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Role of the Metallic Phase Arc Discharge on Arc 
Erosion in Ag Contacts 

Abstract-The influence of a metallic phase arc discharge on contact 
phenomena was experimentally studied in the breaking Ag contacts. The 
parameters which were taken in this experiment were the whole arc 
duration (metallic phase arc duration plus gaseous phase one), metallic 
phase arc duration, contact resistance, bridge energy, and the electrode 
material mass change. Some experiments were performed under the 
various conditions of air pressure and contact current. 

From the results obtained through the process of arc duration and 
contact resistance, we found that the contact resistance was low in the 
metallic phase arc region, and high and almost constant in the gaseous 
phase arc region. 

The relationship between material loss and transfer and the accumu- 
lated metallic phase arc duration was log-proportional, irrespective of air 
pressure condition, which led us to the conclusion that the electrode 
material mass change was closely related to the metallic phase arc 
discharge. 

I. INTRODUCTION 

N ARC DISCHARGE affects the greater part of A degradation of switching contact, because of the material 
loss and transfer in contact electrode [l]. Many experimental 
results have shown that the material loss and transfer and the 
contact resistance are closely related to the arc duration. Thus 
the arc duration is an important index of degradation of the 
contact performance, but yet the mechanism of the degrada- 
tion still remains to be solved. 

One of the authors has investigated a relationship between 
the accumulated arc duration and the electrode material loss 
for Ag, Cu, and Pd contacts [2]. His result, presented in Fig. 
1, shows that the electrode material loss was proportional to 
the accumulated arc duration at any circuit current for Cu and 
Pd contacts, while the ratio of Ag contacts depends on circuit 
current. Ag contacts are also characterized by a marked 
decrease in material loss and gain at the circuit current of 3 A 
(at 48 V). 

A long term of arc duration generally consists of the 
metallic phase arc region and the gaseous phase arc region [3]. 
When the circuit current is small, the arc discharge becomes 
extinct in the metallic phase arc region. As the contact current 
increases, the arc transits from the metallic phase to the 
gaseous phase, and the transition probability has been mea- 
sured by Takahashi et al. [4]. However, it is yet unknown how 
each phase arc affects the contact performance. 
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In this paper, the influence of the metallic phase arc on the 
contact phenomena will be made clear by measuring both the 
whole arc duration (metallic phase plus gaseous phase arc 
duration) and the metallic phase arc duration as well as contact 
resistance and electrode loss (transfer). Since the results have 
been obtained by using a newly developed arc measuring 
system, we will refer to the real-time measuring system of arc 
discharge phenomena in Section 11. This paper will present the 
experimental results obtained so far, and the first experiment 
in Section I11 will be on the correlation between arc duration 
and contact resistance. Thermal effect in arc discharge on 
material loss or transfer, which is closely related to the bridge 
phenomena and the metallic phase arc, will be shown in 
Section IV. In Section V, measurement of correlation of 
metallic arc and electrode material loss will be made. We will 
summarize and discuss the results in Section VI, and present 
the conclusion in Section VII. 

11. REAL-TIME MEASURING SYSTEM OF ARC DISCHARGE 
PHENOMENA 

A .  Measured Parameters and Testing Conditions 
The testing system used in our experiment has a vacuum 

chamber in which the atmospheric condition can be controlled 
[ 5 ] .  A standard operating condition in this experiment is 
shown in Table I. The system operates repeatedly, and the 
measured data are processed by each operation in a real time 
[61. 

B. Digital Measurement System of Arc Voltage 
Waveform 

The system has a waveform memory and A/D converters. 
The capacity of the waveform memory is 8 kb and the whole 
arc voltage waveform (Fig. 2) and the bridge voltage 
waveform (Fig. 11) are stored in it [6]. 

The waveforms are transferred to a microcomputer, dis- 
played on a screen, and analyzed to obtain both the whole arc 
duration and the metallic phase arc duration. 

Voltage drop across the contact is sampled just before the 
contact electrode opens, and contact resistance is calculated by 
dividing the voltage by the contact current. 

C. Measurement System of Arc Duration and Metallic 
Phase Arc Duration 

The arc duration t ,  defined in Fig. 2 was obtained from the 
arc voltage waveform in every contact operation by reading 
the memory mentioned above. The accumulated arc duration 
was defined as Et,. 
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Fig. 1. Material loss and gain versus accumulated arc duration and circuit current [2]. 

TABLE I 
OPERATING CONDITIONS 

_ _  - 

Term Value 

Circuit voltage 48 V 
Circuit current ( I )  
Circuit load noninductive film resistor 
Electrode 
Opening velocity 

Air pressure (P)  
Operation 500 times 

2, 3,  4, 5 A 

Ag, I-mm diameter, cross bar 
5 ,  10, 14 mm/s 

50, 100,200,400,760 mmHg 
Contact weight 100 g 

The metallic phase arc duration t,, defined in Fig. 2 was 
obtained by searching the transition from the metallic to the 
gaseous phase in arc voltage waveform. The transition was 
recognized by computer software [7]. The metallic phase arc 
duration tam was defined as the time between the arc initiation 
and the transition, but when the arc becomes extinct in the 
metallic phase region it became tam = to. Et,, was defined to 
denote the accumulated metallic phase arc duration. 

111. CORRELATION BETWEEN ARC DURATION AND CONTACT 
RESISTANCE 

A. Relationships Between Arc Duration, Contact 
Resistance, and Circuit Current 

According to the measurement by the authors, the contact 
resistance of Ag switching contact showed a remarkable 
characteristic as shown in Fig. 3 [SI. Contact resistance 
decreased in inverse porportion to the circuit current above 2 
A (at voltage 48 V), and it suddenly dropped when the current 
was 1.2 A. This noticeable current value of 2 A was also 
remarkable for arc duration, since the arc duration shown in 
Fig. 3 suddenly increased at current of 2 A again. In addition, 
the current value is nearly equal to the boundary where the 
transition to gaseous arc occurs [4]. 

% T r a n s i t i o n  
Arc D u r a t i o n  

tam time t, 
Fig. 2. Arc voltage waveform. 

This measurement implied that a result that both the arc 
duration and the contact resistance suddenly changed at the 
same current, and they might have a close correlation between 
the arc duration and the contact resistance. 

The authors have observed the waveform of the bridge 
voltage in Ag contacts, and they have found a close relation- 
ship between the contact resistance and the bridge voltage 
waveform [8]. When the circuit current increased in a small 
current region, both the melting and boiling voltages in the 
bridge voltage decreased from the initial values. The boundary 
in current corresponding to those changes in voltage wave- 
forms was 2 A, and this value coincided with the boundary 
where the rapid change in the contact resistance occurred as 
shown in Fig. 3. This observation suggests that the effects of 
the metallic and the gaseous phase arc discharge on contact 
phenomena may be quite different from each other. 

B. Detailed Observation on Correlation Between Arc 
Duration and Contact Resistance 

Through a statistical treatment of the arc duration tu and the 
contact resistance R,  after each contact operation, we have had 
the macroscopic relationship between arc duration and contact 
resistance as mentioned in Section 111-A [SI, [9]. However, 
our newly developed measuring system makes it possible to 
find a more detailed relationship. 

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on April 20,2010 at 08:42:02 UTC from IEEE Xplore.  Restrictions apply. 



SONE AND TAKAGI: ROLE OF THE METALLIC PHASE ARC DISCHARGE 

2 
8 

15 

Metallic rcGaSeOUS 
tc L 

10' 1 

- 
c 

W U 

U 
Lo 
4 s 
W a 

U U 

U 
C 
0 U 

m 

m 

I" 

Current ( A )  

Arc duration and contact resistance versus circuit current 

- 0  C i r c u i t  C u r r e n t  ( A )  
Fig. 3 .  

Air Pressure P [mmHg] Ag. 48V. 14mm/s 
50 200 760 

ta Imsl ta [msl ta [msl 

Fig. 4. Relationship between contact resistance R ,  and arc duration CO 

Fig. 4 shows the relationship between whole arc duration tu 
and contact resistance R,  of Ag contact. Each dot in Fig. 4 
designates a measured value in each contact operation [lo]. 
Each figure in Fig. 4 shows the result with respect to distinct 
operating condition when the air pressure P and the circuit 
current Z were changed. A dotted line in the figure shows the 
average of the critical time t ,  when the contact gap reaches the 
critical distance [ 1 11 and the transition to the gaseous phase [ 3 ]  
occurs. 

From the results shown in Fig. 4 we can find a close 
correlation between tu and R,, and their relationship can be 
divided into three parts A ,  B,  or C as shown in Fig. 5 .  

Part A :  When the arc duration t ,  is very small, R,  is small 
and constant. 

Part B: In a transition part from metallic phase to gaseous 
phase, ta and R ,  have a proporational relationship with each 
other. 

Part C: The arc duration tu always exceeds the critical time 
t, and transits to the gaseous phase, and R ,  in this part is stable 
and high. 

The increase in R,  in a longer arc duration than the critical 
time t, agrees with the former result shown in Fig. 3 .  From the 
above detailed observations, we can conclude that the contact 

U a 

anode cathode n I  

4 0V.4A. 1 O m d s  

0 

TEMPERATURE [TI 
(b) 

Electrode heating system. @) Measurement result. 
Fig. 6 .  Temperature characteristics of arc duration with heated cathode. (a) 

resistance clearly depends on the arc duration in the metallic 
phase. 

IV. THERMAL EFFECT ON ARC DISCHARGE PHENOMENA 

A .  Thermal Effect on Arc Duration and Material Loss 

The thermal effect on the arc discharge phenomena in Ag 
and Pd contacts have been investigated by one of the authors. 
In the case where a cathode electrode was heated, the arc 
duration increased in Ag contact but fairly decreased for Pd 
contact as shown in Fig. 6 [12], [14]. 

The operating condition was the same for both Ag and Pd 
contacts in the above measurement, but the arcing in the Ag 
contact always went beyond the critical point and transited to 
the gaseous phase, while the arcing in the Pd contact was 
always extinct in the metallic phase region. Another measure- 
ment for Ag contacts has been made under the operating 
condition where the arc discharge does not transit to the 
gaseous phase [ 131. According to this experiment, the thermal 
effect showed a similar tendency to that of Pd contact, and the 
arc duration decreased to one tenth by heating the cathode as 
shown in Fig. 7. 
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Fig. 7. A typical example of arc duration when cathode is heated. 
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Fig. 8. Bar contact. 
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Fig. 9. Electrode length dependency of Ag contact arc phenomena. 

The results mentioned above suggest that the metallic phase 
arc discharge in breaking contact is heavily affected by the 
thermal condition of the contact. Thus not only the arc 
duration but also related contact phenomena can be controlled 
by the thermal conditions in the contact. 

The thermal condition of a bar contact is changed by its 
electrode length defined in Fig. 8. If the electrode length 
becomes shorter, the heat generated at contact travels and 
spreads easily into electrode holder, and the contact is cooled 
more. An example is shown in Fig. 9, which shows the 
variation of the arc duration and the material loss and gain of 
Ag contact when the electrode length is varied [14]. This 
shows that a higher contact temperature causes a longer arc 
duration and a higher anode loss. 

According to the thermal analysis of the contact electrode 
with respect to the electrode length, the effect of electrode 
length is dominant in large thermal conductivity material such 

radiation fin 

(a) 

2OoF 

Size  of F i n s  

10 mm 

0- 
0 1 2 3 4 5  
Number o f  Radiation F i n s  

(b) 
Fig. 10. Effect of radiation fins for arc duration. (a) Radiation fin. (b) 

Measured results. 

as Ag [ 151. A similar tendency to that of Fig. 9 in relation to 
thermal effect has been found in our experiment where a 
cooling fin was attached to a electrode [14] as shown in Fig. 
10. 

The results mentioned above show that the arc discharge 
phenomena are strongly affected by the thermal condition of 
the electrode and the material loss, and that transfer caused by 
the arc discharge can be reduced by controlling the thermal 
condition of the contact electrode. 

B. Bridge Phenomena and Metallic Phase Arc 
As mentioned previously, the thermal effect was evident in 

the metallic phase arc discharge. The medium of the metallic 
phase arc is an ionized vapor of electrode material, and it has 
been supplied from a ruptured bridge. The bridge between 
electrodes consists of molten and expanded metal from the 
heated electrode [ 161, [ 171. 

The voltage waveforms across the bridge in Ag and Pd 
contacts are shown in Fig. 11, where parts (a) and (b) are for 
Ag contact and parts (c) and (d) are for Pd contact, and both 
(b) and (d) show cases where the cathode electrode was heated 
[ 131. We can see that the bridge duration decreases when the 
electrode is heated, and that both the melting and boiling 
voltages [l] do not change by heating. The result means that 
the bridge energy, defined as integration of voltage current 
product through the bridge duration, decreases when the 
temperature in the electrode is raised. Calculated bridge 
energy and measured temperature of the electrode are shown 
in Table 11. 

The decrease of metallic arc duration mentioned in Section 

- 1  
. . . . .... ~ ~.. 
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Fig. 11. Typical bridge voltage waveforms. (a) Ag, 48 V, 2.5 A, 5 mm/s, 

room temperature. (b) Heated. (c) Pd, 48 V,  4 A, 5 mm/s, room 
temperature. (d) Heated. 

TABLE I1 
BRIDGE ENERGY 

~- 
-. ~~~ 

Ag Contact Room Temperature Heated 

Bridge energy 3.2 ml 1.3 ml 
Temp. at holder 20°C 300°C 

Pd contact room temperature Heated 

Bridge energy 24 ml 
Temp. at holder 20°C 

15 ml 
300°C 

IV-A can be explained from the viewpoint of the bridge 
energy. It is well known that the bridge ruptures when the 
temperature of the bridge reaches the boiling point of the 
material which is the maximum temperature in the bridge [ 11, 
[ 181. The contact voltage at the initiation of the arc discharge 
is nearly the boiling voltage which is a constant value 
depending on the electrode material. 

m t  

( l = 3 .  9A) 

* ( 1 - 3  A) 
0 t c ( I = 4 . 9 A )  
0 (1=3 .9A)  

A ( l = 3  A )  

I 

i o n  I 0 0 0  

P CmmHgl 
Arc duration to and critical time 2,  versus air pressure P. Fig. 12. 

If the electrode is heated, the temperature reaches the 
boiling point fast, then bridge duration decreases. The slope of 
bridge voltage waveform increases when the electrode is 
heated as shown in Fig. 11. When the electrode temperature is 
high, the bridge energy becomes small, then the molten 
material in the bridge and the metal vapor supplied from the 
ruptured bridge decrease. As a result of the decrease of metal 
vapor, the lifetime of the metallic arc discharge becomes 
short. 

V. MEASUREMENTS ON CORRELATION OF METALLIC ARC 
DURATION AND ELECTRODE MATERIAL Loss 

A .  Effect of Air Pressure in Metallic and Gaseous 
Phases 

The experimental results in Section IV-B showed that the 
metallic phase arc discharge was closely related to the bridge 
phenomena. The metallic phase arc duration is the interval 
from the beginning of the arc discharge to the time when the 
contact gap reaches the critical distance. The critical distance 
r, is a function of gas pressure P,  and r, is proportional to ath 
power of P where -CY = 0.4-0.5 [11]. 

The authors’ measurement of the relationship between the 
arc duration tu or the critical time t ,  against the air pressure P 
showed almost the same tendencies as those shown in Fig. 12, 
but the slope of the curve of critical time t, varies with respect 
to circuit current I .  Of course, in a region where the arc 
duration tu is shorter thant he critical time I , ,  no gaseous phase 
appears and all arcs belong to the metallic phase. 

The period below the line of t, in Fig. 12 is the metallic 
phase arc duration t,, and the period between the lines of t, 
and to corresponds to the gaseous phase arc duration. In a 
region where the air pressure is between 50 and 760 mmHg, 
the gaseous phase arc duration increases and the metallic phase 
arc duration decreases in proportion to the air pressure. Thus 
the arc discharge in two phases are quite different phenomena. 

B. Correlation Between Metallic Phase Arc and Material 
Loss 

An earlier study [2] presented in Fig. 1 showed that the 
proportional ratio of the relationship between the electrode 
loss and the accumulated arc duration was not constant for Ag 
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contacts when circuit current was varied. In this subsection, 
we will study this ambiguity by focusing on the metallic phase 

to the metallic arc duration, and they are independent of the 
ambient air pressure. They have irregular dependency on the 
air pressure as far as we observe the whole arc duration 
(metallic plus gaseous phases) (Section V). 

From the above results, we consider the role of the metallic 
phase arc in Ag contact and summarize it as shown in Fig. 14, 
in which the arrows A-D are shown. As for the relationship 
between arc and material loss and transfer gain: 

Arrow A:  Material loss and transfer gain almost depend on 
the metallic phase arc, and a little on the gaseous phase arc 
(arrow D). 

As for the relationship between the arc and contact 
resistance, there are two different effects of arc on the contact 

are duration. resistance, which are indicated by arrows B and C,  respec- 
The material mass changes W, (cathode) and WO (anode) tively. 

were measured in various operating conditions where the Arrow B: In the metallic phase arc region, that is the case of 
circuit current and the air pressure were varied. The results for very short arc duration, the contact resistance R,  is low and 
cathode loss W, and anode gain Wa are shown in Fig. 13 (a) stable. R,  depends on the arc duration when the arc duration 
and (b). The material loss and gain with respect to the becomes large even in the metallic phase region. 
accumulated arc duration E t a  Seems to have no systematic Arrow c: In the region of longer term of arc which consists 
relationship when the air pressure is varied. 

However, if we adopt the accumulated metallic phase arc 
duration C tam instead of C t,, the electrode mass changes W, 
and Wa have a log-proportional relationship with Et,, as 
shown in Fig. 13 (c) and (d). Moreover, no dependency 
appears on the air pressure P when the circuit current I is 
fixed. The slopes of all lines in Fig. 13 (c) and (d) are almost 
equal and they shift only according to the current condition. 

VI. DISCUSSION ON THE ROLE OF METALLIC PHASE ARC 
DISCHARGE 

of the metallic phase arc and gaseous phase arc, R,  is large 
compared with the case of arrow B .  

Arrow D: As mentioned in relation to arrow A ,  the gaseous 
phase arc has little effect on the contact erosion. 

We obtained a new interpretation in this paper that the effect 
of gaseous phase arc on the contact erosion is small, and we 
may be able to explain the large decrease in cathode erosion of 
Ag contact shown in Fig. 1 as follows. The measured data in 
Fig. 1 were of the accumulated arc durations CT, and the 
transition to the gaseous phase arc occurred at the current 
above 3 A. Since the loss has been measured at C T = 200 s 

We can summarize the investigations on the Ag contact 
mentioned in Sections I11 as follows. 

a) In a low-current region (below 2 A at 48 V), both contact 
resistance and arc duration are low. This suggests that there 
may be some relationship between them (Section 111). 

b) The metallic phase arc duration is fairly dependent upon 
the bridge energy, and the metallic arc duration decreases as 
the electrode temperature is raised (Section IV). 

c) Both material loss and transfer gain are log-proportional 

fixed, the gaseous phase arc duration in the longer arc duration 
becomes dominant at above 3 A and the accumulated metallic 
phase arc duration decreases, thus the erosion becomes small. 

We obtained a very important conclusion from this work, 
namely, that the role of metallic phase arc is very important in 
contact erosion (loss and gain) caused by arc. Thus the low 
erosive contact may be designed if we can shorten the metallic 
phase arc duration. 

One way to attain such an aim is to control the bridge energy 
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by controlling the electrode temperature. In Fig. 14, the bridge 
energy can be controlled by the electrode temperature. The 
energy in the bridge increases the evaporation of the material, 
and if the energy becomes lower the amount of the vapor 
becomes lower, thus the metallic phase arc duration becomes 
shorter. 

VII. CONCLUSION 
By employing a real-time digital measuring system and a 

novel analysis method, the relationships between arc duration, 
metallic phase arc duration, contact resistance, bridge energy, 
and the electrode material loss and transfer were measured for 
breaking Ag contacts. The tests have been carried out under 
the various conditions of air pressure and circuit current. 

The relationships were well investigated and it was found 
that the metallic phase arc duration was very important. The 
bridge energy and the material loss and transfer have a close 
correlation with metallic phase arc duration, although almost 
no relationship could be seen between material mass change 
and the whole arc duration over the different air pressure 
conditions. 

This result means that the arc duration in the metallic phase 
arc region strongly affects the material loss and transfer and 
the contact resistance, and the gaseous phase arc has little 
influence. 
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