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Abstract

Time resolved plasma temperatures in a pulsed tungsten inert gas (TIG) welding arc after ignition have been measured using optical emission
spectroscopy. The average plasma temperatures both decrease with time in different peak and base pulse periods of the arc, and the plasma
temperature decreases during the peak pulse period and increases during the base pulse period when the arc reaches the steady state. The decrease
in the plasma temperature is associated with the increase inthe cathode surface temperature and the decrease in the arc voltage and vise versa.
The importance of the cathode surface temperature on the arcproperties has been discussed.

1. Introduction
Arc plasmas characterized with high temperature and high

power density are stable and can be operated with relatively
low equipment cost. Due to these advantages, they are widely
used in many materials processing industries, such as weld-
ing, cutting, thermal spraying and waste destruction [2,3]. In
welding, tungsten-inert-gas (TIG) welding arc has been com-
monly used for a high quality weld since it is stable enough
for control with semi-automatic and automatic welding equip-
ment. To more precisely control the welding process, pulsed
power source by controlling the arc current waveform has also
been used, which is known as pulsed TIG welding. Pulsing
with low frequencies less than 10 Hz is often used to control
the heat input to the weld pool. Pulsing with higher frequen-
cies is used for high-speed welding. In these applications,the
product quality is strongly dependent on the arc performances.
Therefore, in order to improve these applications, it is impor-
tant to characterize the fundamental plasma properties, such as
the electron temperature and density, the gas temperature and
particle density.

Over the past years, a large amount of works have been
devoted to characterizing the arc properties with different ex-
perimental techniques. Optical emission spectroscopy is arel-
atively simple while powerful tool which has been widely used
for the diagnosis of arc plasmas. With this method, the plasma
temperature and density [4–12], the cathode surface tempera-
ture [9–14], and many other arc properties have been studied,
and the effects of different arc conditions, such as the opera-
tion parameters [11,13], the shielding gases [7,8], the cathode
shapes and materials [9,10,14], and the anode metal vapors [6],
have been extensively investigated. The measured plasma pa-
rameters are in agreement with results from other techniques,
e.g. laser scattering [15]. These measurements have also shown
the important role of the arc-cathode region on the plasma prop-
erties. For example, measurements by Haidar and Farmer [10]
for a free-burning arc with a range of cone angles for thorated
tungsten cathodes have indicated a strong dependence of the
plasma temperature on the cathode surface temperature. The
close connections between the cathode surface temperatureand
the plasma temperature and the cathode current density have
also been found for a free-burning arc with pure tungsten cath-
ode in diffuse and constrained modes [12].

Most of the previous studies on the measurement of plasma
temperatures in TIG welding arcs are limited to steady state
cases in which a constant current is used. However, there are
many phenomena in arc discharges are time dependent, e.g., the
transitions between different arc modes and the transient be-
havours in a pulsed TIG welding arc. It is important to measure
the transient plasma properties, since they will provide more
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information about the processes in the plasma. The main diffi-
culty for the time-dependent diagnosis is that, the measured op-
tical signal is not directly related to the local plasma parameters
thus a simultaneous measurement of the spatial distribution of
the arc spectra with a desirable time resolution is required. With
the development of technologies especially the development of
high-speed charge-coupled device (CCD) detectors, the char-
acterization of time-dependent plasma properties is no longer
difficult. With a high-speed camera and narrow-band filters,we
have measured the time evolution of plasma temperatures in a
dc TIG welding arc after ignition, which shows interesting re-
sults that the plasma temperature decreases with time before
reaching the steady state [16,17]. The decrease in the plasma
temperature is considered due to the increase in the cathode
surface temperature.

Numerical modelling is also important for the understand-
ing of arc processes. Recent progress in arc plasma theory en-
ables the cathode and anode, the electrode sheaths, and the arc
column to be included self-consistently in arc models, and thus
quantitative understanding of the phenomena in the arc plasma
becomes possible. Based on these models, the arc properties
under different conditions have been predicted, which are in
good agreement with experimental measurements (see [18,19]
and references therein). The development of the arc models
also enables time-dependent arc properties to be investigated.
Tanaka et al. [20] studied the molten pool formation and the ef-
fect the metal vapour on the TIG welding arc properties with a
time-dependent model. Iwao et al. [21] calculated the tempera-
ture and the radiation power density in a TIG welding arc with
several hundred hertz frequencies as a function of time, as well
as the distribution of metal vapour and its effects on the arc.

Although considerable research and development in both
experiments and modelling, due to the complexity of the phys-
ical processes in the arc, especially in the cathode region,there
are still problems which are not fully understood, e.g., thearc
voltage has not yet been possible to accurately predict [20]. For
a better understanding of the physical processes occurringin
these arcs and to validate the time-dependent numerical simu-
lations, more experiments on the measurement of arc transient
properties are necessary and indispensable.

In this work, we study the time-dependent properties of a
pulsed TIG welding arc after ignition. Both optical and elec-
trical techniques have been used to characterize the arc prop-
erties. The time and spatially distributed intensities of the arc
were measured by using a high-speed camera with narrow-band
filters. Based on the measured intensities, the plasma tempera-
tures were obtained and the time variation trends of the cathode
surface temperature were analysed. The measurements showed
a strong dependence of the plasma temperature on the cathode
surface temperature. The variation of the plasma temperature
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Fig. 1. Schematic diagram of the experimental set-up showing the arc generation system (left) and the filter spectrometer measurement system.

was also associated with the variation of the arc voltage. The
underlying physical mechanisms behind these phenomena were
discussed.

2. Experimental detail and procedures
2.1. Arc plasma source

Figure 1 shows the schematic diagram of the experimental
system. In this experiment, the arc conditions were similarto
those used in pulsed TIG welding, except that the anode was
replaced by a stationary water-cooled copper plate. A welding
power supply (Kemppi, Pro5000) and a TIG welding torch
were used to generate the arc. After the arc had been ignited
by contact ignition method, it was free burning at atmospheric
pressure in argon between two water-cooled electrodes. The
cathode was a thoriated tungsten rod (diameter 2.4 mm) ground
to a conical tip with an included angel 60◦, and the copper-plate
anode was situated vertically bellow the cathode at a distance of
5 mm from the cathode tip. Argon (99.9% pure) was used as the
shielding gas feeding from the cathode nozzle with a flow rate
of 10 L/min. The arc parameters, such as the currents of the peak
and base pulse periods,Ip and Ib, the pulse frequency,f , and
the duty cycle,k = τp/(τp+τb), whereτp is the peak pulse time
andτb is the base pulse time, all can be adjusted to control the
energy input to the welding arc. The arc current and voltage as
two basic parameters of the arc were synchronously measured
using a Hall-effect transducer with a sampling frequency of10
kHz.

2.2. Spectral measurement

Radiations from the arc were measured using a filter spec-
trometer, which consists of lenses, neutral density and narrow-
band filters, and a high speed camera, as shown in figure 1. The
arc was observed in a direction perpendicular to thex-z plane.
The origin of the coordinate system was set at the cathode tip
and the positive direction of thez-axis pointed from the cath-
ode to the anode. LensL1 was placed far away from the arc,
thus the parallel-ray projection condition assumed in the Abel
inversion can be approximately satisfied. LensL2 was used to
collimate the light to ensure it perpendicularly passed through
the narrow-band filter. In this way, the central wavelength of
the narrow-band filter was not shifted and the interested spec-
tral radiation can be measured accurately. After passing through
the filter, the light was focused by lensL3 at the image plane of
the camera detector. The camera (Dalsa, CA-D6-0256W) was
capable of capturing 8-bit grey images (260×260 pixels corre-
sponding to the CCD sensor size of 2.6×2.6 mm2) at a frame
rate of 955 Hz. The spatial resolution in the measurement was
about 0.08 mm. Due to the strong intensity from the arc, neu-
tral density filters were placed in the front of the narrow-band
filter to obtain images with strong intensity, but free from the
effect of saturation.
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Fig. 2. (a) Emission spectrum (solid line) between 690 and 840 nm measured
at z = 1.0 mm for a free-burning argon arc with arc current of 200 A, and
transmission curves (dashed line) of two narrow-band filters with the central
wavelength at 780 and 794.8 nm for the measurement of continuum and
spectral line radiation, respectively. (b) Emission spectra of the arc measured
with the two narrow-band filters.

The arc spectra were recorded by a grating spectrometer
(details can be found in [22]) before the experiment. Figure2(a)
shows the arc spectrum in the wavelength range 690–840 nm
measured in the arc cathode region at a distance of 1 mm from
the cathode tip, which is mainly dominated by the Ar I spectral
lines. The Ar I 794.8 nm line and the near continuum radiation
at 780 nm are used to characterize the plasma properties. One
reason that we choose the Ar I 794.8 nm line is that it is well
separated from other spectral lines and has a strong intensity.
The corresponding narrow-band filters used for the measure-
ment of these arc radiations have a full width at half maximum
(FWHM) of about 3 nm. The transmission curves for the two
narrow-band filters are presented in figure 2(a) and the arc spec-
tra that passed through the filters are shown in figure 2(b). It
is seen that the spectral radiations out of the filter bandwidth
are blocked by the filter, even for the continuum radiation the
strong spectral lines on both sides of the filter bandwidth are
almost completely blocked. Therefore, the performance of the
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two filters is good and the measured plasma radiations are re-
liable.

2.3. Diagnostic method

The plasma temperature and particle density in a free-
burning arc can be determined from measured spectral line and
continuum radiations emitted from the arc by various methods.
The methods based on, such as the relative spectral line inten-
sity, the intensity ratio of two or more spectral lines, and the
ratio of line-to-continuum radiation, have been widely used for
the characterization of plasma properties [23]. In this paper,
we use the Fowler-Milne method [24] to determine the plasma
temperature from the radial distribution of measured relative
spectral line emissions.

For an optically thin plasma under local thermodynamic
equilibrium (LTE), the emission coefficient of an atomic spec-
tral line for a transition from a levelm to a lower leveln can
be expressed as [23]

εl =
hc

4πλ
gmAnm

n j

U j
exp

(

−
Em

kT

)

, (1)

wherec, h, andk are, respectively, the speed of light, Planck’s
constant, and Boltzmann’s constant,λ is the wavelength of the
radiated spectral line,Anm is the transition probability from level
m to leveln, gm andEm are, respectively, the statistical weight
and energy of the upper level of the transition,n j andU j are
the number density and the partition function of the speciesj.

The continuum radiation of plasmas containing only rare
gases is composed of emissions from collisions of electrons
with atoms and ions. For an argon plasma, the amount of radi-
ation generated by the collision between electrons and atoms is
less than 1% for plasma temperatures above 8000 K and thus
can be neglected [25]. Ignoring the contribution of the electron-
atom radiation, the continuum radiation of the free-free and
free-bound emissions due to the collisions between electrons
and ions is given by [25–27]

εc = Cei
ne

λ 2
√

Te

2

∑
i=1

niZ
2
i ξi(λ ,Te), (2)

whereCei = 1.632× 10−43 Jm4K1/2s−1sr−1, λ is the wave-
length of the continuum radiation,Te and ne are the electron
temperature and density,ni is the ion density,Zi is the charge
number of the ion, andξi is the total Biberman factor, which
is defined as

ξi(λ ,Te) = exp

(

−
hc

λ kTe

)

ξ ff
i (λ ,Te)

+

[

1−exp

(

−
hc

λ kTe

)]

ξ fb
i (λ ,Te). (3)

with ξ ff
i andξ fb

i being the so-called free-free and free-bound
Biberman factors.

The Fowler-Milne method, which is also known as the
normal temperature method [4,5], has been widely used for
the determination of plasma temperatures in high-current free-
burning arcs due to advantages such as no requirement for
the absolute calibration of the plasma intensity and the high
measurement precision. In our experiment, continuum radia-
tion near the wavelength of the Ar I 794.8 nm spectral line is
difficult to be measured simultaneously. To reduce the effect
of the continuum radiation, we have proposed a technique [22]
which directly takes into account the continuum radiation in
the Fowler-Milne method. Under the assumption of LTE and
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Fig. 3. Calculated temperature errors caused using the Fowler-Milne method
without subtracting the continuum radiation as a function of plasma tempera-
ture. The errors due to the uncertainties inξ1 andξ2 of equation (3) are also
presented. These profiles are calculated for the Ar I 794.8 nmline measured
using a filter with FWHM of 3.1 nm.

at an atmospheric pressure, the particle densities in the plasma
as a function of temperature can be calculated based on Dal-
ton’s law, the quasineutrality condition, and Saha equations [4].
Hence, the theoretical plasma temperature dependence of the
plasma emission coefficient including both the spectral line and
the continuum radiation can be obtained from equations (1) and
(2). According to the theoretical emission coefficient profile,
the plasma temperature can be inferred from measured radial
emission coefficients [4,5].

Figure 3 shows the plasma temperature error profiles cal-
culated using the Fowler-Milne method with and without sub-
tracting the corresponding continuum radiation from the total
emission coefficient at 794.8 nm for a filter with FWHM of 3.1
nm. The Biberman factors defined in equation (3) are estimated
asξ1 = 3.2 andξ2 = 2.5 based on our experimental measure-
ments [22], since the experimental values for these Biberman
factors at long wavelength are in scarcity. Considering thelarge
uncertainties in determining the values ofξ1 andξ2, the temper-
ature errors due to the uncertainties ofξ1 andξ2 as a function
of plasma temperature are also presented in figure 3. It is seen
that without subtracting the continuum radiation, the plasma
temperature determined using the Fowler-Milne method will
be about 1000 K lower for a plasma temperature of 22 000
K. For lower plasma temperatures, the influence of the contin-
uum radiation becomes smaller. The temperature error due to
the continuum radiation is much lower for the Ar I 794.8 nm
line compared with that for the Ar I 696.5 nm line (see [22]
for details), since the Ar I 794.8 nm line has a much stronger
intensity compared with that of the latter and the intensityof
the continuum radiation decreases with the increase in wave-
length. This is another reason why we choose this spectral line
for the measurement of plasma temperatures.

Self-absorption of neutral argon spectral lines almost does
not affect the plasma temperatures obtained by the Fowler-
Milne method. Measurements by Bober and Tankin [28]
showed that the plasma temperature determined by this method
using the Ar I 763.5 nm line without considering the self-
absorption of this line had a difference less than 3%. Rouffet
et al [29] calculated the escape factors for several Ar I lines
in an atmospheric argon plasma and showed that the escape
factor of the Ar I 763.5 nm line is much smaller than that of
the Ar I 794.8 nm line. Therefore, the error caused by the self-
absorption of the Ar I 794.8 nm line should not be important.

3



0.55 s 0.95 s 1.35 s

-6 -4 -2 0 2 4 6
6

4

2

0

-2
0.65 s

z 
(m

m
)

x (mm)

1.05 s 1.45 s

Fig. 4. A few frames of the intensity images of the Ar I 794.8 nmline
acquired for a pulsed TIG welding arc (Ip = 200 A and Ib = 100 A) with
several different time delays after the arc was ignited. At the top are images
in three successive peak pulse periods and at the bottom are images at three
successive base pulse periods.

Uncertainties in the temperature measurements due to the
assumption of LTE were previously discussed in many papers
(see [10] and references therein). It is generally considered that
for free-burning arcs in argon, except the cathode region and
the fringes of the arc, the arc central column with a plasma
temperature higher than 12 800 K satisfies the LTE condition
[10]. Since the LTE condition will significantly simply the di-
agnostics, we determine the plasma temperatures in this paper
with the assumption that all regions of the arc are in LTE.

For the pulsed TIG welding arc, we only measure the plasma
temperatures in the peak and base pulse periods, plasma proper-
ties during the transition from the peak to the base pulse periods
and from the base to the peak pulse periods are not considered.
It is shown that the relaxation times for some basic processes
in an atmospheric argon plasma with a radius of 3 mm all are
less than 1 ms [30]. This is in agreement with a numerical cal-
culation which indicates that the time constant for a plasmato
converge to a steady state decreases with the plasma radius and
the response time constant is about 1 ms for a plasma radius of
10 mm [31]. Hence, in our experiment the TIG welding arc in
the peak and base pulse periods can be treated same as that in
a steady state.

3. Results

Measurements of the plasma temperature were performed
for a pulsed TIG welding arc with the following parameters:
peak currentIp = 200 A, base currentIb = 100 A, pulse fre-
quencyf = 5 Hz, and duty cyclek = 50%. After being ignited
by the contact ignition method, the arc current was increasing
in steps to the set values in about 0.5 s.

For the determination of the plasma temperature, intensity
distributions of the Ar I 794.8 nm spectral line were measured.
Figure 4 shows a few typical frames of the spectral intensity
images acquired with a time delay from 0.55 to 1.45 s. At the
top of the figure are images measured in three successive peak
pulse periods and at the bottom are images in three successive
base pulse periods. The cathode tip within the arc-cathode in-
teraction area can be clearly seen from the images due to the
cathode surface radiation and the reflection of the plasma in-
tensity by the cathode. Below the cathode tip there is a dark
region in which the intensity is much lower than that in other
regions. This dark region implies that the lateral spectralinten-
sity profile is off-axis peak distributed, which is corresponding
to an off-axis peak profile of the emission coefficients, thusthe
plasma temperature can be determined by using the Fowler-
Milne method [16].
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Fig. 5. Time variation of the Ar I 794.8 nm spectral line intensities at various
axial positions (z = 0.1, 0.5, 1.0, and 2.0 mm) in the pulsed TIG welding arc.

The spectral line intensities at several axial positions ofarc
at distances of 0.1 to 2.0 mm from the cathode tip as a function
of time are presented in figure 5. As the distance from the
cathode tip increases, the difference in the intensities between
the peak and base pulse periods first decreases (z 6 1.0 mm) and
then increases (z > 1.0 mm). Also, with the increase in time,
there is a minor increase in the intensities. For the intensity
profile atz = 2.0 mm, the increase is not apparent for the base
pulse periods, while it is clear for the peak pulse periods. The
variation of the intensity indicates that the arc properties change
with time in different peak and base pulse periods.

To determine the plasma temperatures, side-on measured
arc spectral intensity profiles with different distances from the
cathode tip were symmetrised, noise filtered and Abel inverted,
which yielded the radial plasma emission coefficient distribu-
tions. As a typical example, figure 6(a) shows the original and
processed lateral profiles of the arc intensities measured at 0.25
mm below the cathode tip with time delays of 0.55 and 0.65
s after the pulsed TIG welding arc was ignited, which are for
the peak and base pulse periods of the arc, respectively. The
corresponding reconstructed radial profiles of the normalised
plasma emission coefficients are presented in figure 6(b), which
are off-axis peak distributed. Based on these reconstructed ra-
dial plasma emission coefficients, the plasma temperaturescan
then be determined using the Fowler-Milne method. The ra-
dial profiles of the plasma temperature inferred from the emis-
sion coefficients are shown in figure 6(c). The plasma temper-
atures near the arc center in the peak and base pulse periods
are about 22 000 and 21 000 K, respectively. It should be noted
that the Abel inversion has a relatively large error near thearc
source center. Also, the measured lateral intensity profiles have
small gradients in the arc central region. Therefore, the plasma
temperature determined near the arc center has a large uncer-
tainty. Although it is difficult to estimate the level of uncertain-
ties, from the statistical point of view the plasma temperatures
measured at different time delays should correctly reflect the
changes of the arc state.

The intensity images of the Ar I 794.8 nm spectral line at
different time delays were processed in a similar manner. Fig-
ure 7 shows the determined plasma temperatures as a function
of time at two axial positions in the arc at distances of 0.5 and
1.5 mm from the cathode tip. The profiles are smoothed with
a median filter with window size 3. It is shown that the aver-
age plasma temperatures for different peak and base pulse peri-
ods both decrease with time. For example, at the axial position
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Fig. 6. (a) Lateral distributions of the arc intensities measured atz = 0.25 mm
with time delays of 0.55 s (peak pulse period) and 0.65 s (basepulse period)
for the Ar I 794.8 nm spectral line (dot) and the processed profiles (solid
line). (b) The corresponding reconstructed radial profilesof the normalised
emission coefficients. (c) Radial profiles of the plasma temperature inferred
from the reconstructed emission coefficients.

z = 0.5 mm within 1 s time, the average plasma temperature
for the peak pulse periods decreases from 22 800 to 21 800
K and the average plasma temperature for the base pulse peri-
ods decreases from 20 200 to 19 400 K. For each peak pulse
period the plasma temperature decreases with time, whereas
for the base pulse periods the plasma temperature in the first
two periods first increases and then decreases with time and in
the next three periods the plasma temperature always increases
with time. Also, at both the starts of the peak and base pulse pe-
riods, the plasma temperature has a much more rapid decrease
and increase, respectively.

Axial and radial profiles of the plasma temperature for both
the peak and base pulse periods each with three time delays
are compared in figure 8. These profiles are averaged in a 9 ms
time interval to decrease the effects of noise and fluctuations.
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Fig. 7. Time variation of the plasma temperature at (a)z = 0.5 mm and (b)
z = 1.5 mm in the pulsed TIG welding arc.

Figure 8(a) shows the axial profiles of the plasma temperature at
different time delays. The plasma temperature at differentaxial
positions for both the peak and base pulse periods decreases
with time. For example, the plasma temperature at the position
z = 1.0 mm decreases from about 20 600 to 19 900 K in the
peak pulse periods (t = 0.55, 0.95, and 1.35 s) and decreases
from about 18 600 to 17 800 K in the base pulse periods (t =
0.65, 1.05, and 1.45 s). The decrease in the plasma temperature
at other axial positions is almost the same, about 700 K for
both the peak and base pulse periods. Figure 8(b) shows the
radial profiles of the plasma temperature atz = 0.5 mm for
different pulse periods same as those in figure 8(a). The profiles
show that the plasma temperature decreases with time at any
radial positions in the arc. The plasma temperature has a larger
decrease at the center of the arc compared with that at the edge
of the arc.

Axial and radial profiles of the plasma temperature near the
start and end points of both the peak (t = 1.3–1.4 s) and base
(t = 1.4–1.5 s) pulse periods are compared in figure 9. Fig-
ure 9(a) shows the axial plasma temperature distributions and
figure 9(b) shows the radial plasma temperature distributions.
These profiles are also averaged in a 9 ms time interval. For
the peak pulse period the plasma temperature at any axial and
radial positions decreases with time, whereas for the base pulse
period the plasma temperature at any axial and radial positions
increases with time. The plasma temperature in the cathode re-
gion near the arc axis has a larger variation (about 350 K) com-
pared with that far from the cathode region and at the edge of
the arc.

In a previous experiment, we measured the time dependent
plasma temperatures for a dc TIG welding arc with a current of
200 A and a 2.4 mm-diameter cathode rod, which showed the
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same decreasing trend in the plasma temperature immediately
after the arc had been ignited. The decrease in the plasma tem-
perature is most significant at the first 5–10 s. For example, at
z = 1.0 mm near the arc axis, the plasma temperature decreased
from 19 300 K to 17 800 K in about 5 s, and then decreased to
16 900 K when the arc reached the steady state. Compared with
the result for the dc TIG welding arc, the plasma temperature
measured for the pulsed TIG welding arc in the peak pulse pe-
riods (z = 1.0 mm), which also have the arc current of 200 A,
is about 1300 K higher (see figure 8(a)). Considering the large
uncertainties in the measurement and the different conditions
for the dc and the pulsed TIG welding arcs as well as the use
of the Modified Fowler-Milne method, it is believed that the
measured plasma temperatures are reliable.

4. Analysis and discussion
In this section, we first analyse the factors that lead to the

decrease in the plasma temperature based on the measurement
of intensities from the arc cathode surface. We then discussthe
relationship between the arc cathode surface temperature and
the plasma temperature as well as the mechanism behind this
phenomenon.

For free-burning arcs, the cathode surface temperature in
the arc-cathode interaction area is difficult to measure dueto
the high temperature in this region, the radiation from the arc,
and the reflection of the arc radiation by the cathode surface.
Although optical pyrometric techniques are particularly appro-
priate for the measurement of high temperatures and have been

widely used for the determination of cathode surface temper-
atures of free-burning arcs in steady state during working [9–
13], it will be more difficult to measure the transient variation
of the cathode surface temperature in the pulsed TIG welding
arc, due to the requirement of a simultaneous measurement of
the arc intensities in both spatial and wavelength dimensions
with a favorable time resolution. Therefore, we only analyse
the variation trend of the cathode surface temperature based on
relative intensities of the radiation from the cathode surface.

Figure 10(a) shows the axial profiles of the intensity at
794.8 nm along the cathode axis in the arc peak and base pulse
periods each with three time delays. It is seen that forz >
0 mm the intensity, which comes from the plasma, increases
with time, as previously shown in figure 5. Forz < −0.7 mm
the intensity from the cathode surface increases with time for
both different peak and base pulse periods. The profile of the
intensity at the axis center withz = −2.0 mm (the insert plot)
shows clearly that the cathode intensity in the peak and base
pulse periods varies as a function of time. Since the intensity in
this region is mainly from the radiation of the cathode surface,
the variation of the intensity directly reflects the change in
the cathode surface temperature. The variation of the intensity
indicates that the cathode surface temperature at this position
increases in all the peak pulse periods, while it increases in
the first two base pulse periods and decreases in the successive
three base pulse periods. For−0.7 < z < 0 mm the intensity
decreases with time, except the region−0.25< z < 0 mm in
which the intensity increases with time. This zone is the arc-
cathode interaction area (the axial length of the arc-cathode
interaction area was about 0.9 mm for a 200 A free-burning
arc [13]). The measured intensity in this area is composed of
radiation from the cathode surface, the intensity from the arc,
and the reflection of the arc intensity by the cathode surface.
Only the radiation from the cathode surface is directly related to
the cathode surface temperature. However, since the measured
intensity with the central wavelength at 794.8 nm is dominated
by the arc spectral line intensity and its reflection by the cathode
surface, it is difficult to determine the variation of the cathode
surface condition based on the measured intensity in the arc-
cathode interaction area.

To more accurately determine the variation trend of the
cathode surface conditions, we measured the continuum inten-
sity distributions at 780 nm in another run with the same arc
parameters as in figure 10(a). Figure 10(b) shows the axial pro-
files of the continuum intensity along the arc cathode axis. Al-
though the intensity distributions in figure 10(b) are quitedif-
ferent, there are also some similarities: except the regionz > 0
mm (this region belongs to the plasma), intensities in otherre-
gions have the same evolution trends compared with those in
figure 10(a). Forz < −0.7 mm, the intensity is only composed
of the radiation from the cathode surface, which indicates that
the cathode surface temperature is increasing with time andthe
variation of the cathode surface temperature in the base pulse
periods changes gradually from increasing to decreasing trends
(see the insert plot in figure 10(b)), same as that shown in fig-
ure 10(a). For−0.7< z < 0 mm, which is the arc-cathode inter-
action area, the intensity increases with time except the region
−0.25< z < 0 mm in which the intensity decreases with time.

Spectroscopic measurements by Haidar and Farmer [9] have
been shown that the radiation of the arc reflected from the
cathode surface becomes negligibly low at the cathode edge.
Hence, intensity in the arc-cathode interaction area measured
at the edge of the cathode is only composed of radiations from
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Fig. 10. Axial profiles of arc radiation along the cathode axis center in three
different peak and base pulse periods for (a) the Ar I 794.8 nmline and
(b) the continuum radiation at 780 nm. The inserts show the time variation
of the radiations from the cathode surface at a distance of 2 mm from the
cathode tip. The continuum radiation was measured in another run with the
same arc conditions.

the cathode surface and the arc. A modified Abel inversion
technique [9] can be used to remove the radiation from the arc.
This technique, however, will introduce large uncertainties due
to the noise amplification property of Abel inversion. In our
experiment, the spatial resolution is relatively high, about 0.08
mm/pixel, so the intensities from the arc measured at two near
pixels of the image are approximately the same. For the pixel
corresponding to the cathode edge, the radiation from the arc
therefore can be removed by subtracting half of the intensity
(the reflection is from only half of the arc cross section) of the
next pixel that is only viewing the radiation from the arc.

Figure 11(a) shows the positions of two sets of points at
the arc image referenced to the arc cathode. These two sets of
points have distances of 0.08 and 0.42 mm from the cathode
tip, respectively. Pointsp1 and p5 are localised on the cath-
ode axis center. The other points are close to the cathode edge.
Points p2 and p6 collect the radiations from both the arc and
the cathode surface, while pointsp4 andp8 only collect radia-
tions from the arc. The intensities at these points as a function
of time are shown in figures 11(b) and (c). As the points mov-
ing far away from the cathode axis in the radial direction, for
z = −0.08 mm the variation of the intensity changes from in-
creasing to decreasing with time, and forz = −0.42 mm the
variation of the intensity first changes from decreasing near the
axis to increasing near the cathode edge and then changes to
decreasing again in the arc area. Although the intensities near
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Fig. 11. (a) Schematic showing the positions of eight points(p1 to p8)
near the cathode corresponding to eight pixels in the image.(b) and (c)
Time variation of the continuum radiation at 780 nm from different positions
(z = −0.08 and -0.42 mm, respectively) in the arc-cathode interaction area,
as showing in (a). At the bottom are time variation profiles ofthe intensities
radiated from the cathode surface atp2 and p6.

the cathode axis have different variation trends, the intensities
near the cathode edge have the same variation trends. Since
the intensities atp2 and p6 (which consist of radiations from
the arc and from the cathode surface; the radiation reflectedby
the cathode is negligible) increase with time and the intensi-
ties atp4 and p8 (which consist of only the radiation from the
arc) decrease with time, the intensities atp2 and p6 radiated
from the cathode surface increase with time, as shown at the
bottom of figures 11(b) and (c). Therefore, it is clear that the
cathode surface temperature at bothp2 and p6 increases with
time. Note thatp1 is very close to the cathode edge and thus
the intensity at this point has an increasing trend and the in-
tensity atp5 is dominated by the radiation from the arc and
that reflected by the cathode thus has a decreasing trend. These
variations can also be clearly seen from figure 10(b). It is also
worth noting that, compared with the radiation from the arc,the
radiation from the cathode surface has relatively large fluctua-
tions, which are possibly due to changes of the morphology of
the cathode surface condition during arc working [12–14,32],
thus it is difficult to determine the cathode surface temperature
variation trends during different peak and base pulse periods.

The analysis of the radiation from the cathode surface to-
gether with the measured plasma temperature distributionsin
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pulse TIG welding arc withIp = 150 A, Ib = 120 A, f = 5 Hz, andk = 25%.

section 3 indicates the strong dependence of the plasma tem-
perature on the cathode surface temperature. For the same arc
current, a higher cathode surface temperature is always asso-
ciated with a lower plasma temperature and vice versa. Since
for the arc close to the steady state (a long time after arc igni-
tion), the plasma temperature during the peak and base pulse
periods decreases and increases with time, respectively, it is ex-
pected that the corresponding cathode surface temperaturewill
increases and decreases with time, respectively.

To further test the above relationship, we measured the in-
tensities at 794.8 nm in another run. Both the plasma tempera-
ture and the radiation from the cathode surface were obtained.
Figure 12(a) shows the time variation of the plasma tempera-
ture at two axial positions at distances of 0.5 and 1.5 mm from
the cathode tip. Figures 12(b) and (c) show the time variation
of the radiation from the cathode surface at two axial positions
z = −0.08 and−1.5 mm. All the profiles in figure 12 were
smoothed with a median filter with window size 3. The contri-
bution of the arc radiation atz = −0.08 mm was removed in
a similar manner as that shown in figure 11, and thus the in-
tensity profile also reflects the variation of the cathode surface
temperature. The changes of the parameter for the pulse TIG
welding arc are as follows. The peak current was decreased
from 200 A to 150 A, the base current was increased from 100
A to 120 A, the pulse frequency was changed from 5 Hz to 2
Hz, and the duty cycle was lowered from 50% to 25%. In this
case, compared with the previous measurement, since the heat
input to the cathode during the peak and base pulse periods
decreases and increases, respectively, the cathode surface tem-
perature increases much slowly after the arc ignition and con-
sequently it increases with time in both the peak and base pulse
periods, as shown in figures 12(b) and (c). Not surprisingly,the
plasma temperature decreases with time in both the peak and
base periods (see figure 12(a)). After about 3.5 s when the arc
has reached close to the steady state, the plasma temperature
during the base pulse periods becomes increasing with time.
These results are in agreement with the previous measurement

and confirm the relationship between the cathode surface tem-
perature and the plasma temperature.

The arc cathode surface temperature distribution is deter-
mined by the heat balance of a combination of processes, such
as ohmic heating, thermal conduction in cathode bulk, heat
transfer from the plasma to the cathode, thermionic cooling
in the arc-cathode interaction area, radiation from the cathode
surface, and convective cooling by shielding gas [10,32]. In
our experiment, the cathode surface radiation and the gas con-
vective cooling are not important [10,32]. After the ignition of
the arc, compared with the heat loss terms the heat inputs are
the dominant factors. Due to ohmic heating, the cathode bulk
temperature increases. At the same time, the cathode tempera-
ture in the arc-cathode interaction area increases more rapidly,
due to the heat transferred from the arc and the larger ohmic
heating (because the cathode cross section is smaller in this re-
gion). Therefore, the heat conducts from the cathode tip to the
cathode bulk region and the temperature over all positions of
the cathode increases with time. When the cathode tempera-
ture becomes relatively high, the heat loss terms also become
important and are comparable with the heat input terms. The
transition of the arc from the peak pulse period to the base pulse
period suddenly decreases the heat inputs, and thus the cath-
ode temperature decreases during the base pulse period. When
the arc changes from the base pulse period to the peak pulse
period, the heat inputs suddenly increase, and thus the cath-
ode temperature becomes increasing. The increase or decrease
in the cathode surface temperature enlarges or reduces the re-
gion that contributes to the arc current by thermionic emis-
sion. Therefore, the current density distribution over thecath-
ode becomes more uniform or constrained, and consequently
the plasma temperature decreases or increases with time.

The close relationship between the cathode surface temper-
ature and the plasma temperature has also been demonstrated
in other experiments. Haidar and Farmer [10] have measured
the plasma temperature and the cathode surface temperature
distributions for a free-burning arc with a wide range of cath-
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Fig. 13. Waveforms of arc current (a) and voltage (b) for the pulsed TIG
welding arc after starting.

ode cone angles and found the strong dependence of the plasma
temperature on the cathode temperature. They have analysed
the heat transfer mechanisms in the cathode region, which in-
dicates that the largest plasma temperature for a cone angleof
60◦ is due to the highest current density in the arc attachment
region. Mitrofanov and Shkol’nik [12] have characterized the
properties of an atmospheric pressure arc with a pure tungsten
cathode working in constricted and diffuse modes and shown
that for the constricted mode the plasma temperature near the
cathode is higher and the cathode surface temperature is lower
than those for the latter. Their measurement also showed a
much larger cathode current density in the constricted mode,
which supports the explanation for the relationship between the
plasma temperature and the cathode surface temperature.

The arc current and voltage, which are two important pa-
rameters in TIG welding, were also measured, as shown in fig-
ure 13. The arc conditions are the same as those for the deter-
mination of the plasma temperature, i.e.,Ip = 200 A, Ib = 200
A, f = 5 Hz, andk = 50%. The measurement was started be-
fore the ignition of the arc and lasted a few seconds during
the working of the arc. It can be clearly seen that, immedi-
ately after the arc had been ignited by contact ignition method,
there was a sudden increase in the arc voltage and the arc cur-
rent was increasing in steps to the set values. The arc current
was kept constant during both the peak and base pulse periods
(note that the fluctuations are due to the characteristic of the
welding power supply), whereas the arc voltage decreased with
time from about 17 to 15.5 V for the peak pulse periods and
from 14 to 12 V for the base pulse periods in about 7 s. The
expanded timescales of the first and last few periods of the arc
current and voltage are presented in figure 14. These enlarged
profiles clearly show that in each peak and base pulse peri-
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Fig. 14. Expanded timescale of the waveforms of arc current and voltage for
the pulsed TIG arc after starting shown in figure 13.

ods, the arc current is constant, while the arc voltage decreases
and increases with time, respectively. The variation of thearc
voltage is consistent with the variation of the measured plasma
temperature. From the energy conservation point of view, the
higher plasma temperature means a larger energy loss, which
needs more power being input to the arc, thus the arc voltage
changes with the same trend as that of the plasma temperature.

The arc voltage is composed of three parts, i.e., the po-
tential drops in the cathode and anode regions and in the arc
column. After the arc had been ignited, the plasma tempera-
ture and the temperatures over the cathode and anode surfaces
gradually evolved to the steady state, thus any changes of the
potential drop in one of the three parts would lead to the vari-
ation of the arc voltage. The potential drop in the arc column
is almost linearly dependent on the arc length and is less likely
to be the cause of the decrease in the arc voltage. The poten-
tial drop in the anode region is negative for high-current arcs
(about 2 V for a 150 A argon arc) [33]. Also, it is found that
the anode temperature had undetectable effects on the plasma
temperature. Therefore, the variation of the arc voltage ismost
possibly due to the change of the cathode condition. The cath-
ode voltage includes the potential drops in the space-charge
zone (Us = (2.30Te− 1.53Tc)× 10−4 V [34], whereTe is the
electron temperature andTc is the cathode surface temperature)
and in the ionization zone (Ui = Te/7993 V [13,35]), and thus
can be expressed asUc = Us+Ui = (3.55Te−1.53Tc)×10−4

V. Based on this equation, it is seen that, whenTe changes from
25 000 to 20 000 K,Uc changes by about 1.78 V, and whenTc

increases from 2000 to 3700 K,Uc decreases by about 0.26 V.
These results are in agreement with the experimental measure-
ments. Note that the voltage drop due to the change ofTc is low.
Therefore, the variation of the cathode voltage is ascribedto
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the changes of bothTe andTc. This also confirms the decrease
in the plasma temperature with time after the arc ignition.

5. Conclusions

Temporal variation of plasma temperatures in a pulsed TIG
welding arc after ignition has been characterized by optical
emission spectroscopy with a filter spectrometer. Measurements
have shown that the average plasma temperature in different
peak and base pulse periods of the arc decreases with time and
when the arc has reached the steady state, the plasma tempera-
ture decreases and increases, respectively, during the peak and
base pulse periods. Analysis of the radiation from the cathode
surface indicates a strong dependence of the plasma tempera-
ture on the cathode surface temperature. The decrease in the
plasma temperature is associated with the increase in the cath-
ode surface temperature and the decrease in the arc voltage,and
vise versa. The mechanism behind the phenomenon is that the
increase in the cathode surface temperature enlarges the area
that contribute to the arc current by thermionic emission and
leads to the decrease in the current density over the cathode,
consequently the plasma temperature and the arc voltage both
decrease. The decrease in the cathode surface temperature has
the opposite effects.
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