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Axial injection in plasma gun through the cathode has clear benefit of longer particle residence time and
optimum particle trajectory in the plume; however, accelerated wear of the cathode seem to be the major
issue in this approach. This study investigates the arc instability phenomena in an axially injecting single
cathode plasma torch design. Gun voltage measurements were used to evaluate the arc behavior. For
comparison purpose, arc fluctuations with a standard solid cathode torch design under identical operating
parameters have also been studied. A comparison of different internal hardware configurations is also
done to understand and establish the important factors in the design of the axial injection and solid
cathode systems. Further, this study presents the influence of plume elongation and accelerated gas
velocities on the arc behavior in different configurations under low pressure environment.
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1. Introduction

Most conventional plasma spray systems employ radial
injection of powders into the plasma stream. Even though
temperatures in a plasma plume can exceed 15000 �C,
radially injected feedstock does not follow an optimum
trajectory within the plasma jet, which reduces the melting
fraction of the powder. Further, there are some materials
that cannot simply be sprayed because of the short inter-
action time between the precursor powders and the plume.
Therefore, achieving an extended residence time and a
uniform trajectory in the plume has been the aim of many
design modifications and developments. There have been
two main techniques employed to extend this residence
time, namely, by means of a low pressure environment to
extend the plume or by changing the injection point of the
powder.

The benefits of low pressure plasma spray (LPPS)
have been realized by the industry for some time now.

Many investigations have been carried out on the effects
of a low pressure environment on plasma plume elonga-
tion. Reports have shown that the plume can be expanded
to 10 times (~10�4 Pa) its original length in some instances
(Ref 1). Although limited, there have been reports on the
usefulness of this process even in the case of very hard to
spray pure carbides such as tantalum carbide (Ref 2). This
approach to extend the particle/plume interaction time is
somewhat limited in its flexibility, due to the infrastructure
needed to carry out the process. The LPPS process also
has other drawbacks. The heat transfer from the plasma
jet to the particles is less efficient at low pressure due to
Knudsen effect. As a result, finer particles and/or higher
enthalpy are required. The deposition rate is low com-
pared to APS process.

In regard to changing the injection point of the powder,
the benefits of particle injection point relocation or redi-
rection within or in front of the nozzle have been well
documented (Ref 3-14). It has long been realized that
axial injection is the best method for increasing the resi-
dence time as well as optimizing the particle trajectory.
However, axial injection practice in a single cathode
configuration is not common. Alternatively, multi-cathode
designs have recently appeared in the market to provide
the axial injection capability (Ref 4). However, the eco-
nomics of multi-cathode systems are not as favorable as
the common single cathode systems. Multi-cathode sys-
tems tend to be bigger and are expensive. Further, the
process of changing the worn-out cathode is time con-
suming compared to single cathode. Often one needs to
change all the cathodes to keep uniformity of the arc.
Axial injection of particles through a single cathode con-
figuration has been attempted by several researchers
(Ref 3, 5, 7, 9-11, 14). Several patents exist based on this
concept dating back to 1960s (Ref 15-18). A few studies
(Ref 4, 5, 9, 10) have demonstrated that the axial injection
plasma spraying is a promising candidate for spraying high
melting point materials to form low porosity coatings with

This article is an invited paper selected from presentations at the
2009 International Thermal Spray Conference and has been
expanded from the original presentation. It is simultaneously
published in Expanding Thermal Spray Performance to New
Markets and Applications: Proceedings of the 2009 International
Thermal Spray Conference, Las Vegas, Nevada, USA, May 4-7,
2009, Basil R. Marple, Margaret M. Hyland, Yuk-Chiu Lau,
Chang-Jiu Li, Rogerio S. Lima, and Ghislain Montavon, Ed.,
ASM International, Materials Park, OH, 2009.

P. Mohanty, Jovan Stanisic, Jelena Stanisic, A. George, and
Y. Wang, Additive Manufacturing Process Laboratory,
University of Michigan, Dearborn, MI. Contact e-mail:
pmohanty@umich.edu.

JTTEE5 19:465–475

DOI: 10.1007/s11666-009-9444-9

1059-9630/$19.00 � ASM International

Journal of Thermal Spray Technology Volume 19(1-2) January 2010—465

P
e
e
r

R
e
v
ie

w
e
d



high adhesion. Furthermore, it demonstrates better oper-
ating controllability and much more cost effectiveness
compared to other plasma spray methods. For example,
dense alumina coating was successfully deposited by a
20-kW axial injection plasma spray torch (Ref 14). Even
though the need for such a system exists, no commercial
vendor has yet introduced a true axial injection system for
industrial use.

There seems to be a disconnect between the scientific
studies highlighting the merits and the problems of axial
injection cathode system. In other words, the number of
studies demonstrating the ability to achieve dense and
complex coatings of high melting point material at a rel-
atively low power level is much bigger than the number of
studies focused on the long-term performance of such a
configuration. In fact, the later is limited to a few. Vardelle
et al. (Ref 3) were probably the first to conduct a com-
parative study between classical and axial injection tor-
ches by drilling through the cathode. They demonstrated
that the axial injection seriously limits the life of the
cathode. Further, the operating range of the torch was
limited, a too low arc current (<100 amps) resulting in
constricted cathode spots and a too high current
(>180 amps) inducing a high erosion rate of the cathode.
However, other studies have also alluded to the erosion
behavior in the passing. For example, Li and Sun (Ref 10)
adopted an axial injection cathode made of two tungsten
rings, soldered onto a water-cooled rod of copper. The
tungsten ring of larger diameter works as the cathode, and
the plasma arc root establishes on the surface of ring,
while the inner tungsten ring works as a powder injection
port. The difference between the front planes of two rings
along the axis ensures that the plasma arc originates at the
outer tungsten ring. As consequence, the adherence of the
powder onto the wall of the cathode can be eliminated
through the facile control of particle trajectory and the
low temperature of the inner tungsten, resulting from the
cooling effect by the powder carrier gas flow. Alterna-
tively, Yugeswaran et al. (Ref 14) have used a single
tungsten cap. The cathodic arc strikes between the tung-
sten cap surface and the anode, while the center hole of
the copper cathode acts as a powder injection port. As a
consequence, adhesion of spray powder on the cathode
wall can be reduced due to the low temperature of the
copper wall resulting from the cooling effect by the pow-
der carrier gas flow and forced cathode cooling.

In contrast, electrode erosion phenomenon is a well-
studied topic in the conventional single cathode plasma
systems. Although much of the earlier developments in
torch design to improve the torch stability and electrode
wear reduction relied on empirical procedures, recent
studies have been devoted to a basic understanding of the
arc physics and the plasma jet dynamics (Ref 19-27). In
most single cathode/anode DC plasma torches, the arc
column is roughly parallel to the anode surface, and a cold
gas boundary layer (CBL) electrically insulates the arc
column from the anode (Fig. 1a). It is well understood that
the arc strikes from the tip region of the cathode to some
point on the anode wall where it attaches in the form of a
high-temperature, low-density gas column cutting through

the CBL that covers the anode wall (Ref 27). While the
arc attempts to attach to the anode surface, the drag force
exerted by the flow in the boundary layer and the Lorentz
forces, try to pull it away. The combined actions of the
drag and Lorentz forces make the anode arc attachment to
exhibit an axial and rotational movement on the anode
surface (Ref 27).

The thickness of the CBL controls the arc behavior and
depends on the plasma torch working parameters, namely,
the inner column design (of cathode, anode, and exit
nozzle), the arc current intensity, and the plasma gas flow
dynamics. The symmetry of the anode design favors the
rotational movement of the arc. On the contrary, the axial
displacement of the arc root brings a variation in the
length of the arc column. The electrode life, thermal
efficiency, and performance of the plasma devices, are
directly or indirectly attributed to the nature of arc fluc-
tuations (Ref 28, 29). As a consequence, the arc behavior
in the plasma jet has been the subject of numerous
experimental studies. Different arc fluctuation modes have
been defined in relation with the thickness of the cold
boundary layer: ��restrike mode�� with a saw-tooth shape
profile and high voltage fluctuation, ��takeover mode�� with
a more or less sinusoidal waveform and relative small
voltage fluctuation, and ��steady mode�� with very low
mean voltage and voltage fluctuations (Ref 20). The
impact of these modes on the electrode life has been
explained. Elegant numerical models (Ref 26-28, 30-36) of

Fig. 1 (a) Predicted temperature profile in a conventional
plasma column. (b) Predicted temperature profile in the pres-
ence of a centrally injected gas stream (Ar-63.1scfh, He-9scfh,
550 amps)
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the phenomenon have also been developed. To the best of
our knowledge, however, the extension of this knowledge
and techniques to study the arc behavior in axial injection
cathode system is non-existent or at best limited.

Some insight to the arcing phenomena and its rela-
tionship to the axial injection cathode design can be made
by examining the possible cold boundary layer in this
configuration. For this purpose, a simplified fluid flow
model was developed utilizing the commercial CFD
package FLUENT V. 6.3.26 (ANSYS, Canonsburg, PA)
to simulate the plasma flow field. On the basis of a gen-
erally accepted assumption, the plasma flow was consid-
ered to be optically thin, chemically inert, and in local
thermodynamic equilibrium (LTE). A simple approach
was adopted to simulate the complicated arc phenomena,
where a volumetric energy source was introduced inside
the torch nozzle to account for the Joule heating effect of
the arc on the plasma-forming gas (Ref 37). Hence the
electromagnetic phenomena, such as the electrodes losses,
and Lorenz force, were not considered in this study. This
method provides simplistic projections of the flow fields by
using the electric power as the sole input data. Further
simplifications include:

� The plasma flow was assumed to be steady, not taking
into account the energy fluctuation caused by the arc
root movement.

� As no magneto-hydrodynamic effect was included in
this model, the swirl introduction of the gas around
the cathode is not taken into account.

� The radiation loss was neglected, since the mean
temperature in the column is not very high
(~12000 K).

The mass, momentum, and energy conservation equa-
tions, along with the species transport equations, were
solved using the finite-volume approach for a two-
dimensional axis-symmetric domain. Pressure-velocity
coupling was achieved by the SIMPLEC algorithm. The
Reynolds-Stress model (RSM) is utilized to model the
turbulence in the plasma flow. A mixture of Ar/He is
supplied through the plasma gas injector. In the axial
injection cathode models, Ar is also introduced through
the center hole of the cathode as the carrier (cooling) gas
while keeping the total gas flow constant between the two
models. The anode wall and cathode wall are maintained
at a constant temperature of 1000 K. The plasma jet is
discharged into open atmosphere (100 kPa) or into the
low-pressure chamber (6 kPa).

The thermodynamic and transport properties of the
plasma gases and air are taken from the study of Boulos
et al. (Ref 38), the properties of the gas mixtures are then
calculated using the semi-empirical formula proposed by
Wilke (Ref 39) and Mason (Ref 40).The properties and
mixing laws were incorporated into Fluent code through a
number of user-defined functions. The parameters used in
these simulations were the same as the conditions under
which measurements were carried out in this study
(described below). The temperature profiles of a conven-
tional plasma column as well as an equivalent axial

injection cathode plasma column are shown in Fig. 1. The
corresponding velocity profiles are shown in Fig. 2.

As seen from Fig. 1(b), the axial injection cathode
system has a central cold zone due to the injection of the
carrier gas. Accordingly, the velocity profile (Fig. 2b) is
also significantly altered. Even if the plasma jet is con-
stricted farther downstream by the anode nozzle, the
influence of the central cold gas stream on the tempera-
ture as well as the velocity profile is still considerable.
From these simulations, it is reasonable to assume that the
arc emanates from the ring of the cathode forming a
hollow cylindrical plasma jet. This is because, in the
presence of the central gas stream, it will be difficult for
the arc root to attach on the internal surface of the cath-
ode. In fact, a study (Ref 7) on the voltage-ampere mea-
surement does show that when the central gas is absent,
the gun voltage jumps up indicating arc root attachment
inside the cathode. This so called ‘‘hollow arc,’’ however,
would necessitate that either the arc root moves randomly
or its rotation overlays the whole ring-shaped end of the
cathode for stable torch operation.

As mentioned earlier, the plasma jet experiences
rotational as well as axial movement. Owing to the pres-
ence of a hollow core, the rotational movement may not
be affected significantly; however, the axial movement is
expected to be influenced. Utilizing the techniques and
tools employed to study the conventional plasma arc, this
study intends to gain insight to the behavior of the hollow
arc. Further, in order to study the influence of plume

Fig. 2 (a) Predicted velocity profile in a conventional plasma
column. (b) Predicted velocity profile in the presence of a cen-
trally injected gas stream
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elongation, the arc voltage measurements were also per-
formed in a LPPS environment. The primarily focus here
is to examine the effects of the internal geometry and the
environment on the arc fluctuation behavior to further the
understanding of the axial injection cathode system.

2. Experimental Procedure and Details

Axial injection single cathode systems are not com-
mercially available. Therefore, new hardware was
designed and manufactured to enable axial injection. In
nutshell, the design could also accommodate the standard
cathode, anode, and gas injector used in Praxair SG100
plasma torch (Danbury, CT). The measurements were
carried out utilizing the newly designed axial injection
cathode configuration and the standard SG-100 configu-
ration as the reference. The gun was powered by a Ther-
mach (Appleton, WI) 60-kW power supply and control
panel. Internal hardware of the standard system consisted
of a subsonic cathode (Praxair #2083-720), subsonic anode
(Praxair #2083-730), and a 4-hole gas injector (Praxair
#2083-113). The axial injection cathode system consisted
of cathode, anode, and gas injector designed by the Uni-
versity of Michigan A.M.P.L. laboratory, and hereafter
referred to as UM-cat, UM-ano, and UM-inj, respectively.
All the experiments were conducted utilizing new hard-
ware to avoid any preferential arc root attachment spot.
The environment was controlled within a range of
6-9.33 kPa (~0.03 atm) for all the LPPS experiments. For
the APS experiments, the chamber was vented in; how-
ever, the pressure was slightly higher (~106.6 kPa) than
the atmosphere (101.325 kPa). The plasma torch was
operated with argon as the primary gas, and helium as the
secondary gas. Gas mass flow rate was held constant in all
the experiments, with argon and helium at 51.185 slpm
(4.45 kg/h), and 4.522 slpm (0.045 kg/h), respectively. The
operating parameters and the hardware configurations are
shown in Table 1. The axial injection cathode design has a
constant argon gas flow through the center to cool the
cathode as well as feed the powder during operation. In
order to equalize the mass flow rate between the two
designs, additional primary gas was used for the standard
design to compensate for the lack of the central gas
injection. Most of the experiments intended to find what
effects, if any, are attributed to the changes in internal
geometry alone, and therefore were conducted with no
powder injection (see Table 1). The second set of exper-
iment intended to study the effects of powder injection on
the stability of the axial injection cathode design. These
tests were conducted utilizing the P1V hardware setup,
and are identified as tests P2V, P3V, and P4V (see
Table 1). Both the metallic alloy and the ceramic powders
were injected separately, and simultaneously. The ceramic
powder was injected axially, while the metallic was
injected through the standard radial powder port location
of the SG100 plasma torch.

The data acquisition setup consisted of a PC (personal
computer), a NI SCXI 1000 4-slot chassis, SCXI 1600 USB

Data Acquisition (DAQ) Module, two SCXI 1120 devices
with two high voltage attenuator blocks of SCXI 1327
(National Instruments, Austin, TX). The device was con-
figured for an input of 0-10 V, and the gun anode and
cathode terminals were connected to the DAQ device
through a voltage transducer, CV 3-500 (300 kHz band-
width) which converts the gun voltage to a voltage of
0-10 V. Care was taken to ensure that the sampling rate of
the setup was capable of measurements up to 200 kHz
frequency, and the sampling rate was set at 200 kS/s to
satisfy the Nyquist criterion. The data were stored in the
PC for offline analysis in LabView (National Instruments,
Austin, TX). Voltage fluctuations were sampled at
the plasma torch to eliminate any resistive effects of the
power cable. Measurements were taken only after the
prescribed environmental pressure was established and
held constant for a minimum of 1 min in an effort to
minimize pressure fluctuation. Each experiment was
sampled for 5 s yielding a data set of 1 million points.
Sections were independently analyzed in 200 k point sets.

3. Results and Discussion

The data were analyzed in the time domain as well as in
the spectral domain by means of FFT computation. The
FFT was taken by subtracting the mean from the data and
also by low pass filtering of the data so that the frequency
components, characteristic of the gun operation can be
extracted. Some useful information such as average volt-
age, �u and the standard deviation, usd was obtained from
the time domain data. The calculations for �u and usd are
defined as followed.

�u ¼ 1

N

XN

i¼1

ui ðEq 1Þ

Table 1 Operating parameters and hardware
configurations

Pressure,
kPa

Hardware
Anode-cathode-gas injector Amp

Test
name

6.132 UM-ano, UM-cat, UM-inj 550 P1V
101.325 UM-ano, UM-cat, UM-inj 550 P1
6.132 P1V, with Ceramic powder 550 P2V
6.532 P1V, with Ceramic/Metallic powder 550 P3V
6.932 P1V, with Metallic powder 550 P4V
7.332 2083-730, 2083-720, 2083-113 550 P5V1
101.325 2083-730, 2083-720, 2083-113 550 P5
7.466 2083-730, UM-cat, 2083-113 550 P6V
101.325 2083-730, UM-cat, 2083-113 550 P6
6.799 UM-ano, UM-cat, 2083-113 550 P7V
101.325 UM-ano, UM-cat, 2083-113 550 P7
9.199 2083-730, UM-cat, UM-inj 550 P8V
101.325 2083-730, UM-cat, UM-inj 550 P8
7.332 UM-ano, 2083-720, UM-inj 550 P9V
101.325 UM-ano, 2083-720, UM-inj 550 P9
7.332 2083-730, 2083-720, UM-inj 550 P10V
101.325 2083-730, 2083-720, UM-inj 550 P10
7.332 UM-ano, 2083-720, 2083-113 550 P11V
101.325 UM-ano, 2083-720, 2083-113 550 P11
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usd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N � 1

r XN

i¼1

ðui � �uÞ2 ðEq 2Þ

Different arc fluctuation modes have been defined in
relation to the thickness of the cold boundary layer
(Ref 20). Accordingly, certain figures of merit, which give
an insight into the gun operation modes, were established.
These include the amp factor (A) and shape factors (Sh).
The shape factor Sh by definition is:

Sh ¼ tup
tdown

¼ number of instances where uiþ1 > ui

number of instances where uiþ1 < ui
ðEq 3Þ

where tup and tdown denote the time duration of the upward
slope and the downward slope, respectively. The under-
lying theory to this ratio is that in the restrike mode, the
voltage ramps up relatively slowly followed by a steep
decline. During takeover mode, these times are relatively
equal. This leads to a fundamental characteristic that the
restrike mode has a high Sh factor, and the ideal takeover
mode has a Sh value of 1. While the steady mode has a flat
voltage trace resulting in a low �u and usd. The steady mode
has been linked to the accelerated anode wear. An amp
factor A was also introduced by Ref 20, but modified by
Vysohlid (Ref 41) as a better method for measuring an
irregular signal. The amp factor was calculated by means
of the average voltage �u, standard deviation usd, and is
defined as follows:

A ¼ usd

�u
� 100% ðEq 4Þ

It has been previously established (Ref 20) that a perfect
restrike mode exists when A ‡ 10, and Sh ‡ 5. A prefect
takeover mode exists when A ‡ 10, and Sh < 1.1. The
steady mode was defined as A < 2, while a takeover-
steady mixed mode was 2 < A < 10, and the restrike-
takeover mixed mode was A ‡ 10, and Sh < 5.

On the basis of the above guidelines, all the voltage
data were analyzed in our experiments. An average shape
factor and average amp factor were calculated for all the
experiments listed in Table 1. The results are shown in
Fig. 3. For all the cases investigated here (Table 1), the
condition of 2 < A < 10 was observed indicating that the
gun ran in a takeover-steady mixed mode. The shape

factor for all the experiments met the condition, Sh < 1.1.
In other words, the axial injection cathode design oper-
ated in a steady/takeover mixed mode, such as the stan-
dard SG100 subsonic configuration. Further, under the
LPPS condition investigated here (~6 kPa), the arc mode
did not change from the APS conditions. As mentioned
earlier, the arc behavior is influenced by the boundary
layer that is established on the anode wall. The decrease in
operating pressure of the chamber from 106.6 to 6 kPa is
expected to have influence on the flow field. Therefore, it
is reasonable to expect that it should influence the flow
field inside the gun and in turn the arc mode. Although,
there were differences in the amp factor between APS and
LPPS experiments (the latter being slightly higher in most
cases), the magnitude was not significant to indicate any
change in the arc mode.

Figure 4 compares the voltage traces for the axial
injection cathode configuration under the APS and LPPS
environments. Although the mean voltages for both the
cases are almost the same, there is a slight difference in
the standard deviation. Figure 5 presents the comparison
of voltage traces for the conventional cathode configura-
tion under APS and LPPS environments. Compared with
the case of the axial injection cathode, the mean voltage as
well as the standard deviation in Fig. 5 differed appre-
ciably between the APS and LPPS measurements. The
APS mean voltage was higher whereas the LPPS standard
deviation was higher. In general, the standard deviation of
arc voltage fluctuations goes up when the boundary layer
is thicker. As discussed above, the transition from APS to
LPPS may affect the boundary layer and, in turn, the arc
behavior. Also note that the standard gun is operated at a
higher voltage than the axial injection cathode gun, which
is related to the larger arc root area.

On the basis of the shape factor and amp factor, the
axial injection cathode and the solid cathode systems seem
to run under steady/takeover mixed mode. Also note that
the corresponding FFTs for the two systems under LPPS
condition are very similar as shown in Fig. 6. No dominant
peak frequencies were present for both the cases except
the ones attributed to the power supply. However, a closer
examination of the voltage traces (Fig. 7) between the
axial injection cathode and the solid cathode configuration
under LPPS environment reveals some interesting features.

Fig. 3 Shape factor and amp factor results for the experimental matrix in Table 1
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For the axial injection cathode, the voltage trace has a
sinusoidal wave form indicating a takeover mode. On the
contrary, for the case of the solid cathode, a restrike (slow
voltage ramps up followed by a rapid decline) character is
apparent. It is to be noted that based on the shape factor
and amp factor, the voltage data presented in Fig. 7 are

still considered to be takeover-steady mixed mode.
However, the solid cathode configuration has more
restrike characteristics in the voltage trace.

Further insight into this difference discussed above can
be made by examining the simulated velocity and tem-
perature fields for both the systems under LPPS environ-
ment presented in Fig. 8 and 9. As expected, the plumes
have expanded considerably farther outside the throat of
the nozzle. Closer examination also reveals that for the
axial injection cathode system the velocity gradient as well
as the temperature gradient (Fig. 10) across the throat of
the anode is shallower, compared to the case of the solid
cathode system. Therefore, the observation of a restrike
character (with higher standard deviation) in the case of
solid cathode under LPPS (higher velocity) condition is
reasonable. Plume length variation under LPPS condition
in the case of conventional plasma system has been

Fig. 4 Axial injection cathode voltage, P1 (red, �u = 24.33 V, usd = 1.36 V) and P1V (black, �u = 24.35 V, usd = 1.41 V)

Fig. 5 Standard SG100 voltage, P5 (red, �u = 35.8 V, usd = 1.48 V) and P5V1 (black, �u = 30.18 V, usd = 2.29 V)

Fig. 6 FFTs of voltage signal; (a) axial injection (P1V) cathode
and (b) solid (P5V1) cathode

Fig. 7 Voltage signal; solid (P5V1), and axial injection (P1V)
cathode
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measured with high speed imaging technique by Kieschke
et al. (Ref 42). An obvious inference from the observed
periodicity of the fluctuations was that they were induced

by a ripple in the electrical transformer, particularly as
300 Hz is a common ripple frequency from a three-phase
full-wave rectified system. However, the fluctuations
associated with the arc restrike phenomenon were not
observed, possibly due to the low frame rates used in their
experiments. From the voltage signal as well as simulation
results, it appears that the central gas from the axial
injection cathode configuration affects the arc behavior
appreciably under LPPS condition compared to that of the
APS environment.

Figures 11 and 12 present the comparison of the volt-
age signals as affected by the gas injector. Our injector
design (Fig. 13) differs from the standard SG100 (#2083-
113) 4-hole design. As seen from these signals, the gas
injector influenced the �u considerably for the axial injec-
tion cathode system whereas the usd was not affected as
much. Figure 3 clearly shows the difference in P7 and P7V
from all other combinations. Our injector design showed a
jump in the mean voltage, indicating that the arc root
moved more randomly or its rotation overlaid the whole
ring of the cathode. Alternatively, a diffused attachment
of the arc at the whole tip of the cathode is also possible
(Ref 3). The latter would limit the operational range of the
gun: too low a current would result in a constricted arc
root, and too high a current would induce high erosion
rate of the cathode. For the applications in our study, we

Fig. 8 (a) Velocity profile in LPPS (6 kPa) environment, con-
ventional torch, (b) axial injection cathode (Ar-63.1scfh,
He-9scfh, 550 amps)

Fig. 9 (a) Temperature profile in LPPS (6 kPa) environment;
conventional torch, (b) axial injection cathode (Ar-63.1scfh,
He-9scfh, 550 amps)

Fig. 10 (a) Cross-section temperature-velocity profile for solid
cathode (from Fig. 8a and 9a). (b) Cross-sectional temperature-
velocity profile for solid cathode (from Fig. 8b and 9b)
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did not need high power, and, therefore, cannot validate
the erosion behavior at higher power. However, there
have been reports of gun operating up to 300 kW (Ref 11).
The LPPS environment did not influence the gas injector
effect as shown in Fig. 12. The standard 4-hole injector
induced more fluctuations in the arc as evident from high
amp factor, accelerating the deposition of powders on
anode wall as will be discussed later.

The next point of interest is to evaluate what effect, if
any, particle injection has on the arc fluctuation. It is
possible that electrically nonconductive particles injected
into the path of the arc might influence the attachment
and reattachment behavior and, consequently, induce
erratic voltage fluctuations. First, a stream of ceramic
particles was injected through the axial injection cathode
only. The voltage measurements were then recorded as
P2V. Then a metallic powder was injected at the standard
anode injection point together with coaxial ceramic par-
ticle injection. The measurements were recorded as P3V.

In the third measurement, the metallic powder was
injected only at the standard anode injection point. This
point of injection is located after the usual arc attachment
points and normally does not have much of an effect on
stability, but was included for completeness. This test was
annotated as P4V. The shape factor analysis exhibits little-
to-no effect caused by the powder injection, as shown in
Fig. 3.

By definition, tests P1V-P4V exhibit a steady/takeover
mixed mode operation with little change in their shape
and amp factors. Similarly, a global inspection of the
voltage measurements of these tests shows no apparent
change in the waveform with similar �u and usd afters the
powder is introduced into the axial injection cathode
(Fig. 14). However, a closer examination (Fig. 15) shows
that the signal has become noisy after the introduction of
the powder into the cathode, although the overall nature
of the waveform remains intact. The P1V and P4V tests
exhibit the same type of waveform, where the P2V and P3V

Fig. 11 Voltage trace, P1 (black, UM injector, �u = 24.33 V, usd = 1.36 V) and P7 (red, 4 hole injector, �u = 18.9 V, usd = 1.5 V)

Fig. 12 Voltage trace, P1V (black, UM injector, �u = 24.35 V, usd = 1.41 V) and P7V (red, 4 hole injector, �u = 18.19 V, usd = 1.44 V)

Fig. 13 (a) UM injector, (b) Praxair #2083-113
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tests show spiking as shown on the lower plot of Fig. 15.
From these observations, it appears that powder intro-
duction into the axial injection cathode somehow influ-
ences the cathode spot of the arc. As mentioned earlier, in
the presence of the central gas stream, it will be difficult
for the arc root to attach on the internal surface of the
axial injection cathode, and a study (Ref 7) does show that
when the central gas is absent, the gun voltage jumps up
indicating arc root attachment inside the cathode. This
scenario is not expected to change when the central gas
carries powder with it. On the other hand, the particle
injection with a carrier gas through the cathode may
present the same problems as those observed with

standard plasma torches i.e., a dispersion of the particle
trajectories, and it is unavoidable to have particles passing
at the periphery of the hollow arc column. However,
studies (Ref 3) performed on the injection of particles in
transferred arcs have shown that the natural tendency of
the arc is to find its path aside the particle flow. Therefore,
the plausible cause for noise spikes may be due to the
erosion of the hot cathode by the injected particles.

From the above discussion, it is evident that the axial
injection cathode gun design operates mainly in the stea-
dy/takeover mixed mode of operation. Pure restrike mode
was not exhibited in the range of this study, regardless of
hardware configuration. It should be mentioned that most
Ar/He plasma guns operate in the range where the take-
over mode dominates. Under LPPS environment, the axial
injection cathode design also showed takeover mode
dominance. This takeover mode has been a proven oper-
ating mode for the production of good coatings. However,
experiments with the axial injection cathode design under
APS environment often led to operational difficulties.
Axial injection under APS environment resulted in par-
ticles being redirected from their original flight trajectory
and consequently adhered to the anode wall eventually
causing clogging of the anode. When spraying a ceramic, a
noticeable drop in operating voltage occurs during this
time of build-up, and/or clogging. It is believed that the
voltage drop is caused by the non-conductive properties of
the ceramic forcing the arc to attach at a point closer
upstream on the anode instead of further downstream in
the nozzle area of the anode. As discussed above, the
operational (electrical characteristics) modes of the axial
injection cathode design under APS and LPPS environ-
ment are not significantly different, and, therefore, the
observed particle clogging behavior does not seem to be
related to the electrical behavior. However, a comparison
of the velocity fields (Fig. 2b and 8b) of the axial injection
cathode design under APS and LPPS environments, sug-
gests a different reason. For the APS case (Fig. 2b), the
velocity vectors point toward the anode wall in the
immediate vicinity of the cathode tip. Dispersion of par-
ticles toward the anode wall will be favorable under this
circumstance. On the contrary, from Fig. 8(b), it is evident
that the velocity vectors align along the anode axis in
cathode tip region and, therefore, the particle trajectories
are expected to follow the axis.

While LPPS condition favors desired particle trajec-
tory, the temperature field may have some adverse effect.
The simulated temperature (Fig. 9b) field under LPPS

Fig. 14 Axial injection cathode voltage, P1V (black, �u = 24.35 V, usd = 1.41 V) and P2V (red, �u = 24.39 V, usd = 1.4 V)

Fig. 15 Axial injection cathode voltage, P1V (top, �u = 24.35 V,
usd = 1.41 V) and P2V (bottom, �u = 24.39 V, usd = 1.4 V)
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condition suggests that the axial injection cathode design
does not provide any special advantage in terms of the
length of the hot zone in the jet. In fact, the high tem-
perature zone is smaller than the one that existed in the
APS condition (Fig. 1b). It should be noted that the whole
notion of LPPS plasma spraying is to benefit from the
extended plume and higher particle velocity. The advan-
tage of LPPS operation for standard gun is quite evident
from Fig. 9(a). The axial injection cathode design itself
provides the opportunity of extended interaction. In order
to prevent oxidation, one can operate the gun under inert
environment instead of LPPS environment. Alternatively,
one can optimize the LPPS condition to achieve the
desired particle trajectory and an optimized temperature
field.

It is to be noted that most of the experiments were
conducted at a much lower power level (~15-20 kW)
compared with many conventional plasma guns. Even at
this lower power level, the extended residence time in the
hot zone of the plasma plume enables one to spray a wide
variety high temperature material. For example, Table 2
shows the physical properties of chromium oxide (Cr2O3),
a widely used plasma-spraying material. The not-so-com-
mon or not so easily sprayable tantalum carbide (TaC)
properties are also included in this table. It is worth noting
that the power consumption in the axial injection design
for spraying TaC is less than half of that is commonly used
for spraying Cr2O3 by the standard gun despite their
melting points being significantly different (Table 2). In
order to demonstrate the capability of this new design, the
micrograph of a TaC deposit is shown in Fig. 16. This
coating was obtained in atmospheric condition at power
level indicated in Table 2. Note that success with plasma

spraying of TaC is limited, and that to LPPS (Ref 2). As
shown here, a good coating was feasible at a very low
operating power by the axial injection cathode design.

4. Conclusion

The arc behavior of an axial injection single cathode
plasma gun was investigated in this study. The character-
istic mode of the arc for the axial injection cathode design
was observed to be in the steady/takeover mixed mode.
The arc behavior did not change significantly from APS to
LPPS environment. The gas injector design influenced the
mean voltage considerably for the axial injection cathode
system whereas the standard deviation was not affected as
much. Increasing the number of holes while keeping the
overall cross section area constant showed a jump in the
mean voltage, indicating that the arc root moved more
randomly or its rotation overlaid the whole ring of the
cathode. Particle introduction also did not affect the
overall arc behavior. However, the signal became noisy
after the introduction of the powder into the cathode,
although the overall nature of the waveform remained
intact. The plausible cause for noise spikes is believed to
be due to the erosion of the hot cathode by the injected
particles. Axial injection under APS environment resulted
in particles being redirected from their original flight tra-
jectory and consequently adhered to the anode wall
eventually causing clogging of the anode. When spraying a
ceramic, a noticeable drop in operating voltage occurs
during this time of build-up and/or clogging. Flow field
modification under LPPS environment suppressed this
problem. However, the melting efficiency was lowered,
which was in line with the predicted temperature profile.
An optimized LPPS condition to achieve the desired
particle trajectory and temperature field performed well.
This new design is capable of producing coatings that
previously were not possible with comparable conven-
tional plasma guns. The overall power consumption in this
design was low.
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