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Abstract

A novel method for adjusting the direct current arc anode attachment mode by changing the
anode surface structure is proposed. A transferred arc device is used to investigate the effect on
the arc anode attachment state of the electrode separation and the presence and dimensions of an
annular boss, or embossing, on the anode. The experimental results show the diffuse arc anode
attachment mode is more likely to be formed in the presence of an annular boss structure on the
anode, compared to the standard planar structure. In the case of argon working gas, as the
distance between the cathode and the anode increases from 15 mm to 30 mm, the arc maintains
the diffuse arc attachment on the anode with the annular boss, while for a planar anode, the arc
anode attachment mode changes from diffuse to constricted. Comparison of the measured
temperature distribution by the relative intensity method and the emission intensity of the arc
attachment region verifies that the annular boss anode can indeed promote diffuse attachment.
Analysis of the electric field strength distribution between the electrodes shows that the
introduction of the annular boss doubles the electric field strength near the anode surface due to
the boss edge effect, which drives the arc to be evenly dispersed on the boss, resulting in the
formation of diffuse arc attachment. The enlarged attachment area reduces the current density
and heat flux on the anode surface, which is important for the stabilization of diffuse arc
attachment. No obvious ablation is found on the surface of the annular boss anode after 1 h
operation, while there significant ablation is evident on the surface of the planar anode.

Keywords: Arc anode attachment, diffuse arc attachment, anode structure, emission
spectroscopy, electrode erosion, transferred arc, thermal plasma

(Some figures may appear in colour only in the online journal)

1. Introduction
Direct current (DC) arc plasma devices are widely used

as high-temperature heat sources in material processing,
aerospace, and waste treatment [1]. In these devices, the arc

* Authors to whom any correspondence should be addressed.

1361-6463/21/36LT01+7$33.00

anode attachment mode directly determines the heat flux dis-
tribution on the anode surface and therefore affects the per-
formance and service life of the arc plasma device. Arc anode
attachment modes have consequently been the subject of many
studies. Previous experimental observations and theoretical
analysis have shown that the arc anode attachment mode can
be divided into the diffuse mode, the constricted mode, the
multi-arc root attachment and other transitional attachment

© 2021 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of experimental setup to observe the arc anode attachment.

modes [2-8]. Among these, the constricted arc anode attach-
ment often leads to the extremely high current and heat flux
density on the anode surface, so that the arc attachment region
is often subjected to strong ablation when there is insufficient
anode cooling [9-12]. Although some methods and measures,
such as external magnetic field rotating arc [13], gas-dynamic
dispersion [14, 15] and multi-electrode structure [16], have
been introduced in attempts to modify the attachment mode,
there is still ample room for improvement.

It is well known that the electrode’s surface morphology,
such as tiny bumps, burrs, roughness, etc, can affect the inter-
action between the arc and the electrode. Since the micro-scale
structure of the cathode, such as micro-protrusions, is closely
related to the emission properties and arc ignition, intensive
studies of this issue have been performed for vacuum arcs
[17-19]. It is found that the presence of such micro-scale struc-
ture on the electrode surface leads to the enhancement of the
local electric field of the electrode. The enhancement of the
field strength of a surface can be described by the ad hoc intro-
duction of a field enhancement factor 3, which is the ratio of
the actual field strength with micro-protrusion and the ideal
field strength for a smooth electrode surface. For the cathode,
the electric field enhancement coefficient may exceed 100, or
even 1000 in some cases, which has a significant influence
on the emission properties of the cathode [20]. Micro-scale
structures also occur on the anode surface for various reasons.
Even for a smooth anode surface, the arc interacts with the
anode surface to cause roughness on the order of nanometres

to micrometres during the operation of the arc device. When
the anode is severely ablated, cavities of the order of milli-
metres or more may be formed. This kind of anode micro-scale
structure, in particular the resulting micro-protrusions, has a
great influence on arc anode attachment. It is usually found
in experiments that the arc tends to attach to locations with
protrusions. The influence of the micro-protrusions on the arc
anode attachment is expected to be related to the enhancement
of the electric field on the anode surface caused by the micro-
protrusions.

Here we look at this issue from a different point of view.
We ask whether, since the micro-protrusions on the anode sur-
face can affect the arc anode attachment, it is possible to adjust
the arc anode attachment by artificially providing a regular
protruding structure on the electrode? To examine the ques-
tion, we produced an annular boss (an annular protrusion or
embossing) on the anode surface and used an argon transferred
arc, as shown in figure 1, to investigate the effect of anode sur-
face structure on the arc attachment.

2. Experimental setup

In the experiment, the electrode arrangements of the trans-
ferred arc device are shown on the right side of figure 1. The
device includes a thoriated tungsten cathode with a diameter
of 5 mm and a 60-degree cone angle at the tip, and a cop-
per anode that is perpendicular to the cathode axis. An IGBT
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Figure 2. The structure and dimensions of the annular boss used in the experiment.

(a) Planar

(b) Di =5 mm

15mm

20mm

30

mm

10

20

30

30mm

25mm

Figure 3. Comparison of arc anode attachments with changing electrode separation, group (a) planar anode and group (b) annular boss

anode.

inverter DC constant current power supply that can provide
currents from 40 to 160 A was used. The arc current is 60 A.
The working gas is supplied through the channel between the
cathode and the alumina ceramic cover, with a flow rate of 10
standard litre per minute (slm). A four-channel spectrometer
(AvaSpec-ULS4096CL) with an optical fibre (200 pum) fixed
on a displacement platform (with an accuracy of 0.001 mm)
was adopted to record the radial distribution of emission
intensity. The images of argon arc were recorded by a CCD
with two narrow-band filters, with a bandwidth of 10 nm,
at wavelengths 675.28 nm and 696.54 nm, respectively. An
anode with an annular boss and a carefully polished planar
anode are respectively used to conduct a comparative obser-
vation experiment of arc anode attachment. The two kinds
anodes have the same thickness of 10 mm, the same overall
diameter of 46 mm and the same water cooling conditions are
used for each anode. The structure and dimensions of the annu-
lar boss anode used in the experiment are shown in figure 2.

3. Results and discussion

Figure 3 shows photos of the arc attachment to the anode
for different electrode separations. The arc photos were taken
by a Sony FDR-AX700 camera with a pixel resolution of
421 x 561, using an exposure time of 100 ys. A Vario-Sonnar
T* camera lens with an f/11 aperture was used, together with
a neutral density filter (ND 0.6). It can be clearly seen from
figure 3(a) that for the annular boss anode, as the electrode
spacing increases from 15 mm to 30 mm, a relatively stable
diffuse arc attachment mode is maintained on the anode sur-
face. For the planar anode shown in figure 3(b), it can be
seen that with the increasing electrode separation, the arc
attachment mode changes from the diffuse to constricted, then
multi-point, and finally, a more intensely constricted attach-
ment that deviates significantly from the arc axis. The arc
voltage increases significantly with the electrode separation
for both planar and annular boss anodes. However, there is
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Figure 4. Comparison of arc anode attachment with the difference anode structure (a) planar anode, (b)—(d) annular boss anode with

different boss diameters.

little difference between the arc voltage for the planar and
annular boss anodes for the same interelectrode gap.

To further study the effect of the annular boss on the arc
anode attachment, we kept the electrode separation (30 mm)
and the operating parameters unchanged to examine the effects
of the diameter of the annular boss. To facilitate comparison,
figure 4(a) shows the experimental photo of arc attachment
at the planar anode, while figures 4(b)—(d) present photos of
arc attachment for three annular boss diameters. It should be
noted that we kept the shooting conditions consistent in order
to make the photos of different anodes comparable. Saturation
occurs in the arc centre near the planar anode in figure 4(a),
but it does not affect the analysis of the results or the conclu-
sions. It can be seen that, compared with the planar anode, all
the annular boss anodes with different sizes have a signific-
ant dispersing effect on the arc anode attachment. However, it
can also be observed from figure 4 that when the size of the
annular boss is larger, the arc attaching to the anode tends to
be multiple points. Therefore, it can be predicted that when
the diameter of the annular boss is larger than a certain value,
the dispersing effect of the annular boss on the arc attachment
decreases. For larger diameters, the attachment tends to be
consistent with the arc attachment on the planar anode.

Based on the photos given in figure 4, the effects of differ-
ent anode structure on the arc anode attachment can be further
analyzed. We can set a specific grey value from the photo to
represent the width of the arc attachment to the anode. Here,
the grey value of 51 (20% of the maximum grey value 255)
at 2 mm above the lowest part of the anode is defined as the
boundary threshold of the arc attachment region. The widths of
the arc attachment region calculated based on this method are
shown in the lower part of figure 4. Because the temperature of
the arc is positively correlated with the brightness of the image
(below the maximum emission of argon lines), the average
temperature of the arc attachment region corresponding to dif-
ferent anode types can also be compared semi-quantitatively
using the sizes of average grey value within the arc attachment
range. They are obtained by averaging the grey values of all
pixels within the arc width determined by the grey boundary
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Figure 5. Comparison of the width and average grey value of the
arc attachment at 2 mm above the lowest part of the surface for
different anode types (a) planar anode, (b)—(d) annular boss anode
with different bosses.

threshold. Figure 5 presents the arc anode attachment width
and the average greyscale of the arc attachment region for the
different anode types obtained based on the experimental pho-
tos of figure 4.

It can be seen from figure 5 that the arc anode attachment
width is the smallest, and the brightness is the highest, for the
planar anode. For the anodes with an annular boss, as the dia-
meter of the annular boss increases, the width of the arc anode
attachment increases, and the brightness gradually decreases.
The results demonstrate that the annular boss has a signific-
ant dispersing effect on the arc anode attachment. It is noted
from figure 5 that the arc width rises significantly, i.e. from 8.6
to 11.2 mm, when the inner diameter of annular boss anode
increases from 5 mm to 8 mm, while the increase in the arc
width at the anode attachment site is not obvious when the
inner diameter of annular boss anode increases from 8§ mm to
12 mm.
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Figure 6. Arc temperature distribution for planar (a) and annular boss with inner diameter 8 mm and outer diameter 10 mm (b) anodes

measured by relative intensity method of emission spectroscopy.

Temperature distributions of the transferred arc are given
in figure 6 for the different anode structures. The arc tem-
perature measurement method is based on the relative intens-
ity method of the emission spectrum which is described in
[21-23]. The method is based on arc image processing tech-
nology and the relative intensity ratio of two specific spectral
lines. The grey images of the arc were taken by the CCD cam-
era through two narrow-band filters with central wavelengths
of 675.28 mm and 696.54 mm, respectively. The arc was
stable, and the shooting conditions were identical. Therefore,
the images taken by the CCD at different times for the two fil-
ters could be superimposed. The radial distributions of emis-
sion intensity of the 675.28 and 696.54 nm Ar I lines were
obtained by scanning the spectrum along the radial direction
with the displacement platform. By calibrating the emission
intensity with the grey value at the corresponding positions,
one can establish the relationship between emission intensity
and grey value. The grey values recorded by the CCD with dif-
ferent narrow-band filters can then be converted to the temper-
ature distributions of the arc plasma. In this study, the temper-
ature distributions are not obtained from spatial reconstructed
by Abel-inversion. They are calculated by the emission super-
imposed along the line of sight, which is actually a method to
obtain the averaged parameters of the line-of-sight. For more
details of the calibration process and the relative intensity cal-
culation of the two spectral lines to obtain the temperature dis-
tribution, refer to [21-23].

It can be seen from figure 6 that, in the case of a planar
anode, the arc anode attachment is in a constricted mode.
In addition to a high-temperature zone adjacent to the cath-
ode, the arc also forms a zone of relatively high temperature,
which can reach 7000-8000 K, above the surface of the anode
due to the constriction of the arc. However, in the case of
an annular boss anode, the arc temperature decreases mono-
tonically along the central axis from the high-temperature
region below the cathode to the anode surface. It shows that
for the annular boss anode, there is no high-temperature zone
caused by arc constriction at the arc anode attachment region.
It should keep in mind that there are some limitations in
the accuracy of temperature measurement methods used in

this study. The relative intensity method of emission spectra
is based on the assumption of local thermodynamic equilib-
rium (LTE). For the arc fringes and the electrode attachment
regions, the plasma deviates from LTE, and the measurement
results lose accuracy. Nevertheless, the measured temperature
distributions present a reasonable comparison of the relative
states of arc anode attachment for the two anode structures.
In particular, it should be noted that the differences in tem-
perature persist up to more than 5 mm above the anode, and
deviations from LTE are only expected within 1 mm of the
anode.

The electrostatic field distributions, calculated in a two-
dimensional axisymmetric (r-z) coordinate system, for planar
(a) and annular boss (b) anodes are shown in figure 7. The
voltage between the anode and the cathode is set to 25 V,
which is of the same order as the arc voltage for the argon
transferred arc with arc current of 60 A and gas flow rate of
10 slm. It can be seen from figure 7 that for the planar anode,
the electric field strength distribution on the anode surface is
relatively uniform. In contrast, for the annular boss anode,
the electric field strength near the annular boss is obviously
enhanced.

Figure 8 further shows a comparison of the radial distribu-
tion of the electric field strength 1.25 mm above the lowest
part of the anode for the planar and the annular boss anodes.
It can be clearly seen from figure 8 that, due to the change
of the structure of the anode, the electric field strength near
the annular boss is substantially larger than that of the planar
anode. The electric field strength has a clear ‘M-shaped’ distri-
bution on each side of the annular boss anode. The two peaks
occur at the edges of the annular boss, with the larger value
of 700 V m~! occurring near the outer edge and the inner
edge value being 650 V m~!. This is because the outer edge
angle 120° is smaller than the inner edge angle 135° for the
annular boss anode, thus resulting in a stronger electric field
at the outer edge. In the central part of the ‘M-shaped’ peaks,
corresponding to the flat top of the annular boss, the electric
field strength is about 500 V m~!, which is much lower than
the electric field strength on the boss edges. This means that
the edges, rather than the flat part of the annular boss, make the
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Figure 7. The calculated electric field strength distributions for planar (a) and annular boss with inner diameter § mm and outer diameter

10 mm (b) anodes.

800 | Planar Anode
Annular Boss Anode

700 -
5600 -
2500t r
Sal

400 + ]

200 1 . 1 . 1 .

-20 -10 0 10 20
R (mm)

Figure 8. The calculated radial distribution of electric field strength
1.25 mm above the lowest part of the surface for planar and annular
boss anodes.

main contribution to the electric field strength enhancement.
According to the definition of the electric field enhancement
coefficient 3 discussed above, 3 for this annular boss structure
is ~2. The change of electric field strength changes the cur-
rent density distribution of the arc anode, thereby affecting the
distribution of the Lorentz force on the anode surface. Accord-
ing to a previous analysis [7], the main reason for the forma-
tion of the constricted arc attachment mode is a relatively high
current density at the anode attachment region, which leads
to anode jet formation via the Lorentz force, which is due to
the interaction of the current with the self-induced magnetic
field. The annular boss enhances the electric field, causing the
arc to be evenly distributed on the boss, which increases the
arc anode attachment area and decreases the current density,
thereby preventing the formation of an anode jet. Although this
enhancement factor is much smaller than the magnitude of the
electric field enhancement factor caused by some micro-scale
structures on the cathode surface, it is sufficient to change the
arc anode attachment state.

5.0mm

After arc operation

Before arc operation

Figure 9. Photographs of anode surface before and after 1 h of arc
operation; (a) planar anode. (b) annular boss anode.

The main advantage of diffuse arc attachment compared
to constricted attachment is that it can reduce the current and
heat flux density on the anode surface, thus reducing the heat
transfer from the arc to the anode and preventing the occur-
rence of anode ablation. To test the effect of the annular boss
anode on heat transfer to the arc anode, we operated the annu-
lar boss and planar anodes under the same conditions for one
hour with an electrode separation of 30 mm. Figure 9 shows
photos of the anode surface state before and after the exper-
iment. The previous figures and analysis showed that the arc
is attached to the surface of the planar anode in a constricted
mode for a long electrode distance, and the current and heat
flow density at the arc attachment region is relatively high. As
a consequence, obvious ablation points are observed after arc
operation. However, for the annular boss anode, since the arc
anode attachment mode is diffuse under the same operating
conditions, the anode surface remains in good condition with
no obvious signs of ablation.

4. Conclusions
In conclusion, this letter proposes a novel method to adjust

the arc anode attachment mode by changing the anode surface
structure. The experimental results show that with increasing
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electrode separation, the arc attachment mode on the surface
of the planar anode gradually changes from diffuse to con-
stricted. For the annular boss anode, the arc anode attachment
mode remains diffuse. By analyzing the electric field distribu-
tion between the electrodes, it was found that the annular boss
on the surface of the anode enhances the local electric field
strength due to the large curvature of the annular boss edges,
which drives the arc to be evenly dispersed on the annular boss
and plays an important role in adjusting the arc anode attach-
ment mode. The ‘M-shaped’ electric field strength distribu-
tion above the annular boss anode indicates that the boss edges
have a larger effect on enhancing the electric field strength than
the flat part. It is possible to increase the electric field strength
further by increasing the boss height and the sharp edge angle,
which will make possible optimization of the boss geometry
in future work. Subsequent work will focus on adjusting the
anode structure to improve the anode attachment characterist-
ics of molecular gas arcs, for which the heat flux to the anode
and the consequent likelihood of damage are typically larger.
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