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Abstract  

Wire + arc additive manufacture (WAAM) is suitable for building large-scale components with high 

deposition rate. However, in order to further increase the deposition rate of Ti-6Al-4V to improve 

productivity and reduce manufacture costs without significantly compromising the quality, some 

fundamental process characteristics need to be investigated. In this paper, the effect of wire size on the 

limitation of deposition rate and bead shape in plasma arc additive manufacture was studied along with the 

process tolerance and melting characteristics, such as the effect of current and nozzle size on keyhole 

behaviour and the effect of wire feeding position on deposition process. The results show that with the same 

heat input the deposition rate increases linearly with the wire size due to the increasing melting efficiency. 

The bead geometry obtained with a thinner wire has a higher aspect ratio, which can be attributed to the 

difference in the distribution of the energy between wire and workpiece. The likelihood of keyhole increases 

with increasing current and decreasing nozzle size, and it can be mitigated by using thicker wires. The wire 

feeding position plays a significant role in determining the metal transfer mode, which has a great impact on 

the bead shape and process stability. Also, as the deposition rate changes thin wire is more sensitive to wire 

feeding position than thick wire in terms of metal transfer behaviour. 
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1. Introduction  

Additive manufacture (AM) is a promising technology that can be used to manufacture components by 

layer-upon-layer deposition of materials (Frazier, 2014). Compared to traditional subtractive manufacture, 

AM has distinctive advantages in the reduction of material wastage and machining effort required (DebRoy 

et al., 2018). Furthermore, it offers a relatively short lead time, high design freedom and low overall part 

costs. Numerous AM techniques have been developed to produce metallic structures, which can be classified 

based upon feedstock and heat source. Depending on the feedstock, AM techniques can be classified into 

powder based and wire based processes. In general, the powder based processes offer higher resolution and 

fidelity, whilst the wire based processes allow higher deposition rates.  The layer thickness in a powder based 

process can be up to 200 μm as revealed by Shi et al. (2016), while a typical layer thickness in a wire based 

process is 1-2 mm as stated by Williams et al. (2016). This means that the wire based processes are more 

suitable for manufacturing of large-scale components where high volumes of deposited material are required. 

In addition, depending on the heat source, AM techniques can be split into laser based, electron beam based, 

and electric arc based processes. Amongst these, the arc based processes are the most versatile and cost 

effective, as unlike electron beam they do not require a vacuum chamber, and are more efficient than lasers. 

The electric arc fusion processes have been designed to efficiently melt the feedstock of wire and are widely 

used for welding and AM processes. They can be operated either in a global enclosure or, as demonstrated 

by Ding et al. (2015), out-of-chamber using a local shielding device. Hence, wire + arc additive manufacture 

(WAAM) offers potentially an unlimited working envelope and high deposition rate, which is optimum for 

the fabrication of large-scale and medium-complex components.  

In WAAM, various arc processes can be employed to serve as energy source, including gas metal arc 

(GMA), gas tungsten arc (GTA), and plasma transferred arc (PTA). GMA with coaxially incorporated filler 

wire is commonly used in deposition of steel and aluminium alloys, but as shown by Pardal et al. (2019) it 

suffers from a significant arc wandering, spatter and poor surface quality in alloys with low work function, 

including titanium. GTA and PTA with non-consumable electrodes do not suffer from this issue and allow 

high quality deposition with a wide range of materials. Compared to GTA, PTA has a higher stand-off 

distance and lower risk of tungsten contamination, thereby giving a higher process tolerance. Martina et al. 

(2012) first used PTA to deposit titanium and developed a working envelope for the process. They concluded 
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that PTA based WAAM process gives higher deposition rate and larger effective wall width than other 

WAAM processes. 

Depending on different deposition strategies, the deposition rate of titanium in WAAM processes ranges 

from 0.4 to 1.2 kg/h. A higher deposition rate would be desirable in order to reduce production times and 

therefore the overall costs, but the limit of productivity is dictated by the process physics and ability to 

control the melt pool shape. Williams et al. (2016) stated that high deposition rates but with poor process 

control leads to an excessive amount of material needing to be deposited and subsequently machined away, 

which is counterproductive from the economic point of view. Therefore, it is of critical significance to 

increase the deposition rate without compromising the quality and fidelity of the components.  

Another factor limiting the deposition rate in PTA based WAAM process is arc pressure. High current 

induces the arc pressure upon the melt pool due to the electromagnetic force, and above a certain current 

level a keyhole is generated, as shown by Wang et al. (2017). In welding, the keyhole is beneficial as a means 

of improving penetration depth and productivity. In AM, however, the keyhole is undesirable as it leads to 

defects formation and poor efficiency. High penetration depth means unnecessarily remelting of the 

underlying layers, which consequently reduces the process efficiency and may increase distortion in the 

components. Therefore it is important to understand the process limit and melting behaviour in order to 

maximise the feedstock melting and minimise penetration into the underlying layers.  

Efficient feedstock melting is another important aspect in high deposition rate WAAM. One of the 

effective ways of improving deposition rate is to increase the wire feed speed (WFS) whilst increasing the 

energy input by using a higher current. For a given energy input, in order to feed the material more quickly, 

there are different combinations of the wire size and WFS. For example, we can use either a thin wire with 

a high WFS or a thick wire with a low WFS. However, it needs to be understood which combination is more 

efficient. Moreover, with the same deposition rate and energy input, the bead shape and its quality is 

dependent on the melting behaviour of the wire. Ríos et al. (2019) studied the metal transfer behaviour in 

PTA based WAAM process by analysing the voltage waveform and video imaging, and stated that depending 

on the position of the feedstock in the arc, different metal transfer modes can be achieved, which affects the 

process stability and even bead quality. Chu and Lian (2004) reported that the arc source does not have a 

uniform energy distribution and therefore there is a steep temperature gradient across the plasma arc, which 

means different regions of the arc have different temperature distributions. Therefore, the process is sensitive 
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to the wire position with respect to the arc column. Also, the wire diameter should play an important role in 

melting efficiency of wire and metal transfer mode, which is a key factor in improving deposition rate of 

WAAM. However, all the effects of wire size on process characteristics and deposition rate in PTA based 

WAAM are not well understood.  

In this work, the effect of wire diameter and feeding rate on the deposition rate and melting 

characteristics in PTA based WAAM of Ti-6Al-4V was studied. The main focus was to investigate which 

combination of wire diameter and WFS can give higher deposition rate and better bead geometry and how 

to control the process and avoid defects at high deposition rate WAAM. All aspects of limitation of deposition 

rate, bead shape control, keyhole formation and metal transfer were studied. 

2. Experimental procedure 

2.1 Materials and setup 

Deposition was performed on Ti-6Al-4V substrates with dimensions of 300 mm × 200 mm × 7 mm. 

Four different sized Ti-6Al-4V wires with 1.2, 1.6, 2.0 and 2.4 mm diameters were used as feedstock. The 

chemical compositions of the substrates and wires are listed in Table 1. The shielding gas and the plasma gas 

were pure argon (99.99 %). Fig. 1 shows a schematic diagram of the experimental setup. The substrate was 

fixed onto an aluminium baseplate by means of M8 bolts, and the baseplate was clamped on the workbench. 

Before deposition, the substrates were polished and then cleaned with acetone to remove any surface 

contamination. For the WAAM system, a DC plasma power supply (EWM Tetrix 352) was used and an arc 

monitor (AMV 4000) was used to record the arc voltage and current. The motion of the torch was provided 

by a computer numerical controlled (CNC) gantry system. A Lincoln wire feeder was used to feed the wire, 

and a CMOS process camera (Xiris XVC-1000) was used to record the melt pool and the wire melting 

behaviour. The camera recording rate and resolution were 55 fps and 1280×1024 respectively. The 

experiments were conducted in an argon-filled chamber to prevent the material from oxidation, where the 

chamber was purged until the oxygen level was below 500 ppm as verified by an oxygen analyser. This 

oxygen level was found to be optimum based on previous study by Caballero et al. (2019). Also, front feeding 

configuration was used. During the experiments, some process parameters were kept constant, as listed in 

Table 2. 

Table 1 Chemical composition (in wt.%) of the Ti-6Al-4V substrate and wire. 
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 Al V Fe C N H O Ti 

Substrate 6.39 4.20 0.17 0.01 0.01 0.006 0.16 Balance 

Wire 6.08 3.80 0.122 0.019 0.008 0.001 0.15 Balance 

 

Fig. 1. Schematic diagram of the experimental setup. 

Table 2 Fixed process parameters used during the experiments. 

Parameters  Value (unit) 

Torch travel speed  4.5 mm/s 

Bead length  120 mm 

Plasma gas flowrate  0.8 L/min 

Shielding gas flowrate  8 L/min 

Wire feeding angle  25° 

Nozzle to substrate stand-off  8 mm 

2.2 Methods 

Four different sized wires with diameters of 1.2, 1.6, 2.0 and 2.4 mm were used to identify the optimum 

combination of wire diameter and WFS for high deposition rate. For each size of wire, the current was 

increased from 200 to 300 A with an increment of 50 A to study the effect of current on deposition rate. At 

each current level, the WFS was increased until a limit value of melting and stabbing which was determined 

from the process camera.  

The effect of wire size on bead shape was studied using 1.2 and 2.4 mm wires at a constant current of 

250 A. The WFSs for both wires were increased from low to high values and the range of the deposition 
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rates for both wires were same. After deposition, the samples were cross-sectioned, polished and etched to 

check the bead profile and remelting area. 

In PTA-based WAAM, the plasma arc is constricted by a water-cooled copper nozzle, which means the 

nozzle size affects the arc pressure and consequently keyhole formation. Therefore, in this study two different 

sized nozzles with diameters of 3.0 and 3.9 mm were used to investigate the effect of nozzle size on keyhole 

behaviour. For each size of nozzle, different levels of current were applied to study the effect of current on 

keyhole behaviour.  

Two wires with diameters of 1.2 and 2.4 mm were used to study the effect of wire feeding position on 

the deposition process. Fig. 2 schematically shows the definition of the wire feeding position, where the 

distance between the wire and the substrate along the centreline of the torch is defined as h. For each size of 

wire, h was increased from 0 to 3.0 mm with an increment of 0.5 mm. The metal transfer behaviour was 

monitored using the process camera, and the bead dimensions were measured using a digital vernier caliper. 

 

Fig. 2. Wire feeding position in PTA-based deposition process (side view). 

3. Results and discussion 

3.1 Limitation of deposition rate 

Fig. 3 shows the melt pools for two different WFSs for a 1.6 mm wire at a current of 300 A. Up to a 

WFS of 5.4 m/min, the wire was completely melted, and the deposition process was stable (Fig. 3a). However, 

when the WFS was increased to 6.0 m/min the wire could not be melted completely and some violent 

disturbances occurred in melt pool, as exhibited in Fig. 3b. This is because when the WFS is too high, the 

volume of feedstock is too high for a given energy input to fully melt the wire, and this causes stabbing of 

the wire tip which disturbs the melt pool.   
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Fig. 3. Comparison between (a) stable deposition process at a WFS of 5.4 m/min, and (b) unstable 

deposition process at a WFS of 6.0 m/min.  

The same experiment was repeated for all the remaining wire diameters. The maximum WFS for 

different sized wires under different currents is shown in Fig. 4. It can be seen that for each size of wire the 

maximum WFS increases with current. This is attributed to the increasing heat input as the current increases.  
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Fig. 4. Effect of wire size and current on maximum WFS. 

From Fig. 4, one also can see that at a same current, the maximum WFS decreases with the increasing 

wire thickness. However the deposition rate, �, is expressed by: 

� =
�����
4

 (1) 

where � is the wire diameter, � is WFS and � is the wire density. Therefore, with equation (1) and the data 

from Fig. 4, the deposition rate as a function of wire diameter was achieved, as shown in Fig. 5. It can be 

seen that for a particular current, the deposition rate increases linearly with wire size. This means that for the 

same energy input, a higher deposition rate can be achieved by using a thicker wire. This is because thick 

wire has larger width and consequently larger projected area under the arc, which enables it to capture more 

energy from the arc compared to thin wire.  
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Fig. 5. Effect of wire size and current on the limitation of deposition rate. 

The effect of wire diameter has been schematically shown in Fig. 6 with the projected areas of both 

wires under the plasma arc.  It is assumed that the distribution of energy intensity of plasma arc is uniform, 

and the wire is only melted by arc. It can be seen that the projected area of 2.4 mm wire (area B) is twice as 

that of 1.2 mm wire (area A). Therefore, in a unit time 2.4 mm wire absorbs twice the energy as 1.2 mm wire 

regardless of their WFSs. This indicates that twice the volume of 2.4 mm wire can be melted as that of 1.2 

mm wire per unit time. If the WFSs of the two wires can be adjusted to a certain level where the volume of 

the feeding material of 2.4 mm wire is twice as that of 1.2 mm wire per unit time, then both wires can be 

fully melted and consequently the deposition rate achieved with 2.4 mm is twice as that of 1.2 mm wire.  

 

Fig. 6. The diagram (top view) shows the projected areas under plasma arc of (a) 1.2 mm and (b) 2.4 mm 

wires. 

Also, a finite element (FE) modelling was conducted to support this explanation by using 1.2 and 2.4 

mm wires. In the modelling work, a power of 2000 W was applied on both wires. To make both wires fully 

melted, the maximum WFSs obtained for 1.2 and 2.4 mm wires were 3.00 and 1.38 m/min respectively. The 
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temperature distributions of the two wires can be seen in Fig. 7. According to equation (1), the deposition 

rate of the 2.4 mm wire is around 1.84 times as that of 1.2 mm wire in this modelling work, which is close 

to the theoretical analysis. The difference is mainly because that the heat source applied in the modelling 

work is a Gaussian distribution instead of a uniform distribution.  

 

Fig. 7. The temperature contours of (a) 1.2 mm wire, and (b) 2.4 mm wire in the FE modelling. 

In reality, the thick wire is not as efficient as both theoretical analysis and FE modelling (e.g., deposition 

rates of 1.84 and 1.47 kg/h for 2.4 and 1.2 mm wires respectively at 200 A, see Fig. 5). This is because that 

in theoretical analysis and FE modelling, the wires are only melted by arc.  In practice, at high WFS the arc 

does not melt the feedstock completely, hence both 1.2 and 2.4 mm wires reach the melt pool, which provided 

extra energy to fully melt the wires (take Fig. 3 as an example). However, because the 2.4 mm wire shaded 

more energy from the arc so that the energy in the melt pool is lower. Therefore, the energy absorbed from 

the melt pool by the 2.4 mm wire cannot be as much as that of the 1.2 mm wire, resulting in a bit higher 

deposition rate of the 2.4 mm wire.  

Fuerschbach and Knorovsky (1991) measured the melting efficiency in PTA and GTA welding processes 

in an edge weld configuration, and DuPont and Marder (1995) also measured the melting efficiency in GMA 

welding process. Both of them stated that a significant proportion of the total arc energy absorbed by the 

workpiece is dissipated for conduction losses, and only a small proportion is utilised for melting. Therefore, 

due to the less thermal loss of the wire compared to the workpiece, the melting efficiency is higher when 

using a thicker wire. 

3.2 The effect of wire size on bead shape  

In WAAM a single bead is the smallest and fundamental unit of a built part, hence the bead shape will 

determine the final surface waviness and consequently the deposition efficiency of the component. Fig. 8 
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shows a schematic representation of different regions in a generic part cross-section (Fig. 8a) and the surface 

waviness of two single pass walls with different bead shapes (Fig. 8b and 8c). Note that the volume of each 

single bead is the same for the two walls in Fig. 8b and 8c. As reported by Martina et al. (2012), the deposition 

efficiency, �, is calculated as.  

� = �� + � + � + � (2) 

where area � corresponds to the cross-section that can be used in the final part, whilst areas �, � and � 

correspond to the cross-sections that need to be machined off. It can be seen that a low aspect ratio (i.e., the 

ratio of bead width to bead height) of the bead will lead to a high surface waviness and low deposition 

efficiency (Fig. 8b), while a high aspect ratio of the bead with low and wide layer will ensure the near net 

shape and high deposition efficiency (Fig. 8c). This means that for the same deposited material more material 

needs to be machined away in the first wall (Fig. 8b), hence the second approach is more cost effective and 

desirable (Fig. 8c). Therefore, for a given wire feeding rate, the higher the aspect ratio of the bead, the better 

the surface finish and higher deposition efficiency of the component.  

 

Fig. 8. (a) Schematic representation of deposition efficiency, (b) a high surface waviness but low 

deposition efficiency obtained by the bead with low aspect ratio, and (c) a low surface waviness but high 

deposition efficiency obtained by the bead with high aspect ratio. 

Two wire diameters were used to deposit single layers with the same deposition rate and their dimensions 

were compared. Fig. 9 shows a comparison of the bead shape obtained by 1.2 and 2.4 mm wires at 250 A, 

and Fig. 10 shows corresponding cross-sections. In Fig. 9a, it can be seen that for both wires, as the 

deposition rate (controlled by WFS) increases the bead width increases gradually at first and then decreases 

slightly. The width of the melt pool without feeding the wire (8.07 mm) is also shown in Fig. 9a, which is 
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less than those with the wire feeding. The increasing bead width at relatively low deposition rates (from 

around 0.5 to 1.6 kg/h) is due to the increasing melting efficiency. This is because as the WFS increases, 

more energy is absorbed by wire and less energy is dissipated through workpiece. Therefore, this leads to an 

increasing melting efficiency and consequently wider beads. However, as the deposition rate further 

increases (from around 1.6 kg/h), the melt pool is being depleted of the heat and there is not enough heat to 

provide sufficient wetting with the substrate and this results in narrow and tall beads. An extra experiment 

was conducted to prove this as shown in Fig. 11, where the WFS was increased from 3 to 5 m/min in the 

first deposit and from 5 to 7 m/min in the second deposit. From the first case (Fig. 11a), it can be clearly 

seen that the bead width increases as the WFS increases. However, in the second case (Fig. 11b) the bead 

width decreases due to the wire dipping into the melt pool. As for the bead height (Fig. 9b), it increases 

constantly as the deposition rate increases due to the increase of the feeding material. 

0.0 1.0 1.2 1.4 1.6 1.8 2.0
4

6

8

10

12

14
 

B
e
a

d
 w

id
th

 (
m

m
)

Deposition rate (kg/h)

 1.2mm

 2.4mm

(a)

No wire feeding

      

0.8 1.0 1.2 1.4 1.6 1.8 2.0
1.0

1.5

2.0

2.5

3.0

3.5

4.0
 

B
e
a

d
 h

e
ig

h
t 

(m
m

)

Deposition rate (kg/h)

 1.2mm

 2.4mm

(b)

 

Fig. 9. Bead (a) width and (b) height as a function of deposition rate for 1.2 and 2.4 mm wires at the 

current of 250 A. 

Moreover, by comparing the bead shapes obtained by the two different wires in Fig. 9, one can see that 

at the same deposition rate the bead obtained by 1.2 mm wire is wider and lower compared to that of 2.4 mm 

wire, meaning that the former has a higher aspect ratio. As discussed in Section 3.1, due to the larger 

projected area under the arc, more energy goes to the thicker wire directly and less energy goes to the 

workpiece, leading to a smaller remelting area in the workpiece. This is consistent with the results presented 

in Fig. 10, where at a same deposition rate the remelting area  in the workpiece with 2.4 mm wire is smaller 

than that of 1.2 mm wire (note, the remelting area is hard to identify, but its size can be reflected by the heat-

affected zone). Therefore, it can be concluded that at a same current and deposition rate, a higher aspect ratio 
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of the bead can be obtained with a thinner wire, which will lead to a better surface finish and higher 

deposition efficiency of the component.   

 

Fig. 10. Cross-section of the beads at different deposition rates obtained by (a) 1.2 mm wire, and (b) 2.4 

mm wire at the current of 250 A. 

 

Fig. 11. Bead shape changes with the increasing WFS during deposition with 1.2 mm wire at 250 A: (a) 

bead width increases as WFS increases from 3 to 5 m/min, and (b) bead width decreases as WFS increases 

from 5 to 7 m/min. The pink arrow indicates the torch travel direction. 

3.3 Keyhole behaviour 

Jian and Wu (2015) reported that keyhole is formed under a combined effect of intensive energy and arc 

pressure, where the intensive energy melts the workpiece and the high pressure of the plasma jet produces a 

funnel-shaped cavity in the melt pool. Wu et al. (2019) developed an electrode-arc model and a 3D weld 

pool model to investigate the keyhole formation mechanism, and found that the arc pressure is the dominant 

driven force for the keyhole formation. Dai et al. (2002) investigated the effect of different process 

parameters on the arc pressure experimentally, including arc current, nozzle size, and plasma gas flowrate, 

and according to them the arc pressure is expressed by: 
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� = �� + �� = µ���
4�� � 1��� − 1����+ 1

2
���� 

(3) 

where �� is the pressure caused by electromagnetic force, �� is the pressure caused by plasma gas flow, µ� 

is the magnetic permeability, � is the current, �� and �� are the radius of the arc at the workpiece and electrode, 

respectively, � is the plasma gas density, and �� is the flow velocity of the plasma gas. It can be seen that 

the arc pressure consists of the pressure caused by electromagnetic force and the pressure caused by plasma 

gas force where the former depends on the current and the latter depends on the plasma gas flow velocity. 

Therefore, high current process and small nozzle diameter are likely to induce keyholes in the substrate or 

underlying layer which is undesirable in WAAM. This limits the maximum energy input that can be used for 

WAAM. Fig. 12 shows the keyhole appearances obtained with a stationary and a moving torch respectively 

without feeding the wire. In Fig. 12a, there is a large depression in the centre of the melt pool due to the high 

arc pressure, where the liquid metal has been pushed away from the centre. In Fig. 12b, the keyhole caused 

visible defects which was not subsumed by the liquid metal before solidification took place. 

 

Fig. 12. Keyhole appearance with a (a) stationary and (b) moving plasma torch. 

Fig. 13 shows the cross-sections of the samples under different currents and nozzle sizes with a stationary 

plasma torch. Note that no wire was fed in this case. From Fig. 13a, it can be seen that there is a funnel-

shaped cavity in each sample where 3.0 mm nozzle was used, and the cavity becomes larger as the current 

increases. The formation of the cavity is due to incomplete closure of the keyhole caused by displacement 

of the liquid metal by arc pressure. Both energy input and arc pressure (��) increase as the current increases, 

which results in a greater keyhole size and consequently a larger cavity. However, there is no cavity formed 

at the current of 200 and 250 A with 3.9 mm nozzle, as shown in Fig. 13b. This shows that the keyhole 

susceptibility decreases with an increase in nozzle size. This is because when the area of the nozzle exit 
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increases, the flow velocity of the plasma gas decreases, which reduces the arc pressure (��) and leads to a 

lower likelihood of keyhole.  

 

Fig. 13. The cross-section of the samples with different currents and nozzle diameters: (a) 3.0 mm nozzle, 

and (b) 3.9 mm nozzle. The plasma torch was stationary. 

Some experiments with a moving plasma torch were also conducted without feeding the wire, and the 

appearance of the samples is shown in Fig. 14. It can be seen from Fig. 14a that by using a 3.0 mm nozzle 

there is no obvious defect at a current of 200 A, but a defect caused by keyhole was generated at a current of 

260 A. However, when using a 3.9 mm nozzle no defect was found at both 200 and 260 A, as shown in Fig. 

14b. Generally, the nozzles used in traditional PTA welding and cutting processes are less than 3.0 and 1.5 

mm, respectively. Therefore, the nozzles used in the above experiments are relatively large. A 3.9 mm nozzle 

was adopted in all experiments of this study to decrease the likelihood of keyhole formation.  

 

Fig. 14. The appearance of the samples obtained with different currents and nozzle diameters: (a) 3.0 mm 

nozzle, and (b) 3.9 mm nozzle. The torch travel speed was 9.0 mm/s in these cases.  
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In the previous experiments, there was no wire feeding. However, the keyhole behaviour may change 

with the presence of a filler wire as the wire can obscure the plasma arc and reduce its impact on the 

workpiece. Fig. 15 shows the deposition process using wires with diameters of 1.2, 1.6, 2.0 and 2.4 mm. 

Note that the deposition rate and current were constant in all cases. It can be seen that the keyhole is quite 

significant when using a 1.2 mm wire (Fig. 15a), but it becomes smaller with a 1.6 mm wire (Fig. 15b). For 

2.0 and 2.4 mm wires, the keyhole formation was completely suppressed (Fig. 15c and d). This is attributed 

to the screening of plasma arc by the wire. With thin wires only a small portion of the arc energy interacts 

directly with the wire and most of it reaches the workpiece. However, as the wire diameter increases the 

ability of wire to obscure the arc increases and less energy is available to heat up the underlying workpiece, 

and a significant proportion of the electromagnetic force acts directly on the wire. This changes the energy 

balance between workpiece and wire while simultaneously suppressing the keyhole formation.   

 

Fig. 15. Effect of wire size on keyhole formation at 300 A for the following  wire diameters: (a) 1.2 mm, 

(b) 1.6 mm, (c) 2.0 mm, and (d) 2.4 mm. 

3.4 Wire feeding position  

In wire based AM processes, there are mainly three types of metal transfer modes which are surface 

tension transfer (also known as liquid bridge transfer), droplet surface tension transfer (also known as 

intermediate transfer), and free space droplet transfer (also named as droplet transfer). Ríos et al. (2019) 

stated that the stability of the process and the metal transfer mode are largely governed by the wire feeding 

position. Fig. 16 shows the deposition process and the bead width with different wire feeding positions at 

two different WFSs obtained with a 1.2 mm wire. At a low WFS of 3.2 m/min (Fig. 16a), the wire can be 
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melted sorely by the arc regardless of the wire feeding position. However, at a very low position (h=0 mm), 

the droplet touches the melt pool, which leads to a droplet surface tension transfer mode. When the wire 

feeding position is higher, the metal transfer turns into a free space droplet transfer mode. From Fig. 16c, it 

can be seen that the bead width does not change so much with the increase of wire feeding position. At a 

high WFS of 4.4 m/min (Fig. 16b), when the wire feeding position is low (0≤h<2.5mm), the wire passes 

through the plasma arc and reaches the melt pool, leading to a surface tension transfer mode. As the wire 

feeding position increases from 2.5 to 3.0 mm, the metal transfer changes from a droplet surface tension to 

a free space droplet transfer mode.  

 

Fig. 16. The deposition process with different wire feeding positions at the WFS of (a) 3.2 m/min 

(deposition rate: 0.98 kg/h), and (b) 4.4 m/min (deposition rate: 1.35 kg/h) by using a 1.2 mm wire. Bead 

width and metal transfer mode as a function of h: (c) WFS=3.2 m/min, (d) WFS=4.4 m/min. 

When the WFS is low, the wire is fully melted by the arc before it reaches the melt pool, which does not 

affect the metal transfer behaviour so much. However, when the WFS is high, the metal transfer mode is 

affected by the wire feeding position. This is mainly because there is a temperature gradient in the plasma 

arc where the temperature increases from the bottom to the top region as reported by Chu and Lian (2004). 

In the high WFS case, when the wire feeding position is low, the wire could not be fully melted only by the 
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arc, which means that additional energy needs to be taken from the melt pool. This depletion of energy from 

the melt pool by the wire results in a narrow bead shape. However, when the wire is positioned in the upper 

region of the plasma arc near the cathode where the plasma arc is more focused, the wire could be completely 

melted by the arc without interacting with the melt pool. This is the main reason that the bead width obtained 

with surface tension transfer mode is narrower than those of droplet surface tension and free space droplet 

transfer modes, as shown in Fig. 16d. 

The same experiment was replicated for 2.4 mm wire with the same deposition rates as those of 1.2 mm 

wire, and the results are shown in Fig. 17. At both WFSs of 0.8 m/min (Fig. 17a) and 1.1 m/min (Fig. 17b), 

as the wire feeding position increases from 0 to 3 mm, the metal transfer changes from surface tension 

transfer mode to droplet surface tension transfer mode, and then to free space droplet transfer mode. 

Similarly to the previous case, the bead width in surface tension transfer mode is lower than in droplet surface 

tension and free space droplet transfer modes (Figs. 17c and 17d). This is attributed to depletion of heat from 

melt pool by the wire as discussed earlier.  

 

Fig. 17. The deposition process with different wire feeding positions at the WFS of (a) 0.8 m/min 

(deposition rate: 0.98 kg/h), and (b) 1.1 m/min (deposition rate: 1.35 kg/h) by using 2.4 mm wire. Bead 

width and metal transfer mode as a function of h: (c) WFS=0.8 m/min, (d) WFS=1.1 m/min. 
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By comparing the results obtained with 1.2 mm and 2.4 mm wires, it can be seen that at two different 

deposition rates of 0.98 and 1.35 kg/h, the droplet surface tension transfer mode occurred at the h of 0 and 

2.5 mm respectively for 1.2 mm wire. However, this transfer mode occurred at two very close wire feeding 

positions (at the h of 1.0 and 1.5 mm, respectively) for 2.4 mm wire. This means the transition of the metal 

transfer mode depends on the wire diameter, and 1.2 mm wire is more sensitive to the wire feeding position 

than 2.4 mm wire as the deposition rate increases. This is mainly because that the thick wire interacts more 

with the arc than the thin wire due to the bigger projected area and longer interaction time (attributed to 

lower WFS for the same deposition rate), which means that the it interacts less with the melt pool. This also 

can be seen from Figs. 16b and 17b where the 1.2 mm wire reaches the middle part of the melt pool in surface 

tension transfer mode, while the 2.4 mm wire reaches the leading edge of the melt pool. The lower likelihood 

of interaction of thicker wire with the melt pool makes the process less sensitive to variation of transfer mode. 

It can be seen that compared to surface tension transfer mode the beads obtained with droplet surface 

tension and free space droplet modes are wider. However, because of the erratic mode of the free space 

droplet transfer, spatter occurs occasionally in this case. Therefore, droplet surface tension transfer is 

recommended in WAAM process, which not only gives a wider bead but also gives a more stable process. 

In addition, Ríos et al. (2019) reported that this mode is easier to be detected compared to other transfer 

modes, and therefore it is more preferable in terms of process monitoring with closed loop feedback system 

when using robotic processes.  

Based on the obtained results it can be seen that thicker wire is more efficient in terms of achieving high 

deposition rate (Fig. 5). For a fixed current a considerably higher build rate can be achieved with bigger 

diameter wire (e.g., 3.8 kg/h for 2.4 mm wire versus 2.9 kg/h for 1.2 mm wire for 300 A). Alternatively for 

a given build rate the current required is lower as the wire diameter increases. This means that with thicker 

wires we can achieve a higher deposition rate using the same energy input, or we can use a lower energy 

input to achieve the same deposition rate. Also, the thick wire can block more arc than the thin wire, which 

can mitigate the keyhole. In addition, as the deposition rate increases the metal transfer is not so sensitive to 

the wire feeding position for thick wire. This means that in order to keep the same metal transfer mode in a 

part building process, the wire feeding position for thick wire does not need to be adjusted oftentimes as the 

WFS changes. However, at a same current and deposition rate the bead shape obtained with the thinner wire 

has a higher aspect ratio, which is better for the surface finish of the component. In practice, thicker wires 
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are more challenging for the feeding system due to their stiffness. For example, the 2.4 mm diameter wire 

was very hard to manipulate, especially when building parts with complex shapes, which required continuous 

rotation of the wire position around the plasma torch. Therefore, there will be a trade-off between the 

hardware and the thickest wire that can be used, meaning that the hardware of the system needs to be 

improved in order to use thicker wires. 

4. Conclusions 

1. For all the four wire sizes investigated in this study, more material could be melted with increasing 

current due to a higher heat input. At the same current, the maximum deposition rate increases 

linearly with the wire size, which is caused by direct heating of the wire by the arc and lower amount 

of heat being transferred to the workpiece. A very high deposition rate of 3.8 kg/h could be achieved 

with a current of 300 A by using 2.4 mm wire. 

2. For the same current and deposition rate, the bead obtained with 1.2 mm wire exhibited higher 

aspect ratio than that of 2.4 mm wire, therefore this wire allows achievement of lower surface 

waviness during part building. Besides, the 1.2 mm wire was much easier to manipulate than the 

2.4 mm wire. 

3. Both the heat input and electromagnetic force increase with increasing current of plasma arc, leading 

to the formation of keyhole. The keyhole formation can be mitigated by using larger diameter 

nozzles due to lower pressure of plasma gas. Keyhole can also be mitigated by using thicker wires 

due to the screening of the arc.   

4. As the wire feeding position becomes higher from the substrate, the metal transfer changes from 

surface tension transfer mode to droplet surface tension transfer mode and then to a free space 

droplet transfer mode, which leads to an increasing bead width. The droplet surface tension transfer 

mode was found to give the most optimum bead shape and stable deposition with high enough 

tolerance. As the deposition rate increases, the metal transfer mode of thin wire is more sensitive to 

the wire feeding position than thick wire. 
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