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1. Introduction

Thin metallic wire is widely used in electrical, electronic and automobile technology. It is,
however, necessary to anneal and clean the copper wire after drawing. The traditional
manufacturing process of fine wire consists of three processes: drawing, annealing and
cleaning as shown in Figure 1 and 2 [1]. These processes use Joule heating and chemicals to
anneal and clean the wire [2-4]. However, this method has some drawbacks: low efficiency
due to the division of the annealing and cleaning processes and environmentally harmful
because of using chemical to clean thin wire, for example, Tri-chloethane, it is hazardous to
human body and has ozone layer effect. The new annealing system in which the annealing
and cleaning processes are simultaneously operated in Atmospheric Pressure Dielectric-
Barrier Discharge (APDBD) [5-9] is the potential solution for these drawbacks. In previous
studied, it is shown that wire annealing [10, 11] and cleaning [12] using APDBD is totally
possible. Also, our previous studies showed that annealing using APDBD is possible for thin
copper wire [13], [14] however; the annealing efficiency is low due to choosing the material,
size and shape of the dielectric, discharge gas, applied power,... In this study, the efficiency of
dielectric material on the annealing and cleaning results was investigated. It is, however, the
dielectric material and the dielectric size are the first two important parameters need to be
investigated. Moreover, the efficiency of the frequency and the applied voltage of the applied
power in the dielectric permittivity were also investigated. To clarify these dependences, an
equivalent circuit model is used to analyze the effect of dielectric.

1.1. Annealing

Based on Kalpakjian's Manufacturing Engineering and Technology, annealing is a general
term used to describe the restoration of a cold-worked or heat-treated metal or alloy to its
original properties, such as to increase elongation rate and reduce hardness and strength, or
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182 Dielectric Material

to modify the microstructure. The traditional thin metallic wire annealing is using external
heating source or Joule heating as shown in Figure 2.

The purpose of annealing thin metallic wire is using heat to increase elongation rate in short
duration. The temperature and duration of annealing affect the crystal size and crystal
texture of thin wire. And elongation rate depends on the size and orientation of crystal. In
addition, the annealing temperature is configured by drawing process; generally lower than
2/3 melting point of the wire material. With assuming that the drawing process is stable then
deformation degree is constant. Therefore, in order to reach the required elongation rate, the

temperature, and duration of annealing need to be properly chosen.
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Figure 2. Traditional mechanism of annealing and cleaning process

Heating thin metallic wire at annealing temperature is a thermodynamic process, which is
used to rearrange or eliminate of dislocations (recovery), create new crystal (primary



Effect of Dielectric in a Plasma Annealing System at Atmospheric Pressure

recrystallization) and grow crystal (recrystallization). After annealing, if the crystal size is
enlarged and in good orientation, the elongation rate increases. At the first state, the
recovery process, some the crystals are not fully rearranged therefore the elongation rate is
still low. At primary recrystallization process, a number of crystals in the wire are born and
this process strongly depends on the temperature but not duration. However, when the
temperature is so high, the number of formed crystal increases then crystal size is small.
Small size crystal means elongation rate is low. Therefore, choosing temperature in this
process is important to get good orientation of crystal. At the recrystallization process, the
crystals were born from the previous process will grow up. The crystal growth depends on
duration. No noteworthy crystal growth will occur in the short annealing period then crystal
size remains the same. Therefore, the duration of annealing in this process is important to
get good orientation of crystal. For continuously thin wire annealing, to have good period
annealing, applied voltage and the velocity of thin wire moved through or the length of
chamber along the thin wire of plasma reactor have to be considered. If annealing duration
is long, the annealing temperature at the end of the process is high and it is the cause of
some disadvantages like increasing surface roughness. Moreover, during annealing at high
temperature, the presence of hydrogen in air can increase the roughening effect of thin wire.

1.2. Plasma annealing

In order to solve the environmental harm of traditional annealing method, the plasma
annealing is replaced. At low pressure such as in vacuum, the temperature generated by the
ion bombarding on a target was studied for using in plasma immersion ion implantation
(PII) [15, 16]. This phenomenon was generally applied in modifying the target surface [16,
17] or heating the target [18, 19]. However, these systems operate under expensive vacuum
systems. Recently, the atmospheric pressure dielectric barrier discharge (APDBD) for wire
annealing has become greatly interesting [20, 21] because of its low-cost system and being
environmentally friendly.

Outer Electrode Dielectric Barrier

Inner Electrode Plasma Zone
Figure 3. Annealing thin wire at atmospheric pressure dielectric barrier discharge
At atmospheric pressure dielectric barrier discharge, the thin metallic wire is annealed by

moved through the plasma reactor as shown in Figure 3. The dielectric is used to prevent
the arc and the gas is fed into reactor to assist plasma discharge. The conceptual layout of
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plasma annealing is shown in Figure 4. In the plasma reactor, the discharge gas is ionized
into electron and ion. Under a strong electric field, ion and electron bombard the thin wire
surface. The essence of the generated temperature is the impact energy of electrons and ions
on thin wire surface as shown in Figure 5. Furthermore, the electron-neutral particle
collisions in streamers also assist generating temperature. The total temperature generated
by the charged particle bombarding (ions and electrons) and the electron-neutral collision
continuously heats the wire surface to annealing temperature.
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Figure 5. Annealing mechanism



Effect of Dielectric in a Plasma Annealing System at Atmospheric Pressure

1.2.1. Electron bombarding

Electron bombarding on the target was studied for melting target [22-25]. The electrons
bombard the anode (thin wire) and then convert their kinetic energy into thermal energy.
Heat transfer occurs from the plasma to the anode in several ways. Firstly, the electrons
have thermal energy, which they release upon contact with the anode. Secondly, the
electrons also have kinetic energy, which partially gets converted to thermal energy as it
passes through the anode. It is important to note that the transfer kinetic energy from
electron to anode depends on the current density.

1.2.2. Ion bombarding

The ion bombarding on a target was studied for using in plasma immersion ion
implantation (PIII) [15, 16]. When the negative high-voltage pulse is applied to the target,
the electrons near the cathode are driven away on the time scale of inverse electron plasma
frequency, which is relatively shorter than the time scale of inverse ion plasma frequency,
leaving the ions behind to form an ionic space charge sheath. On the time scale of inverse
ion plasma frequency, the ions within this sheath are accelerated and then bombard the
target surface under the sheath electric field. This phenomenon was generally applied in
modifying the target surface [16, 17] or heating the target [17, 18] using low-pressure
plasma. It is known that the treatment effect depends on ion bombarding energy, i.e., sheath
thickness, ion current, and sheath electric field. On the basis of the fluid model [26] or
kinetic model [27-29], it is possible to calculate dynamic sheath thickness, ion current, or ion
bombarding energy. Recently, the atmospheric pressure dielectric barrier discharge
(APDBD) for annealing thin wire has become greatly interesting [21, 30]. Also, our previous
studies showed that annealing using APDBD is possible for thin copper wire [31]. However,
the generated temperature by ion bombarding was not estimated. In this study, an analysis
model using helium, argon or nitrogen gases and low-frequency (35 — 45 kHz) applied
voltage is proposed to analyze the annealing result in APDBD.

2. Experiment setup

The system consists of a gas tank, a power supply, a plasma reactor, a spectrometer sensor
and a temperature sensor, as shown in Figure 6. The connecting power to the cylindrical
reactor is shown in Figure 7. The design parameters of the reactor shown in Figure 8 are
shown in Table 1. The thin cylindrical aluminum electrode (outer electrode) is covered with
a dielectric to prevent arcing and it is connected to a power supply (20 kVp-p, 2 Ap-p, and
45 kHz). The thin copper wire (inner electrode) is driven through the reactor by carriers and
connected to the ground. Before annealing, the reactor is filled up with discharge gas;
helium, argon or nitrogen (purity > 99.9%). During annealing, purified discharge gas is
continuously fed into the plasma reactor under a control flow rate to assist the plasma
discharge. The applied voltage and current waveform are recorded using a digital
oscilloscope (Yokogawa SL1000) with a high voltage probe (Iwatsu HV-P30), and a
Rogowski coil (PEARSONTM current monitor 4997), respectively. The elongation rate of
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three samples is measured by SAIKAWA ET-100. The industrial required elongation rate is

higher 20%.
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Figure 6. The schematic diagram of the thin wire plasma annealing system
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Figure 7. Cylindrical DBD reactor

Diameter of copper wire (mm) 0.2
Dielectric thickness (mm) 25
Dielectric material Glass
Gap length (mm) 49
Reactor length (mm) 100
Gas Ar/He/N2
Gas mass low (I/min) 5
Applied voltage frequency (kHz) 45
Velocity of copper wire (m/min) 30

Table 1. Experimental setup parameters
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Figure 8. Cylindrical DBD reactor with design parameters

Temperature range 300 °C~1000 °C

Accuracy 0.5% of measurement value +1°
Responding time 2ms

Distance and area measurement 88mm/(0.45~4500mm/Pp22

Table 2. IGAR12-LO MB10’s specifications parameters.

3. Results and discussions

3.1. Dielectric permittivity measurement

The dependence of the dielectric permittivity on the frequency in APDBD annealing system
is measured by electrode contact and CLR as shown in Figure 9. Dielectric material is placed
sandwich in two aluminum electrodes, high voltage, high frequency function generator is
used as power supply. Table 3 shows the experiment equipment be used in this study.

As shown in Figure 9, the dependence of dielectric permittivity on the dielectric voltage V is
expressed via capacitance C as

- M)
jrw-C
where parallel capacitor C is expressed by
&, &-S

2 )
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where S is area of dielectric, d is discharge gap, & and ¢o is the dielectric and free-space

permittivity, respectively. From equation (1) and (2) the dielectric permittivity (3) can be
expressed as

g = — . (3)

For comparison, the CRL meter also is used to measure the dielectric permittivity as shown
in Figure 9.

Aluminum

LCE meter

Tunction

_|— Crenerator

Voltage
Probe Oscilloscope

Dielectric

Figure 9. The schematic diagram of the dielectric permittivity measurement

From equation (3), the dependence of dielectric permittivity on frequency was shown in
Figure 10. The results show that the dielectric permittivity in the APDBD decreases when
frequency increases. At 45kHz, the dielectric permittivity of BN and Al2Os are 12.9 and 6.79,
respectively. Moreover, Table 4 shows the comparison of the dielectric permittivity at three
measurement methods; our analysis, LCR, and literature. The results also show that at low
frequency, the dielectric permittivity is higher than that literature however, at high
frequency they are nearly the same.

Function generation NF Corporation model WF1973
Oscilloscope Agilent Technologies DSO 1024A
High voltage probe Agilent Technologies N 2863A
LCR meter Agilent Technologies Ul732A

Table 3. Equipment used

Frequency Dielectric permittivity é&r

£ [ kHz] Electrode contact LCR Literature [20, 21]
BN Al203 BN ALO:s BN Al2Os

1 5.95 4.82

10 31.7 22.9 4.95 4.76 6.8% 8.1

45 12.9 6.79

100 7.19 5.46 7.83 5.12

Table 4. Comparison dielectric permittivity between measurement and literature
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Figure 10. Dependency of dielectric permittivity on frequency

3.2. Dependence of annealing temperature on frequency

Figure 11 shows the experiment result, the dependence of elongation rate on frequency. The
result shows the weakly positive relation between the elongation rate and the input
frequency. When the frequency increases from 30 kHz to 40 kHz, the elongation rate slightly
increases. Thus, we estimate that frequency has no effect on the annealing temperature.
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Figure 11. The dependence of elongation rate on frequency

3.3. Dependence of annealing temperature on dielectric material

In this part, the effects of dielectric’s material on annealing condition are observed. Figure 12
shows the comparison of the elongation rate with the dielectric substances. This result shows
that the elongation rate strongly depends on the dielectric materials. The elongation rate using

189



190 Dielectric Material

BN is higher rate than using SiO2. According to a comparison of properties of some dielectric
materials (SiO2, ALOs, BN and glass), we acknowledge that dielectric with higher dielectric
constants is more effective to reach the annealing temperature as shown in Table 5. Physical
characteristics of the dielectric, such as thermal expansion and melting point, are also
important. For example, from our experiment the alumina can be suddenly broken with long
duration annealing using a water-cooled electrode due to its large thermal expansion. For the
best annealing result, boron nitride is an excellent choice for the dielectric material.
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Figure 12. The dependence of elongation rate on dielectric material

Material properties SiO2 BN AlOs Pyrex Glass
Maximum Temperature (°C) 1713 850 1500 821
Permittivity (F/m) 4.0 6.7 9.5 4.7
Bending strength (Mpa) 105 60.2 310 59.3
Thermal conductivity (W/mK) 1.9 30.98 24 1.005
Thermal expansion (K-1) 8x10°  0.87x10° 6.4x10°  3x10°

Table 5. Material properties of dielectric

3.4. Dependence of annealing temperature on the thickness of dielectric

Figure 13 shows the dependence of elongation rate on dielectric thickness. This result shows
that the annealing effect strongly depends on the dielectric thickness. Compared to the
elongation rate, the elongation rate using thin dielectric is higher rate than that using thick ones.

3.5. Dependence of annealing temperature on dielectric size

Figure 14 shows the relation of the elongation rate and the diameter of dielectric. The size of
dielectric is weakly affects elongation rate. It is noteworthy that when the copper wire is
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driven through the reactor, the chatter motion changes the discharge gap length and heating
point on the wire surface and consequently, the annealing result. Moreover, when the thin
copper wire is annealed in a wide reactor, discoloration and unevenness occur on the wire
surface due to the streamer length density reduction. To obtain a steady discharge state, it is
usually necessary to reduce discharge gap length. However, decreasing the reactor gap
reduces the discharge volume and consequently, the annealing temperature.
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Figure 13. The dependence of elongation rate on dielectric thickness
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Figure 14. The dependence of elongation rate on dielectric size
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4. Equivalent circuit model

In this part, an equivalent circuit model is used to analyze the dependence of the thin copper
wire annealing temperature on the dielectric in APDBD. From analysis model, the main
factor that determines annealing temperature is the ion bombardment on the wire surface.
The average temperature of the thin copper wire in APDBD reactor is calculated as a
function of dielectric diameter, dielectric material, applied voltage, ion mass, and gas
thermal conductivity. The effect of dielectric on annealing from analysis model is used to
compare with that from experiment.

4.1. Discharge mechanism

The moving of electron and ion in the reactor leads to the discharge current behaviors.
Figure 15 shows the reflection of discharge current on the applied voltage 9 kV of AlOs
dielectric. At the beginning of the discharge, when increasing the increment of the applied
voltage, dV/dt > 0, the discharge current crossing the discharge gap increases. The electrons
and ions run instantaneously toward anode and cathode and deposit on them to form two
space charges. The internal electric field generated by separation of electron and ion space
charge. This electric field increases with the increment of applied voltage and is reversely
proportional to external electric field. When the incremental applied voltage reaches the
peak, dV/dt = 0, the discharge current (displacement current) crossing the discharge gap is
zero and the internal electric field reaches maximum, the reverse current is formed. When
dV/dt <0, the reverse current exists until the applied voltage reaches the local bottom value
(dV/dt = 0). The process starts again with the same situation when the instant voltage
increases again. From experiment, the currents profile of discharge gases is an invariant sine
profile and the total current becomes very broad due to the dominant of displacement
current. The behavior of voltage-current in the cylindrical APDBD discharge is the same as
that of a series RLC circuit.

The discharge characteristics of the annealing system are represented by the total discharge
current, which includes the total of displacement current and the conduction current. From
Figure 15, the negative current cycle has higher and shaper peak current than that positive
one, that leads to the conclusion that the conduction current at negative cycle is higher than
that at positive cycle. It is also shown that the phase different between total current
waveform and voltage waveform is almost 90°, which indicate that the displacement current
takes up large scale value in the total current. The small conduction current in APDBD is
because of high resistivity of dielectric. Figure 15 also shows the changing of displacement
current (sine shaped profile) and conduction current (narrow peaks) when increasing
applied voltage. As shown from the current waveform, in every haft cycle, the waveform
has multi peaks and every peak has a sine shape profile during discharge. This characteristic
is different from micro-discharge model (contain many very small, short-lived
(nanoseconds), many current filaments). In our experiment, the currents profile of all three
discharge gases is an invariant sine profile and total current becomes very broad due to the
dominant of displacement current. Therefore, the cylindrical APDBD discharge with
helium, argon or nitrogen can be modeled by an equivalent series RLC circuit.



Effect of Dielectric in a Plasma Annealing System at Atmospheric Pressure

T T T T [

| } Al | m—— Voltage ||

0.8 S ‘T,,,';}‘: 777777 - Current
it ‘ !

i | |

0.6 ‘ .
|

0.4 .
|

[

—

[

o
N

r

Input voltage (V) and discharge current .10 (A)
o

(11014444

Time (s) 5
1
Argon discharge gas x 10

Figure 15. Voltage and discharge current waveform of argon at 8.5 kV

4.2. Equivalent circuit model

Combination between the discharge characteristics of plasma annealing and the reflected
physical structure of the plasma reactor, the equivalent circuit model is formed as a RLC
circuit in which the total impedance is the combination between series and parallel circuit
model. The corresponding main physical part of discharge mechanism shows that plasma
reactor can be divided into three parts: (1) dielectric wall, (2) dynamic sheathes and (3)
plasma bulk as shown in Figure 16(a). The impedances of dielectric, ionization (Zp), and non
ionization gas capacitance Cg are shown in Figure 16(b). The equivalent circuit model with
impedances of dielectric, sheath and plasma bulk is shown in Figure 16(c). In that the
impedance of the dielectric is the parallel combination of dielectric capacitance and
dielectric heating resistance [32], the impedance of the sheath is the parallel combination of
sheath capacitance and ion heating resistance which is presented by ion current in sheath,
and the impedance of the plasma is the parallel combination of the Rp (only the ohm heating
by streamer is considered) with the cylindrical space capacitance Cp [33]. The diodes, Da and
Db, are used to specify the sign of the input voltage. The gas capacitance of the reactor before
discharging is also connected to the parallel Cs.
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4.3. The dependence of annealing result on dielectric material

Based on the assumption of the ion heating power, the thin wire temperature from model is [34]

8ruleo\/]2\47qf j; 0'84(Vin(t)_zdfeli"(t))(ibj dt
0

or.p2| pCoor 2+ M
5

ln[CJ

Ty

(4)
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where Vin(t) is the applied voltage, Iin(t) is the total discharge current, q is the charge of the
ion, M is the ion mass, | is the length of the reactor, and ra, v, rc and 1s are thin wire radius,
the dielectric inner and outer radii and sheath radius, {3 is a tabulated function of the time-
varying ratio ra/rs, A is the discharge gas thermal conductivity, f is the applied voltage
frequency, v is the copper wire velocity, To is the copper wire temperature before coming
into the plasma reactor, Cv is the specific heat capacity, o is the density, Aa and Av is the
cross-section of thin wire and dielectric, respectivity and Tw is the wire surface temperature.
Zdgie is the dielectric admittance and is a parallel combination of the admittance of the
dielectric capacitance Za and the dielectric heating R,

_ Rz (5)

W R +Zy

The cylindrical geometry dielectric capacitance Cd is
_r
%)

T

where kd is the dielectric permittivity. The dielectric heating Ra is obtained from the power
loss in dielectric heating Pd [35],

C, =27r&,K, (6)

3 dk e, tand

d , (7)
2nfA,

where Aud is the dielectric area, d is the dielectric thickness, tand is the loss tangent, and f is
the applied voltage frequency.

4.4. Modeling results and discussions

For a typical experimental test, the numerical result is calculated with the same input
parameters as in the experiment. Equation (4) is used to calculate the copper wire average
temperature in the DBD reactor as a function of the dielectric material parameters. The data
in Figure 16 is used as the input current parameter to analyze the effect of the dielectric
material and the frequency on the wire temperature.

The plasma annealing system shown in Figure 8 is modeled by an equivalent circuit, as
shown in Figure 16 with carrier speed 20m/min, dielectric A2Os. Following Child’s law for a
collision-less sheath in atmospheric pressure plasma annealing with a high plasma density,
the area ratio scaling exponent I = 3. The wire temperature outside of the plasma reactor is
assumed to be equal to room temperature (To =20 °C).

4.4.1. Dependence of annealing temperature on frequency

Figure 17 shows the weakly positive relation between the annealing temperature and the
input frequency. When the frequency is increasing from 25 kHz to 40 kHz, the annealing
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temperature incrementally increases only 10°C. The comparison this result with experiment
result we can see that there are the same. Thus, we estimate that frequency has no effect on
the annealing temperature.

4.4.2. Dependence of annealing temperature on dielectric material

Figure 18 shows the dependence of annealing temperature on dielectrics material, glass and
aluminum oxide. Simulation result shows that the aluminum oxide dielectric is more
effective at reaching the annealing temperature than the glass dielectric. This result also is
the same as that from experiment. We can conclude that the dielectrics material affects to
annealing and cleaning result. The dielectric material that has higher dielectric constants is
more effective to reach the annealing temperature.
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Figure 17. Temperature of copper wire as a function of frequency
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Figure 18. Temperature of copper wire depending on the dielectric material
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5. Conclusions

In this chapter, the authors succeeded in setting up the experiment and examining the
potential application of dielectric in atmospheric pressure dielectric barrier discharge
(APDBD) for annealing and cleaning thin copper wire. The new model of annealing thin
copper wire in APDBD also was modeled to RLC equivalent circuit. In conclusion, the
dielectric material and dielectric thickness are two parameters which strongly affect to
annealing and cleaning thin metallic wire. For optimal annealing conditions, the dielectric
with the thinner thickness and the higher dielectric constants is more effective to reach the
elongation rate and cleaning surface. Moreover, the dependence of dielectric on frequency of
applied power also were considered. The results show that the frequency is slightly effect to
dielectric and annealing result.
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