
Introduction

In-process removal of surface oxides is
a very important element of the welding
procedure when high-quality welds or de-
posits of aluminum alloys are to be
achieved by gas tungsten arc welding
(GTAW) in an open atmosphere. The
melting temperature of aluminum oxide
(2050°C) is much higher than that of alu-
minum alloys. The high melting tempera-
ture of aluminum oxide and its tenacious
behavior in the weld pool can cause weld
defects. The presence of the oxide layer on
the molten pool can cause fusion defects
(Refs. 1, 2), inclusions, and porosities
(Refs. 1, 3). 

To remove the oxides during melting of
aluminum alloys by GTAW, alternative
current can be used. During the direct cur-
rent electrode positive (DCEP) polarity of
the arc, the cathodic cleaning of oxides oc-
curs. Because of the oxide cleaning func-
tion of the variable-polarity arc during
DCEP polarity, variable-polarity plasma
arc welding (VP PAW) and variable-po-

larity gas tungsten arc welding (VP
GTAW) are used for high-quality welding,
cladding (Refs. 4, 5), and rapid prototyp-
ing (Refs. 6, 7) of aluminum alloys.

There are some reports in the litera-
ture discussing the feasibility of methods
for real-time oxide cleaning during alu-
minum melting other than cathodic clean-
ing. Jarvis and Ahmed (Ref. 8) showed
that the oxides can be thermally removed
by a direct current electrode negative
(DCEN) arc under helium shielding gas.
Ryazantsev et al. (Ref. 9) showed that the
oxides can be partially removed by the
forces induced by the fluid flow in the
molten pool. However, the success and
popularity of these methods are far less
than oxide cleaning by using the DCEP
polarity of the arc. 

Background information on the physics
of atmospheric arcs is needed to study the
mechanism of cathodic cleaning. There-
fore, before discussing the possible mech-
anisms of cathodic cleaning, some basic
information on arc physics is presented in
the next few sections.

Arc Cathode Physics

The typical distribution of voltage
across the arc plasma is shown in Fig. 1.
There is a sharp gradient of voltage in the
vicinity of both electrodes (cathode and
anode). The potential gradient in the
vicinity of the cathode is called cathode
fall voltage, which is in the range of 10 to
20 V for the welding arc (Ref. 10), and is
greater than the voltage gradient near the
anode. The cathode fall zone acts as a
transition zone between the metallic and
plasma states and is necessary for sustain-
ing the arc on the cathode.

As schematically shown in Fig. 2, the
cathode fall zone has an internal structure
and consists of two distinct zones (Ref.
11): the cathode sheath (or cathode space
charge zone), and presheath (or ionization
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ABSTRACT

In-process cleaning of oxides facil-
itates the high-quality welding and
cladding of aluminum alloys when
GTAW arc is used for melting alu-
minum in an open atmosphere. How-
ever, in order to understand the
mechanism of cathodic cleaning, di-
rect observation is needed. In this
work, in order to visualize the physical
processes underlying cathodic clean-
ing, a machine-vision system is devel-
oped, and the interaction of the
variable-polarity arc with the alu-
minum surface is captured in real time
by a high-speed camera. Surface stud-
ies are also performed to assist with
the understanding of the oxide clean-
ing process. Real-time images and sur-
face topography suggest that the
cathode spots are responsible for re-
moving oxides from the cathode sur-
face during direct current electrode
positive (DCEP) polarity. The cathod-
ically cleaned zone expands over time.
However, after the diameter of the
cleaned zone reaches a specific value,
the rate of its expansion decreases and
stops. Unlike cathode spots of vacuum
arc, the cathode spots of atmospheric
welding arc form on the surface with
original oxides, as well as on the sur-
face already scanned by cathode spots
(possibly because of the re-formation
of a thin layer of oxides on the sur-
face). Two phases of cathode spot be-
havior were observed during each
pulse of DCEP polarity. In the first
phase, small spots scan the surface
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with a very high speed. In the second
phase, larger spots form on the area pre-
viously scanned during the first phase
and move outward with a slower speed.
Among the process parameters, the du-
ration of the DCEP polarity (the DCEP
duty cycle) has the most significant ef-
fect on the size of the cleaned zone and
its rate of growth.
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Fig. 1 — Typical distribution of arc voltage (modified from Ref. 13).

Fig. 3 — Schematic drawing of the cross section of a cathode spot (not true
to scale, redrawn from Ref. 16). 1 — Metal cathode under spot (solid), 2
—  molten metal layer (0.2–0.5 µm), 3 — cathode sheath (less than 0.01
µm), 4 — presheath (0.1–0.5 µm), 5 — dense plasma over cathode spot, 6
—  plasma expansion region, 7 —  ejection of molten droplets.

Fig. 2 — General configuration of cathode region of an arc, not true to scale
(adapted from Ref. 11).

Fig. 4 — Schematic drawing of sputtering mechanism performed by incident
ions from plasma. A — The schematic drawing of bombarding ions and ma-
terial lattice; B — possible ejection of a surface atom by a reflected ion.

zone). The presheath is responsible for the
generation of charged particles while the
cathode sheath is responsible for some im-
portant electric processes of the cathode
region (Ref. 11). The overall thickness of
the cathode region is about 100 to 1000
Debye lengths. “The Debye length is the
characteristic distance in a plasma beyond
which the electric field of a charged parti-
cle is shielded by particles having charges
of the opposite sign” (Ref. 12). The Debye
length is about 10–8 m in the argon atmos-
pheric arc (Ref. 11).

The current trans-
portation is done by
three agents in the
cathode region (Ref.
11) (Fig. 2): 1) the
electrons emitted from
the cathode surface
and repelled from the
cathode zone by cath-

ode fall voltage, 2) the ions formed in the
presheath and accelerated toward the neg-
ative cathode, and 3) some plasma elec-
trons that reach the cathode surface by
diffusion in the reverse direction of the po-
tential gradient. Generally, the attraction
of ions by the negative cathode and repul-
sion of electrons from it cause the forma-
tion of a net positive charge in the cathode
sheath (so-called space charge). The pres-
ence of a positive space charge establishes
high electric fields in the vicinity of cath-
ode surface, which in turn helps sustain

the electron emission from the cathode,
and therefore assists continuation of the
arc.

Arc cathodes can be categorized into two
types based on their electron emission
mechanism: thermionic and nonthermionic.
The thermionic emission mechanism refers
to the emission of surface electrons when
they overcome the bonding energies in high
temperatures and detach from the material
as a consequence. Only specific types of re-
fractory materials such as tungsten and
molybdenum (thermionic cathodes) can
withstand the high temperatures necessary
for thermionic emission.  The lower boiling-
point materials (nonthermionic cathodes)
such as aluminum, iron, and copper un-
dergo a phase transformation and evapo-
rate before very high temperatures can be
generated on their surface. Although non-
thermionic cathodes cannot withstand very
high temperatures, it is reported that these

A

B

Fig. 5 — Schematic drawing of the machine-vision system.
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cathodes can provide very high electron
emission rates (high currents) by the
thermo-field emission mechanism (Ref. 11).
In the thermofield emission mechanism, the
synergic effect of high temperatures and a
strong electric field creates a high electron
current. The thermofield emission is basi-
cally a temperature-assisted field emission
mechanism. In this mechanism, the elec-
trons escape the surface under the influence
of a strong electric field through the quan-
tum mechanical effect of tunneling (field

emission) and over-
come the energy bar-
rier that is
significantly reduced
under the effect of a
high temperature.
The strong electric
field (e-field) and
high thermal energy
concentration needed
for the thermofield
emission can only be
met locally in cathode
spots on the non-
thermionic cathodes.
In fact, the current is
localized at a number
of tiny spots (a few
µm) in order to pro-
vide the high temper-
ature and e-field
necessary for a sus-
tainable production of
arc current by a rela-
tively cold surface of a
nonthermionic cath-
ode. Therefore, the
generation of cathode
spots is necessary for
supplying the arc cur-

rent from a nonthermionic cathode. 
Very high rates of material evapora-

tion have been reported at the cathode
spots (Refs. 11, 14) because of the high
energy density (1010 to 1011 A.m–2 current
density (Refs. 11, 15)). The intensive
evaporation accompanying the formation
of cathode spots is shown to be necessary
for the electron generation by cold cath-
odes (Ref. 14). The high evaporation rate
and the high level of energy available for

ionizing the evaporated atoms together
provide a high density of positive ions on
the surface of the cathode spot, which in
turn generates the high e-field required
for thermofield emission (Refs. 11, 14). A
schematic cross section of a cathode spot
is shown in Fig. 3 (Ref. 16). The extensive
evaporation can push the liquid material
out of the cathode spot, and a crater may
be left as a result — Fig. 3. The ejection
of droplets out of the cathode spots may
also occur — Fig. 3, item 7. 

The region of arc attachments to the
nonthermionic cathode can consist of a
number of spots. For example, Coulombe
(Ref. 11) shows that the arc is attached to
the copper cathode through a number of
mobile macrospots (much bigger than a
single cathode spot); each of which con-
sists of several microspots. The lifetime of
a macrospot is much higher than that of
small cathode spots (ms compared to μs)
(Ref. 11). 

The cathode spots, which are the at-
tachment points of arc to nonthermionic
cathodes, are highly mobile unlike the at-
tachment point of the arc to the
thermionic cathode. The attachment point
of the arc to the thermionic cathode is a
relatively large, fixed area (Refs. 11, 15).
The cathode spots usually do not stay in
their place more than a few microseconds.
They repeatedly extinguish and reignite on
the neighboring surface of nonthermionic
cathodes. In contrast, in thermionic cath-
odes, the arc attachment covers a large
area and is fixed. The reason for the mo-
bility of the cathode spots is not well un-
derstood. However, studies of the cathode
spots in vacuum arcs show that a certain
degree of randomness exists in the motion
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Fig. 7 — Variable-polarity arc in DCEN and DCEP polarities. A — DCEN
polarity; B — DCEP polarity.

Fig. 6 — FIB-cut cross section of the sample surface showing the initial con-
dition of surface oxide.

Fig. 8 — The arc and the affected zone during a few subsequent DCEN and DCEP
pulses at the initial current cycles after the arc ignition. A, E, and F —  DCEN po-
larity; B–D and G–I — consecutive images during two DCEP pulses. The interval
between images is 3.3 ms, except the interval between E and F, which is 20 ms.
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of the cathode spots on the cathode sur-
face (Ref. 17). The intensive evaporation
at the cathode spots and their high mobil-
ity lead to the erosion of nonthermionic
cathodes. The erosion of nonthermionic
cathodes is currently an active field of
plasma physics research. The cathode
spots can also be formed on the non-
thermionic cathodes covered with dielec-
tric films such as oxides (Ref. 11). 

Mechanism of Cathodic Cleaning during
Aluminum Welding

Three main mechanisms are suggested
in the literature of aluminum welding to de-
scribe the cathodic cleaning of oxides dur-
ing the electrode positive polarity.
According to the first suggested mechanism
(Refs. 3, 10, 18), the positive ions that are
accelerated toward the aluminum cathode
are assumed to “sputter” the surface oxide
layer. Sputtering is the ejection of substrate
atoms by the effect of the high-energy bom-

barding  particles.
In the second hy-
pothesis (Ref.
19), the surface
oxides are as-
sumed to be de-
structed because
of the dielectric
breakdown phe-
nomenon. When
the electric field
exceeds a critical
value, the materi-
als that are con-
sidered dielectric
can conduct elec-
tricity. This phe-
nomenon, which

is often destructive to the dielectric
medium, is called dielectric breakdown. In
the third hypothesis, which can be found in
more recent literature (Ref. 20), the evapo-
ration of the oxide layers at the cathode
spots of nonthermionic cathodes is consid-
ered to be a possible mechanism for ca-
thodic cleaning. However, there is no paper
in literature dedicated to the experimental
investigation using the direct observation
method of the physical processes underly-
ing the cathodic cleaning of oxides by a
welding arc.  

Sputtering is the ejection of substrate
atoms from their lattice under the effect
of high-energy bombarding particles. In
the case of the sputtering of cathode ma-
terial in the plasma of arcs and glow dis-
charges, the energetic positive ions
striking the surface are responsible for the
removal of atoms from the substrate —
Fig. 4. Some of the energetic incident ions
can penetrate into the interatomic space
of the substrate material lattice, experi-

ence a number of collisions (Fig. 4B), and
even start a cascade of collisions inside the
material. They can also accelerate the sur-
face atoms of substrate into the material,
and these atoms can ignite multiple colli-
sions themselves. A portion of these atoms
and ions can bounce upward and knock
out the surface atoms — Fig. 4B. 

Sputtering is an atomistic process in
nature. The Monte Carlo modeling ap-
proach is used in literature to predict the
sputtering phenomenon (Refs. 21, 22).
The software TRIM (transport of ions in
matter) (Ref. 21) was developed based on
the Monte Carlo binary collision ap-
proach. The incident ions and all atoms
they collide with are tracked within a finite
volume of material by this program.
Atoms and ions are followed until their
energy is damped below a certain level
needed to escape the lattice (Ref. 23).
When either the reflected ion or atom
reaches the surface and hits a surface
atom, the energy of the hitting particle is
compared with the surface binding energy
of the material by the program. If the par-
ticle energy in the perpendicular direction
exceeds the surface binding energy, the
struck atom escapes the material and is
sputtered. If the energy of the striking par-
ticle is less than the surface binding en-
ergy, it is reflected back into the bulk of
material and the process continues (Ref.
23). This program has shown a high de-
gree of accuracy for incident particles of
less than 1000 eV energy (Ref. 23). The
sputtering method is used as an etching
process (e.g., in the semiconductor indus-
try), and as a thin film deposition process,
where the sputtered atoms are transferred
to be deposited on the desired location.
Usually, ions within the energy range of
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Fig. 9 — A — SEM image of a surface that is cathodically cleaned by variable-polarity arc, top view; B —  SEM image of a surface that is cathodically cleaned
by variable-polarity arc, tilted view.

Fig. 10 — FIB-cut section of the arc-treated surface. A — FIB section of the
cleaned surface (white layer covering the surface is the protective layer); B — high-
magnification image of the section.
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300–800 eV are used for sputtering (Ref.
23).

The sputtering of the aluminum oxide

layer by positive ions was the first mecha-
nism hypothesized for the cathodic cleaning
(Refs. 3, 18). Herbst (Ref. 18) qualitatively
describes the cathodic cleaning as a minia-
ture sandblast. The most important evi-
dence to form this hypothesis is the
observation of the higher rate of cleaning
when argon shielding gas is used compared
to the case of helium gas. Later, Pattee et al.
(Ref. 3) performed a statistical and thermal
analysis of the arc and suggested that sput-
tering can qualitatively be responsible for
cathodic cleaning.  

After the advancement of sputtering

models and development of accurate sim-
ulation programs that could predict the
sputtering yields accurately, Pang et al.
(Refs. 19, 24) calculated the sputtering yield
of aluminum oxide by the welding arc
plasma using TRIM software. The sputter-
ing yield obtained by bombarding ions of
the welding arc was too low to be responsi-
ble for the cathodic cleaning of oxides. Ac-
cording to the computations of Pang (Ref.
19, 24), ions with at least 45 eV of kinetic
energy are needed to obtain a considerable
rate of oxide removal. For the welding arc,
they assumed a maximum of 2 eV from
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Table 1 — Process Parameters Tested in the 
Experiments

Test Parameter Level 1 Level 2 Level 3

Current level (A) 90 120 180
DCEP duty cycle 0.1 0.2 0.3
Frequency (Hz) 30 60 90

Fig. 11 — The evolution and mobility of cathode spots during a single DCEP polarity of the arc after 1 s from arc ignition; current = 180 A, DCEP duty cycle
= 0.4, frequency = 30 Hz.
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thermalization, and a maximum of 8 eV for
the cathode fall voltage, which accounts for
a maximum total energy of 10 eV for inci-
dent ions. The assumption of 2 eV of ther-
malization energy for positive ions is based
on the spectroscopic measurement of arc
temperature by Pang et al. (Ref. 24). The
computational work of Pang et al. (Refs. 19,
24) suggests that sputtering is improbable
to be the mechanism of cathodic cleaning.
Some information on the measurement of
the thermal energy of ions is presented in
the next paragraph.

The average energy of the bombarding
ions is often considered to be the super-
position of the thermal energy (gained in
the presheath and arc column) and the ki-
netic energy (gained in the cathode fall
zone) (Ref. 11). The measurement of arc
temperature can provide the average ther-
mal energy of ions. Because the condition
in the column of the atmospheric arc is
close to the local thermodynamic equilib-
rium state (Ref. 25), the electron temper-
ature in the arc column is almost equal to
the ion temperature, and the measure-
ment of the electron temperature can pro-
vide a good estimate of the ion
temperature in this zone. The electron
temperature of the arc plasma can be ap-
proximated using an emission spec-
troscopy technique.

After rejecting the sputtering mecha-

nism through a TRIM simulation, Pang et
al. (Ref. 19) proposed the dielectric
breakdown as the possible mechanism of
cathodic cleaning. However, no evidence
for the dielectric breakdown process
being responsible for oxide removal is
shown in the paper. 

The cathode spots of a vacuum arc can
remove surface contaminations and di-
electric layers from the surface of a non-
thermionic cathode (Refs. 26–28).
Coulombe (Ref. 11) reports that the cath-
ode spots can play the same role in an at-
mospheric arc with a nonthermionic
cathode. However, the applicability of this
mechanism is not well investigated in the
welding context. Scotti et al. (Ref. 20) dis-
cussed the possibility of the cathode spots
being the mechanism of cathodic clean-
ing. However, the focus of their report is
the effect of cathodic cleaning on the arc
stability and bead formation, and the basic
mechanism of cathodic cleaning is not ad-
dressed in their work. 

In the papers and books related to
welding, an uncertainty about the mecha-
nism of cathodic cleaning is still observed.
Several  papers (Refs. 3, 18–20) discuss the
possibility of some mechanisms being re-
sponsible for cathodic cleaning, but these
mechanisms are not evaluated in a single
report. Because there is no direct obser-
vation of the mechanism of cathodic
cleaning, it has been difficult to determine
which mechanism is responsible for the ca-
thodic cleaning. Direct real-time observa-
tion of cathodic cleaning can provide a
better understanding of this process com-
pared to the investigations performed
after extinguishing the arc. The purpose of
this paper is to study the mechanisms of
cathodic cleaning by directly observing the
cleaning process using a high-speed ma-
chine-vision system, and examining the
surface cleaned by the arc. 

Experiments
Al 6061 plates with the dimension of 50

× 30 × 6 mm were used as test coupons. A
stationary variable-polarity arc was estab-
lished between a pure tungsten electrode
and the test coupon’s surface using a
Miller Dynasty DX® square-wave AC
power source. A tungsten electrode of 3.2

mm in diameter with a semispherical tip
was used. Argon gas with 99.8% purity (in-
dustrial grade) and the flow rate of 12
L/min was used as the shielding gas. The
arc length was about 3 mm. The variable-
polarity arc was ignited for 5 s in each ex-
periment, and its interaction with the
surface was recorded with a high-speed
CCD camera assisted by a green laser as
an illumination source in order to visualize
the cathodic cleaning process. Three lev-
els of current, DCEP duty cycles, and fre-
quencies were tested as shown in Table 1.
The current levels in DCEP and DCEN
polarities were equal. The DCEP duty
cycle quantifies the contribution of DCEP
polarity duration in one cycle of current.

The main challenge in visualizing the
interaction of the arc with the surface is
the strong light emission from the arc
plasma in a broad range of wavelengths. A
combined illumination and filtration ap-
proach based on specular reflection was
used to overcome this problem. The
schematic of the integrated machine-vi-
sion system used in this study is shown in
Fig. 5. The machine-vision system consists
of four main components: 1) a 5-W con-
tinuous-mode Coherent Tracer Compact®
green laser source (532-nm wavelength)
with a collimated light output, which was
used to illuminate the surface exposed to
the arc; 2) the appropriate neutral-density
filters; 3) a narrow-band-pass filter to by-
pass only the green laser light; and 4) a
high-speed CCD camera, which is de-
scribed in more detail in the next para-
graph. Most of the light emitted by the
plasma is filtered out by the narrow-band
-pass filter, while the green light reflected
from the area of interest, which carries the
visual data of the processing area, passes
through the filter and is captured by the
camera.

Because the cathodic cleaning occurs
during a very short period of time while
the specimen is the cathode of arc, the use
of a high-speed camera is needed to cap-
ture the events during this process. In this
research, a high-speed CCD camera was
used with a frame rate of 2074 frames per
second (fps) and a frame size of 240 × 240
pixels with a density of 72 pixels per inch.
This frame rate allows for taking six con-
secutive pictures during the DCEP polar-
ity of the arc when the current frequency is
60 Hz and 20% of the current cycle is de-
voted to the DCEP polarity. The pictures
were stored in a PC for studying the inter-
action of the arc with the specimen’s 
surface. 

The machine-vision system used in this
research is similar to that used in the work
of Sarrafi et al. (Ref. 29) except they used
a regular camera (60 fps). They showed
that the presence of oxides on the molten
pool can be monitored using a machine-
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Fig. 12 — Schematic presentation of the mechanism of cathodic cleaning of oxides by mobile cathode
spots, not true to scale (inspired from the work of Arai  et al. Ref. 31).

Fig. 13 — Different areas formed on the surface after
its melting by variable-polarity arc. A — Molten pool;
B — shiny, cleaned, smooth surface adjacent to the
molten pool; C — rough, cleaned surface; D — not
affected.
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vision system. The integrated machine-
vision system was capable of recognizing
the oxide fragments on the top of the
molten pool. They also showed that in
order to have an oxide-free molten pool
during welding, the oxides should be
cleaned from the solid surface in front of
the molten pool by the cathodic cleaning
action of the arc. The selection of process
parameters to meet this requirement was
also discussed in their research without a
detailed explanation of the physical mech-
anism of cathodic cleaning. 

Cathodically cleaned surfaces were ex-
amined by optical and scanning electron
microscopy. Optical microscopy was used
to give an overview of the area affected by
the arc. Scanning electron microscopy,
which can provide a larger depth of focus,
was used to observe the surface topogra-
phy of the area affected by the arc. A fo-
cused ion beam was used to locally cut
through different locations of the affected
surface in order to measure the average
thickness of the surface oxide. An optical
profiler based on the chromatic aberration

principle was used to measure surface
roughness as needed.

Results and Discussion

Original Condition of Surface Oxide

Figure 6 shows a cross section of the
base metal surface cut by a focused ion
beam to measure the thickness of the
oxide layer existing on the base metal sur-
face. As shown in the picture, the surface
of Al 6061 samples was covered by a fairly
uniform oxide layer with the thickness be-
tween 450 and 500 nm before any treat-
ment by the arc. 

Appearance of Arc in DCEN and DCEP
Polarities

Figure 7A and B shows the arc during
DCEN and DCEP polarities. The arc in
DCEN polarity is much brighter than the
arc in DCEP polarity as shown in Fig. 7A
and B. The low intensity of arc emission
during DCEP polarity makes the viewing

through the DCEP arc easier than through
the DCEN arc. The observed difference in
arc brightness agrees with the conclusion
of Pang et al. (Ref. 24) and Qingdong et
al. (Ref. 30) that the temperature of the
arc column is lower in the DCEP polarity
than in the DCEN polarity.

General Observations during Cathodic
Cleaning

Figure 8 shows the arc and condition of
the affected surface during the initial cur-
rent cycles after the arc is ignited. Figure 8
A was  taken during the DCEN polarity.
Figure 8B–D are consecutive images of
the arc and the affected area on the sur-
face. These images were taken during one
DCEP polarity pulse, which was subse-
quent to the DCEN pulse of Fig. 8A. Fig-
ure 8E and F shows the status of the arc
and affected area on the surface during
the next DCEN pulse, where Fig. 8E
shows the beginning of the DCEN period
and 8F shows the end of it. Figure 8G–I
shows the arc and its effect on the surface
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Fig. 14 — The effect of current on the growth of the cleaned zone. Constant
parameters: frequency = 30 Hz, DCEP duty cycle = 0.4.

Fig. 15 — The trend of growth of the cleaned zone vs.  time in a 3-s time frame.
Parameters: current = 180 A, DCEP duty cycle = 0.4, frequency = 60 Hz.

Fig. 16 — The effect of DCEP duty cycle on the diameter of the cleaned zone
and its rate of growth. Parameters: current = 180 A, frequency = 60 Hz. 

Fig. 17 — The effect of frequency on the diameter of the cleaned zone and its
rate of growth. Parameters: current = 180 A, DCEP duty cycle = 0.4.
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during the DCEP period subsequent to
image 8F. The time interval between the
images is equal (3.3 ms) except for the in-
terval between the images shown in Fig.
8E and F, which is 20 ms. A darker ap-
pearance distinguishes the area affected
by the arc from the surface not affected by
the arc as seen in Fig. 8. The size and sur-
face conditions of the affected area do not
change during DCEN polarity (Fig. 8E,
F), but expands during the DCEP polarity
(Fig. 8B–D, G–I). 

Subsequent surface studies showed the
area appearing dark in the real-time im-
ages is cleaned from oxides. Figure 9A and
B shows the typical SEM images of the
surface appearing dark in the real-time
images. The porous structure of the sur-
face is probably the cause for the dark ap-
pearance of this area. Figure 10A shows a
typical focused ion beam (FIB) section of
the surface of Fig. 9B. The white layer cov-
ering the surface in Fig. 10A is the plat-
inum layer that protects the surface during
FIB milling. Figure 10B shows a higher
magnification of the section shown in Fig.
10A. Base aluminum, a thin oxide layer,
and the protective layer are seen in this
figure. As shown in Fig. 10B, the surface
oxide layer on the arc-treated area is very
thin (40–50 nm) on the arc-treated area.
This thin oxide layer cannot be the original
oxide layer remaining on the surface but
was probably formed after the surface
cleaning action of the arc (secondary
oxide). Therefore, the dark area in the
real-time images is considered cathodi-
cally cleaned from oxides. 

The images taken during DCEP polar-
ity show the evolution of some bright spots
on the oxidized aluminum surface and
their movement across the surface (Fig.
8B–D and G–I). The surface images dur-
ing DCEP polarity also suggest the role of
observed mobile bright spots on the re-
moval of surface oxide. The cleaned area
grows in synchronization with the move-
ment of bright spots across the surface.
What we see as bright spots in these im-
ages are the major clusters of cathode
spots whose local plasma have intense
enough emission. We also see the shiny
trace they leave after scanning the surface.
The movement of cathode spots is linked
to their decay at one surface spot and the
re-ignition at the neighboring surface
(Refs. 11, 14).

It is worth noting that many cathode
spots of different sizes and lengths of du-
ration evolve on the surface of a non-
thermionic cathode. What we see in these
images are the most energetic clusters of
cathode spots that produce bright local
plasmas as well as the traces they leave
after scanning the surface. Not all of the
cathode spots can be seen in the pictures
because their visibility can be limited by
their short lifetime as well as their very

small size when they cannot gather in big
clusters and produce significantly bright
local plasma and cannot leave a wide
enough trace. The behavior of the visible
cathode spots is the basis for discussing the
real-time images in this research.

The visibility of cathode spots increases
with time. During the initial pulses of
DCEP, the cathode spot clusters are small
and weak. However, as more pulses of
DCEP hit the surface, the spots become
larger and cause more surface melting.
Figure 11A–N shows the consecutive real-
time images of the affected area during
DCEP polarity after one second of arc ig-
nition.  The spots seen in Fig. 11 are more
intense than those seen in Fig. 8. They
leave wider traces while scanning the sur-
face and causing more melting. When the
cathode spots cause too much surface
melting, they can make the surface
smoother, as discussed in the following
sections.

Based on the real-time observations
and surface topography of the cleaned
area, it can be concluded that the cathode
spots are responsible for the cathodic
cleaning of oxides. Real-time high-speed
movies clearly show that the cleaned area
forms and expands by mobile cathode
spots. In fact, the cathode spots sweep the
surface and consume the oxides by vapor-
izing a thin layer of the surface. The to-
pography of the cathodically cleaned
surfaces (surfaces of Fig. 9A, B) agree well
with the typical surfaces affected by cath-
ode spots as reported in literature (Ref.
31). The cleaned surface consists of an
array of micrometer-sized depressions em-
braced with thin ridges. The depressions
seem to be the sites of cathode spots, and
the ridges are formed because the pres-
sure of evaporation pushes the liquid out
of the cathodes spot (as shown schemati-
cally in Fig. 3). Based on the observations,
it is hypothesized that the mechanism of
cathodic cleaning is similar to the
schematic drawing shown in Fig. 12. It is
worth noting that this hypothesized mech-
anism is very general in nature, and the de-
tails of the mechanism should evidently be
studied in the future. This schematic pres-
entation is similar to the mechanism
shown in the work of Arai et al. (Ref. 31)
on the cleaning of a metal surface by vac-
uum arcs.

Surface Condition after Cathodic Cleaning

Different areas are formed on the sur-
face of the aluminum specimen after ex-
posing it to a variable-polarity arc as
shown in Fig. 13. A quarter of a weld
crater (marked as area A in Fig. 13) is seen
at the right upper-corner of the picture.
The cathodically cleaned area on the solid
surface contains two different zones
marked as B and C in Fig. 13. Most of the

cleaned area has a matte appearance (area
C in Fig. 13) and is roughened by cathode
spots similar to the surface of Fig. 9B. This
area appears dark in the real-time images.
The arithmetic mean deviation of the
roughness profile, Ra, is about 1.8 μm in
this area. The cleaned area adjacent to the
molten pool (marked as B in Fig. 13) is,
however, shiny and smooth. This area ap-
pears shinier than area C in real-time im-
ages. The arithmetic mean deviation of the
roughness profile, Ra, is about 0.7 μm in
area B. Scanning electron microscopy
showed the sign of extensive surface melt-
ing, such as hot cracks, on this area. The
real-time images suggest that the smooth-
ness of this area is related to the frequent
scanning of this area by the cathode spots,
which leads to extensive surface melting.
The real-time images suggest that the den-
sity of the cathode spots is lower at areas
located farther from the arc axis compared
to areas located closer to it. Therefore, in
areas located farther from the arc center,
such as area C, the cathode spot marks are
usually individual. Whereas, on areas
closer to the arc center, such as area B, the
frequent scanning of the surface by cath-
ode spots and a higher heat input during
DCEN polarity cause a uniform surface
melting that makes the surface smooth.
The area marked as D in Fig. 13 is not af-
fected by the arc.

The Behavior of Cathode Spots during 
Cathodic Cleaning of Oxides

As already stated in the literature of
plasma physics, the behavior of cathode
spots of nonthermionic cathodes is highly
sensitive to local surface conditions (sur-
face layers, surface dirt and oil, oxide con-
dition, roughness, and surface defects),
electrode material, shielding gas composi-
tion, and its impurity (Refs. 11, 15). The
absolute numerical values related to the
cathode spots behavior, therefore, may
easily vary by a small change in the exper-
imental conditions. Thus, in this paper, the
focus is not on the absolute values in de-
scribing the cathode spots behavior, but
the trends in their behavior.

Based on the pictures taken by high-
speed camera, the cathode spots occur
everywhere on the surface covered by the
atmospheric arc of welding; they can form
on the surface with the original oxide, as
well as on the surface already scanned by
cathode spots. Literature (Refs. 26, 28, 31,
32) reports an opposite behavior of cath-
ode spots in the case of a vacuum arc.  It is
reported that when an area is scanned by
cathode spots of a vacuum arc and cleaned
from the surface impurities, the cathode
spots seldom come back to that area (Refs.
26, 28, 31, 32). Therefore, the cathode
spots of the vacuum arc preferentially at-
tack the surfaces that are not yet scanned
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by cathode spots, which is referred to as
the “intelligent” behavior of the vacuum
arc during cleaning (Ref. 31). The surface
oxide layers are supposed to facilitate the
thermo-field emission because of the gen-
eration of a high electric field (Ref. 11) as
well as their lower work function com-
pared to metals (Refs. 10, 32). The vac-
uum arc needs a voltage increase at the
completion of oxide cleaning in order to
be sustained (Ref. 33), or it may be extin-
guished at this stage (Ref. 10). The surface
oxide layers feed the cathode spots of the
arc during DCEP polarity and help sustain
the DCEP arc. In the welding arc, the re-
formation of cathode spots on the surface
already scanned by cathode spots could be
related to the re-oxidation of previously-
treated areas (the quick formation of very
thin layers of oxide on the surface already
scanned by cathode spots). Further exper-
imental confirmation is needed to verify
this hypothesis.  Based on the frequent oc-
currence of the welding arc cathode spots
on the surfaces that are already scanned,
it can be said that the vacuum arc acts
“more intelligently” and more efficiently
in cleaning oxides compared to the atmos-
pheric arc of welding. However, the clean-
ing efficiency of a variable-polarity
atmospheric arc is practically sufficient for
welding purposes.

Real-time pictures show two distinct
phases in the behavior of cathode spots
during each single pulse of DCEP. At the
beginning of the DCEP pulse (the first 0.5
ms of each DCEP polarity period), cath-
ode spots are formed randomly on the sur-
face. We may call the first phase as the
random hit of cathode spots. Then, an out-
ward movement of cathode spots from the
center to the edge of the cleaned area is
observed until the end of the DCEP po-
larity pulse. In the second phase, the cath-
ode spots are more visible (have a brighter
plasma) and leave shinier traces. The ex-
pansion of the cleaned zone occurs during
both phases of a DCEP pulse. 

As already stated, the high-speed cam-
era images show that the surface affected
by the arc expands during the DCEP pe-
riod of the arc. The area cleaned by the
VP arc nonlinearly varies with time when
the surface is treated by many pulses of
DCEP. The growth of the cleaned zone is
very fast at the first few pulses of DCEP
current but slows down later, as shown in
Fig. 14. In the experiments, when the di-
ameter of the cleaned zone reaches some
value between 9 and 12 mm, the cleaned
zone continues to grow linearly at a lower
rate, as shown in Fig. 14. Tracking the vari-
ation of the diameter of the cleaned zone
in a longer timeframe showed that the
growth of the cleaned zone stops after a
certain diameter is cleaned. For a typical
case (I = 180 A, DCEP duty cycle = 0.2,
and frequency = 60 Hz), the growth of the

cleaned zone over time nearly stopped
when the size of the cleaned zone reached
about 15.5 mm, as shown in Fig. 15. 

Increasing the current level enlarges
the cleaned zone, but the difference is not
significant, as shown in Fig. 14. Images
show that when the current level increases,
the cathode spots become stronger with a
higher level of energy, especially during
the second phase of the cathode spots be-
havior (the phase during which the out-
ward movement of spots occurs). 

Figure 16 shows the significant effect of
the DCEP duty cycle on the size of the
cleaned zone and its rate of growth. In-
creasing the DCEP duty cycle enlarges the
cleaned zone and quickens its rate of
growth. Images show that increasing the
DCEP duty cycle provides more time for
the cathode spots to move around on the
surface and expand the cleaned zone.

As typically shown in Fig. 17, varying
the frequency does not cause a significant
change in the diameter of the cleaned
zone at the beginning of arc ignition, but
causes significant variation in the growth
rate of the cleaned zone in the longer run.
The change in the rate of growth is espe-
cially significant when the frequency in-
creases from 30 to 60 Hz. A higher
frequency provides a higher number of
DCEP pulses with a shorter length com-
pared to a lower frequency. Images sug-
gest that increasing the frequency causes
a faster growth of the cleaned area by pro-
viding a higher number of random hits of
the cathode spots (phase 1 of the DCEP
polarity period).

Conclusions

The mechanism of the cathodic clean-
ing of oxides from aluminum surface vari-
able-polarity arc was investigated in
real-time using a machine-vision system
and a high-speed camera (about 2000 fps).
Surface studies were also performed after
the cathodic cleaning process. The follow-
ing conclusions can be drawn based on the
experiments:

1) The surface oxide layer is removed
by the mobile cathode spots during the
DCEP polarity.

2) The cathode spots of the welding arc
form on the oxides that originally exist on
the specimen’s surface and the areas al-
ready scanned by the cathode spots. 

3) The specimen’s surface after weld-
ing with the variable-polarity arc consists
of three distinct regions: 1) molten metal;
2) a cleaned, smooth surface adjacent to
the weld pool, where repetitive scanning
by cathode spots caused smoothness; and
3) a rough, porous, cleaned surface lo-
cated farther from the arc center, where
craters are related to the locations of the
cathode spots.

4) Two phases of cathode spots behav-

ior were observed during each DCEP po-
larity period. At the very beginning of a
DCEP pulse (first 0.5 ms), the cathode
spots randomly form on different locations
on the surface (the first phase). Then, a
number of stronger cathode spots form at
the surface close to the arc center and
grow outward (the second phase). The ex-
pansion of the cleaned zone occurs during
both phases.

5) With a stationary arc, the cleaned
zone expands nonlinearly with the elapsed
arcing time. During the initial pulses of
DCEP, the rate of expansion is very fast.
Later on, this rate decreases, and subse-
quently, after reaching a certain diameter,
the cleaned zone stops expanding.

6) Increasing the current level, fre-
quency, and DCEP duty cycle in the tested
range enlarged the cleaned zone. The
DCEP duty cycle has the most significant
role on the size of the cleaned zone.
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