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Abstract Demixing causes changes in the composition
and thermal transport in a mixed-gas arc. Thus, the tem-
perature and gas composition of argon—nitrogen arc plasma
are measured to analyze the effect of demixing in both
direct-current tungsten inert gas (DC-TIG) and pulsed
TIG (P-TIG) welding. The arc image acquisition system
is developed; this system includes two monochromatic im-
aging devices, which are triggered synchronously by soft-
ware. The presented system is an efficient approach to
capture monochromatic images simultaneously with high
temporal and spatial resolutions. It is applied to obtain
monochromatic images of the Ar I and N I spectra. Using
the modified Fowler—Milne method, the radial profiles of
temperature and gas composition are measured. For DC-
TIG in 80 % Ar + 20 % N,, the argon concentration is
decreased in the arc centre, relative to the original gas
mixture, and then gradually increases with the radius.
This is attributed to frictional forces. As the radius in-
creases further, the argon mass fraction decreases again,
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which is attributed to diffusion of argon toward the arc
periphery. For P-TIG using 80 % Ar + 20 % N,, the
demixing effect in the peak-current phase is stronger than
that in the base-current phase due to the higher current in
the peak-current phase. This phenomenon helps control the
heat input into the workpiece.
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1 Introduction

Using proper shielding gases in tungsten inert gas (TIG)
welding can improve efficiency and reduce cost; thus, var-
ious gas mixtures have been used. For example, argon and
nitrogen mixtures of certain compositions are often used in
welding copper [1] and stainless steel [2]. However,
demixing often causes a change in the composition of this
type of arc plasma during welding [3], thereby influencing
the thermal transport and even the physical property of the
arc plasma. This paper focused on the measurement of the
temperature and gas composition of argon—nitrogen arc
plasma to obtain a better understanding of the mechanism
of mixed-gas welding.

As a non-invasive diagnostic method, optical emission
spectroscopy has been widely used in arc plasma mea-
surement. Spectroscopic methods can be divided into
two groups according to the required equipment: spec-
trometer and monochromatic imaging. Over the past de-
cades, spectrometers have been extensively used to mea-
sure the spectral intensities of both single-element [4] and
multi-element [5] arc plasmas. In the spectrometer-based
method, the arc plasma is scanned point by point; thus,
the spatial resolution is low, and the time required to
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complete the measurement is long. Thus, the application
of this method is limited to the measurement of steady-
state arc plasma, whereas the dynamic changes in the
entire arc plasma are difficult to investigate using this
method. By contrast, monochromatic imaging is an effi-
cient method for measuring the spectral intensities in high
temporal and spatial resolutions, and a relatively simple
route to obtain two-dimensional images is to use a narrow
bandpass filter with an imaging detector. However, given
that each imaging detector only collects information from
a narrow spectral region, the reduced amount of data
limits the analyses that can be performed; consequently,
the method has not been applied often to TIG welding
arcs. Ma measured the temperature of pure argon arc plas-
ma by this method in both pulsed TIG (P-TIG) [6] and
direct-current TIG (DC-TIG) welding, which included
steady state [7] and arc ignition [8]. Sawato [9] also used
this method in P-TIG welding at different currents. Their
studies proved that the monochromatic imaging method
showed good temporal and spatial resolutions. However,
the application of this method to multi-element arc plasma
is restricted, because this method only acquires one spec-
tral intensity, which is insufficient to determine the tem-
perature and gas composition in multi-element arc plasma.
Recently, our group [10] used this method to measure Ar—
He arc plasma in DC-TIG welding and found a slight
fluctuation in temperature and a change in gas composi-
tion after arc ignition. However, the spectral intensities
were not obtained simultaneously; thus, a double mono-
chromatic imaging system should be developed to im-
prove its accuracy.

Over the past years, a number of studies have focused
on characterizing the arc properties of multi-element plas-
ma by different methods. Song Yonglun et al. used the
absolute intensity method to measure argon—hydrogen
arc plasma [11] and argon—nitrogen arc plasma [12].
Hiraoka used the two-line intensity correlation method
for Ar—He [13] or Ar-H, [14] mixed-gas tungsten arc

Fig. 1 Schematic diagram of the X
synchronous arc image
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plasma. These methods allow for the simple measurement
of the temperature and composition of arc plasma.
However, they require spectroscopic data, such as transi-
tion probability. The values reported in the literature [15]
significantly vary, causing errors in the calculation.
Murphy [16] used a modified Fowler—Milne method to
measure the radial profiles of the temperature and gas
composition of the argon and nitrogen mixtures. This
method does not require the frequent calibration of test
apparatus and knowledge of the atomic transition proba-
bility. This method can also allow for a more precise
derivation of the relative concentrations of gas elements
than other spectroscopic methods [16]. Xiao et al. [17]
modified the Fowler—Milne method and analyzed the er-
ror distribution of the Ar—He arc plasma; they reported
that the developed Fowler—Milne method had a relatively
small error. Accordingly, the modified Fowler—Milne
method was used in the current paper.

In this study, a monochromatic imaging system was
used to obtain monochromatic images, and the modified
Fowler—Milne method was used to measure the tempera-
ture and gas composition of the argon—nitrogen arc plas-
ma in TIG welding. The experimental system is described
in Section 2. Section 3 explains the modified Fowler—
Milne method and data processing with monochromatic
arc images. Section 4 presents the measurement and anal-
yses of the distributions of temperature and gas composi-
tion in both static (DC-TIG) and dynamic (P-TIG) states.
Section 5 presents the conclusions.

2 Experimental details and procedures
2.1 Arc plasma source
The schematic diagram of the experimental system is

shown in Fig. 1. The arc was struck between the tungsten
cathode and the copper plate anode by a welding power
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supply (OTC-DA300P). The cathode was a thoriated
tungsten rod (diameter 2.4 mm), which is ground to a
conical tip with a 60° angle. The anode was a water-
cooled copper plate, which does not melt during welding;
as a result, the metal vapor did not significantly influence
the temperature distribution [18] and the gas composition
distribution was measured more precisely. The distance
between the anode and the cathode was 5 mm. The nitro-
gen concentration was usually maintained low to avoid
nitrogen porosity [12]. The shielding gas, which was a
mixture of argon (80 % in volume) and nitrogen (20 %
in volume), was fed from the cathode nozzle at a flow rate
of 10 L min ', and the electric current was 200 A.

2.2 Synchronous arc image acquisition system

Radiations from the arc were measured by two monochro-
matic imaging devices, which were triggered synchro-
nously by a software program. They were located on both
sides of the arc plasma and perpendicular to the arc. Each
of the monochromatic image devices was composed of
neutral density filters, a narrow bandpass filter, a camera
lens, and a CCD sensor (Fig. 1). The camera lenses
(M7528-MP, Daheng Imavision) were placed 0.5 m away
from the arc. The narrow bandpass filters were mounted
before the camera lenses in this test to record the spectral
line intensity. The narrow bandpass filter of one CCD
sensor was Ar I 794.8 nm with 3 nm full width at half
maximum (FWHM), and that of the other CCD sensor
was N 1 904.6 nm with 7 nm FWHM. As a consequence
of placing neutral density filters in front of the narrow
bandpass filters and carefully tuning the apertures of the
camera lenses, the strong radiation from the arc was re-
duced and an unsaturated image with proper intensity was

obtained. The camera (acA1600-20gc, Basler) was capa-
ble of capturing 8-bit gray images (500 x 400 pixels of
the CCD sensor) at a frame rate of 20 Hz after the images
passed through the filters and lenses.

The arc spectra were recorded with a spectrometer be-
fore the experiment to allow for the selection of the spec-
tral lines. By spectroscopic measurement, we found that
the Ar I and N I spectral lines appeared at different posi-
tions of the arc. Figure 2 shows the 750-950-nm arc spec-
trum measured in the column region of the arc at a dis-
tance of 2 mm below the cathode tip; it contains the Ar I
and N I spectral lines. Therefore, the Ar I 794.8 nm line
and N 1 904.6 nm line were used to characterize the plas-
ma properties. These lines were selected because they
were well separated from other lines, and their intensities
were acceptably large. The short dashed line and dashed
line in Fig. 2 show the transmittance curves of the narrow
bandpass filters. For the experimental system, the images
captured the intensities of the Ar I 794.8 nm line and the
N I 904.6 nm line, as well as the continuum near them.

3 Measurement and data processing

The plasma fluctuations and experimental component
noises served as interferences on the side-on measured
spectral line intensity; thus, its intensity profile needs to
be noise filtered and symmetrized to improve the accu-
racy of the measurement. The continuum radiation is
ignored, because its intensities for both Ar I 794.8 nm
and N I 904.6 nm in the spectrum are very weak, par-
ticularly if compared with their spectral lines.
Subsequently, the intensity distribution is converted into
emission coefficients by using Abel inversion, provided

Fig. 2 Spectrum distribution 15000
between 750 and 950 nm (blue
line) and the transmittance curve
of two narrow bandpass filters in
a 200-A free-burning arc with
80 % Ar + 20 % N, shielding gas @ 10000}
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the plasma is cylindrically symmetrical and optically
thin. The Bockasten method [19], which is easy to op-
erate and has minimal error, is used to accomplish Abel
inversion.

The spectral emission coefficient, €, of the transition
from level m to lower level n of species j in a plasma is
expressed as [20]

he ni(T,Y) E,
n = A n J ) e 5 1
I A S U (T, Y) exP( (1)

where Y is the mole fraction of argon, that is, the gas compo-
sition; n; (T, Y) and U(T, Y) are the number density and the
partition function of species j at ¥ mole fraction, respectively;
A 18 the wavelength of the spectrum; g, and E,, are the
statistical weight and energy of the upper level; 4,,, is the
transition probability; and /4, ¢, and k are Planck’s constant,
the speed of light, and Boltzmann’s constant, respectively.
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Fig. 3 Dependencies of the emission coefficient of a the 794.8 nm Ar |
line and b the 904.6 nm N I line on temperature, normalized to its
maximum value in pure arc, for different mixtures of argon and nitrogen
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For the argon—nitrogen arc plasma, the normalized emis-
sion coefficient of the Ar1794.8 nm line and the N 1 904.6 nm
line depends both on temperature and composition, and it
could be calculated from Eq. 1 for different ratios and normal-
ized to their respective maximum values in pure arc plasma.
The curves showing the relationship between temperature and
the normalized emission coefficients of Ar I and N I are shown
in Fig. 3.

However, a value of the normalized emission coeffi-
cient of either the Ar I 794.8 nm line or the N I
904.6 nm line corresponds to an infinite number of
temperature—mole fraction pairs. Therefore, each normal-
ized emission coefficient, £5,, of the Ar I 794.8 nm
line corresponds to a curve Y(7, €a,); likewise, each
value of ey; of the N I 904.6 nm line corresponds to
a curve Y(7, enp), where Y is the mole fraction of argon.
These dependencies are shown in Fig. 4, which shows Y
plotted against temperature, 7, for different values of
eag and eng. If both e, and ey are known, then the
number of corresponding temperature—mole fraction
pairs is, at most, two. As in the single-element case,
the temperature (and thus the mole fraction value) is
generally selected by assuming it increases toward the
arc axis. The measurement of the temperature and gas
composition of nitrogen—argon plasma require both e
and &5, which have to be normalized to their corre-
sponding maximum values in pure argon and pure ni-
trogen arcs, respectively. This procedure is the modified
Fowler—Milne method.
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Fig. 4 Relationship between the mole fraction of argon and temperature
for different normalized emission coefficients in argon—nitrogen shielding
gas. Solid lines correspond to different values for Ar I 794.8 nm, and
dotted lines correspond to different values for N 1 904.6 nm
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Fig. 5 Principle of data
processing in the two-element
Fowler—Milne method
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The general principle of data processing in the mod-
ified Fowler—Milne method is shown in Fig. 5. The
intensities of both the Ar I and N I lines are obtained
through the arc images simultaneously captured by the
synchronous arc image acquisition system, converted
into emission coefficients by Abel inversion, and then
normalized to their corresponding maximum emission
coefficients in pure argon and pure nitrogen, respec-
tively; after the normalized emission coefficients are
obtained, the arc temperature and gas composition
are determined using the modified Fowler—Milne
method [16].
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4 Results and discussion

Panels a and b of Fig. 6 show the arc images of Ar1794.8 nm in
pure argon and N 1 904.6 nm in pure nitrogen, respectively. In
the experimental system, the normalized emission coefficient of
the Ar I 794.8 nm line corresponds to the off-axis maximum
value in Fig. 6a; likewise, the normalized emission coefficient
of the N 1 904.6 nm line corresponds to the off-axis maximum
value in Fig. 6b. Panels ¢ and d of Fig. 6 show the arc images of
Ar1794.8 nm and N 1904.6 nm, respectively, in the 80 % argon
+ 20 % nitrogen mixture; their emission coefficients are normal-
ized to their respective maximum values in their pure gas.

Arl1794.8 nm

— lmm

Cc

Fig. 6 Arc images of a Ar I 794.8 nm in pure argon, b N 1 904.6 nm in pure nitrogen, ¢ Ar I 794.8 nm with input gas 80 % Ar + 20 % N,, and d N |

904.6 nm with input gas 80 % Ar + 20 % N, in a 200-A free-burning arc
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As a typical example, Fig. 7a shows the arc intensity
measured 2 mm below the cathode in the argon-—nitro-
gen arc. The intensity of the Ar I line is higher than
that of the N I line given the high argon content of the
arc plasma. The corresponding normalized emission co-
efficients are presented in Fig. 7b. The Ar I line shows
an off-axis maximum value at a lateral position of ap-
proximately 1 mm, whereas the N I line shows a max-
imum value at the axis position. This result is associat-
ed with the demixing phenomenon. When demixing oc-
curs, a higher concentration increases the emission
coefficient.

The radial profiles of the values of the plasma tem-
perature and composition inferred from the emission co-
efficients are shown with the error bars in Fig. 8a, b.
The errors in temperature and mass fraction are between
+1.52 and £1.96 %, which are calculated according to
the error transfer formula [17]. The relatively low errors
are attributed to the suitability of the modified Fowler—
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Fig. 7 Radial dependencies of a intensity and b normalized emission
coefficients c5, for Ar 1 794.8 nm line and ey; for N 1 904.6 nm line,
measured 2 mm below the cathode with input gas 80 % Ar+20 % Ny ina
200-A free-burning arc

@ Springer

Milne method [16] and the good spatial resolution of
the experimental system.

The radial profiles of the temperature and gas compo-
sition of the 80 % Ar + 20 % N, arc plasma at distances
of 1-4 mm from the cathode tip are presented in
Fig. 9a, b. The temperature decreases as the point moves
away from the axis along the radial direction but increases
as the point approaches the cathode. Under the same ex-
perimental condition, the temperature of the 80 % Ar +
20 % N, arc plasma is higher than that of the pure argon
arc plasma [20]. This result indicates that demixing results
in a minimal increase in the heat flux [3]. The mass frac-
tion of argon increases as the radius increases up to 2 mm;
this effect is chiefly a result of demixing due to frictional
forces. Such demixing can act in different directions de-
pending on the composition of the argon—nitrogen mix-
ture; when the mole fraction of nitrogen is low, such as in
the 80 % Ar + 20 % N, mixture, the demixing causes an
increase in the nitrogen concentration [3]. Thus, the mass
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Fig. 8 Radial dependencies of a temperature and b mass fraction of
argon measured 2 mm below the cathode tip with input gas 80 % Ar +
20 % N, in a 200-A free-burning arc, including the error bars of their
values
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Fig. 9 Radial dependencies of a temperature and b mass fraction of
argon measured 1, 2, 3, and 4 mm below the cathode tip with input gas
80 % Ar + 20 % N, in a 200-A free-burning arc

fraction of argon is lower than 80 % at the center of the
arc plasma but increases at radii less than 2 mm. As the
radius increases further, the argon mass fraction decreases
again. This phenomenon may be associated with nitrogen
molecule dissociation, which occurs when approaching
the arc periphery at temperatures around 7000 K and
causes an increase in the nitrogen mole fraction and con-
sequently a decrease in the argon mole fraction. The mole
fraction gradient causes the outward diffusion of argon
toward this region.

The primary advantage of the monochromatic imag-
ing method is that it allows for the analysis of the
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Fig. 10 Typical frames of the spectral intensity images of the a Ar |
794.8 nm line and b N I 904.6 nm line of P-TIG arc plasma
(I, =200 A and [, = 100 A) in a cycle after the welding process was
stable. At the fop are images (the first frame [0 ms], the middle frame
[250 ms], and the last frame [450 ms]) in the peak-current phase, and at
the bottom are images (the first frame [500 ms], the middle frame
[750 ms], and the last frame [950 ms]) in the base-current phase

dynamic arc process. The temperature and composition
of the P-TIG welding arc plasma are measured using
the parameters in Table 1.

The intensity distributions of the Ar [ 794.8 nm and N |
904.6 nm spectra are obtained after the welding process is
stable to determine the plasma temperature and argon con-
tent. Figure 10a shows the six typical frames of Ar I
794.8 nm spectral intensity images in a cycle, and
Fig. 10b shows the corresponding intensity images of N
1 904.6 nm. On the top row of Fig. 10a, b are the images

Table 1  Welding parameters for P-TIG welding with Ar—N, shielding gas

Current Frequency Duty circle Arc length Gas flow rate Tungsten diameter Tungsten angle Anode

I, Ly

A Hz % mm L/min mm deg

200 100 1 50 5 10 24 60 Water-cooled copper
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in the peak-current phase (i.e., the first frame [0 ms], the
middle frame [250 ms], and the last frame [450 ms]), and
on the bottom row are the images in the base-current
phase (the first frame [500 ms], the middle frame
[750 ms], and the last frame [950 ms]).

If the middle frame of Fig. 10a is taken as the typical
example, the lateral profiles of the Ar I 794.8 nm inten-
sities in the peak- and base-current phases at 2 mm below
the cathode tip are as shown in Fig. 11a. The correspond-
ing intensities of N I 904.8 nm are shown in Fig. 11b.
Both the Ar I and N I intensities in the peak-current phase
are higher than those in the base-current phase. The radial
profiles of the plasma temperatures and concentrations are
shown in Fig. 12. The temperature increases and the ar-
gon mass fraction decreases with an increasing radius in
both the high- and low-current phases. The increase in
temperature in the high-current phase, relative to the
low-current phase, is larger in the argon—nitrogen arc
plasma than in the pure argon arc plasma under the same
experimental conditions.

140 T T T T T
——peak-Ar | 794.8nm

120 ——-base-Ar | 794.8nm

100+

60

Intensity(a.u)

40+
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»H
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0 1 / 1 1
-4 -3 -2 -1 0 1 2 3 4
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Fig. 11 Lateral distributions of a Ar I 794.8 nm and b N 1 904.6 nm
intensities measured 2 mm below the cathode tip of P-TIG welding
(I, =200 A and I, = 100 A) in 80 % Ar + 20 % N, arc plasma
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The distributions of spectral line intensities as a function of
time are presented in Fig. 13. The spectral line intensities are
at the axial positions of the arc at distances of 1.0-4.0 mm
from the cathode tip. The line intensity increases along the
axial direction in the peak-current phase. The line intensity,
which is the integral of the emission coefficient, is weak near
the cathode tip, because the emission coefficient has an off-
axis maximum value. Subsequently, it increases as the diam-
eter expands. However, the intensity variation in the base-
current phase is not significant, because the Ar I 794.8 nm
and N I 904.6 nm intensities are relatively low and difficult
to compare.

The plasma temperatures and compositions can then be
determined using the modified Fowler—Milne method, as
shown in Fig. 14. The temperatures and argon mass frac-
tions vary periodically with the current. A higher current
in the peak-current phase results in a higher temperature
near the arc axis and consequently larger temperature gra-
dients. Demixing is therefore stronger in the peak-current
phase; as a result, the mass fraction of argon near the arc
axis is lower.
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Fig. 12 Radial dependencies of a temperature and b mass fraction of
argon measured 2 mm below the cathode tip of P-TIG welding
(I, =200 A and I, = 100 A) in the 80 % Ar + 20 % N, arc plasma
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of P-TIG welding (/, = 200 A and /, = 100 A) in 80 % Ar + 20 % N, arc
plasma

5 Conclusion

The arc image acquisition system was developed to capture
monochromatic images of Ar I and N I in the argon—nitrogen
arc plasma, and the modified Fowler—-Milne method was used
to determine the temperature and gas composition of this arc
plasma in both DC-TIG and P-TIG welding. The following
conclusions were drawn:

» The arc image acquisition system contains two monochro-
matic image devices, and they are triggered synchronously
by a software program. Each of the monochromatic image
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Fig. 14 Change characteristics of a current, b temperature, and ¢
concentration distributions at various axial positions (1, 2, 3, and 4 mm)
in the 80 % Ar + 20 % N, arc in P-TIG welding

devices consists of a camera lens, neutral density filters, a
narrow bandpass filter, and a CCD sensor.

* In DC-TIG welding using 80 % Ar + 20 % N, shielding
gas, the temperature of the gas mixture is higher than that
of pure argon under the same condition; as a result, the
thermal transport to the workpiece is enhanced. Demixing
causes a change in the composition distribution. The con-
centration of argon in the arc center is lower than that in
the original gas mixture, and it gradually increases with
the radius as a consequence of the frictional forces. It
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begins to decrease after it reaches a peak value because of
the diffusion of argon atoms.

*  For P-TIG welding using 80 % Ar + 20 % N, mixture, the
temperatures and gas compositions vary periodically with
current. A higher current in the peak-current phase results
in a higher temperature near the arc axis and consequently
larger temperature gradients. Demixing is therefore stron-
ger in the peak-current phase; as a result, the mass fraction
of argon near the arc axis is lower.

* The established system is simple, stable, and rapid. The
method can be used to determine the temperatures and gas
compositions of either static or dynamic plasmas. This study
provides experimental data to verify simulation results.
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