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Abstract. This paper first describes the effect of water absorption to polyamide
material irradiated by thermal plasmas on the occurrence of spallation phenomena.
Interaction between polyamide materials and arc plasmas occurs particularly in low
voltage circuit breaker and aerospace fields. Spallation phenomena are those in which
polymer particles are ejected from polymer bulk materials irradiated by high heat
flux. To confirm the effect of water absorption into polyamide material on spallation
phenomena, polyamide specimens with and without water absorption were irradiated
by Ar inductively coupled thermal plasma (ICTP). Results show that the polyamide
specimen with water absorption ejected spallation particles, whereas the polyamide
specimen without water absorption were only slightly ejected, indicating that water
absorption promotes spallation occurrence. Furthermore, molecular gas inclusions such
as N» and O, irradiated by thermal plasmas enhance spallation phenomena. Cooling
effects of spallation polyamide 66 (PA66) particles ablation were also estimated in hot
air to assess the arc quenching ability from the spallation particle inclusion. This
estimation showed that 10 and more PA66 particles inclusion might decrease the air
temperature by 3000 K effectively, which can be useful to enhance arc quenching in
circuit breakers working in air.
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1. Introduction

Direct current (dc) power transmission and distribution systems are receiving attention
worldwide because the electric devices of today work with inverter power supplies which
convert, commercially transmitted ac current to dc current and then to high-frequency
current. Direct current is also used for electric vehicles (EV), power conditioners, and
electronic devices. In addition, recent progress of ‘smart grids’ is gradually increasing the
electric power to be handled. The dc system described above requires high-performance
dc circuit breakers for severe accidents. For the reasons described above, low voltage
circuit breakers must be developed to improve arc-quenching and current interruption
performance. To enhance the arc-quenching capability of circuit breakers, polymer
ablation has been widely adopted. During high-current interruption in a circuit breaker,
an arc plasma is formed between the electrodes. The arc plasma contacts the polymer
material, which involves strong polymer ablation. The polymer ablation engenders
a pressure rise and strong gas flow, resulting in arc cooling. To understand these
phenomena, it is necessary to investigate details of the interactions between the polymer
and arc plasma / thermal plasma because the interactions are extremely complicated,
including thermal decomposition and mixing of vapour and decomposition [1 — 24]

To study interactions between polymer materials and arc plasma / thermal plasma,
we used inductively coupled thermal plasma (ICTP) irradiation technique to polymer
materials [25, 12]. The ICTP is irradiated to polymer bulk for this fundamental study
of the above interaction instead of arc plasma. In ICTP irradiation experiments, we
have pointed out that polyamide materials such as polyamide-6 (PA6) and polyamide-
66 (PA66) occasionally eject not only ablation gases but also micro-size particles during
ICTP irradiation. This particle ejection phenomenon has been named ‘spallation’
generally in the aerospace field. We expect that such spallation particles can be adopted
to enhance the arc quenching ability of a circuit breaker. Spallation particles might
penetrate the arc discharge core deeply because of the mass inertia. Subsequently, they
will be ablated there to reduce the arc temperature [26, 27].

As described in this paper, first of all, experimentally obtained results of Ar ICTP
irradiation tests are presented for polymer materials of seven kinds including PA6 and
PA66. Experiment results indicate that the Ar ICTP irradiation involves the occurrence
of spallation phenomena only from PA6 and PA66 specimens. This result seems that
there must be unique characteristics of PA6 and PAG66 related to occurrence of spallation
phenomena which were not shown by the other polymer materials in this work.
Considering the characteristics of polyamide materials, we inferred that hydrophilia of
polyamide might be related to occurrence of spallation. To confirm the relation between
hydrophilia of polyamide and spallation occurrence, PA6 and PA66 specimens of two
kinds, with and without water absorption, were prepared. Then they were irradiated
by Ar ICTP. Results demonstrated that PA6 and PA66 with water absorption ejected
much greater quantities of spallation particles than those of without water absorption. In
addition, results show that Ny or Oy (contained in air) inclusion to the Ar thermal plasma
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enhances the occurrence of spallation from PA66 with water absorption. Moreover,
we estimated the cooling effects of spallation particles in high-temperature air for arc
quenching. This method of estimation indicated that inclusion of 10 and more PAG6
particles to high-temperature air might cause 3000 K drop in air temperature, thereby
indicating effective arc quenching.

2. Concept of using induction thermal plasma irradiation technique for
investigation of interactions between thermal plasma / arc plasma and
polymers

We used inductively coupled thermal plasma (ICTP) instead of arc plasma between
electrodes to investigate interactions between thermal plasma / arc plasma and
polymers. This decision can be attributed to our recognition of the following facts:
(i) Both the ICTP and the arc plasma between electrodes have extremely high collision
frequency among particles, which gives a high heavy-particle temperature approaching
the electron temperature. (ii) Their behavior can be described approximately by
macroscopic properties such as thermodynamic and transport properties determined
by the temperature and the pressure. (iii) Thermal ionization occurs in both an arc and
an [CTP to sustain itself with a certain level of electrical conductivity. For these three
reasons, both the ICTP and the arc plasma can be categorized as ‘thermal plasmas’.

In addition, the ICTP has the following benefits for fundamental investigation:
(a) Clean thermal plasma can be produced with no impurities because ICTP needs
no electrodes. This fact enables us to investigate fundamental interactions between
thermal plasma and polymers. The conventional arcs require electrodes that ablate
and contaminate the arc medium, which makes the arc phenomena more complex. (b)
The ICTP shows better repeatability in its production, than one-shot circuit-breaker
arc testing. (c¢) Only the polymer species change enables us to compare the effects of
polymer varieties that are used.

3. Thermal plasma irradiation test of various polymer materials

3.1. Polymer materials tested

First of all, thermal plasma irradiation tests for various polymer materials are presented.
We have found the spallation occurence from PA6 and PA66. To find a way to
control the occurrence of the spallation phenomena, it is important to understand the
reason of spallation occurrence from features of base materials. As general polymer
materials with simple structures and different characteristics, the following polymer
materials were chosen for testing. Polytetrafluoroethylene (PTFE), polyethylene (PE),
polyoxymethylene (POM), polymethylmethacrylate (PMMA), polyamide-6 (PA6),
polyamide-66 (PA66) and polyformaldehyde (PF).

Table 1 presents a list of the polymer materials tested for Ar-ICTP irradiation. This
table presents groups of heat characteristics whether thermoplastic or thermosetting,
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and the decomposition temperature of each polymer. The decomposition temperatures
presented here are those which were actually measured using thermogravimetry and
differential thermal analysis (TG-DTA) and differential scanning calorimetry (DSC).
The PTFE has the highest decomposition temperature among the seven kinds of polymer
materials. When the temperature of a polymer material exceeds the decomposition
temperature of the polymer, then the polymer is decomposed to eject ablation vapour
containing atoms, molecules or ions from the polymer. Such heat decomposition of
the polymer can take thermal energy from the heated arc plasma [28]. In the ICTP
irradiation test, every polymer is expected to eject ablation vapour. The test may
demonstrate that ICTP can be a high-power irradiation source instead of an arc plasma.
In addition, it will be clearly seen that spallation phenomena occur only from polyamide
materials.

3.2. Ezxperimental setup and experimental conditions

Figure 1 depicts the ICTP system used in the present experiment. The ICTP torch
comprises two coaxial water-cooled quartz tubes. Each 345-mm-long quartz tube has
different diameter, the inner quartz tube has 70 mme¢ inner diameter. Argon gas is
supplied from the top of the plasma torch to the interior of the inner quartz tube as
the sheath gas. We can also supply different gases, such as Ny and O, if we study the
effects of chemical reaction of reactive species on interaction between thermal plasma
and polymers. An eight-turn induction coil is located around the torch to generate
electromagnetic fields. Then inductively coupled thermal plasma is created inside the
torch. The generated thermal plasma expands downward below the inlet of the chamber
by gas flow. A polymer specimen is embedded in a stainless saucer mounted on a movable
specimen holder cooled by flowing water. The shape of polymer specimen used in this
experiment is shown in figure 2, which has 15-mm-diameter and 5 mm thickness. The
movable specimen holder can convey the polymer specimen to the position under the
thermal plasma flow after the experimental conditions, such as input power, gas flow
rate and pressure, are fixed. Subsequently the thermal plasma is irradiated directly to
the polymer specimen.

In this experiment, the input power to the ICTP was set to 8.5 kW and the
Ar sheath gas flow rate was 30 slpm. The Ar gas was used because Ar ICTP is
easily established. Moreover, it is chemically stable gas so we can investigate thermal
interaction between polymer and thermal plasma. The pressure in the chamber was
regulated to around 1.0 atm. During thermal plasma irradiation, the polymer specimen
surface was observed using a high-speed video camera. The frame rate of the high-speed
video camera observation was set to 1000 frames per second.

3.3. Spallation occurrence by Ar-ICTP irradiation on PA6 and PA66

Figure 3 shows the high-speed video camera observation result of Ar-ICTP irradiation
of PTFE, PE, POM, PMMA, PA6, PA66, and PF specimens. The thermal plasma is
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irradiated to the specimen from above in this figure. The thermal plasma irradiation
to the polymer specimen causes strong ablation of the specimen. As presented in this
figure, the radiation from the ablation vapour cloud is clearly visible over the specimen
surface. The radiation from the ablated vapour results from the excited molecules and
atoms in the ablated vapour irradiated by thermal plasma. The main colour of the
radiation is blue, which can originate from C, Swan band system at wavelengths around
450-570 nm, as found in our previous work [29]. As each picture shows, all the polymers
eject more or less ablation vapour. However, results also show that PA6 and PA66 eject
not only ablation vapour but also particles above the ablation vapour. These ejected
particles are called ‘spallation particles’. A spallation particle can be a small piece of
the polymer.

If the spallation phenomenon is applied to arc quenching, then spallation particles
might penetrate the arc discharge core deeply because of the mass inertia. Then they
will be ablated there to decrease the arc temperature effectively. Therefore, spallation
particles can be used for effective arc quenching.

4. Influence of water absorption in PA6 and PA66 on the occurrence of
spallation phenomena

4.1. Features of PA6 and PA66

As the preceding section explained, among polymer materials of several kinds, only PA6
and PA6G6 materials can eject spallation particles during thermal plasma irradiation.
Here, some features of PA6 and PA66 are described for consideration of the essence of
spallation occurrence.

Polymers PA6 and PAG6 are classified as polyamide materials. Polyamide materials
are widely used in various applications such as food wrap films, fiber products, some
parts of automobiles as well as electrical insulation and ablation parts in low-voltage
circuit breakers. Among polyamide materials, polyamide-6 (PA6) and polyamide-66
(PAG6G) are generally categorized as engineering plastics. Both have high mechanical
strength and high chemical resistance. Figure 4 presents the structural formulas of PA6
and PA66. Actually, PA6 has the chemical formula of (-CgH;;ON-),, whereas PAG6
has (-C19H2205Ny-),,. They have mutually similar mechanical, physical, and chemical
characteristics. However, PAG6 has slightly higher chemical resistance and mechanical
strength than the PAG6.

Polyamide materials including PA6 and PA66 have amide bonds (-CONH-) in their
polymer structures. Polyamide molecules are therefore strongly bonded to each other
through amide bonds. High chemical resistance and high mechanical strength of them
are due to such amide bonds. In addition, amide bonds cause polyamide materials to
have high hydrophilia.

Figure 5 presents schematics showing hydrogen bonds in polyamide materials.
Figure 5(a) depicts the normal state of polyamide structure. In the normal state,
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some amide groups have hydrogen bonds with other amide groups. The mechanical
strength of polyamide originates from these amide bonds. In addition, amide bonds
can have hydrogen bonds through -C=0(J—)- with water (HyO) because H,O has an
electric dipole. Figure 5(b) presents an example of the connection occurring with a HyO
molecule in polyamide. The hydrogen atom in amide group has a positive charge.
It attracts oxygen atoms of water molecules electrostatically when there are water
molecules. Similarly, the hydrogen atom in HyO is electrostatically attracted by oxygen
atoms of the amide group in polyamide. As a result, the polyamide material has a high
hydrophilic property. We inferred that this hydrophilia of polyamide material is related
to the occurrence of spallation phenomena.

4.2. Water absorption test into PA6 and PA66

First, we confirm the water absorption ability of PA6 and PA66 specimens by soaking
a polyamide specimen in water. The specimen with a shape shown in figure 2 is used
for water absorption tests. It is also used in thermal plasma irradiation experiments as
described in a later section. Other kinds of polymer material specimens such as PTFE;,
PE, POM, and PMMA were also prepared with the same shape for comparison. The
mass of a PA6 specimen was measured as 0.95 g. That of PA66 was 1.0 g. First, PA6
specimens were soaked in pure water for 3 hr at different temperatures: cool temperature
(283 K), room temperature (295 K), and boiling temperature (373 K).

Figure 6 presents results of the water absorption ratio for PA6 for different
temperatures of 283 K, 295 K, and 373 K. Here, the water absorption ratio was defined
as shown below.

(Master — Mbcfore)
Mbefore
Therein, M, is the mass after 3 hr soaking; also Mpefore 1S the mass before soaking.
The water absorption ratio of PA6 soaked in boiling water (373 K) was estimated as
4.6wt%, which is the highest value in these three conditions. Results show that the
water absorption ratio of PA6 depends strongly on temperature. This might be true

x 100[wt%] (1)

Rwater -

because the lattice distance of PA6 increases with temperature. Then more water is
absorbed.

For comparison, figure 7 presents the water absorption ratio of the above polymers
of six kinds in boiling water (373 K) for 3 hr. As this figure shows, PA6 has the highest
water absorption ratio of 4.6wt%. The second highest ratio is that of PA66 as 2.6wt%.
However, PTFE and PE materials have extremely lower water absorption ratios because
these materials have no dipole in polymer molecules.

Figure 8 presents the water absorption ratio of PA6 and PA66 soaked in boiling
water as a function of soaking time. After 40 hr soaking, the water absorption rate
of PAG6 is 10wt%; that of PA6 is 6.3wt%. Actually, PA6 seems to have greater water
retention capacity than PA66 has. According to this figure, one can control water
absorption ratio of PA6 and PA6G6 to some degree after soaking.



Spallation occurrence from polyamide during thermal plasma irradiation 7

The obtained results in this section provide useful information to consideration of
the essence of spallation occurrence. Polyamide materials PA6 and PA66 can retain
more waters than other kinds of polymer materials treated in this work. Moreover,
water retention amount in PA6 and PA66 can be controlled by soaking time and water
temperature. The following section will describe the effect of water absorption to PA6
and PA66 on occurrence of spallation during ICTP irradiation.

4.8. Experimental conditions for Ar-ICTP irradiation on water absorbed PA66 and
PA6

The Ar ICTP irradiation test was conducted for polyamide specimens before and after
water absorption. The same experimental setup and the shape of the specimen for
ICTP irradiation were used, respectively, as those shown in figures 1 and 2. The input
power to ICTP was set to 9.8 kW. The thermal plasma irradiation time duration was
20 s. The chamber pressure was regulated at 1.0 atm. We did high-speed video camera
observations and ablation mass measurements. The frame rate of the high-speed video
camera was set to 1000 fps.

We prepared dry PA6 and PA66 specimens, which were placed in a desiccator with
silica gel for dry specimens. In addition to these, PA6 and PA66 specimens having soaked
in water at room temperature for 10 hr after 5 hr boiling were used for experimentation.
This soaking involves the PA6 specimen with 6.8wt% water absorption and the PA66
specimen with 3.9wt% water absorption.

4.4. High-speed video camera observation of spallation occurrence from PA6 / PA66
irradiated by Ar ICTP

Figure 9 shows high-speed video images of PA6 and PA66 specimens irradiated by Ar
ICTP. In each case, the ICTP is generated at input power of 9.8 kW and Ar sheath gas
of 50 slpm. The thermal plasma is irradiated from the top side in these figures. The
observation direction is perpendicular to the plasma flow direction. Radiation from Ar
thermal plasmas is only slightly detectable because the radiation from Ar spectral line is
lower than that from ablated vapour. Every panel (a)—(d) shown here is a superimposed
image of over 100 images captured in 0.1 s, from 0.9 s after the beginning of irradiation
up through 1.0 s.

Figure 9(a) shows the case of Ar ICTP irradiation on dry PA6 specimen. Light
emission from ablation vapour is apparent around the specimen. The main colour of the
light is blue, which originated by Cy Swan system. From the C, spectra, we estimated
the vibrational and rotational temperatures of C, in ablated vapor as about 4000 K,
while the Ar excitation temperature was estiamted as about 8000 K in the Ar ICTP by
two-line method of Ar atomic lines [28].  Faint purple light is also apparent in some
parts of the picture. The colour purple comes from the intensity of CN violet spectra
at wavelengths around 350-400 nm. In this case of PA6 without water absorption,
spallation phenomena only slightly occur.
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Figure 9(b) depicts the case of Ar ICTP irradiation on PA6 with 6.8wt% water
absorption. The image in figure 9(b) is clearly different from the previous picture of
dry PAG6 in figure 9(a). Small particles were ejected from the specimen surface They
were ablated above the ablation vapour layer. These particles are spallation particles.
This result demonstrates that water absorption promotes spallation particle ejection
from the PA6 specimen. Ejected spallation particles are ablated in the irradiated
thermal plasma. They emit blue light originating from C, molecular spectra during
their flight. Therefore, spallation particles can penetrate deeply into high-temperature
thermal plasma. Then they can be ablated to suppress the thermal plasma temperature.
The number of spallation particles ejected high above the ablation gas layer reaches 24
from figure 9(b).

Figure 9(c) portrays the case of dry PA66. The ablated aspect of PA66 in this
figure is similar to the case of dry PA6 shown in figure 9(a), although the purple colour
strength of PA66 ablation vapour is slightly higher than that of PA6. In this case, no
spallation particle was ejected from the dry PA66 specimen. Figure 9(d) depicts the
result of PA66 with 3.9wt% water absorption. Although the water absorption ratio of
PAG66 in this figure differs from that of the PA6 specimen used in figure 9(b) (6.8wt%),
spallation particles ejected from the specimen are clearly detectable. The spallation
particles ejected high above the ablation gas layer were 17.

These high-speed video camera observation results above confirmed that spallation
phenomena result from water absorption in the polyamide materials of PA6 and PAG6.
The mechanism of spallation occurrence has not been explained completely yet, but we
infer the following description.

(i) The heat flux from thermal plasma plasticizes the surface of the polyamide bulk.
(ii) Water molecules are desorbed. Then they condense into droplets.

(iii) The water droplets are heated and evaporated to increase the internal pressure
under the polymer surface.

(iv) When the internal pressure increases to withstand pressure of polyamide
mechanically, the parts of polyamide are broken up. That effect causes particle
ejection to thermal plasmas.

4.5. Ablation mass of PA6 / PA66 irradiated by Ar ICTP for 20 s

Figure 10 presents the ablated mass of polyamide specimens that had been irradiated
for 20 s by Ar ICTP. The ablation mass was estimated from the different measurements
conducted before and after irradiation of Ar ICTP. The ablated mass of dry PA6 without
water absorption is about 60-70 mg, which is approximately equal to that of dry PA66
without water absorption. However, both the water-absorbed PA6 specimen and water-
absorbed PA66 specimen were ablated about 100 mg, which is about 1.5 times higher
than that of dry PA6 and PA66 specimens. It is noteworthy that the mass of absorbed
water is only several percent of the specimen mass. The facts presented above imply
that water absorption to polyamide specimens increases the ablation mass. This increase
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in ablation mass by water absorption might result from the mass loss from spallation
particle ejection.

5. Ar + N,/O, ICTP irradiation on PA66 with water absorption

5.1. Experimental conditions for Ar + No/Oy ICTP irradiation on water absorbed
PA66

This section presents an examination of the influence of chemical reactions in thermal
plasmas irradiated to the PA66 specimen on the occurrence of spallation phenomena
from water absorbed PA66. The PA66 specimens used in this work had 3wt% water
absorption. Gases Ny and O, and their mixture gas were supplied to Ar ICTP irradiated
to the water absorbed PA66 specimen. These gases and gas mixtures were selected for
use in this study because they are contents of air. In addition, we have strived to study
the influence of chemical reactions in air thermal plasma on the spallation occurrence,
for use in arc quenching in a circuit breaker. In this work, six thermal plasma conditions
were tested. The first one is the case of Ar ICTP irradiation, which is designated as
Cond. A = Condition A in Table 2. The second one is Ny inclusion case to Ar ICTP,
designated as C'ondition B. The cases of Ny and O, inclusion to Ar ICTP are Cond. C'~,
Cond. C and Cond. C*. The difference between C~, C' and C* is the admixture ratio
of No/Oy. The last case is Oy inclusion to Ar ICTP, designated as Cond. D.

We supposed to use the spallation particles, for example, to affect the air arc plasma
in a low-voltage circuit breaker as one application. Therefore, the above 6 conditions
were set in the experiments. C'onditionA corresponds to influence only from the heat.
ConditionB is to confirm influence of presence of nitrogen related particles such as
Ny, N3, N and N* on the spallation occurrence from chemical reactions on the the
polyamide surface. Nitrogen is a main gas constituent of air. ConditionD is similarly
to confirm the influence of O related particles on the spallation occurrence from chemical
reactions on the the polyamide surface.. Oxygen is the second gas constituent of air.
ConditionsC~,C,C™ are the ones to study effect of nitrogen oxides such as NO, N,O,
NOT etc on the spallation occurrence.

For each of the six conditions, the heat flux from the thermal plasma to the specimen
is expected to be almost identical because different heat flux might cause different
interaction between the thermal plasma and polymer specimen. To ascertain the same
heat flux condition for different gas mixtures of thermal plasma, we set the different
input power to different gas mixture thermal plasma in the following manner. Figure 11
depicts the surface temperature dependence of a TiO, specimen with a diameter of 15
mm and a thickness of 5 mm (instead of bulk polymer) on the input power to the thermal
plasma given different gas conditions. The surface temperature of TiOy specimen on the
water-cooled specimen holder was measured using a radiation thermometer. The TiO,
specimen was used to estimate the heat flux from the surface temperature measurement
because TiOs is extremely stable for thermal plasmas and chemical species in thermal
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plasmas. This figure shows that the surface temperature of the TiO, specimen increases
concomitantly with increasing input power to the thermal plasma, and that it depends
markedly on the gas mixture condition. Using this figure, the input power for the same
heat flux condition for different gas mixtures was determined from the same surface
temperature 800 °C of a TiO, specimen. This method of inference provides the same
heat flux conditions. In this case, the irradiated heat flux was estimated as around
500 kW/m? from the aid of a numerical simulation of induction thermal plasma with
a specimen. The determined values of input power for different gas mixture conditions
were added to Table 2.

In the irradiation experiment, high-speed video camera observations and ablation
mass measurements were conducted. From the high-speed video camera observation,
spallation particles were counted from the PA66 specimens.

5.2. High-speed video camera observation on spallation occurrence from PA66 with
water absorption irradiated by Ar + No/Oy ICTP

5.2.1.  Ablation aspect and spallation occurrence Figure 12 presents four images
captured using a high-speed video camera during Ar + N5 /O, ICTP irradiation on water
absorbed PAG6. Irradiation of the Ar ICTP with different gas mixtures provides a quite
different aspect of PA66 ablation. For 100%Ar ICTP irradiation, ablated vapour from
PA66 emits white-bluish light, which is mainly attributed to strong spectral intensity
from Cy Swan system at wavelengths of 450-570 nm. The 97%Ar ICTP with 3%N,
produces ablated vapour with similar colour but also with purple around the PAG6
surface. The colour purple comes from the high intensity of CN violet spectra at
wavelengths of 350-400 nm. Inclusion of O, in the Ar ICTP involves orange colour in
ablated vapour, which might arise from the continuous spectra by black-body radiation
according to spectroscopic measurements [29, 28]. This seems attributable to the
combustion reaction of graphite particles in ablated vapour. In every case, the PAG6
specimens eject spallation particles.

5.2.2. Influence of Ny or Oy inclusion on the number of spallation occurrence Figure 13
presents four images produced by accumulation of 100 consecutive video images from
0.9 s to 1.0 s after ICTP irradiation in different conditions. As the figure shows, both
Ny and O, can promote spallation occurrence. Especially, inclusion of Ny and Os seems
to influence the ablation and spallation occurrence. Using sequence images taken by
the high-speed video camera, the spallation particles were counted. Only the particles
jumping up to the top of the ablation vapour layer were counted.

Figure 14 shows the instantaneous and cumulative numbers of spallation particles
versus time from the beginning of ICTP irradiation. Each panel corresponds to the
results counted from each panel shown in figures 12 and 13. The left vertical axis
shows the instantaneous number of spallation particles, which is indicated by black
bars. The right vertical axis shows the cumulative number of spallation particles, which
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is presented by curves. The ‘instantaneous number’ treated here is the number of
spallation particles ejected at each time. In the case of 100%Ar, the first spallation
particle was ejected at 300 ms after the beginning of ICTP irradiation. Spallation
particles were ejected thereafter. During 1000 ms 100%Ar ICTP irradiation, 75 particles
were ejected in all. For 97%Ar + 3%N,, the first ejected spallation particle was detected
at 300 ms; 83 particles were ejected in 1000 ms. The 97%Ar + 1.5%N, + 1.5%0, ICTP
irradiation involves the first ejection of a spallation particle at 300 ms. It has 113
particles ejection in all. Similarly, the 97%Ar + 3%0, ICTP irradiation causes the first
spallation particle ejection at 220 ms; actually, 116 particles were ejected. These results
demonstrate that inclusion of O, promotes spallation occurrence.

The total cumulative quantities of spallation particles ejected in 1.0 s for each
ICTP condition are presented in figure 15. Each condition has three data. The average
of these three experiments is shown there. The figure shows results of six conditions
for comparison, including extra conditions Cond. C~ and Cond. C". One might recall
that Cond. A is the case of 100%Ar, Cond. B is for Ny inclusion, the three series
of Cond. C,C*,C~ are the cases of both Ny and O, inclusion with change of the
mixture ratio. Also, Cond. D is the case of O, inclusion. As this figure shows, pure
Ar ICTP engendered 62 spallation particles, which is the lowest value among the six
cases. With Ny gas inclusion to Ar ICTP, the number of spallation particles increased
to 74. Inclusion of both Ny and O mixture further increases the number of spallation
particles detected. In the Ny and O, mixture cases, a higher Oy inclusion ratio tends
to enhance the occurrence of spallation. As the Os mixture ratio rises, the number of
spallation particles increases to 120. Only O inclusion maintains a high value of the
spallation occurrence over 100. This result implies the importance of chemical reactions
with oxygen on the polymer surface for spallation occurrence.

5.2.83. Ablation of a spallation particle flying in thermal plasma High-speed video
camera observations revealed that the spallation particles flying in thermal plasmas
was ablated during their flights. Figure 16 depicts the course of ablation of a spallation
particle ejected during 97%Ar+1.5%N5+1.5%0, ICTP irradiation. From this figure, a
particle was ejected at the time 2.478 s after the beginning of ICTP irradiation. The
particle reached the top of the jump at the time of 2.482 s, which corresponds to 4 ms
after the beginning of the ejection. The particle was ablated during their falling down
flight. The particle was lost by ablation to the time 2.485 s, corresponding to 7 ms after
the ejection. As shown there, most spallation particles were ablated completely in less
than 10 ms for all cases. Results show that the time required for ablation is sufficiently
short for arc quenching.
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5.3. Ablation mass of Swt% water absorbed PA66 irradiated by Ar + Ny /Oy ICTP for
20 s.

The ablation mass of PA66 irradiated by Ar+Ny/Oy ICTP for 20 s is described in this
section. Figure 17 presents the ablation mass of the water absorbed PA66 specimen
irradiated by Ar + Ny/Oy ICTP for 20 s. As described previously, the ablation mass
was calculated only as a mass difference between measurements taken before and after
ICTP irradiation. The bar in this figure shows the average value obtained from three
experiments conducted under the same conditions. All experiments used water-absorbed
PA66 specimens, which promotes spallation occurrence.

As this figure shows, the ablation mass is 100-150 mg for all conditions. Comparison
of results shown in figures 15 and 17, shows that the ablation mass seems to depend
roughly on the number of spallation particles. Increasing the sum of spallation particles
elevates the ablation mass slightly, which implies that the spallation particles naturally
contribute to the mass loss of the specimen.

The results of Ar + N5 /O, ICTP irradiation experiment confirmed that both Ny and
O, can promote the occurrence of spallation phenomena from water absorbed polyamide.
Thus, the air is expected to promote the occurrence of spallation because air contains
both Ny and O, in moderate mixture ratio. Therefore, we expect spallation phenomena
to promote arc quenching effectively, because many low voltage circuit breakers such as
mold case circuit breakers (MCCBs) work in open air.

6. Numerical estimation on cooling effects of spallation particles on
high-temperature air.

6.1. Assumptions

This section presents a description of numerical estimation on the cooling effects of
spallation particles on high-temperature air. As described in the preceding sections,
spallation particles are ejected from the PA66 surface to the thermal plasma, where they
are ablated. That ablation can involve cooling of thermal plasma because of its latent
heat for thermal decomposition and mixing of ablated vapour. The ablated vapour has
some polyatomic molecular species. The mixture of these molecules has high effective
specific heat capacity. Also, they are decomposed and consume the energy from the
thermal plasma. We suppose to adopt spallation particles ejection to the arc plasma
when the polyamide material is used to a circuit breaker. Arc-extinguishing chamber
in a circuit breaker is much smaller than the ICTP chamber we used in preceding
sections. Therefore, fundamental estimation is needed to clarify the arc-quenching
ability of spallation particles. However, it is not easy to distinguish the cooling effects
into ablation vapour effects and spallation particles effects by the experiments because
they occur simultaneously. Therefore, we do numerical esimation of the cooling effect
of a single spallation particle or more spallation particles on air thermal plasma.

Here, we presume a high-temperature air with a volume of 10 mL(=10x107% m?)



Spallation occurrence from polyamide during thermal plasma irradiation 13

at a certain initial temperature T,;, at atmospheric pressure 101 325 Pa. The volume
of 10 mL is one typical volume of an arc in a small moulded case circuit breaker. It is
assumed that in this high-temperature air PA66 sphere particles with a radius of 100
pm and a mass of 4.77 pg at 300 K would be injected. They would be evaporated
completely because of high-temperature air involving a decrease in the air temperature,
and then they would be PA66 vapour including polyatomic molecules of several kinds
in high-temperature air at fixed atmospheric pressure. After mixing PA66 vapour with
high-temperature air uniformly, the mixture would have to reach final temperature Tt
and final volume V; at fixed atmospheric pressure. We calculate T; for those conditions
in the following subsections.

The initial temperature of the high-temperature air Ty was set to 5000, 7500,
10000, 12500, or 15000 K. The number of injected spallation particles is assumed to be
1, 5, 10, 30, or 50.

6.2. Thermodynamic properties for calculating cooling effects

6.2.1.  Equilibrium composition, mass density and enthalpy of high-temperature
air First, the equilibrium composition of high-temperature air was calculated by
minimization of the Gibb’s free energy of the system [12, 25, 30, 31]. Gibb’s total
free energy GG can be written as

G =S (104 RTI() 4 BT (£ 2
= S (ut+ RTn() + BT (7)) 2)
pl = —RTn (Z) — RTIn (Z1™) + AHy; (3)

where N stands for the total number density of particles, n; is number density of
the '™ particle, T is temperature (K), R is gas constant (J/mol/K), Z!* and Z"*
are partition function of translational motion and internal state, respectively, AHy; is
standard enthalpy of formation (J/mol), P is the pressure, Py is the reference pressure.
In this work, P = P, = 101 325 Pa was set.

In this situation, we assumed that composition of high-temperature air can be
described as 78 %Ny + 21%05 + 1%Ar. Figure 18 presents the equilibrium composition
of air at 101,325 Pa. The vertical axis shows the number density of the constituent
species. The horizontal axis shows the gas temperature. At room temperature 300
K, the main components of air are Ny, Oy, and Ar. As the gas temperature rises,
decomposition or association reactions of molecules can produce polyatomic molecules.
At temperatures of 500 K to 1000 K, NO and N,O molecules generated by decomposition
and association are apparent. At temperatures from 1000 K to 10000 K, atomic species
O and N appear. In addition, a small number density of O3 and N3 is apparent. At
temperatures higher than 10000 K, most species become mono-atomic ions. The number
density of electrons rises.

Using this equilibrium composition of air, one can calculate the mass density and
the enthalpy of air at a certain temperature. Mass density of air p, which is the total
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mass of constituent species can be described as the following equation.
p=> mmn; (4)
i

Therein, m; stands for the mass of species 7, and n; denotes the number density of
species 7. Enthalpy h is calculable with the internal partition function Z!"* and the
standard enthalpy of formation A Hy;:

_ 1 5 2 a int
h=- Z <2kT + KT 2 (InZi) + AHfZ> n; (5)

Figures 19 and 20 respectively show the temperature dependence of the mass density
p and the enthalpy A of air. Because we have assumed that the initial volume of air
is 10 mL(=10x10"% m?), we obtain the mass of the air from the mass density. At a
temperature of 5000 K, the mass of 10 mL air is 583 ug, 174 pg for 10000 K, and 78
pg for 15000 K. Results show that the mass of air decreases as the temperature rises
at a fixed pressure. However, the enthalpy increases with a temperature rise. At a
temperature 5000 K, the enthalpy of air is 10.2 kJ/g. It is 114 kJ/g for 15,000 K. By
multiplying the initial mass and the enthalpy, one obtains the internal thermal energy
of air within 10 mL volume. Table 3 expresses the temperature and the internal thermal
energy of 10 mL air. At 5000 K, the internal thermal energy of 10 mL air is 59.5 J. For
temperatures higher than 7500 K, the internal thermal energy reaches 80-90 J.

6.2.2. Variation in composition, internal thermal energy of high-temperature air with
inclusion of PA66 spallation particles We assumed PA66 sphere particles with a radius
of 100 pm and a mass of 4.77 pg at 300 K. The PA66 particles would be included in
high-temperature air. The particles were decomposed to produce PA66 vapour including
polyatomic molecules, which are mixed with air. To consider the dominant species
in air-PA66 vapour at a specified temperature, the equilibrium composition of air-
PA66 vapour was calculated by minimization of the Gibb’s free energy. The air-PA66
vapour admixture ratio depends on the initial temperature T,;. and the number of PA66
spallation particles. For example, for air with an initial temperature of 5000 K and 1
spallation particle injection, the mass ratio of the air to PA66 is 583 : 4.77. The mass
ratio is expected to take a value of 174 : 47.7 with 10 particles injection if the initial
temperature of the air were 10,000 K.

Figure 21 depicts the equilibrium composition of air-PA66 vapour mixture
generated by 1 particle injection into the air of the initial temperature 10000 K at
atmospheric pressure. In this case, the mass ratio of air to PA66 is 174 : 4.77. The
horizontal axis shows the gas temperature. The vertical axis shows the number density
of the constituent species. The composition in figure 21 is greatly complicated compared
to the composition presented in figure 18. This result derives from inclusion of C atoms
and H atoms from PAG6 vapour. A PA66 (C12Hs205N5) spallation particle can provide
C and H atoms to produce numerous and diverse species. In temperatures of 500 K to
1000 K, polyatomic or diatomic molecules are dominant. At temperatures from 1000 K
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to 10000 K, the mono-atom species number density of increases. A further increase in
temperature to more than 10000 K makes the dominant species ions. In this way, PAG6
particle inclusion to air causes considerable changes in the equilibrium composition of
the air.

Using the calculated equilibrium compositions, the enthalpy of air-PA66 vapour
mixtures is derived from equation (5). Figure 22 presents the temperature dependence
of enthalpy of air-PA66 vapour mixtures with different admixture ratios of PA66. The
admixture ratios here correspond to those calculated for 0, 1, 5, 10, 30, and 50 PA66
particles injected into 10 mL volume of air with an initial temperature of 10,000 K at
atmospheric pressure, as described previously. As this figure shows, one or more particles
injection rises the enthalpy of the vapour mixture at a fixed temperature. As increasing
admixture ratio of PA66, which is shown with increasing the number of PA66 particles
in this figure, the enthalpy of air-PA66 vapour is elevated at fixed temperatures. This
elevation is attributed to the fact that air-PA66 vapour has complex polyatomic species
carrying internal energy.

6.3. Calculation procedure for cooling effect of PA66 particles in high-temperature air

Thermal decomposition of PA66 particles and PA66 vapour mixing with dissociation
reactions of polyatomic species lead to a temperature decrease of air from an initial
temperature. After thermal decomposition and mixing, the mixture from 10 mL high-
temperature air and PA6G6 particles has a final temperature 7T;. This final temperature
T} is obtainable by solving the following energy conservation equation:

MairPair(Tair) = Ppace—air(Tt) X (Mair + Mpass) + Qe X Mpass (6)

where m,;, signifies the mass of the high-temperature air, mpags denotes the mass of
PA66 particles, hui(Twir) represents the enthalpy of the air at the initial temperature
Tair, and hpaes_air(Tt) stands for the enthalpy of the gas mixture of PAG6-air at a
final temperature T;r. Also, @, is the latent heat of PA66 from 300 K to the thermal
decomposition temperature at atmospheric pressure. The value of (). is about 2.508 J
per particle. Equation 6 can be expressed as

Meair Nair (Tair) — X m
hPA66,air(Tf) — alr alr( alr) Qe PAG6 (7)
Mair + MPA66
We can estimate the final temperature Tt satisfying the above equation (7). For hpags air,

we can use data in figure 22.

6.4. Calculation results of spallation particle cooling effects

Table 4 quantifies the final temperatures Tt for each initial temperature T',;, and number
of spallation particles. These are also presented in figure 23. For the cases of initial air
temperature T',;, = 10,000 K, a single PA66 particle can drop the temperature to 9300 K.
This result demonstrates that one PA66 particle has a 700 K cooling effect. This cooling
effect increases to more than 3000 K for 10 and more particles. This is a large cooling



Spallation occurrence from polyamide during thermal plasma irradiation 16

effect for arc quenching attributable solely to 10 PA66 particles. The primary factor
underlying the cooling effects is the energy consumption from dissociation of molecules
contained in PAG6 ablation vapour. At high initial temperatures, where the mass of
initial air is low because of its low density, the ablation of spallation particles results in
greater cooling effects for air.

In the Ar + N5/O, ICTP irradiation experiment described above, more than 30
spallation particles were ejected in 0.1 s. Considering the arc plasma ignited in a circuit
breaker, the heat flux of the arc will be much higher than that of ICTPs. In addition,
an arc in air contains plenty of Ny and Os, which can promote spallation occurrence.
We can expect tens of spallation particles to drop thousands of Kelvin of the air arc
temperature compared to no spallation particles if spallation phenomena are applied as
a circuit breaker.

7. Conclusions

This paper presents a study of the effect of water absorption to polyamide material
on the occurrence of spallation phenomena: the particle ejection after breaking off
from polymer materials irradiated by high heat flux. The experimentally obtained
results demonstrated that polyamide specimens with water absorption ejected spallation
particles, whereas polyamide specimens without water absorption ejected them only
slightly. These results demonstrate that water absorption can promote spallation
phenomena. Furthermore, Ny and Oy inclusions irradiated in thermal plasma enhance
spallation phenomena.

Cooling effects of thermal plasmas by spallation PA66 particles were also estimated
numerically. This estimation shows that 10 and more PA66 particles inclusion might
decrease the air temperature by 3000 K. This temperature drop arises mainly from the
energy consumption for dissociation reactions in polyatomic species in air-PA66 ablation
vapour. These results suggest that spallation phenomena can be useful to enhance arc
quenching in circuit breakers work in air.

We have studied contributing factors on the spallation occurrence from polyamide
materials, and a fundamental method of ejection frequency control of spallation particles.
Water absorption is the simplest method for spallation occurrence. Furthermore, we are
also developing a new other enhancer of spallation phenomena instead of water [32],
because it is hard to keep water in polyamide materials for a long time. Nevertheless,
we believe that spallation phenomena can be one of the strongly effective applications for
arc quenching or temperature control in various arc devices, including circuit breakers.
For the acutal use of spallation phenomena for a circuit breaker, it is necessary to
conduct further arc quenching tests.
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Table 1. Tested polymer materials for the first experiment.

Material Group Decomposition
temperature [K]
Poly-Tetra-Fluoro-Ethylene (PTFE) | Thermoplastic 809
Poly-Ethylene (PE) Thermoplastic 734
Poly-Oxy Methylene (POM) Thermoplastic 605
Poly-Methyl-Methacrylate (PMMA) | Thermoplastic 618
Poly-Amide-6 (PAG) Thermoplastic 718
Poly-Amide-66 (PAGG) Thermoplastic 669
Phenol-Formaldehyde (PF) Thermosetting -

19
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Table 2. Thermal plasma conditions for ICTP experiments

20

Ar No 09 Input power
Gas condition [L/min] [L/min] [L/min] kW]
100%Ar, 800 °C (Cond. A) 30 0 0 8.5
97%Ar+3%Ny (Cond. B) 50 1.5 0 12.8
97%Ar+2%No+1%0s (Cond. C~) 50 1.0 0.5 12.6
97%Ar+1.5%N,+1.5%0, (Cond. C) 50 0.75  0.75 12.4
97%Ar+1%No+2%0s (Cond. C*) 50 0.5 1.0 12.2
97%Ar+3%0, (Cond. D) 50 0 1.5 10.3
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Table 3. Mass and thermal energy of 10 mL air at atmospheric pressure.

Temperature(K) | Mass(ug) Enthalpy(J/g) Thermal energy(J)

5000 283 102000 99.5
7500 267 327000 87.3
10000 174 478000 83.1
12500 122 683000 83.3

15000 78 1140000 88.9
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Table 4. Final temperature T¢ for each number of spallation particles versus initial
temperature of the hot air Ty;;,.

Initial air temperature Final temperature T} for
Tair (K) 1 particle (K) 5 ptels 10 ptels 30 ptels 50 ptels
5000 4900 4800 4700 4000 3400
7500 7400 7000 6700 5500 4000
10000 9300 7700 7000 5400 3900
12500 12000 9800 7500 5500 3900
15000 14400 12300 9800 5700 4000
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Figure captions

Figure 1. ICTP torch and chamber.

Figure 2. Specimen shape for water absorption tests and thermal plasma irradiation
experiments.

Figure 3. Ar-ICTP irradiation on (b) PTFE, (c) PE, (d) POM, (e) PMMA, (f) PAG6,
(g) PAG, and (h) PF, (a) is a schematic image.

Figure 4. Structural formulas of (a) PA6 and (b) PA66.

Figure 5. Water retention image of polyamide: (a) normal state and (b) water
molecule connected with amide bonds in polyamide which causes water retention of
polyamide.

Figure 6. Water absorption ratio of PA6 soaked in pure water at different
temperatures for 3 hr.

Figure 7. Water absorption ratio of different polymers boiled in hot pure water for 3
hr.

Figure 8. Water absorption ratio of PA6 and PA66 versus soaking time.
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Figure 9. Superimposed image of Ar ICTP irradiation on PA6 and PA66: (a) PA6
without water absorption, (b) PA6 with 6.8wt% water absorption, (¢) PA66 without
water absorption, (d) PA66 with 3.9wt% water absorption. The input power to the
Ar ICTP is 9.8 kW.

Figure 10. Ablation mass of PA6 / PA66 irradiated by Ar ICTP for 20 s.

Figure 11. Dependence of surface temperature of a TiOs specimen on input power.

Figure 12. TImages of Ar+N,/O,-ICTP irradiation on water absorbed PA66
captured using a high-speed video camera, (a) 100%Ar, Condition A in Table 2,
(b) 97%Ar+3%N», Condition B, (c¢) 97%Ar+1.5%N2+1.5%02, Condition C, (d)
97%Ar+3%05, Condition D.

Figure 13. Superimposed image of Ar+N5/O5-ICTP irradiation on water absorbed
PA66, (a) 100%Ar, Condition A in Table 2, (b) 97%Ar+3%N,, Condition B, (c)
97%Ar+1.5%N2+1.5%02, Condition C, (d) 97%Ar+3%02, Condition D.

Figure 14. Instantaneous and cumulative number of spallation particles versus
time, (a) 100%Ar, Condition A in Table 2, (b) 97%Ar+3%N,, Condition B, (c)
97%Ar+1.5%N2+1.5%02, Condition C, (d) 97%Ar+3%02, Condition D.

Figure 15. Cumulative number of spallation particles ejected from 0.9 s to 1.0 s for
each ICTP condition.

Figure 16. Course of spallation particle ablation in 97%Ar+1.5%Ny+1.5%02 ICTP
irradiation, (a) 2.482 sec, (b) 2.483 sec, (c) 2.484 sec, (d) 2.485 sec.

Figure 17. Ablation mass of 3wt% water absorbed PA66 by 20 s irradiation for each
ICTP condition.

Figure 18. Equilibrium composition of air at atmospheric pressure.
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Figure 19. Mass density of air versus the temperature.

Figure 20. Enthalpy of air versus temperature.

Figure 21. Equilibrium composition of mixed vapour consisting of 10 ml air with
initial temperature of 10,000 K and a PA66 spallation particle.

Figure 22. Enthalpy of air-PA66 vapour mixture in cases of the initial temperature
of air 10000 K and 0, 1, 5, 30, and 50 PA66 particle injection.

Figure 23. Final temperature Tt of air-PA66 vapour versus initial air temperature
T.;ir for each number of spallation particles.
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Figure 1. ICTP torch and chamber.
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Figure 2. Specimen shape for water absorption tests and thermal plasma irradiation
experiments.
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Figure 3. Ar-ICTP irradiation on (b) PTFE, (c) PE, (d) POM, (e) PMMA, (f) PAG6,
(g) PAG, and (h) PF, (a) is a schematic image.
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Figure 5. Water retention image of polyamide: (a) normal state and (b) water
molecule connected with amide bonds in polyamide which causes water retention of
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Figure 7. Water absorption ratio of different polymers boiled in hot pure water for 3

hr.
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(a) Dry PA6 (b) Water PA6 (c) Dry PAG6 (d) Water PAG6

Figure 9. Superimposed image of Ar ICTP irradiation on PA6 and PA66: (a) PA6
without water absorption, (b) PA6 with 6.8wt% water absorption, (c¢) PA66 without
water absorption, (d) PA66 with 3.9wt% water absorption. The input power to the
Ar ICTP is 9.8 kW.
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Figure 10. Ablation mass of PA6 / PA66 irradiated by Ar ICTP for 20 s.
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Figure 11. Dependence of surface temperature of a TiOs specimen on input power.
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(& Ar (b) Ar+N, (€) Ar+N,+0, (d) Ar+O,

Figure 12. Images of Ar+N,/O.-ICTP irradiation on water absorbed PA6G6
captured using a high-speed video camera, (a) 100%Ar, Condition A in Table 2,
(b) 97%Ar+3%N,, Condition B, (c) 97%Ar+1.5%N2+1.5%0,, Condition C, (d)
97%Ar+3%02, Condition D.
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(& Ar (b) Ar+N, (€) Ar+N,+0, (d) Ar+O,

Figure 13. Superimposed image of Ar+N5/O,-ICTP irradiation on water absorbed
PA66, (a) 100%Ar, Condition A in Table 2, (b) 97%Ar+3%N,, Condition B, (c)
97%Ar+1.5%N2+1.5%02, Condition C, (d) 97%Ar+3%02, Condition D.
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Figure 14. Instantaneous and cumulative number of spallation particles versus
time, (a) 100%Ar, Condition A in Table 2, (b) 97%Ar+3%N,, Condition B, (c)
97%Ar+1.5%N2+1.5%02, Condition C, (d) 97%Ar+3%02, Condition D.
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Figure 15. Cumulative number of spallation particles ejected from 0.9 s to 1.0 s for
each ICTP condition.
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(a) 2.482 sec (b) 2.483 sec () 2.484 sec (d) 2.485 sec

Figure 16. Course of spallation particle ablation in 97%Ar+1.5%Ny+1.5%0, ICTP
irradiation, (a) 2.482 sec, (b) 2.483 sec, (c) 2.484 sec, (d) 2.485 sec.
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Figure 17. Ablation mass of 3wt% water absorbed PA66 by 20 s irradiation for each

ICTP condition.
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Figure 18. Equilibrium composition of air at atmospheric pressure.
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Figure 19. Mass density of air versus the temperature.
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Figure 20. Enthalpy of air versus temperature.
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Figure 21. Equilibrium composition of mixed vapour consisting of 10 ml air with

initial temperature of 10,000 K and a PAG66 spallation particle.
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Figure 22. Enthalpy of air-PA66 vapour mixture in cases of the initial temperature
of air 10000 K and 0, 1, 5, 30, and 50 PA66 particle injection.
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Figure 23. Final temperature Ty of air-PA66 vapour versus initial air temperature
T . for each number of spallation particles.



