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New Cathode Material for Air-Plasma Cutting (Report I1I)*

— Effect of Thermal and Electric Properties of Ru- ;03 on Electrode Consumption —

Fukuhisa MATSUDA* Masao USHIO* and Kazuomi KUSUMOTO**

Abstract

This paper describes physical properties for sintered Ru-Y,0, system, Zr and Hf,; thermal properties (thermal
diffusivity, specific heat and thermal conductivity) and electrical resistivity. And explains the relationship between

its physical properties and electrode consumption.

80Ru-20Y,0; electrode which has superior erosion resistance showed high thermal and electric conductivity at
room temperature comparing with those of Zr and Hf electrodes.
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1. Introduction

The consumption rate of cathode material used in
air plasma cutting may be related to its physical pro-
perties and as well as to the cooling gain of the cathode.

On the physical properties of cathode materials, the
most relevant ones are thermal and electrical con-
ductivities of bulk itself and the surface properties
related with the electron emission and the interraction
with oxygen.

This paper describes the effect of the thermal pro-
perties and the electrical resistivity of a sintered Ru-
Y,0,; system on the electrode consumption. And it
was referred to Zr and Hf made by sintering and melting
processes.

2. Materials and Measurement Method

2.1 Measurement of thermal properties

Materials used in this study were shown in Table. 1.
Ru-Y,0; system were sintered at 2273 K for 1.8 ks in
hydrogen atmosphere. Two kinds of Zr were pre-
pared by sintering at 1373 K for 3.6 ks in vacuum and by
melting process respectively. And also two kinds of
Hf were prepared by sintering at 1773 K for 1.8 ks in
vacuum and by melting process. The thermal pro-
perties were measured by laser flash method?.

Specimen size is 8.8 mm in a diameter, 1.7 mm in a
thickness and the both sides of the specimen surface
were mechanically polished. After that, C-A ther-
mocouple (50 um in a diameter) were attached on the

Table 1 Processing conditions and average density ratio

of samples.

Material Processing conditions Av.density ratio(%)

Zr Melting material 98.8

Zr Sintering 1373Kx 3.6ks in Vac. 93.5 ~ 93.7

Hf Melting material 96.8

Hf Sintering 1773Kx 1.8ks in Vac. 82.1 ~ 83.3

Ru 95.6 ~ 96.0
95Ru- 5Y.0s Sintering 2373Kx 1.8ks in H. 92.8 ~ 93.3
80Ru-20Y.05 98.0 ~ 98.3
60Ru-40Y,05 97.3 ~ 98.7

center of the reverse side of the specimen surface with
a silver paste.

In the measurement of thermal diffusivity, the
polished surface was exposed to the laser beam flashed
as shown in Fig. 1 (a). But in the measurement of
specific heat, a thin sheet of grassy carbon was attach-
ed on the specimen surface with a silicon grease so that
the absorptivities of variable specimens may be same
as shown in Fig. 1 (b).

Figure 2 (a) shows the schematic diagram of the laser
flash method. When the laser beam is flashed in the
specimen surface, the temperature rise on the reverse
side of the specimen surface is described as shown in

Fig. 2 (b). From this curve, the thermal diffusivity
a[cm?/sec] is calculated as follows.
2
o - L37L (0
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Here, L: Thickness of specimen [cm]
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;. Time needed to reach the half value of
maximum temperature at the reverse side of

specimen [sec).

C-A thermocouple Ag-paste

(Dia. 50 zzm)
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Fig. 1 Illustration of specimens for measurement of thermal
properties by laser flash method.
(a) for thermal diffusivity
(b) for specific heat.
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Fig. 2(a) Schematic diagram of thermal properties measure-
ment by laser flash method.
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Fig. 2(b) Temperature change at reverse side surface of speci-
men.
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And the specific heat Cp [J/gK] is calculated from the
next equation (2).

1( 0
Cp=—
p Tmax

—Wce+Cpc—Wg- Cpg) 2

Here, T,,..: Temperature at the reverse dise of specimen
(K]

Q: Input of laser power [J]

W: Weight of specimen [g]

We: Weight of grassy carbon [g]

Wg: Weight of silicon grease [g]

Cpc: Specific heat of glassy carbon [J/gK]

Cpg: Specific heat of silicon grease [J/gK].

Then, the thermal conductivity k£ [W/cmK] is calculated
from equations (1) and (2).

k—a-0-Cp 3

Here, p is the density of specimen (g/cm?®).
All measurement were carried out at room temperature.

2.2 Measurement of electrical resistivity

Specimen were made by the same sintering condition
as one for the measurement of thermal conductivity
but the size was 15x 10x2* as shown in Fig. 3.

The electrical resistivity was measured by the four
terminal method at room temperature.

3. Experimental Results and Discussions

3.1 Thermal diffusivity and specific heat

The thermal diffusivity of Ru-Y,0, system is shown
in Fig. 4. The present data are an average value of
three measurements for each specimen. The thermal
diffusivity was decreased with increasing Y,O; content

| DC current supply |

X Selector switch

t Specimen

Electrode

v Voltmeter

Current: 1A, Specimen size: 10x15x2t

_ S
Lo = L‘R (Qcm)

Fig. 3 Schematic diagram of electrical resistivity measurement.
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Fig. 4 Thermal diffusivity of Ru-Y,0; system at room tem-
perature.
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Fig. 5 Specific heat of Ru-Y,0; system at room temperature.

in Ru. 100Ru one showed the value of about 509
of the reference value (0.403 cm?/sec) of polycrys-
talline?. 1In cases of Zr and Hf, the sintered products
showed low diffusivities comparing with the melted
ones. It may be considered that pores in the sintered
body act as barriers of thermal diffusion.

In Fig. 5, the specific heat at room temperature is
plotted versus Y,O, content in Ru. The specific heat
of Ru-Y,0; system is slightly increased with increasing
Y,0; content. In the case of Hf, the specific heat of
the sintered product was a same value as the melted
one. In the case of Zr, the specific heat of the sintered
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product was higher than that of the melted one.

3.2 Thermal conductivity

Figure 6 shows the thermal conductivity of the sinter-
ed Ru-Y,0, system calculated from the equation (3).
The thermal conductivity was decreased with increasing
Y,O; content in Ru. In a previous study?, it could be
estimated that the thermal conductivity of Ru-Y,0;
electrode of above around 40 wt%, in Y,0O; content de-

~creases rapidly from the results of the electrode con-

sumption test. However, the conductivity was moder-
ately decreased with increasing Y,0, content in reality.
In the cases of Zr and Hf, the thermal conductivity of
sintered products were lower than those of melted
products.

It can be considered that the thermal conductivity is
directly influenced by the thermal diffusivity which is
closely related with the pore in the sintered bulk.
Figure 7 and 8 show the fracture surface of sintered Zr,
Hf and Ru-Y,0, system observed by using SEM. The
following observations can be explained:

(1) The sintered Zr indicates the typical transgranular
fracture with the round pore, probably due to the high
densification.

On the other hand, the sintered Hf indicates the
typical intergranular fracture with a large number of
the elongated pore. This is because of the imperfect
densification.

(2) In the case of 100Ru, the intergranular cracking
as an ice candy with the large grain grovilth could be
seen. This is relatively higher temperature of sintering
than those of Zr and Hf.
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Fig. 6 Thermal conductivity of Ru-Y,0; system at room
temperature.
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Sintered Hf
1773K-1.8ks in Vac.

Sintered Zr
1373K-3.6ks in Vac.

Fig. 7 Fracture surface of sintered products [Zr and Hf].

Sintered Ru-Y203 system
2373K-1.8ks in H2

80Ru-20Y203

100Ru

Fig. 8 Fracture surface of sintered Ru-Y,0; system.

On the other hand, the sintered Ru including Y,0,
shows the densificated microstructure comparing with
100Ru. It can be considered that Y,O, prevents from
the grain growth of Ru.

3.3 Electrical resistivity

Figure 9 shows the relationship between the electrical
resistivity at room temperature and Y,O; content in Ru.
The electrical resistivity increases slightly with in-
creasing Y,0, content in the range of small amounts of
Y,0,. This is due to the characterizing mainly metallic
conduction. Above around 50 wt% in Y,O, content,
the resistivity increases rapidly. It is considered that
the conduction mechanism changes from the metallic
conduction to the non-metallic one. Then, the elec-
tical resistivity of Ru including 60 wt%, in Y,0O; was
measured by using the three terminal method which is

Transactions of JWRI

38

Vol. 19 No. 2 1990

8 T T

Ru-Y203 system

(Ohmem)
N B

o

Resistivity Log
R

—6 i L L 1
0 20 40 60 80

Y203 content in Ru (wi%)

Fig. 9 Relationship between electrical resistivity and Y,0;
content in Ru.

Ru-Y203 system
Sintering temperature : 2373K
Sintering time : 1.8 ks

Sintering atmosphere : H2 2041

90Ru-10Y203 ( 18%) | 60Ru-40Y203 (62%)

White : Ru, Black : Y203, ( ) value : Y203 (area%)

Fig. 10 Microstructure of Ru-Y,0; system obtained by digital
treatment.
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widely used for the measurement of insulators.

It may be considered that the characteristics of
resistivity mainly depends on the distribution of Ru
and Y,0, components. Figure 10 shows the micro-
structure obtained with the digital treatment which
showed the white part corresponding to Ru component
and the black part corresponding to Y,0, component.
And the value of round brackets shows the surface area
percent for the black part (Y,0,).
around 20 wtY; in Y,O, content, Ru component links
with a continuous electric circuit. And the metallic
part decreases with increasing Y,O, content. Above
around 50 wt}; in Y,0,, Ru component is apparently
isolated each other in Y,0, such as the interrupted elec-
tric circuit. In aspect of the three dimension, it may
be considered that Ru component slightly plays a role
of electric conduction.

3.4 Relationship between electrode consumption and
its physical properties.

Figure 11 shows the relationship between the elec-
trode consumption (electrode weight loss) and its physi-
cal properties such as the thermal conductivity and the
electrical resistivity for Ru-Y,0; electrode. The con-
sumption data was obtained under 25 A in arc current
and 0.3 ks in operating time by using air in operating
gas®. It can be pointed out as follows: (1) Below
around 5 wt); in Y,O; content, the consumption was
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Relationship between thermal and electrical properties
and electrode weight loss for Ru-Y,0, system.

In this figure, until
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severely high. (2) The electrode consumption showed a
minimum value in the range from 5 to 30 wt% in Y,0,
content. (3) Above 30 wt% in Y,0, content, the con-
sumption was severely progressed.

The consumption characteristic in the case of above
30 wt% in Y,0, content could be explained as the in-
sufficient thermal and electric conductions due to the
increased volume fraction of Y,0,.

But the consumption characteristic in the case of below
5 wt% in Y,0, content can not be explained by the
thermal and electric properties of the bulk. It may be
attributable to Y,O, action related with the thermionic
emission and the oxidization on the cathode surface.

From the previous study, 80Ru-20Y,0; was one of
the acceptable electrode in Ru-Y,0, system. Then
comparing the thermal conductivity and electrical
resistivity of 80Ru-20Y,0, electrode with those of Zr
and Hf, the thermal conductivity of 80Ru-20Y,0,
(0.266 W/cmK) was higher than those of Zr (0.226 W/
cmK) and Hf (0.229 W/cmK)*, and the electrical re-
sistivity of 80Ru-20Y,0; (23 #Q cm) was lower than
those of Zr (44 #Q cm) and Hf (32.2 #Q cm)®. There-
fore, it is clear that 80Ru-20Y,0, electrode has high
thermal and electric conductions comparing with Zr
and Hf.

4, Conclusions

The main conclusions drawn from this study are as

follows:

(1) The thermal diffusivity and conductivity of
sintered Hf and Zr were lower than those of
melted Hf and Zr.

(2) 80Ru-20Y,0, showed relatively high thermal and
electric conductions compared with Zr and Hf
which have been widely used in the electrode
materials for air plasma cutting torch.

(3) The consumption above around 30 wtY; in Y,O;
content in Ru was considered to be strongly
related with the severe increase of the electrical
resistivity.
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