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a b s t r a c t 

In this study, a novel process is presented in which direct induction heating with frequencies in the MHz range 

is used for the wire-feed additive manufacturing of the alloy AlSi7Mg. The high frequency of 1.5 MHz enables 

processing of 1.2 mm diameter wires without the need for indirect heating via a nozzle. The feasibility of the 

process is proven by the experimental identification of a proper process window regarding the influential param- 

eters such as the distance between inductor and substrate, induction power and wire feed rate for the fabrication 

of single layers. Furthermore, a strategy for the successful fabrication of multi-layered cubes is developed. The 

microstructure of the cubes exhibits a characteristic variation along the build direction. Micro-computed tomog- 

raphy is used to reveal defects like lack of fusion and spherical pores in test cubes. The presented results are used 

to derive possible process improvements, which will allow the novel process to be used as a fast and powder-free 

alternative metal additive manufacturing route in future. 
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. Introduction 

During the last decades, wire-feed additive manufacturing (WFAM)

as become a powerful process for additive manufacturing of metal-

ic structural components, such as parts made of Aluminium and its al-

oys [1,2] as well as for example 316L [3] or NiTi shape memory al-

oy [4] . The underlying processes are usually laser-based, arc welding-

ased or electron beam-based, and commonly regarded as environmen-

ally friendly, since they comprise a high degree of material and energy

fficiency. Compared to powder bed fusion processes part quality and

ccuracy are relatively poor, although approaches to increase accuracy

f WFAM are currently under research [5] . However, WFAM can ad-

antageously be used to build large parts of moderate complexity in

easonable time without the difficulty of handling powder and a high

aterial usage efficiency [1] . 

During recent years, interest toward applying induction heating to

dditive manufacturing has arisen [6–11] , as the process is well un-

erstood, precise and flexible [12,13] . Thus, several suggestions for its

sage in the context of WFAM have been made. Sun and co-workers

7,8] recently proposed a laser-assisted high frequency ( 750 kHz < 𝑓 <

150 kHz ) induction cladding process for the strengthening of stainless

teel AISI 316L by wire-feed surface deposition of Inconel 625. Induc-

ion heating was used to melt the wires, while an additional laser was

sed to pre-heat the substrate. The authors could show that Inconel 625

oatings can be deposited properly, both as single- and multi-layers by
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eans of induction melting. They also emphasised that incomplete fu-

ion may occur if either laser or induction power are too low, indicating

hat pre-heating is a necessary condition for successful application of

he process. 

Although Hascoët and co-workers formulated the idea of using in-

uction heating for WFAM [9] , the proposed coil did not allow depo-

ition of beads side by side. In their combined experimental-numerical

tudy on stainless steel 316L, the authors showed that induction heating

ay be used both to melt the wire and to actively pre-heat the substrate

ith the electromagnetic stray field. Wires were melted directly, i.e.

ithout the usage of a nozzle. Results indicate a rather narrow process

indow regarding feed rates and induction power for proper material

eposition. While a too large feed rate may prevent the wire from melt-

ng, excessively low feed rates may cause molten metal to stay on top of

he coil due to Lorentz’ force. Yet, the concept of the process was proven

o be successful by multi-layer deposition of single tracks. 

The idea of induction melting in WFAM was then only recently

dapted by Sharma and co-workers, who presented an approach for Al-

ased alloys 4043 (AlSi5) [10] and 5356 (AlMg5) [11] . In their stud-

es, electromagnetic induction with a power of 1 kW and a frequency

f 100 kHz was used to heat a cast iron nozzle to temperatures around

80 ◦C, and by this means, to transfer wires of the applied Al-alloys with

 diameter of 1.6 mm indirectly to the semi-solid state. Confirming ear-

ier results [9] , they found the distance between inductor and substrate

o be crucial for the temperature evolution and the print results. Due to
22 
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Fig. 1. Microstructure of the welding wire used. a): Polished and etched cross section of the wire. b): CT imaging of the welding wire used; top: 3D rendering; 

bottom: longitudinal section. 

Table 1 

Chemical composition of AlSi7Mg welding wire in wt.%. 

Al Si Mg Fe Ti Mn Zn Cu 

Base 7.05 0.46 0.11 0.07 0.002 0.001 0.001 
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educed induction via magnetic stray field, higher temperatures at the

ip of the wire were obtained by increasing the distance between induc-

or and substrate. Furthermore, variation of further process parameters

uch as wire feed rate, substrate movement speed and substrate temper-

ture was considered by the authors, who eventually succeeded to build

 ring made up of four layers of AlMg5 with the proposed methodology.

In general, the precise controllability of induction heating allows for

n accurate adjustment of parameters to process suitable materials both

n the liquid [9] or semi-solid state [10,11,14] . Semi-solid additive man-

facturing has successfully been applied to a range of materials, such as

n-Pb-alloys [15,16] and biodegradable alloy Mg-38Zn [17] . The pro-

osed processes are so far mostly extrusion-based, i.e. using a heated

ozzle. To raise the maximum energy and time-saving potentials of semi-

olid additive manufacturing, it is desirable to evaluate the applicability

f direct induction heating in a WFAM approach more closely. To the

est of our knowledge, no fabrication of three-dimensional specimens

hrough this process has so far been presented in literature. Therefore,

he present study aims at evaluating the potentials of induction heating

n semi-solid WFAM. To this end, a recently developed machine pro-

otype for the processing of Al-based alloy AlSi7Mg is presented. After

xperimental determination of a feasible process window for the fabri-

ation of single-layer specimens, a process strategy for the fabrication of

ubes with a size of 10 × 10 ×10 mm 

3 is presented. Furthermore, the de-

ect microstructure resulting from the novel process is examined for the

rst time. The main aim of the present work is to provide elementary re-

ults regarding the WFAM process window as well as process - structure

elationships. 

. Materials and methods 

.1. Feedstock material 

Commercially available AlSi7Mg welding wire from Drahtwerk

lisental GmbH with a diameter of 1.2 mm was used as the base ma-

erial for inductive WFAM. Table 1 shows the chemical composition of

he applied material, which was determined by emission spectral anal-

sis. 

The microstructure of the applied welding wire is shown in Fig. 1 a.

he microstructure consists of an enclosed silicon phase (dark) in an 𝛼-

l phase. In addition, Fig. 1 b shows a CT image in longitudinal direction

f the welding wire. The CT image reveals non-spherical pores present
2 
n the centre of the wire, probably related to the Mannesmann effect

18] caused by the complex shear stresses exerted during the rolling

rocess step in wire production. Next to these pores, fine crack networks

re visible in micrographs. 

.2. Inductive-additive manufacturing setup 

A custom-built wire-feed induction-based 3D-printer was used for the

resent study. It is a combination of commercially available and custom

arts with CNC control and will be described in detail in the following

ection. A schematic overview is shown in Fig. 2 a, while Fig. 2 b shows

 photograph of the setup. 

nduction heating 

A commercial induction heating generator Himmelwerk SINUS 252

ith a maximum power of 25 kW and adjustable frequencies of 1 MHz <
 < 2 MHz was used to directly heat the wire. A flat water-cooled induc-

or with a single winding was designed, allowing for maximum heat in-

ut directly at the tip of the wire close (5 mm to 12 mm) to the substrate.

he inductor was custom-made of high-strength copper alloy CuCr1Zr

y means of PBF-LB [19] . Throughout the tests, induction frequency was

pproximately 1.5 MHz. This results in a skin depth 𝑑 s (in mm) of 

 s = 503 ⋅
√ 

𝜌

𝜇r 𝑓 
, (1)

ith the specific electric resistivity 𝜌, the relative magnetic permeabil-

ty 𝜇r and the process frequency 𝑓 . Assuming 𝜌 ≈ 0 . 05 Ωm and 𝜇r ≈ 1
20] , a skin depth of 𝛿s ≈ 0 . 09 mm at ambient temperature is achieved.

ssuming a threefold increase of 𝜌 [13] toward the eutectic temperature

 570 ◦C) yields an approximate skin depth 𝛿 = 0 . 16 mm . The minimum

pplicable ( “critical ”) wire diameter at this frequency is thus estimated

o 0.64 mm [12] . 

rocess chamber and wire feed unit 

The printing process takes place within an inert gas chamber which

s filled with Argon prior to printing. Welding wire with a diameter of

.2 mm is fed from a reel mounted on top of the process chamber. The

ire feed is controlled by a stepper motor that allows precise adjustment

f the feed rate. After the wire feed unit, the wire first passes through

 brass guide unit, and finally a ceramic guide. The latter is made of

lumina ( Al 2 O 3 ) and has an inner diameter of 2.0 mm. Flexible leather

ellows enable relative movements of the XYZ-table underneath the in-

uctor. 

The open source software Repetier-Host was used to control the

ovements of the linear axes as well as the wire feed. The wire feed

nd table movement speed were set to a ratio of 1, so that the partially

olten material is neither dragged nor pushed during deposition. 
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Fig. 2. Inductive-additive manufacturing setup: a): CAD rendering. b): Photograph of the fabrication setup. 

Fig. 3. Process and workpiece stabilisation using “scrap rectangle ”. 
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rocess description 

For the present study, substrate plates of 50 × 50 mm 

2 and a thick-

ess of 2 mm were used. The plates were made of Al 6061 sheet and

ounted to the XYZ-table with screws. In contrast to processes which

pply heated nozzles, the present process is based on direct inductive

ire heating. This means that the initial wire tip position has to be re-

roducible for each build job and that the onset of wire feed has to coin-

ide precisely with the initiation of inductive power input. To achieve a

teady state of the system at the beginning of each build job, the process

as initiated by generating a scrap rectangle (30 × 30 mm) around the

art to be manufactured. This is shown in Fig. 3 . By this means, both the

rocess and the mechanical stability are improved prior to fabricating

he actual workpiece. 

No pre-heating of the substrate plates was applied, since the eval-

ation of the feasibility of pure inductive WFAM was one of the main

oals of the present study. A video of the system fabricating a cube spec-

men with removed inert gas chamber is included in the supplementary

aterial. 

.3. Test plan and specimens 

The present study followed a two-step experimental procedure. The

rst step was to facilitate the fabrication of single-layer specimens by
3 
nding the range of feasible combinations of the main process param-

ters “induction power ” ( 𝑃 i ), “feed rate ” ( 𝑣 s ) and “distance inductor-

ubstrate ” ( Δ). The second step was to adapt the most appropriate pa-

ameter set for the manufacturing of a multi-layer part. The inductor

requency was kept constant for all experiments at 𝑓 i ≈ 1 . 5 MHz . 

.3.1. Single-layer experiments 

Single-layers of AlSi7Mg deposited with different process parameters

ed to different fabrication results concerning the quality of the layer. By

ptical evaluation of the fabrication results a process window was iden-

ified using three categories, neglecting the gradual transition between

hem: 

1. Type I: Suitable semi-solid deposition with proper shape formation of

the layer. Energy input and deposition temperature are appropriate.

Additionally, points denoted with “Type I ∗ ” label suitable semi-solid

deposition of the wire but poor shape formation of the layer. 

2. Type II: Unsuitable drop formation due to full melting of the wire.

Energy input is too high. 

3. Type III: Breakage of wires due to insufficient heating of the wire.

Energy input and deposition temperature are too low. 

Exemplary fabrication results of the three outlined categories are

hown in Fig. 4 . 

Single-layer experiments were performed for inductor-substrate dis-

ances Δ of 5 mm and 12 mm. To identify the process window, the

nductor power 𝑃 i was varied between 10 kW and 12.5 kW and the feed

elocity 𝑣 s was varied between 500 mm/min and 2000 mm/min. Since

igh (low) induction power and slow (fast) feed velocity heated the wire

oo much (too little), experiments were defined in an iterative way after

dentifying the process boundaries to optimally define the process win-

ow. The line spacing and layer height was set to 1.2 mm, assuming that

he shape of the wire does not change due to the deposition. The feed

elocities 500 mm/min and 2000 mm/min correspond to approximate

eposition rates of 9.4 mm 

3 /s ( ∼0.025 g/s) and 37.7 mm 

3 /s ( ∼0.1 g/s),

espectively. 

.3.2. Multi-layer parts 

For each 𝑃 i setting investigated, the most promising combination of

 s and Δ in terms of visual appearance and geometric quality was se-

ected for the generation of multi-layer cubes. They are shown in Table 2

s specimens S1, S2 and S3. 

Despite the positive results of single-layer deposition, none of the se-

ected initial single-layer parameter sets could be applied successfully to
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Fig. 4. Single-layer specimens produced with 𝑃 i = 10 kW resulting in type a): I ( 𝑣 s = 900 mm/min) c): II ( 𝑣 s = 800 mm/min) and d): III ( 𝑣 s = 1000 mm/min) fabrication 

results at Δ = 5 mm. b): Type I ∗ result, proper semi-solid deposition with poor shape of the layer ( 𝑣 s = 1100 mm/min, Δ = 12 mm). 

Table 2 

Parameter variation of 𝑃 i and 𝑣 s for fabrication of multi-layer parts. 

Specimen Layer no. = 1 2 3 4 5 6 7 8 9 

𝑃 i in kW = 10 (const.) 

S1 𝑣 s in mm/min = 900 (const.) 

Δ in mm = 5 (const.) 

𝑃 i in kW = 11.25 (const.) 

S2 𝑣 s in mm/min = 1100 (const.) 

Δ in mm = 5 (const.) 

𝑃 i in kW = 12.50 (const.) 

S3 𝑣 s in mm/min = 1400 (const.) 

Δ in mm = 5 (const.) 

𝑃 i in kW = 11.25 11 10.75 10.75 10.75 10.5 10.5 10.25 10.25 

S4 𝑣 s in mm/min = 1100 (const.) 

Δ in mm = 5 (const.) 
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t  
he generation of multi-layer cubes. Due to the continuous heat genera-

ion by the electromagnetic stray field, the temperature of the deposited

aterial gradually increased during the printing process. After several

ayers, the material was fully melted, which resulted in drop formation.

herefore, a parameter adaptation strategy was applied to reduce the

emperature during the fabrication of consecutive layers. To this end, 𝑃 i 
as gradually decreased for each layer until a stable processing strategy

as found iteratively through a trial-and-error approach. The test plan

ccording to this procedure is shown in Table 2 as specimen S4. 

.4. Material characterisation 

Preparation of LOM cross sections Light optical microscopy (LOM) was

sed to evaluate the microstructure and defects of printed parts. A Leitz

ristomet light optical microscope with a maximum magnification of

000 × was used for this purpose. Sections were mechanically polished

nd subsequently etched for 90s with 2% NaOH solution. 

𝜇CT image acquisition and analysis An YXLON Precision 𝜇CT was used

o record computed tomography (CT) images with an acceleration volt-

ge of 165 kV and a target current of 0.06 mA. 1800 projections were

cquired on a 2048 pixel × 2048 pixel Perkin Elmer XRD1620 AN flat

anel detector with a pixel pitch of 200 μm. For each projection two

easurements were recorded with an exposure time of 700 ms and av-

raged to reduce noise in the projection images. The FDK algorithm with

hepp-Logan filtering in VGStudio MAX 3.4 was used to reconstruct the

D images with a voxel size of 10.2 μm. 

. Results and discussion 

.1. Single-layer process window 

Fig. 4 shows exemplary single-layer specimens produced with 𝑃 i =
0 kW for each type defined in Section 2.3.1 . While the type I specimen
4 
 Fig. 4 a) shows good shape formation and adhesion between wires, the

ype I ∗ specimen ( Fig. 4 b) exhibits only partial adhesion between wires.

he shape formation in the type II specimen ( Fig. 4 c) is also poor. The

aterial is liquid in this process region, leading to drop formation at the

eversal points of the path. In contrast, the too low liquid phase fraction

f the material in the type III specimen ( Fig. 4 d) led to the wire breaking

nto small slices. 

Fig. 5 shows the process windows found for Δ = 5 mm ( 5 a) and

or Δ = 12 mm ( 5 b). In general, semi-solid deposition is feasible by a

uitable combination of feed rate and induction power at both inductor-

ubstrate distances. However, no geometrically accurate specimen could

e obtained at Δ = 12 mm. It is visible that with increased induction

ower, the feed rate also has to be increased to produce desirable spec-

men shapes. When, at a given induction power, the feed rate is too

ow, fabricated single-layer specimens are overmelted (type II), while

oo high feed rate leads to breakage of the wire (type III). 

The process window at Δ = 12 mm is shifted towards higher feedrate

han at Δ = 5 mm. Presumably higher inductor-substrate distances lead

o lower coupling of the stray field into the build plate, leaving more

eating energy to the wire. Thus higher feed rate is needed to account for

he increased energy input. This is similar to the results of Hascoët et al.

ho also found reduced inductor-substrate distance to increase substrate

eating [9] . In addition, a larger inductor-substrate distance increases

he time available for heat transfer from the skin of the wire to its core,

hich can also enable higher feed rates. Inversely, the shape quality

f the deposited single-layers significantly deteriorates at Δ = 12 mm

cf. Fig. 4 a and b). This is due to the fact that the semi-solid wire is

ot pushed onto the substrate by means of a nozzle and thus the pre-

ision of deposition decreases with greater inductor-substrate distance.

n summary, both a semi-solid state of the deposited material and a low

nductor-substrate distance are important for proper shape formation. 

Fig. 6 shows polished and etched cross-sections of the microstruc-

ure of type I, I ∗ , II and III specimens. While the type I and I ∗ specimens
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Fig. 5. Process windows of inductive-additive process: a): Δ = 5 mm; b): Δ = 12 mm. 

Fig. 6. Microstructure of specimens fabricated: a): inside process window (type I microstructure); b): inside process window (type I ∗ microstructure); c): at too high 

energy input (type II microstructure); d): at too low energy input (type III microstructure). 
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how the globular 𝛼-Al microstructure typical for semi-solid fabrication

rocesses, the type II specimen shows a microstructure consisting of den-

ritic 𝛼-Al. The microstructure of the type II specimen is the result of

he overheating of the wire which is heated beyond the liquidus tem-

erature and then solidifies dendritic. The microstructure in the type

II specimen, which is fabricated with too low energy input, is partly

imilar to type I, but the Si particles (cf. Fig. 1 a) did not completely

issolve. Thus the type III microstructure at too low energy input may

e the result of too low liquid phase fraction during induction heating

n this process region. The higher solid phase fraction in the semi-solid

lurry may also explain the larger 𝛼-Al particles in the type III and I ∗ mi-

rostructures. The higher feed rate possible at 12 mm inductor-substrate

istance thus may also in part be caused by the lower shearing of the

aterial needed during deposition and thus lower liquid phase fraction

eeded. 

.2. Fabrication of multi-layer parts 

.2.1. Cube fabrication strategy 

With the results of the single-layer experiments, process strategies

or the production of cubes were generated ( Table 2 : S1, S2 and S3).

nly the 5 mm inductor-substrate distance process window was further

nvestigated since the accuracy of the 12 mm inductor-substrate distance

roduced single-layer specimens was determined to be of inferior quality

y visual inspection. 

Fig. 7 a–c show cubes which were fabricated with settings from the

ingle-layer process window. A part of the cube fully melted while fab-

icating the upper layers, because the stray field coupled into the cube.
5 
hus the processing window from the single-layer experiments seems to

e only applicable for the first layer. 

Therefore, an adaptation of the processing strategy was investi-

ated. Since the induction generator used in this study allows the in-

uction power to be controlled during operation, the induction power

as adapted for each layer using a trial-and-error approach. To this end,

he parameter set of S2 was used as a starting point and the induction

ower was reduced in consecutive layers until fabrication of a cube was

ossible. When full melting of a part of the cube occurred with a process-

ng strategy, the induction power in the respective layers was decreased.

he parameter combination found is shown in Table 2 as specimen S4. 

Fig. 7 d shows a cube produced with the adapted strategy exhibiting

 reasonable shape. The continuous deposition of the semi-solid wire

ed to a surface structure similar to that produced by other WFAM pro-

esses. The reversal points at the edge of the cube cause accumulation

f material due to the slow down of the XYZ-table needed. The utilisa-

ion of a linear advance approach or a perimeter - infill build strategy

o improve the surface of the specimens is subject to future work. 

.2.2. Microstructure of as-built specimens 

To examine the influence of the parameter adaptation over several

ayers on the microstructure, cross-sections of the multi-layer specimen

4 are shown in Fig. 8 . Fig. 8 a shows the microstructure of the first

ayer, while Fig. 8 b and c show the microstructure of the middle and

ast layer, respectively. It is visible that the microstructure shows a dis-

inct variation along the build direction. The first-layer microstructure

ost the globular 𝛼-Al phase while Si particles formed out of the phase

etween the globular 𝛼-Al, possibly due to the longer time the mate-

ial stayed heated during fabrication. In contrast, the microstructure in
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Fig. 7. a) to c):Fabrication results of parameters optimised for single-layer fabrication. Residual heat and the induction stray field led to overmelting of the already 

deposited material. d): Fabrication result of induction power reduction strategy. 

Fig. 8. Cross section images from the first (a)), middle (b)) and last layer (c)) of a cube produced with the induction power variation strategy. 
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he middle layer ( Fig. 8 b) is more similar to the microstructure from the

ingle-layer specimens. The last-layer microstructure resembles the type

II microstructure. This is probably due to the reduced induction power

n the upper layers and the fact that, in contrast to the lower layers, no

dditional heat was introduced by further deposition of semi-solid mate-

ial. Further investigations are required to improve the homogeneity of

he microstructure through the process parameters or through reduced

oupling of the stray field into the already deposited material. Further-

ore, a cooling of the deposited material through a directed inert gas

tream could reduce the need for parameter adaptation. 

Different types of pores can also be seen in Fig. 8 . Small pores (be-

ween 1 μm and 25 μm diameter) between the globular 𝛼-Al are for

xample visible left in Fig. 8 c, while two larger spherical pores (around

0 μm respectively 90 μm diameter) are visible in Fig. 8 b. Since the

ross sections only show a small area of the sample, 𝜇CT scans are used

o analyse the defects in the sample. 

.2.3. Process and feedstock related defects 

Fig. 9 shows X-ray CT slice images revealing the defect microstruc-

ure of the cube S4 fabricated. The slice image in Fig. 9 a shows a plane

n build direction of the specimen, while Fig. 9 b shows a slice image

erpendicular to the build direction. The latter image also shows how

he tracks are formed inside the cube. Every track in odd layers is ori-

nted parallel, while the tracks in even layers are perpendicular to the

iewing plane. The tracks kept a rounded shape, leaving geometrically

nduced pores between the tracks. In general, two classes of pores can

e distinguished: Spherical porosity and triangular voids between the

eads. The diameter of the spherical pores ranges between the resolu-

ion limit (10 μm) and around 400 μm. As shown in Fig. 1 b, irregular

ores exist in the centre of the feedstock wire. As the wire is heated into

 semi-solid state during the process, these irregular pores break down
6 
nto spherical pores. The origin of the pores in the wire is unknown,

t is probably related to the plastic deformation during the production

Mannesmann effect [18] ). In future work, different wire feedstocks will

e investigated to reduce these defects. 

The voids between the beads result from the force-free deposition

f the semi-solid wire. This “free ” deposition results in an uneven sur-

ace of the layer beneath the current layer which can lead to a too high

istance between the layers. This is visible between the first and the

econd layer in Fig. 9 b. Moreover, the surface tension and viscosity of

he semi-solid metal hinders filling of gaps even with correct inter layer

istances, leading to voids between the deposited tracks. Similar voids

re known from Fused Filament Fabrication (FFF) processed polymer

ue to similar mechanisms [21] . 

. Conclusion 

In the present study, a concept enabling WFAM by means of direct

nduction heating was presented. 

• A narrow process window for the semi-solid processability of wire

by means of high frequency induction heating was identified. The

process was proven to be able to produce single-layer specimens with

build rates of around 20 mm 

3 /s ( ∼0.054 g/s). 
• The liquid phase fraction in the deposited material was adjusted by

varying the inductor power and feed rate, which affected the shape

and microstructure of the specimens. 
• Multi-layer parts were feasible after adjusting the process parame-

ters for each layer, i.e. reducing the thermal energy introduced to the

wire and the already deposited material. These adjustments changed

the liquid phase fraction in the deposited semi-solid material, lead-

ing to changes in the microstructure. 
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Fig. 9. Defects in specimen S4: a): 𝜇CT slice image perpendicular to build direction (layer 4); b): 𝜇CT slice image in build direction. 
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• Cubes printed by the process presented here were characterised by

means of microstructural analysis and 𝜇CT. The cubes contained

feedstock-related defects inside the beads as well as process related

defects between the beads similar to FFF materials. 

In future studies, attention needs to be focused on process control, for

nstance by surveillance of the temperature of the semi-solid wire pass-

ng the inductor. Furthermore, a spreading of the deposited semi-solid

aterial by a ceramic nozzle may improve the dimensional accuracy and

educe the voids between the beads, similar to fused filament fabrication

rocesses. On the other hand, due to the direct heating of the wire, the

ovel process without a nozzle could possibly be used advantageously

or processing metals with a high melting point. 
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