapanje, fluks na bazi
nanocestica, geometrija pretopljene zone, mikrotvrdoca

Abstract: Plasma wire arc additive manufacturing (PWAAM) enables the production of
aluminium based in-situ alloys using multiple wire feeds, but with incomplete solution, that is,
retained Cu rich regions and microstructural heterogeneity may occur due to the different
melting behaviour of the alloying elements. In this study, ground PWAAM Al-Cu-Si alloy
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deposits were remelted using conventional TIG remelting and activated TIG remelting at a
current of 173 A. The aim was to investigate the influence of nanoparticle based activating
fluxes on remelted zone geometry, microstructure and microhardness. Three fluxes, based on
20 nm TiOz, 40 nm SiO2 and 5 nm SiO: nanoparticles, were compared with flux free TIG
remelting. The results showed that the activating flux affected penetration depth, remelted width
and thereby remelted area. The 40 nm SiO: flux produced the largest remelted zone, while the
20 nm TiO: flux resulted in the most pronounced microstructural refinement. The 5 nm SiO-
flux also increased the remelted area compared with flux free remelting, although retained Cu-
rich particles were still observed locally. All investigated ground specimens exhibited relatively
low porosity. Microhardness measurements showed increased values within the remelted
regions, with the highest hardness obtained in the TiO-assisted specimen. The results indicate
that DC activated TIG remelting of ground PWAAM Al-Cu—Si deposits can be used to modify
remelted zone geometry and improve local microstructural and hardness characteristics.

Key words: plasma wire arc additive manufacturing, activated TIG, nanoparticle-based flux,
remelted zone geometry, microhardness
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1. INTRODUCTION

Wire arc additive manufacturing (WAAM) is a directed energy deposition process in which an
electric arc is used to melt and deposit metallic wire feedstock layer by layer. Compared with
powder-based additive manufacturing processes, WAAM offers high deposition rates, efficient
material utilization and the possibility of using commercially available welding wires, making
it particularly suitable for the production and repair of large metallic components [1].
Depending on the heat source, WAAM can be based on metal inert gas, tungsten inert gas or
plasma arc welding. When a plasma arc is used as the heat source, the process is commonly
referred to as plasma wire arc additive manufacturing (PWAAM). Due to the constricted plasma
arc, PWAAM provides high energy density, stable heat input and efficient melting, which makes
it suitable for the deposition of complex alloys and for in-situ alloying using multiple wire feeds
[2,3]. Dual wire PWAAM is especially interesting for the production of alloys that are difficult
or unavailable as conventional wire feedstock. By adjusting the feed rates of two different wires,
the final chemical composition of the deposited material can be controlled during processing.
This approach is relevant for AI-Cu—Si alloys, which have attracted attention due to the
possibility of obtaining multiphase eutectic or near eutectic microstructures with high strength
and useful ductility. Previous studies on cast Al-Cu—Si alloys reported promising combinations
of strength and plasticity, related to microstructures consisting of a-Al, Al.Cu and Si containing
eutectic constituents [4-6]. However, the transfer of such alloy concepts to wire-based additive
manufacturing is not straightforward. In dual wire in-situ alloying, the wires may differ
significantly in melting temperature, thermal conductivity, density, wetting behaviour and
chemical composition. These differences can lead to incomplete mixing, local variations in
dilution and the formation of retained Cu rich regions in the deposited material. As a result, the
PWAAM deposit may exhibit microstructural heterogeneity, non-uniform phase distribution
and local changes in hardness [7-9]. For Al-Cu-Si deposits, this is particularly important
because copper segregation and retained Cu rich particles can strongly influence the final
microstructure and mechanical response. One possible post-processing approach for reducing
local heterogeneity is remelting of the deposited surface layer. Tungsten inert gas (TIG)
remelting is a simple and industrially applicable method for modifying the near-surface region
of metallic materials. In activated TIG (ATIG) processing, an activating flux is applied to the
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surface before remelting. The flux can influence arc behaviour, heat transfer and molten pool
flow, often resulting in modified penetration depth and remelted zone geometry. In aluminium
alloys, the surface oxide layer also plays an important role, since Al.Os can affect arc coupling
and heat transfer. Therefore, surface preparation before remelting may influence the interaction
between the arc, flux and deposited material [10,11]. In this study, ground PWAAM Al-Cu-Si
alloy deposits were remelted using conventional TIG and activated TIG processing with direct
current at 173 A. The surface of the deposits was ground prior to remelting in order to remove
the oxide layer and provide more uniform interaction between the arc and the material. Three
nanoparticle based activating fluxes were investigated, based on 20 nm TiO2, 40 nm SiO- and
5 nm SiO: particles, and compared with flux free TIG remelting. The aim of the work was to
determine the influence of nanoparticle based flux composition on remelted zone geometry,
microstructure and microhardness of ground PWAAM Al-Cu-Si deposits.

2. EXPERIMENTAL PART

2.1. PWAAM deposition of Al-Cu-Si alloy deposits

The Al-Cu-Si alloy deposits used in this study were produced by plasma wire arc additive
manufacturing (PWAAM). An AW1050 aluminium plate with dimensions of 100 mm x 200
mm X 5 mm was used as the substrate material. Prior to deposition, the surface area intended
for building the deposit was cleaned using a transferred plasma arc in order to remove surface
oxides and improve the adhesion of the first deposited layer. The PWAAM process was
performed using an SBI-M3DP-SL machine equipped with a PWM-450 plasma torch and an
¥8 mm plasma nozzle. During deposition, the distance between the plasma nozzle and the
deposit surface was kept constant at 10 mm. Dual wire feeding was applied directly into the
plasma arc, opposite to the welding direction, in order to enable in-situ alloying within the
molten pool. The wires used were MA-4043, corresponding to an AlSi5-type filler wire, and
ML-CuAl8. The wire feed rates were adjusted to 80 mm/s for MA-4043 and 16 mm/s for ML-
CuAl8, with the aim of obtaining an AlCul5Si4-type composition in the deposited material.
The main parameters used in substrate cleaning and PWAAM deposition are given in Table 1.

Table 1. PWAAM parameters used for substrate cleaning and deposition

Process Current Frequency Balance- Voltage Travel speed Plasma gas Shielding gas

step [A] [Hz] [+ V] [mm/s] [Vmin] [Vmin]
Cleaning 100 60 70/30 20 10 1 13
Deposition 260 60 70/30 28 4 1 13

After deposition, the PWAAM structures were milled to obtain a more uniform surface
suitable for subsequent TIG and activated TIG remelting. Before remelting, the investigated
specimens were additionally ground using P1000 abrasive paper. The deposition path plan and
the prepared deposit surface are shown in Figure 1.
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a)

Figure 1. PWAAM Al-Cu-Si deposit preparation: a) deposition path plan; b) deposit surface
after milling/grinding and before TIG/ATIG remelting.

2.2. TIG and activated TIG remelting

The ground PWAAM deposits were remelted using conventional tungsten inert gas (TIG)
remelting and activated TIG (ATIG) remelting. The purpose of remelting was to modify the
surface layer of the PWAAM deposit, reduce local microstructural heterogeneity and promote
the dissolution of retained Cu-rich regions into the aluminium matrix. Remelting was performed
using a Lorch HandyTIG welding device. A 2% thoriated tungsten electrode with a diameter of
2.4 mm was used. For direct current remelting, the electrode tip was sharpened to an angle of
60°. The electrode protruded 6 mm from an ¥12.7 mm nozzle, while the distance between the
electrode tip and the deposit surface was kept constant at 2 mm. The remelting process was
carried out using a Lorch Trac WL welding tractor, which enabled a constant travel speed of 40
mm/min. Four 100 mm long remelting passes were produced on each deposit, with cooling to
room temperature between passes. The remelting experiments were performed on ground
PWAAM AIl-Cu-Si deposits using 173 A direct current. Three nanoparticle-based activating
fluxes were investigated and compared with conventional flux-free TIG remelting. The fluxes
were prepared using sodium silicate (Na.SiOs) as the solvent and oxide nanoparticles as active
components. The investigated nanoparticles were 20 nm TiO2, 40 nm SiO: and 5 nm SiO.. The
flux components were weighed using an analytical balance and mixed with the solvent using a
magnetic stirrer for 10 min.

Table 2. Investigated ground specimens remelted using 173 A DC current

Specimen

designation Current type Current [A] Flux
D173-0G DC 173 Without flux
D173-TG DC 173 20 nm TiO:
D173-S4G DC 173 40 nm SiO:
D173-S5G DC 173 5 nm SiO:

2.3. Characterization

Metallographic preparation was performed in order to determine the geometry of the remelted
zones and to analyse the resulting microstructure. Cross sections were cut at approximately two
thirds of the remelted pass length, measured from the beginning of the pass. The samples were
cut using a SiC cutting wheel with cooling, followed by cold mounting in a PMMA polymer
matrix. The mounted specimens were ground using SiC abrasive papers from P320 to P2000
and polished using a 40 nm colloidal silica suspension. The macrogeometry of the remelted
zones was analysed by light microscopy using a Leitz Orthoplan microscope. The obtained
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images were stitched and aligned using Hugin software, while the remelted zone area was
determined using Fiji image processing software. The main geometrical parameters considered
in this study were penetration depth, remelted zone width, reinforcement height and total
remelted area. Microstructural analysis of selected specimens was performed using a Tescan
Mira 3 field-emission scanning electron microscope (FE-SEM), together with energy-
dispersive spectroscopy (EDS). SEM and EDS analyses were used to observe dendritic
morphology, Cu-rich regions and local chemical homogeneity within the remelted zones.
Microhardness measurements were carried out using a Wilson Tukon 1102 microhardness tester
with a load of 0.5 kg (HV0.5). Measurements were performed in two directions. The first profile
was measured horizontally, 2 mm below the specimen surface, with an indentation spacing of
1 mm. The second profile was measured vertically from the remelted surface towards the melt
line and into the PWAAM base material. This enabled comparison between the remelted zone
and the underlying additively manufactured material.

3. RESULTS AND DISCUSSION

3.1. Remelted zone geometry

The macrosections of the ground PWAAM Al-Cu-Si deposits remelted using 173 A DC current
are shown in Figure 2. The application of nanoparticle based activating fluxes clearly affected
the geometry of the remelted zone. Compared with flux free TIG remelting, the use of activating
fluxes increased the remelted area, although the effect depended strongly on the flux
composition. The largest remelted zone was obtained for the specimen treated with 40 nm SiO-
flux, indicating the most pronounced influence on penetration depth and remelted zone width.
The specimen treated with 5 nm SiO: also exhibited an increased remelted area compared with
flux free remelting, while the TiO: assisted specimen produced a more moderate remelted zone.
All investigated specimens exhibited relatively low porosity. However, local Cu rich regions
were still observed in some cases. In the specimen treated with 40 nm SiO: flux, retained Cu
rich material was mainly located near the melt line, while in the specimen treated with 5 nm
Si0: flux, local Cu rich particles were observed within the remelted region. This indicates that
the applied remelting parameters were generally effective in modifying the PWAAM deposit,
but complete dissolution of retained Cu rich regions was not achieved in all flux conditions.

D173-0G D173-TG c) D173-54G D173-S5G
P=84mm P=57mm P=11.2mm P=85mm
W=10.5mm W=73mm W =10.8 mm W=98mm
H=-0.2 mm H=0.1 mm H=03mm H=-0.1 mm
A =68.81 mm? A=26.79 mm? A =952 mm? A =63.75mm?

Figure 2. Macrosections of ground PWAAM Al-Cu-Si deposits remelted using 173 A DC current:
(a) D173-0G, flux-free TIG remelting; (b) D173-TG, 20 nm TiO: flux; (¢) D173-S4G, 40 nm SiO:
flux; (d) D173-S5G, 5 nm SiO: flux.
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3.2. Microstructural characteristics

Representative micrographs of ground DC ATIG remelted PWAAM Al-Cu—Si deposits treated
with the investigated nanoparticle based fluxes are shown in Figure 3. The most pronounced
refinement was observed in the specimen treated with 20 nm TiO: flux, where finer dendrites
and smaller dendritic colonies were obtained. This suggests that TiO. particles promoted
heterogeneous nucleation and limited dendrite growth during solidification, which is consistent
with the relationship between dendrite spacing and cooling conditions [12]. The specimen
treated with 40 nm SiO: also exhibited a refined dendritic structure, although the refinement
was less pronounced than in the TiO: assisted specimen. In contrast, the 5 nm SiO: flux resulted
in comparatively coarser dendritic features, which may be related to the stronger tendency of
very small nanoparticles to agglomerate, thereby reducing their effective number of nucleation
sites [13]. The flux free specimen showed the coarsest dendritic morphology among the
investigated conditions. These observations indicate that the effect of the activating flux is not
limited only to the geometry of the remelted zone, but also influences the solidification
behaviour and resulting dendritic morphology. While 40 nm SiO. was more effective in
increasing the remelted area, 20 nm TiO: had a stronger effect on microstructural refinement.
This distinction is also reflected in the microhardness results.

Figure 3. Microstructures of ground DC ATIG-remelted PWAAM Al-Cu-Si deposits treated with
different nanoparticle-based fluxes: (a) D173-TG, 20 nm TiO:; (b) D173-S4G, 40 nm SiO:; (c)
D173-S5G, 5 nm SiO:.

3.3. Microhardness

The microhardness profiles measured in the horizontal and vertical directions are shown in
Figure 4. Increased microhardness values were observed within the remelted zones, while lower
values were measured in the surrounding PWAAM-deposited material. The shape of the
microhardness profiles corresponded well with the macrogeometry of the remelted zones,
confirming that the modified region can be clearly distinguished from the underlying deposit.
The highest microhardness values were obtained in the TiO: assisted specimen, followed by the
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specimens treated with 40 nm SiO: and 5 nm SiO: fluxes. The lowest values were measured
after flux free TIG remelting. This trend corresponds well with the observed microstructural
refinement, since finer dendritic structures and smaller dendritic colonies generally contribute
to higher hardness [14]. Although the 40 nm SiO: flux produced the largest remelted area, the
TiO: flux was more effective in refining the microstructure and increasing local hardness.
Therefore, the results indicate that the flux composition affects the remelting process in two
different ways: SiO: based fluxes, particularly 40 nm SiO, primarily increase the remelted zone
size, while 20 nm TiO: provides the strongest microstructural refinement and hardness
improvement.

a) b)
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Figure 4. Microhardness profiles of ground PWAAM Al-Cu-Si deposits after 173 A DC TIG/ATIG
remelting: (a) horizontal profiles measured 2 mm below the surface; (b) vertical profiles measured
from the remelted surface towards the PWAAM-deposited material.

4. CONCLUSIONS

Based on the obtained results, the following conclusions can be drawn:

 TIG and activated TIG remelting at 173 A DC modified the near surface region
of ground PWAAM Al-Cu-Si deposits, producing clearly defined remelted zones with
increased microhardness compared with the surrounding additively manufactured
material.

e The use of nanoparticle based activating fluxes affected the remelted zone
geometry. The 40 nm SiO: flux produced the largest remelted zone, while the 5 nm SiO:
flux also increased the remelted area compared with flux free TIG remelting.

« All investigated ground specimens exhibited relatively low porosity. However,
retained Cu rich regions were still observed locally, particularly near the melt line or in
the lower part of the remelted zone, indicating that complete dissolution of Cu rich
particles was not achieved under all flux conditions.

e The flux composition also influenced the dendritic morphology and
microhardness. The most pronounced microstructural refinement and the highest
hardness were obtained with the 20 nm TiO: flux, followed by 40 nm SiO: and 5 nm
Si0:z. Therefore, 40 nm SiO2 was more effective for increasing the remelted zone size,
while 20 nm TiO: was more effective for microstructural refinement and hardness
improvement.
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