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The significance of metal atomization in the wire arc spray process is directly related to the final coating
quality produced. Since the early observations of the melting behavior of the wire tips by Steffens,
relatively little has been done to further the understanding of the mechanisms involved. The primary
atomization of the molten wire tips show existence of sheets and extrusions on both electrodes, which are
strongly dependent on the system operating parameters. High-speed imaging has been used in this study,
for classification of sheet, membrane and extrusion formations as a function of atomizing gas pressure,
voltage and current settings. The breakup of metal structures formed on the electrodes is further clas-
sified in a manner consistent with established classifications for the break-up of other liquids, e.g., water
or fuel. Quantitative descriptions of metal sheet lengths and breakup times are presented. The improved
understanding of the metal breakup mechanisms in the wire arc spray process may provide a basis for (a)
modification of existing computational codes for prediction of particle sizes and trajectories, and (b) for
modifications to torch designs for providing more uniform particle fluxes.

Keywords coating quality, melting, metal atomization, metal
breakup mechanisms, wire arc spraying

1. Introduction

The wire arc spray process has gained significant mar-
ket share in the thermal spray industry; however, basic
knowledge of the workings of the system hinders sophis-
ticated developments of process controls for higher end
applications. Steffens early work in the 1960s highlighted
the differences of the liquid metal structures that exist at
the electrode tip during the early stages of droplet for-
mation (Ref 1). Such features were also observed by both
Wang and Sheard in the mid-1990s using laser strobe
photography (Ref 2, 3). Kelkar et al. latest developments
in the wire arc process, based on the above mentioned
studies, concentrated on studying the physics of the arc in
cross flow, the fluid dynamics of the jet and predictions of
droplet sizes and velocities (Ref 4, 5). Due to the lack of
detailed understanding of the primary atomization pro-
cess, Kelkar attempted to model the system basing his
work on the well studied fields of welding and the tradi-
tional liquid atomization studies. Others such as Bolot
et al. concentrated on three dimensional modeling of the
fluid dynamics of the process (Ref 6). Varacalle et al.
modeled the particle transport in the plume of the wire arc

spray torch using computer codes to simulate the arc and
the jet (Ref 7). More recently attempts at uncovering the
extent of the interaction of the arc and the wire electrode
tips have demonstrated the dramatic differences in the arc
attachments at the two electrodes and their subsequent
effect on the metal melting and primary atomization (Ref
8). The influence of the complex geometry of this system
on droplet formation has also been pointed out. It was also
suggested that control of this process has to be achieved at
the first stages of particle formation so as to control the
particle sizes and trajectories as they are issued from the
wire tips. Recent studies demonstrated the differences of
the size distributions of particles originating from the
cathode and from the anode by using wires of different
materials, and using in-flight diagnostics as well as analysis
of the coating (Ref 9, 10). Size distributions as well as
trajectories were found to be different for the particles
emanating from the anode wire and from the cathode
wire, but no relation to the atomization process was pre-
sented. Therefore, this study will present the mechanisms
involved in the primary atomization of liquid metal from
the wire tips and the effects of the process parameters on
these mechanisms. Quantitative results of sheet, extrusion
and membrane lengths, and breakup times will also be
presented.

2. Experimental Setup and Analysis
Technique

Praxair TAFA, Concord, NH, spray equipment has
been used. A PB400 wire arc gun with a Mogularc 400R
constant voltage power supply and a PF400R wire feed
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unit were employed in all the experiments. A 1.6 mm (14
gage) diameter steel wire has been used (TAFA 30T
Medium Carbon Steel) with the following composition:
0.12%C, 1.75%Mn, and 0.1%Cu with Fe as the balance.
The melting point of this material is 1,809 K. Nitrogen has
been used as the atomizing gas. A standard butterfly
shaped commercial nozzle, supplied with the system, has
been used. The operating parameters used in the experi-
ments are shown in Table 1. The volume and mass flow
rates of the gas, for a given system pressure setting, are
shown in Fig. 1. The pressure gage and flow meter loca-
tions with respect to the torch head are shown in Fig. 2.
High-speed photography was used to capture the events
that occur at the wire electrodes. A high-speed camera
(KODAK EKTAPRO HS Motion Analyzer, Model 4540,
North Star Imaging, St. Paul, MN), capable of up to
40,500 frames/s, has been used. Various magnification
lenses were fitted onto the camera to adjust the field of
view. High intensity halogen lamps along with neutral
density filters were used in a backlighting configuration as
shown in Fig. 3. This setup reduced the high intensity light
from the arc. The wires, liquid metal sheets, and the
droplets became visible as their shadow imprinted on the
CCD of the high-speed camera. The images were initially
stored in the high-speed camera’s processing unit and then
transferred to a computer for analysis.

All the images in this study have been captured at a
framing rate of 18,000 frames/s. The image exposure time
is simply the inverse of the framing rate, i.e., 55 ls. The
image resolution is 25,564 pixels. The voltage trace of the
arc was also collected and was synchronized with the high-
speed images using an HP54540A oscilloscope. Image
analysis software has been used to extract quantitative
information. All the results presented in this study are
based on detailed analysis of 2000 consecutive images as
well as visual observations of more than 10,000 images at
each operating condition.

Final particle size distributions resulting from this
process have been characterized. The particles were first
collected by spraying into a container of compacted
crushed ice while the torch was translated in front of the
container at 2.5 cm/s. The particles were then dried and
washed with alcohol to minimize rusting. The particles
were then separated into 13 mesh sizes using Gilson
(Lewis Center, OH) sieves and SS-3 Shaker. The mass at
each mesh was measured and a mass fraction distribution
was calculated. The mass mean diameter was calculated
as an average representative number: dmm ¼

P
midi=M ,

where mi is the mass of all particles in group i, di is a
characteristic diameter of group i, and M is the total
mass of the collected particles.

Coupons (3� 5 cm) of aluminum and mild steel were
sprayed with the wire described above for coating quality
evaluation. The current was varied from 100 to 300 A, the
voltage from 30 to 36 V and the pressure from 90 to
365 kPa. The samples were mounted on a rotating wheel
in front of the torch at a distance of 10 cm. The tangential
velocity of the samples was 3.5 cm/s. The samples were
sectioned, mounted in epoxy and polished. Micrographs of
the sectioned samples were taken with an optical micro-
scope. The images were then analyzed by looking at the
grayscale level after a background flat field correction to
determine the percent porosity and oxide on each micro-
graph. Each data point presented is an average of 40
micrographs of four samples taken at each particular
running condition.

3. Results and Discussion

3.1 Classifications of Breakup Mechanisms

Extensive studies have been performed on the liquid
atomization phenomenon (Ref 11, 12). Although the fun-

Fig. 1 Volume flow rate and mass flow rate of the nitrogen gas
in the wire arc spray process as a function of system pressure
setting

Fig. 2 Schematic of the torch, the pressure gages and flow me-
ter. The pressure gage closest to the torch head is set as the
system operating pressure

Table 1 A list of operating parameters and range of
settings used in the current experiments

Min Max

Voltage 30 V 36 V
Current 100 A 300 A
Pressure 69 kPa 207 kPa
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damental physical mechanisms of liquid breakup (jets and/
or sheets) into drops have not been fully established, there
seems to be an agreement that the important factors are
liquid properties (viscosity, surface tension and density),
gas properties and the relative velocity between the liquid
and the atomizing gas (Ref 13). Although somewhat sim-
plified, the classical picture of liquid breakup presented by
Dombrowski and Johns occurs as a disturbance on the li-
quid surface which is enhanced by aerodynamic forces
leading to the formation of ligaments (larger liquid drops),
which may break up into smaller drops (Ref 14). The drops
may also breakup further into even smaller ones (second-
ary atomization). Their analysis was based on the wave
growth of the Kelvin-Helmholtz instability (Ref 15).
Classifications of the various disintegration mechanisms in
jets and sheets have also been reported (Ref 16-18). The
aerodynamic atomization of the liquid jets (a liquid jet
coflowing with a high velocity gas stream) was shown to
have two important non-dimensional numbers, the liquid
Reynolds number Rel ¼ Uldl=ml and the aerodynamic
Weber number We ¼ U 2

relllqg=rl, where Ul, dl, vl, rl are
the liquid jet velocity, jet diameter, kinematic viscosity and
surface tension, Urel is the relative velocity between the
liquid jet and the gas stream and qg is the density of the
coflowing gas. The classifications of the liquid jet breakup
shows that there are four main categories: axisymmetric
Rayleigh breakup (We < 15), Non-axisymmetric Rayleigh

breakup (15 < We < 25), membrane breakup (25 < We < 70)
and fiber type breakup (100 < We < 500). A compilation of
the breakup mechanisms of liquid sheets as a function of
the same parameters were also presented by Lasheras and
Hophinger (Ref 19). They showed that the Rayleigh axi-
symmetric breakup mechanisms can occur up to We � 10
and Rayleigh non-axisymmetric breakup can occur up to
We � 100 and the membrane breakup can occur up to a
value of We � 300. These breakup processes will be de-
scribed below in conjunction with the observation on the
current process under investigation.

Previous studies on the wire arc spray process have
shown that the constricted cathode attachment and diffuse
anode attachment lead to different melting behaviors of
the electrode wires and different molten metal structures
at the edge of the wires (Ref 8). The structures of metal
formed at the electrode edge are a combination of sheets,
membranes and small extrusions, as seen in Fig. 4.
Breakup of metal sheets, membranes and extrusions from
the wire electrodes has been categorized into three types:
(1) Rayleigh axisymmetric breakup; (2) Rayleigh non-
axisymmetric breakup; and (3) membrane type breakup.
These breakup mechanisms are graphically shown in
Fig. 5. When the molten metal on the wire electrode is
stretched in the direction parallel to the jet axis the forces
acting on the liquid sheet in opposing directions lead to its
breakup. Disturbances on the liquid metal/gas interface

Fig. 3 Experimental setup of the high-speed camera with a halogen lamp as a backlighting source. The camera is directly connected to a
computer for data storage and analysis
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are amplified leading to the formation of the Kelvin-
Helmholtz type instability. Under the aerodynamic drag
force, acting in the down stream direction, and the surface
tension forces, acting in the upstream direction, the semi-
hemispherical liquid metal, forming as a result of the
amplified Kelvin-Helmholtz instability, breaks into drop-
lets with trajectories parallel to the jet axis, as seen in
Fig. 5(a). Such breakup mechanism is referred to as the
Rayleigh axisymmetric breakup type. Due to the complex
flow structure generated in the jet shear layer, the wake of
the wires and the arc, an added force, acting in the
transverse direction to the sheet resulting from the con-
vecting eddies, leads to bends in the molten metal sheet
and a flapping movement is seen as the sheet breaks up
(Fig. 5b). Such mechanism is termed the Rayleigh non-
axisymmetric breakup type. The membrane type breakup
is observed when the sheet is thinly stretched at the edge
of the wire electrode to a point were a hole starts forming
at its center (Fig. 5b). The high viscosity, high surface
tension liquid metal [carbon steel at its melting point has a
viscosity 5 times larger than the viscosity of water, and a
surface tension 26 times larger (Ref 20)] starts collecting
at the rims of the membrane, around the newly formed
hole, ultimately forming a molten metal ring that
breaks up in the flow direction with either the Rayleigh

axisymmetric or Rayleigh non-axisymmetric breakup
mechanisms. High-speed images of the breakup types are
shown in Fig. 6(a) to (d).

3.2 Effect of Operating Parameters

As one might expect, operating parameters have a
significant effect on the type of breakup mechanism
responsible for particle generation in the primary atom-
ization stage. The importance of the various breakup types
have been measured as a percentage of the time such
mechanisms occur for an examination interval of 2000
consecutive frames. These effects have been examined for
both the cathode and the anode. The significance of the
breakup type on the disintegration of the anode sheet is
shown in Fig. 7(a) and (b). Note that the most dominant
breakup mechanism is the non-axisymmetric breakup
type. It is especially important at low voltages. At 30 V the
non-axisymmetric breakup spans the range of 50-90%
with least dominance at the coordinate: 207 kPa and
100 A. While the non-axisymmetric breakup mechanism
loses some dominance at high voltage, this diminishing
importance is most noticeable at low pressures. It is be-
lieved that the influence of large-scale turbulence that
contributes to the flapping movement of the sheets is less
effective at low pressures. The decrease in the flapping

Fig. 5 Graphics demonstrate three types of liquid sheet/mem-
brane breakup mechanisms. (a) Axisymmetric breakup mecha-
nism shown on both electrodes. (b) Non-axisymmetric breakup
mechanism shown on lower electrode and membrane type
breakup mechanism shown on upper electrode

Fig. 6 High-speed images showing sheets, extrusions, and
membranes at the edge of the wire electrodes as they disinte-
grate. (a) The anode sheet is disintegrating with Rayleigh axi-
symmetric type breakup. Resulting droplets travel parallel to the
jet axis. (b) A highly curved anode sheet is disintegrating with a
Rayleigh non-axisymmetric breakup type. The resulting droplets
travel in the down stream directions with varying trajectories. (c)
An upward traveling eddy in the flow causes the anode sheet to
bend upwards resulting in a non-axisymmetric type breakup of
the sheet. (d) The cathode sheet is seen to disintegrate by the
membrane type breakup with holes forming in the membrane.
The resulting strings of metal eventually breakup with axisym-
metric and non-axisymmetric type break up.

Fig. 4 A high-speed image demonstrating the formation of
metal membrane on the cathode edge. The anode sheet is seen
disintegrating into droplets (V = 36 V, I = 300 A, P = 69 kPa)
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movement of the sheets were evident in the high-speed
images. An opposite effect is observed when examining
the axisymmetric breakup mechanism. Note that axisym-
metric breakup gains significance at higher voltages and is
especially important at low pressures. The membrane type
breakup has the least significance of all the breakup pro-
cesses and no particular trend is readily seen. It is believed
that the increase in size of the arc (which was clearly seen
in the high-speed images) between the electrodes, at
higher voltages, is a significant factor in determining the
breakup mechanism. As the arc fills the wake behind the
wires and between the electrode sheets, the large eddy
structure of the jet pushing on the sheet in the transverse
direction has less of an effect of deflecting and bending the
liquid metal sheet. This reduces the dominance of the non-
axisymmetric breakup and increases that of the axisym-
metric breakup mechanism. While no modeling work has
been performed to show the effect of the large wake effect
behind the wires and the arc, initial flow visualization of
the cold flow (no arc present) show a significant wake
behind the wires.

The effect of the operating parameters on the breakup
of the metal from the wire cathode is shown in Fig. 8(a)
and (b). The non-axisymmetric breakup mechanism is the
most dominant at the cathode, especially at low voltage
and low pressure, with frequency ranging from 50 to 90%
of the time. This behavior is similar to the anode case.
With increased voltage the non-axisymmetric breakup
mechanism decreases in importance especially at higher
currents—little change in values is seen at lower currents.
Since the axisymmetric breakup mechanism is hardly ob-
served at the cathode, the non-axisymmetric breakup type
competes with the membrane type breakup. The fre-
quency of occurrence of the membrane type breakup in-
creases with increasing voltage and it becomes especially
important at higher currents. Since an increased current
translates into an increased amount of molten material,
the cathode sheet increases in length at higher currents, as
will be discussed in subsequent sections. The sheathing
and thinning of the larger sheets causes holes to form at
their center and the formation of small molten metal
strings. With a smaller sheet, however, breakup occurs

Fig. 7 Representation of the effects of the process parameters on the breakup type of the anode sheet. The z-axis represents the
percentage of the time a breakup mechanism is observed: (a) 30 V; (b) 36 V

Fig. 8 Representation of the effects of the process parameters on the breakup type of the cathode sheets. The z-axis represents the
percentage of the time a breakup mechanism is observed: (a) 30 V; (b) 36 V
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much before the hole can develop in the middle of the
sheet leading to non-axisymmetric breakup.

3.3 Sheet Length and Breakup Time

Electrode sheet lengths and breakup times have been
quantified using high-speed images. The lengths and
breakup times are presented in 3-D graphs as a function of
the operating gas pressure and current setting. Each graph
is given at different voltage settings of either 30 or 36 V.
The importance of these parameters lies in their influence
on the size of the produced drops after the primary
atomization and subsequently the final particle sizes after
the secondary atomization phase. The electrode sheet
length has been defined as the length of the sheet from the
edge of the electrode to its farthest end just before it
breaks up. The electrode breakup time is defined as the
time from the breakup of one sheet to the next.

The anode sheet lengths are presented in Fig. 9(a) and
(b). The anode sheet length values range between 3.2 and
4.7 mm. While the actual values of the sheet lengths have
significant standard deviations, 20-40% of the average
value, the general effects of the process parameters can be
clearly seen. An increase in pressure causes a decrease in
the sheet length, except at lower voltage and higher cur-

rents where a slight increase has been observed. This
generally decreasing trend is expected since enhanced
atomization accompanies increased gas velocity and mass
flow rate. A current increase has an effect of increasing the
sheet length except at higher voltage and lower pressures
where a slight decrease in sheet length has been observed.
The general trend of increasing sheet length with current is
consistent with the fact that increased current is an indi-
cation of the amount of material being melted. In reality
setting the current in this process sets the wire feed rate. A
voltage increase causes an overall decrease in the anode
sheet length. While an explanation of this behavior is not
clear, one may speculate to the cause of this effect.
Observations of the high-speed images show an increase in
the size (length and diameter) of the arc with increased
voltage and minimal increase in the distance between the
electrodes. Consequently, the larger arc voltage allows an
arc which is strongly bowed in the downstream direction,
leading to a stronger heating of the atomizing gas rather
than an increase in wire melt rate. The increase in the gas
heating will result in higher gas velocities, which in turn
may lead to shorter sheet lengths. It must be noted that the
final particle size showed a slight increase with increasing
voltage except at low currents. This is attributed to the
breakup mechanisms at the anode, namely the axisym-

Fig. 9 Anode sheet length as a function of pressure and current: (a) 30 V (top); (b) 36 V (bottom)
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metric breakup mechanisms. Reports in the traditional li-
quid atomization literature indicate that resulting particles
from axisymmetric breakup tend to be larger than those
from the non-axisymmetric breakup. Final particle size will
be discussed in subsequent sections.

Effects of the process parameters on cathode sheet
length are shown in Fig. 10(a) and (b). Note that the
values of the cathode sheet lengths are significantly
smaller than the anode, except at higher currents and
pressures where they are comparable. The cathode sheet
length values span the range of 1.3-3.7 mm. While visually
observing the length of the liquid metal structures at the
end of the electrode, it was deemed appropriate to refer to
structures less than 2.0 mm as extrusions rather than
sheets. The standard deviation for the cathode sheet
length also has a large range, 20-50% of the average
length. A pressure increase has an effect of slightly
decreasing the length of the cathode sheets/extrusions at
lower currents while the opposite occurs at higher cur-
rents. This effect has been visually observed as a consoli-
dation of all the little extrusions from the sides of the wire
cathode to its front edge, therefore, forming a larger sheet
rather than extrusions. A voltage increase has an overall
effect of decreasing the sheet/extrusion length, an obser-
vation that is consistent with that of the anode sheet.

The sheet breakup times for the anode range between
0.63 and 2.8 ms as seen in Fig. 11. The standard deviations
of the anode sheet breakup time range between 30 and
80% of the average values. The process parameters have
predictable effects on the anode sheet breakup time. An
increase in atomizing gas pressure causes a decrease in the
anode sheet breakup time, i.e., prompt breakup with
increasing gas velocity and mass flow rate (increasing
momentum). An increased current has an effect of
decreasing breakup time, which is caused by an increase in
the melting rate of the metal. An increased voltage, how-
ever, causes an increase in breakup time. While this effect
is not fully understood, the increased voltage, i.e., power

input, does not seem to increase the melting rate but rather
dissipates in the arc. The cathode breakup times also ex-
hibit behavior similar to that of the anode. The breakup
time ranges from 0.48 to 0.90 ms with 30-50% standard
deviation (Fig. 12). Both an increase in pressure and
voltage lead to a decrease in the breakup time of the
cathode sheets/extrusions. However, the current seems to
have little influence on the breakup time, an effect that
might be compensated by the increase of the sheet length.
Estimation of the mass contained in the sheet was not
possible since the sheet width and thickness were not
measured due to the movement and rotation of the elec-
trodes and therefore the obstruction of one or two of these
dimension due to the viewing angle. In general not only are
the trends important but also the actual values of both the
sheet length and the breakup time. These values should be
considered together since a slight increase or decrease of
one (i.e., sheet length) could be masked by the other (i.e.,
breakup time: a significant decrease in time indicating a
significant increase of frequency of breakup). This is par-
ticularly important since both the sheet length and the
breakup time have significant standard deviations as
pointed out above. A general formulation of the main
trends showing the effects of the process parameters on the
anode sheet length can be summarized in the following

Fig. 10 Cathode sheet length as a function of pressure and
current: (a) 30 V (top); (b) 36 V (bottom)

Fig. 11 Anode sheet breakup time as a function of pressure and
current at 30 V
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form: L � P�aIbV �c, where a, b, and c > 0. Note that these
formulations are not a fit of the data shown but rather an
aid to help elucidate those trends. Similarly such formu-
lations can be devised for both electrode sheets and
breakup times. Table 2 shows a summary of such relations.

3.4 Effect of Jet Flow Structures

The flow structures in the jet have a pronounced effect
on the liquid metal atomization both in the primary and
secondary stages. As discussed previously, large structures
in the jet are seen to affect the liquid metal sheet at the
edge of the electrodes. Large eddy structures in the flow
field have also been observed by noting the movement of
the anode and cathode sheets, as seen earlier in Fig. 6.
Although these images are not consecutive frames they
demonstrate the formation process of the molten sheet
structure. As the sheet starts to extend to a certain critical
length the aerodynamic effect on the sheet increases by
producing bends in the sheet. These bends increase in size,
as they are carried downstream and further turn with the
large eddy structure of the flow. As the flapping move-
ment and bending of the liquid metal sheet continues a
critical point is reached at which the surface tension forces
cannot hold the bending shapes of the metal resulting in
the formation of showers of droplets. Such breakup
mechanisms have been identified in the previous section as
a non-axisymmetric breakup type. The eddy structures
behind the wires, especially in the momentary absence of

the arc, have a significant effect on the primary atomiza-
tion of the sheets/extrusions. As can be seen in Fig. 13, the
cathode (top electrode) sheet starts breaking with a
membrane type mechanism, forming a ring, with the
particles detaching and moving in the upward direction.
As more metal is moved forward to the cathode edge, the
large flow structures, in the wake of the wires, act in a
downward direction causing a bend in the sheet and a
downward motion of the metal. The sheet breaks up and
the particles gain velocity with a downward direction.
Such drastic changes in the motion of the sheet and the
resulting droplets are a strong indication of the signifi-
cance of the flow structure in the jet, its shear layer and
the wake behind the wires.

A similar effect is also seen on the anode sheet. Fig-
ure 14 shows the effect of the large eddy structures on the
bending of the anode sheet thus determining its breakup
mechanism. An important observation is the location of
the bends/twists with respect to the arc location. Note that
the bending of the sheet, shown in Fig. 14, is right down-

Fig. 12 Cathode sheet breakup time as a function of pressure
and current at 30 V

Table 2 Formulation of operating parameter effects on
electrode sheet length and breakup time

Electrode Sheet length Breakup time

Anode L � P�aIbV �c s � P�d I�eV f

Cathode L � P gIhV �i s � P�jV �k

Note: The constants a through k are real positive numbers.

Fig. 13 A series of images showing the effect of the large flow
structure on the breakup up of the cathode sheet and the dra-
matic direction change of the produced particles. Parameters:
V = 30 V, I = 100 A, and P = 69 kPa. Note that every other
image of the sequence have been shown. A framing rate of
18,000 frames/s has been used.
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stream of the arc indicating the obstruction of the fluid
flow by the arc. The wake behind the wires and the arc,
especially in the momentary absence of the arc due to its
fluctuation, represents a low-pressure zone. When eddy
structures in the flow move on the underside of the anode
sheet the upward bending of the metal sheet is observed
and the breakup of the anode sheet occurs by the non-
axisymmetric breakup type. Therefore, the presence of the
arc, especially an elongated one (higher voltage setting),
minimizes the effect of the sheet bending and forces the
sheet to disintegrate with axisymmetric breakup mecha-
nism. The jet flow structures, therefore, work in coordi-
nation with the body of the arc in the wake of the wires to
influence the sheet bending and flapping movement so as
to determine the breakup mechanism. However, the effect
of the flow structure is not limited to its influence on the
primary breakup mechanism but also on the subsequent
trajectories of the particles. Such influence has been
shown in previous studies (Ref 8).

3.5 Metal Ejection and Arc Movement

The sheet formation on the anode and its subsequent
disintegration is observed to be synchronized with the
forward movement of the arc. This effect was first ob-
served through the high-speed images. Correlation of the
arc voltage and the high-speed images clearly show that as
the arc moves forward and elongates the voltage increases.
With the forward movement of the arc, the molten metal
on the anode surface is swept to the leading edge of the
wire thus forming the sheet. The long sheet is then disin-
tegrated by one of the above mentioned mechanisms.

Figure 15 clearly shows the synchronization effect by
comparing the voltage trace with the high-speed photog-
raphy. Note that this observation has also been seen at the
cathode. However, it is very important to note that while
the arc forward movement causes ejection of metal from
the cathode, the metal is also seen to detach when the arc
is in the back position (not yet stretched forward).

Fig. 14 A series of images showing the effect of the large flow
structure on the breakup up of the anode sheet, the dramatic
shape of the anode sheet and the subsequent direction change of
the produced droplets. Parameters: V = 30 V, I = 100 A, and
P = 207 kPa. Note that every other image of the sequence has
been shown. A framing rate of 18,000 frames/s has been used.

Fig. 15 Metal ejection from the anode is seen synchronized with
the arc forward movement, which also corresponds to an increase
in the arc voltage. Parameters: V = 33 V, I = 300 A, P = 69 kPa
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Quantification of this phenomena is shown in Fig. 16. This
synchronization of the arc forward movement and the
metal ejection is only observed at high currents (300 A)
with any pressure and voltage setting. Therefore, predic-
tion of metal ejection from the anode can be achieved,
given a sufficiently high current setting, by monitoring the
rising value of the arc voltage.

3.6 Final Particle Sizes

Ultimately, the quality of the deposit produced by this
system is dependent on the properties of the particles, i.e.
their sizes, speeds and temperatures. Manipulation of such
properties has been successfully demonstrated in other
studies (Ref 21). It is important, however, to establish a
correlation between the primary atomization stage and the
final particle sizes produced in this process. Figure 17
shows a sample particle size distribution. The shape of the
particle size distribution varied from bimodal/multi-modal
distribution towards single modal distribution when
decreasing the upstream pressure. This change reflects the
difference in droplet sizes leaving the electrodes. High-
speed images show smaller extrusions and smaller droplets
detaching from the cathode at high pressures. This has
been reported in previous work and visually confirmed in
this current study (Ref 5). However, the extent of the
contribution of the detachment mechanisms from the
electrodes or the secondary atomization on the various
peaks is not clear. The effect of the process parameters on
the particle sizes is shown in Fig. 18. An increase in
pressure causes a decrease in the mass mean diameter
(dmm) due to the high relative velocity between the
droplets and the gas. An increase in the current causes an
increase in the particle dmm because of the increase of the
mass of the molten material per unit of available gas

momentum. An increased voltage slightly increases dmm.
This effect is more pronounced at lower currents. When
comparing the effects of the process parameters on both
the dmm and the electrode sheet lengths an agreement in
general trends is clearly seen. Increasing the current and
decreasing the pressure causes an increase in the electrode
sheet lengths and an increase in the dmm. Similarly,
decreasing the current and increasing the pressure causes
smaller anode and cathode sheets and a decrease in the
dmm.

The atomization process, as has been shown, can be
quite complex due to the large number of variables pres-
ent and the number of stages involved in the atomization
process, including: (1) the metal melting at the cathode
and the anode and the formation of sheets, extrusions and
membranes; (2) the primary atomization stage with its
various breakup mechanisms; and (3) the secondary

Fig. 16 Bar graph showing the synchronization of arc forward
movement with metal ejection from both electrodes. The z-axis
represents the fraction of the time such synchronization were
observed

Fig. 17 Size distribution of particles collected from the wire arc
spray process with the following operating parameters: 36 V,
100 A, and 207 kPa

Fig. 18 Graphical representation of particle size in the wire arc
process given a certain pressure and current setting
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atomization stage (which has not been discussed here).
One might expect, however, the primary atomization stage
to have a strong effect on the final particle sizes produced.
When viewing the value of the dmm as a function of
pressure, as shown in Fig. 18, one might reasonably as-
sume that such curves might be collapsed onto a line with
the proper considerations of the physical mechanisms
discussed above. A reasonable approach would be to uti-
lize the Weber number, We ¼ U 2

relLsqg=rl, a non-dimen-
sional number representing the aerodynamic forces to the
surface tension forces that are involved in disintegrating
sheets and drops, where Urel is the relative velocity be-
tween the metal and the gas/plasma, Ls is a length scale
representing the size of the disintegrating metal (note that
the sheet thickness or a diameter would have been pref-
erable for this value, however, the current experimental
setup could not determine such value), qg is the density of
the gas/plasma and rl is the surface tension of the liquid
metal. Determining these values might prove challenging
due to the complexity of this process. A first order
approximation of these values will be presented. A rea-
sonable assumption for the value of the liquid metal sur-
face tension is the value at the melting temperature of the
metal. Since the velocity of the liquid metal sheets and
ligaments are relatively small compared to the velocity of
the gas and the plasma around it, one can assume then that
the velocity term can be approximated with the velocity of
the gas/plasma. However, the value of the gas/plasma
velocity can be difficult to predict due to the added arc
heating, arc fluctuations, jet-ambient mixing and location
of sheet with respect to nozzle exit. In addition, two dif-
ferent flows surround the sheets, the hot high velocity low
density plasma on the arc side and a relatively high density
cold gas on the outside of the sheet. This is further skewed
by the fact that most of the gas supplied in this process
goes around the arc. Therefore, as a rough first estimate
the value of the cold gas jet will be assumed. Similarly, the
density of the gas is a function of the operating parameters

and the location relative to the metal sheets and arc
location. Therefore, for simplicity the cold gas density will
be used. The length scale of the metal structures can be
either the anode or cathode length or an average value. In
this case, an average value will be taken. Figure 19 shows
that the lines appearing in Fig. 18 collapsed onto a single
line, with a correlation coefficient of 0.66, despite the gross
simplifications used in evaluating the Weber number, thus
illustrating the important effects of the primary atomiza-
tion stage onto the final mass mean diameter and dem-
onstrating a clear trend.

3.7 Coating Quality

The final determination of a successful coating is ulti-
mately based on the attainment of a desired value of
porosity and oxides for a particular application. Similarly,
the microstructure of the achieved coating will assure the
integrity of the deposit. Figure 20 shows the results of the
image analysis of the sprayed samples at different oper-
ating conditions. The porosity at low pressures (90 kPa) of
all the samples sprayed varied between 8 and 15%
regardless of the current and voltage settings and are
statistically indistinguishable. At higher pressure settings,
the porosity increases with increasing current. This is
consistent with the behavior of dmm and the sheet lengths,
each having larger values at increased current setting.
While at a lower current setting an increase in pressure
results in a decrease in porosity as expected, this is not the
case at higher current levels were the porosity is statisti-
cally invariant with pressure. This may be consistent with
the observation of large agglomerate of metal detaching
from the electrodes at higher current level regardless of
the pressure setting. The oxide content of the samples
shows an increase with increasing pressure as expected.
However, the spread in the data prohibits any solid con-
clusions regarding the effects of the current on the oxide
content.

The sample micrographs shown in Fig. 21 clearly
illustrate the difference in microstructure. At low current
level and low pressure (Fig. 21a) one can see both large
deformed droplets (an indication of large agglomerates
detached from the anode) and small droplets (an indica-
tion of smaller drops detached from the cathode). As the
current is increased while keeping the pressure low
(Fig. 21b), the microstructure of the coating becomes
more homogeneous formed mainly of large deformed
droplets which directly relates to the large agglomerates of
metal detached from both electrodes.

Increasing the pressure results in fine lamella micro-
structure the result of well atomized drops. The oxide
content (seen as gray color matter) increases with pressure
due to the increased metal-oxygen reaction given the
larger surface area to volume of the finely atomized par-
ticles as well as the increased entrainment of the ambient
air in the spray jet. It must be emphasized that these
observations are valid for the particular nozzle geometry
investigated, and that different nozzle designs generating
different velocities at the wire tips may produce stronger
pressure dependencies (Ref 2, 6). In particular, use of

Fig. 19 Scaled particle size distribution showing the collapsed
lines onto one line using the Weber number as a non-dimensional
parameter
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shroud can minimize the oxidation as shown by Wang
(Ref 2). While the breakup mechanisms and particle size
distribution are important parameters affecting the coat-
ing quality, also the velocity of these particles is of prime
importance and was not measured in this study.

4. Summary and Conclusions

While the wire arc spray process has been successful in
the thermal spray industry, its penetration into the high
precision and high quality coating applications has been
slow due to the lack of fundamental knowledge to allow
for better control of the system. Therefore, the goal of this
study has been focused on the understanding of the pri-
mary atomization of the metal and the effect of the arc,
fluid dynamics and process parameters on particle for-
mation and coating quality.

The structures formed at the edge of the electrodes
have been identified as either sheets, extrusions or mem-
branes. Such structures disintegrate by three mechanisms:
(a) Rayleigh axisymmetric breakup, (b) Rayleigh non-
axisymmetric breakup, and (c) membrane type breakup.
The system parameters determine the structures formed
on the electrodes, their breakup mechanism and the final
particle sizes and coating quality. For constant current and
voltage, increasing the pressure results generally in shorter
anode and somewhat shorter cathode sheet lengths,
smaller particle sizes and denser coatings. For constant
voltage and pressure, increasing the current results in
larger anode and cathode sheets (particularly at higher
pressures), larger particle sizes and denser coatings. For
constant current and constant pressure, increasing the
voltage results in decrease in sheet lengths of both elec-
trodes and an increase in particle sizes (particularly at low

currents). At low voltages, the non-axisymmetric breakup
dominates, but at the higher voltage, more axisymmetric
breakup is observed at lower pressures with the anode and
more sheet breakup at the cathode. This variety in
breakup mode may be the reason for the ambiguity in the
effect of voltage changes on sheet length and particle
diameter behavior.

Control of the particle size may be achieved by con-
trolling the breakup mechanisms, which maybe accom-
plished by de-coupling the primary and the secondary
atomization stages. Correlation exists between particle
ejection and voltage trace behavior, which may be used for
improved control.

Fig. 21 Micrographs of the polished samples: (a) 90 kPa, 30 V,
100 A; (b) 90 kPa, 30 V, 300 A; (c) 365 kPa, 30 V, 300 A

Fig. 20 Percent porosity and oxide content of samples sprayed
at various operating conditions
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