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Particle Size Distribution
in a Wire-Arc Spraying System

A. Pourmousa, J. Mostaghimi, A. Abedini, and S. Chandra

(Submitted October 26, 2004, in revised form March 12, 2005)

The size and velocity of particles produced by a ValuArc 200 (Sulzer-Metco, Westbury, NY) twin-wire-arc
spraying system were measured in-flight using a DPV-2000 system (Tecnar Ltd., St-Bruno, QC, Canada) for
arange of operating parameters. A technique was developed to identify and separate the size distributions of
particles produced by atomization of molten metal at either the anode or the cathode by assuming that both
follow a log-normal distribution. It was shown that particles produced by the anode are almost two times
larger in diameter than those originating from the cathode. Experiments showed that increasing the pressure
of atomizing gas decreased the size of both anodic and cathodic particles, but changing wire feed rate and
operating voltage did not change particle size significantly.

Keywords diagnostics and control, size distribution, twin wire-
arc spray

1. Introduction

Twin wire-arc spraying is an economical spraying process
that has become popular in the thermal spray industry because it
combines low operating and equipment costs with high deposi-
tion efficiencies. Wire-arc coatings, though, are usually of
poorer quality than those obtained from other methods such as
plasma spraying and high-velocity oxyfuel spraying (HVOF),
with greater porosity and lower adhesion strength. A better un-
derstanding of the spray process will provide us with some
guidelines as to how existing wire-arc spray equipment designs
can be modified to improve coating properties.

The quality of thermal sprayed coatings is directly related to
the properties of the molten particles such as size, temperature,
and velocity (Ref 1-4). These are not independent since the di-
ameter of particles determines the magnitude of both heat trans-
fer and drag forces acting on them and thus their temperature and
velocity. In powder-based spray techniques such as plasma
spraying or HVOF, particle size is determined by the size distri-
bution of the powder fed into the gun. Wire-arc spraying is dif-
ferent because no powder is used; rather, the heating of the wire
tips by the arc and detachment of molten metal droplets caused
by drag and magnetic forces determines the shape and size of
spray particles. It has long been known that anode and cathode
are heated differently in a wire-arc process. The arc attaches to
the anode over an area larger than the cathode where heating is
more localized at the cathode spot (Ref 4, 5). At the tip of the
anode wire, a large area is heated due to diffuse arc-anode at-
tachment, melting a layer of metal that is pushed off the edge of
the wire-tip by the atomizing gas, creating an “anode sheet.” At
the cathode, constricted arc attachment causes much more local-
ized heating and melting. Also, because the current passes
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through a smaller area, the current density (j) at the cathode sur-
face is much higher, producing a large magnetic pinch force (or
Jj x B force where B is the induced magnetic field). Molten metal
droplets ejected into the arc from the cathode by both drag and
magnetic forces are observed to be smaller than those detaching
from the anode. Using laser strobe photography, Hussary et al.
(Ref' 5, 6) and Watanabe et al. (Ref 7, 8) clearly illustrated the
differences between molten metal detachment at the tips of the
anode and cathode wires. Inhomogeneity in the microstructure
of wire-arc coatings was also observed by Zhu et al. (Ref 9).
It was demonstrated that particles originating from anode and
cathode are distributed in an asymmetric way about the center-
line of the wire-arc spray.

In the most complete attempt, to date, to model particle pro-
duction in the wire-arc spraying process (including atomizing
gas in the nozzle, an electric arc in the presence of crossflow, and
primary and secondary atomization), Kelkar et al. (Ref 10, 11)
used the traditional particle breakup model of Amson (Ref 12)
and Arai and Hashimoto (Ref 13). More recently, Hussary et al.
(Ref 6) studied the mechanisms involved in primary atomization
of molten metal from the wire tips and the effect of varying pro-
cess parameters on these mechanisms. This study presented
quantitative predictions about sheet, extrusion and membrane
lengths, and breakup times.

Several different researchers have noted the bimodal size dis-
tribution of wire-arc spray particles (Ref 6, 10, 11). However, no
quantitative analysis has been done to measure the variation of
particle size. The aim of this study was to measure the size dis-
tribution of wire-arc particles and confirm the dual peak size
distribution of particles, to develop a technique to separate the
individual peaks in the bimodal size distribution, and to investi-
gate the effect of process parameters on the size distribution of
particles originating from each electrode.

2. Experimental Apparatus
The results presented in this paper were obtained using Valu-

Arc 200 twin-wire-arc spraying system with high-velocity air
cap, manufactured by Sulzer-Metco Inc. (Westbury, NY). The
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Fig.1 Volume flow rate of the atomizing gas (dry air) as a function of
pressure

operating parameters of this system and their working ranges are
listed below:

*  Voltage can be varied from 20 to 40V.

*  Wire-feed-rate can be varied from 3 to 10 m/min (0.05 to
0.17 m/s).

e The following 14-gauge wires (d = 1.6 mm), manufactured

by Sulzer-Metco, were used:

(a) Stainless Steel Metcoloy 2: Fe 13Cr 0.5S10.5Ni 0.5 Mn
0.35C

(b) Stainless Steel Metcoloy 5: Fe 18Cr 8.5Mn 5Ni 1Si
0.15C

(c) Metco Al: 99% aluminum

(d) Metco Copper AW: 99.8% copper

e Pressure of the atomizing gas can be varied from 239 to 550
kPa (20 to 65 psig). The volume flow rate of the gas in-
creases linearly with pressure (Fig. 1).

*  The atomizing gas is dry air.

The system uses an LCARE electric-arc power supply (Sul-
zer-Metco) with a controllable output direct current (dc) voltage.
The current that passes through the arc is determined by the op-
erating parameters (Fig. 2). An external flow-meter and pressure
gage (MEM Thru View, Meter Equipment Manufacturing,
Willoughby, OH) was installed upstream of the gas-inlet hose of
the spraying gun to measure the volume flow rate and pressure of
the atomizing gas. The pressure gauge was installed between the
flow meter and the spraying gun.

The DPV-2000 monitoring system (Tecnar Ltd., St-Bruno,
QC, Canada), was used to measure in-flight particle velocity,
temperature, and size distributions. The DPV-2000 is an optical
instrument that determines the properties of individual particles
by measuring the infrared radiation emitted by each particle
passing through the field-of-view of its sensing head. A mask
with two slits is fixed in front of the optical sensor so that two
peaks are recorded whenever a particle is detected. Particle ve-
locity is measured by recording the time taken for each particle
to traverse the known distance between two slits; diameter by
measuring the total radiation emitted by each particle and as-
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Fig.2 Current-voltage characteristic of the arc for different wire-feed-
rates (termed as wfi-) and pressures; the error-bars represent current fluc-
tuation and standard deviation of 5-10 measurements.

suming it is a spherical gray body emitter; and temperature by
using principles of two color pyrometry (Ref 14).

DPV particle size measurements were calibrated by spraying
wire-arc particles into water, drying them, and washing with ac-
etone. Figure 3 shows a typical sample of such particles. The size
distribution of the powder collected was measured using a par-
ticle size analyzer (MasterSizer S; Malvern Instruments Ltd.,
Malvern, UK) with a detection range from 0.05 p to 880 um, and
then fitted to the DPV-2000 size distribution by varying the as-
sumed diameter coefficient of the DPV software, a factor that
takes the effect of material emissivity into account (Ref 14). Par-
ticle size distributions were plotted as both frequency-histogram
and volumetric-histogram of particle diameter, assuming par-
ticles were spherical.

3. Spatial Characteristics of the Spray

The wire-arc spraying system with a high-velocity air cap has
a divergence angle of about 15°, giving a coated area of 50 x 50
mm when the substrate is placed 200 mm away from the gun.
The deposited coating is not a perfect circle; rather, the spray
pattern is in the shape of an oval whose shorter radius lies in the
plane of the two wires. For example, the minor and major radii of
the coated area are 25 and 30 mm, respectively, for a substrate at
a stand-off distance of 200 mm (with V'=32.1 V, p =308 kPa,
and wire feed rate = 7 m/min). This is because the atomizing gas
stream is diverted by the wires producing a spray divergence that
is larger along the x-axis than it is along the y-axis (Fig. 4a).

Particle properties were measured at different positions in the
spray to examine the uniformity of the spray. Figure 4 shows the
variation of particle velocity (Fig. 4a) and diameter (Fig. 4b) at
different x and y positions in the spray at a distance of 50 mm
from the spray nozzle. Results are shown for aluminum particles
with the operating parameters of the gun kept constant with a gas
pressure of 308 kPa, arc voltage of 32.1 V, and wire feed rate of
7 m/min. The points in Fig. 4 represent the average of 3-5 mea-
surements of 7000-10,000 particles in the spray, and the error
bars show the standard deviation of the values recorded.
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Fig. 3 (a) Optical and (b) SEM pictures of aluminum particles collected by spraying into water; p = 308 kPa, /'=32.1 V, wire feed rate = 7 m/min

Particle velocity diminished with distance from the center-
line of the spray (Fig. 4a), following the gas velocity profile
(Ref 15). The average particle diameter increased with increas-
ing radial distance from the centerline of the spray (Fig. 4b) be-
cause the off-center particles experienced less of the secondary-
atomizations in the low-velocity gas flow. Particle temperatures
(not plotted here) were practically constant in the x-y plane
(about 2433 K), and any variations were within the experimental
error range. Particle temperature was much higher than the melt-
ing point of aluminum, indicating that surface oxidation pro-
duced a highly exothermic reaction on the surface of particles.

Mass flow-rate of particles (1) at any axial location in the
plume can be calculated:

v wd’
Average 6

Average(v)

m=rn-p- (Eq 1)

where d and v are diameter and speed of a particle, p is the den-
sity of the particles, and 7 is the number flow-rate (number of
particles per second that pass through the field of view of the
DPV-2000 sensing head). Because the DPV-2000 system re-
cords only a certain fraction of particles (depending on the set-
tings and detection criteria) passing through its sensing volume,
the number flow-rate of particles measured is proportional to the
actual value. Therefore, the calculated mass flow-rate will be a
relative (or scaled) value. Figure 4(c) illustrates the relative
mass-flow-rate profile of the in-flight particles at a cross-section
of the spray.

A measure of the spatial dispersion of particles is the full
width at half-maximum (FWHM) of the mass flow-rate curve,
defined as the distance between points on the mass-flow rate
curve at half the peak value. The FWHM of particle mass flow
rate in the y direction is about 28 and 35 mm in the x-direction
(Fig. 4c), producing the elliptical deposit on the substrate ob-
served in experiments.
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When the DPV-2000 was calibrated, the size of particles
sprayed into water was matched to those measured by the DPV
along the axis of the spray. Radial variations of particle size,
such as those shown in Fig. 4(a), were ignored in this process.
Neglecting particle size variations does not create a large error
because the particle density in the spray is concentrated along
the spray axis (Fig. 4c). It was estimated that the error in total
mass flow rate introduced by assuming uniform particle size dis-
tribution was less than 4%.

Variation of particle properties along the axis of the spray
gun was also investigated. Velocity of particles decreased with
distance form the nozzle, falling from 160 m/s at z =70 mm to
about 100 m/s at z =200 mm. Particle size distribution and tem-
perature showed no variation in the z direction. It is speculated
that heating of aluminum particles caused by surface oxidation
offsets the cooling caused by convection and radiation to the
surroundings.

4. Particle Size Distribution

In the wire-arc spraying system, the arc attaches differently
to the anode and cathode (Ref 4, 5, 7, 8, 10, 11, 16, 17), so the
two wires do not melt in the same way. Photographs of arcs have
shown that cathode heating is confined to a small area (cathode
spot), but the anode is heated more uniformly, though in both
cases the area of arc attachment is smaller than the diameter of
the wire (Ref 5-7). Droplets detaching from the anode are there-
fore typically larger than those from the cathode (Ref' 5, 8), pro-
ducing a dual-peak particle size distribution. In some recent
studies (Ref 6, 10), bimodal size-distribution have been reported
when operating with low atomizing gas pressures. However, at
higher pressures, the two peaks overlap so it is not easy to dis-
tinguish between them. Figure 5(a) shows the diameter fre-
quency-histogram of aluminum particles produced with atomiz-
ing gas pressure 515 kPa, arc voltage 37.9 V, and wire feed
rate = 7 m/min. The same data is presented as a volumetric-
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Fig.4 (a) Velocity, (b) diameter, and (c) mass-flow-rate of the spray particles as a function of y and x, with z =50 mm; center of the spray is located
atx =y = 0 mm; the error-bars in the graphs represent the standard deviation of 3-5 measurements.
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Fig.5 (a) Frequency-distribution and (b) volumetric-distribution his-
tograms of measured particle diameter are shown by grey histograms;
p =515kPa, =379 V, and wire-feed-rate = 7 m/min. The curve in
(a) is a log-normal function (n = 56 mm, o = 0.451) matching the maxi-
mum and full-width-half-maximum of the measured distribution. The
curve in (b) is the volumetric log-normal function with the same p and o
as (a) and scaled with the same scaling factor as the measured volumet-
ric-distribution. The black bar-histogram represents the difference be-
tween the measure volumetric-distribution and the volumetric log-
normal function.

histogram (volume fraction) in Fig. 5(b). The y axes in the size
distributions are shown with arbitrary units because only a frac-
tion of all particles in the spray were recorded by the DPV-2000.
Only one peak is obvious in both cases. The technique used to
separate cathodic and anodic particles is described below.

4.1 Size Distribution of Anodic and Cathodic
Particles

The size distribution of particles produced by atomization of
liquid jets typically follows a log-normal probability distribution
function defined by (Ref 18):
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where s and m are the geometric standard deviation and geomet-
ric mean drop size (Ref 18, 19). This curve fits best to the ex-
perimental data of Fig. 5(a) with m = 56 mm and s = 0.451.
However, there are more large particles than expected in the ex-
periments (Fig. 5a, d > 100 mm). The difference becomes more
obvious when the volumetric log-normal probability distribu-
tion function defined as:

1 <ln(D)—ln(;,L) >2
vdf(D) = - D% ? N

D’ 1
— (D) = ———
6 / \/ 27 's

(Eq3)

is plotted on the experimental volumetric-distribution data in
Fig. 5(b). In this figure, the volumetric log-normal function is
produced with the same m and s as in Fig. 5(a) and is scaled the
same as the experimental data. Here, the difference between the
number of large particles measured and those expected from
typical atomization theory becomes obvious. The difference
(black bar-histograms in Fig. 5b) is evidence of two sets of par-
ticles, produced by the cathode and anode, respectively, which
have different but overlapping size distributions. Because par-
ticles in each of the two sets are produced by a simple atomiza-
tion process in one electrode, their size distributions are ex-
pected to follow a log-normal function.

To confirm that particles produced by melting and atomiza-
tion of each of the wire tips follow a log-normal probability dis-
tribution function, it was necessary to physically separate the
anodic and cathodic particles. For this purpose, Stainless Steel
Metcoloy 2 and Metco Copper wires were used as the anode and
cathode, respectively. After being sprayed into water, particles
were collected, dried, washed with acetone, and then separated
using a magnet. Stainless steel and copper are distinguishable by
their color under a microscope, and inspection showed that the
number of copper particles present in the stainless steel particles
after separation was less than 1%. To avoid particle agglomera-
tion, stainless steel particles were placed in a demagnetizer
(DEMAG, Nortronics).

Size distributions of both copper and stainless steel particles
were measured using a Particle Size Analyzer (Master Sizer S;
Malvern Instruments Ltd., Malvern, UK). Figure 6 shows the
size distribution of anodic stainless steel particles. A log-normal
distribution curve fit the data well; discrepancies were less than
the uncertainty of the measuring instrument (error bars in Fig. 6).
The experiment was repeated with the polarity of wires switched
to that the cathode was stainless steel. Cathodic particles also
follow a log-normal distribution function.

4.2 Separation Technique

The size-distribution of wire-arc particles can be represented
by superposing two log-normal distribution functions. Because
anode and cathode wires are fed into the spray gun at the same
rate in experiments, the total masses of cathodic and anodic par-
ticles in any sample collection are equal. Therefore, even though
the volumetric-distribution curves of anodic and cathodic par-
ticles are different, the area under the curves must be the same.

Journal of Thermal Spray Technology
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Fig. 6 The log-normal function fits well within the error-bars of the
size-distribution of anodic particles. Stainless steel and copper wires
were used as anode and cathode, respectively. The error bars represent
the systematic-error of the size measuring device.

Because cathodic particles are smaller, they must be more nu-
merous than the larger anodic particles. A method for determi-
nation of the size distributions of anodic and cathodic particles
produced by a wire arc spray is summarized in the following
steps:

1. Plot the experimental volumetric-distribution of particles
and determine the area (4,,) under the curve.

2. Fit a log-normal function, using the least square method,
to the ascending portion of the experimental frequency-
distribution curve of particle diameter (from 0 to the most
frequent particle diameter; e.g., from 0 to 45 mm in Fig.
5a). Because this fit represents the frequency-distribution
of cathodic particles, the area under its volumetric-
distribution curve must equal 4,/2. We assume here that
the anodic particles are larger and much fewer in number
and hence contribute little to the population of small par-
ticles.

3. Subtract the fitted cathodic distribution curve from the
measured distribution to obtain the distribution of anodic
particles.

4. Fit alog-normal function through the calculated diameter
frequency-distribution of anodic particles using the least-
squares method. The area under its volumetric-distri-
bution curve must also be 4,/2.

5. Add the cathodic and anodic distributions and compare
with the experimental size distribution to evaluate errors.

4.3 Error Estimation

To estimate the errors associated with the experimental in-
strumentation for measuring powder size distributions, two
powders of known size distribution were mixed, the size distri-
bution of the mixture was measured, and then the size distribu-
tion of one of the original powders was calculated. Metco
54NS-1 powder (Al 99%, particle size: —75 + 45 pm) was sieved
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to isolated batches with diameter ranges of =53 +45 pm and —75
+ 63 um. A particle size analyzer (MasterSizer S, Malvern In-
struments Ltd., Malvern, UK) was used to measure the size dis-
tributions of both samples. Equal weights of both powders were
then mixed, and the size distribution of the mixture determined.
Because the volume of the mixture was twice the volume of the
samples, their size distributions were scaled similar to steps 1
and 2 of the algorithm outlined above. By subtracting the size
distribution of the smaller particle sample from that of the mix-
ture, the size distribution of the larger powder was determined.
The relative error (¢) was calculated:

fly _yreconstldx
g=t—r——— (Eq4)
Jviax

where y and y,..on are the experimental and calculated size dis-
tribution of the larger diameter powder, respectively. The rela-
tive error in reconstructing the size distribution was less than
4%.

To estimate the errors associated with the proposed technique
for separating anodic and cathodic particle size distributions,
two peaks were reconstructed from the mathematical sum of two
known log-normal functions. Typical values of u;, = 50 pm and
o, =0.45 were assumed for the cathodic log-normal particle size
distribution function and p, = 120 um and o, = 0.45 for the an-
odic distribution function. These curves and their summations
are shown in Fig. 7, both as frequency-distribution (Fig. 7a) and
volumetric-distribution (Fig. 7b) of particle diameter. Following
the procedure outlined above the anodic and cathodic particle
diameter distributions were reconstructed from the combined
curve; the calculated size distributions are also shown in Fig. 7.
The relative errors of both reconstructed functions were calcu-
lated to be less than 0.5%. This error varies with the shape and
peak to peak spacing of the anodic and cathodic distribution
curves. Table 1 lists five different anodic log-normal functions
and the error in reconstructing them while the cathodic particle
size distribution was held constant. Errors increase when the
peaks are closer together and there is greater overlap of the two
distribution curves.

5. Effect of Varying Wire-Arc Parameters

To investigate the effect of wire-arc operating parameters
such as atomizing gas pressure, wire feed rate, and operating
voltage on particle size distribution, a series of experiments was
done in which each of these was varied. Particle size distribu-
tions were measured using the DPV 2000 and anodic and ca-
thodic particles identified using the separation technique de-
scribed above. Figure 8 shows a typical result for a spray gun
operated with gas pressure 515 kPa, wire feed rate 7 m/min, and
arc voltage 32.1 V. Particle sizes are shown as both a frequency-
distribution (Fig. 8a) and volumetric-distribution (Fig. 8b), and
calculated anodic and cathodic particle size distributions are also
shown. Similar experiments were performed for atomizing gas
pressures ranging from 239 to 515 kPa, wire feed rates of 6 to 10
m/min, and arc voltages of 25 to 40 V. Repeated experiments
were performed at each setting. The results shown are the aver-
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Fig. 7 The separation technique was applied on the addition of two
known log-normal functions (LN: p; =50 um, 0 = 0.45 and LN,: p, =
90 um, o = 0.45) to reconstruct the original functions: (a) frequency-
distribution and (b) volumetric-distribution.

Table 1 Different log-normal functions and the relative
error in reconstructing them from their sum

Cathodic Anodic

log-normal function log-normal function Relative
Ky, pm o, By, pm o, error, %
50 0.45 150 0.45 0.2
50 0.45 120 0.45 0.4
50 0.45 90 0.45 1.6
50 0.45 80 0.45 3
50 0.45 70 0.45 8

age of four measurements and error bars represent the standard
deviation.

Figure 9 shows the variation of both mean-diameter and
mass-mean-diameter of both anodic and cathodic particles with
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Fig. 8 Two peaks in the measured diameter distribution were sepa-
rated and presented in (a) frequency and (b) volumetric forms. LN, and
LN, represent log-normal distribution functions of cathodic and anodic
particles, respectively. VLN, and VLN, are the volumetric representa-
tion of LN, and LN,. Experimental particle size statistics were obtained
by a DPV-2000 system at a stand-off distance of 50 mm, voltage of
32.1 V, wire-feed-rate = 7 m/min, and p = 515 kPa. These distributions
represent statistics of about 8000 aluminum particles.

gas pressure. Mass-mean-diameter is defined as MMD =
(Emd)/ Xm,, where m; and d; are mass and diameter of the ith-
particle, and the summation is over all particles (Ref 6). Anode
particles were always significantly larger than cathodic par-
ticles. Particle size increased as gas pressure was reduced. Drag
forces exerted by the gas are the main reason for atomization of
molten material from the wire tips. Droplets of molten metal are
formed when drag and magnetic forces tearing liquid off the
wire tip exceed surface tension forces attaching it to the wire. As
gas pressure decreases, so does its velocity and therefore drag
forces. Molten metal droplets grow larger before detaching from
the wire tip when drag forces diminish. Moreover, secondary
atomizations that break the molten material into smaller droplets

Journal of Thermal Spray Technology



300 T : : .

+ Anode: Mass Mean Diameter
= Anode: Mean Diameter

250+ 4 Cathode: Mass Mean Diameter H
+ Cathode: Mean Diameter

E 200' *\i\_[\!__L 1
3
$ 150t : 1
£ _ ,
o w
© 100+ ]
-'—-_-'-""————-o——u—————‘
50+ ]
oo 200 300 400 500 600

pressure (kPa)

Fig. 9 Mean-diameter and mass-mean-diameter of cathodic and an-
odic particles decrease as the pressure of the atomizing gas increases.
Anodic particles are more significantly affected by atomizing gas pres-
sure than the cathodic particles. Error-bars represent a standard devia-
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tend to produce smaller particles with increasing gas flow veloc-
ity (Ref 20).

The primary dimensionless parameter on which secondary
atomization depends is the gas Weber number defined as We =
pgAUzD/(r, where p,, AU, and o are gas density, relative gas-
droplet velocity, and surface tension of the liquid metal. For all
metallic melts, there exists a critical Weber number (We_,;, = 13)
below which droplets remain stable (Ref 20). The Weber num-
ber in the nozzle region of the spraying gun, where the primary
breakups occur, is estimated to be 70 (assuming typical values
for gas velocity and spherical drop diameter as in Ref 10). Thus
the metallic detachments are unstable and subject to further dis-
integration. However, five centimeters downstream from the
nozzle exit, the Weber number dramatically drops to an approxi-
mate low value of 0.5, below the critical value. Therefore, the
effect of secondary disintegrations can be neglected in the spray
region. This is confirmed by experimental results that showed no
significant change in the size distribution along the spray, dis-
cussed in Sec. 3.

Because the size of droplets resulting from a secondary
breakup is proportional to the size of the original particle (Ref
20) and because the primary breakups from anode and cathode
are different in size (Ref 10), the size of anodic and cathodic
droplets after the secondary atomization should be distinct.

Figure 10 shows the variation in particle size with wire feed
rate. There was a small increase in particle diameter as feed rate
increases, though it was so small it was difficult to see the effect
on mass mean diameter. Increasing the wire feed rate shortens
the arcing distance, which results in an increase in the current
that passes through the arc, and therefore the heat flux to the
electrodes. In the case of the cathode, where heating is localized
at the cathode spot, the increased heat flux results in faster de-
tachment of the same size droplets from the wire material, which
is fed at a higher rate. In the anode region, where heating is
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Fig. 10 Mean-diameter and mass-mean-diameter of cathodic and an-
odic particles as a function of the wire-feed-rate; error-bars represent a
standard deviation of 3-5 measurements of about 8000 particles; oper-
ating parameters: aluminum wires, p = 515 kPa, V'=32.1 V, stand-off
distance = 50 mm.
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Fig. 11 Mean-diameter and mass-mean-diameter of cathodic and an-
odic particles as a function of the applied voltage; error-bars represent a
standard deviation of 3-5 measurements of about 8000 particles; oper-
ating parameters: aluminum wires, p = 515 kPa, wire-feed-rate = 7
m/min, stand-off distance = 50 mm.

is spread over a larger area, the increased heat flux results in a
thicker layer of molten material, which is pushed away by the
drag force of the gas flow. The drag force, however, does not
increase with the thickness of the anode sheets, and therefore
slightly larger particles are produced in the anode.

Varying operating voltage, too, had only a small effect on
particle size. Figure 11 shows the variation of mean particle di-
ameter with voltage. A midvalue voltage at about 32 V appeared
to maximize particle size. A full explanation of this behavior
will likely require a detailed analysis of changes in heat transfer
and magnetic forces at the wire tip caused by varying voltage.
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6. Conclusions

In a wire-arc spray system, particles are formed by atomiza-
tion of molten metal from the tips of two wires between which an
electric arc is struck. The arc attaches to the anode over a much
larger area than it does for the cathode, and consequently, par-
ticles separating from the anode are larger than those from the
cathode. In-flight particles are a mixture of cathodic and anodic
particles. The size distributions of the two sets of particles can be
identified and separated by assuming that both follow a log-
normal distribution. Experiments showed that increasing the
pressure of atomizing gas decreased the size of both anodic and
cathodic particles, while changing wire feed rate and operating
voltage did not change particle size significantly.
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