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Opening Electrical Contacts: The Transition from the Molten

Metal Bridge to the Electric Arc

SUMMARY  This paper presents a comprehensive explanation of the
formation of the electric arc between opening contacts in a current carrying
electric circuit. As the contacts begin to open a molten metal bridge forms
between them. The rupture of this bridge and the initial formation of the
electric arc are studied in both atmospheric air and vacuum using experi-
ments to determine the direction of metal transfer between the contacts as
a function of time after the rupture of the molten metal bridge. High speed
streak photography is also used to show the rupture of the molten metal
bridge and the initial formation of the electric arc. Analysis of these data
show that a very high-pressure, high-temperature metal vapor zone exists
between the contacts after the rupture of the molten metal bridge. Under
this condition a pseudo-arc forms where current is carried by metal ions
and an anomalous, high net transfer of metal to the cathodic contact oc-
curs. The pressure in this region decreases rapidly and there is a transition
to the usual electric arc, which still operates in the metal vapor. In this arc
the current is now mostly carried by electrons. The data shows that there is
still a net transfer of metal to the cathode, but now its volume is a function
of the arcing time.

key words: opening contacts, molten metal bridge, bridge rupture, high
pressure, pseudo arc, arc formation, air arc, vacuum arc

1. Introduction

When electrical contacts open in circuits with currents
greater than a few tens of milliamperes [1] and with driv-
ing voltages greater than a few volts [2] an arc is formed.
During the initial stages of contact parting, before the devel-
opment of the arc, molten metal bridges the contact gap in
all ambients including vacuum [3]-[11]. It is only after the
rupture of the molten metal bridge that the arc forms [3],
[7]1,[10]-[12]. When the arc first forms, it initially operates
in the metal vapor that results from the rupture of the molten
metal bridge. As the contacts continue to part, it then oper-
ates as a columnar arc in the metal vapor evaporated from
the closely spaced contacts by the arc roots [10], [13]-[15].
In an ambient gas, as the contact gap increases and the per-
centage of metal vapor in the arc decreases, this metal phase
arc eventually gives way to an arc operating in the ambient
gaseous medium. In vacuum, as the contacts move further
apart, the usual forms of vacuum arc are established [16].
The voltage across the contacts during the transition from
the molten metal bridge to the metal phase arc is always a
few 10’s of volts even for currents as high as 5000 A. This
paper uses experimental data on contact erosion and high-
speed photography to examine the time period just after the
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rupture of the molten metal bridge and before the formation
of the metal phase arc in both ambient air and in vacuum.

2. Experimental Techniques

2.1 Contact Erosion Measurements Using the Radioactive
Tracer Technique

It is possible to control the arcing time by opening contacts
in a low voltage dc circuit and then by varying the circuit’s
inductance [2], [17]-[19]. The arcing time is:
L [U 2—U B}
ty=—=log, | ———
R Us-Uc

where L is the circuit inductance, R is the circuit resistance,
U, is the arc voltage, Up is the voltage at the rupture of the
molten metal bridge and U is the circuit’s EMF with U¢ <
U,. Thus for a constant R and Uy, t4 o« L and by making
L very small the arcing time can be less than 1 us [17], [19].
In these experiments Uc =6V and R = 0.3Q and 0.4 Q. By
using a very low inductance circuit, 74 was made to range
from 70 ns—4.3 us.

Erosion of Au contacts opening in atmospheric air and
Ni contacts opening in vacuum (10~* mbar) was measured
as a function of the acing time using a radioactive tracer
technique [20]. One contact was made radioactive and oper-
ated against a non-radioactive contact for 500-750 opening
operations. The activity of the non-radioactive contact was
measured and the volume of the metal transferred to that
contact was calculated. Using this method it was possible to
differentiate the transfer of contact material to the cathode
contact from the transfer to the anode contact.

6]

2.2 High Speed Photography

A Beckman and Whitley, Super Dynafax (318) streaking
camera was used to observe the rupture of the molten metal
bridge and the transition to the metal phase arc between
the opening contacts [10],[12]. The streaking rate was up
to 0.26mm us~!. The streak photograph was correlated to
the oscilloscope voltage trace. The contacts opened with a
1000 A current. In air three contact materials were used: Ni,
Cu and Ag. In vacuum two contact materials Cr and W were
observed.

3. Experimental Results

Figures 1 shows a typical voltage traces for Au contacts at
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Fig.1 The initial voltage across Au contacts after the rupture of the
molten metal bridge in a 6 V, 20 A dc circuit with an inductance of 0.65 uH
[17].
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Fig.2  The metal migration as f(arcing time) for Au contacts in air (6'V,
15 A dc circuit).

the rupture of the molten metal bridge and during the initia-
tion of the arc for a 20 A current with a circuit inductance
of L = 0.67uH. This figure shows that when the molten
metal bridge ruptures there is a smooth increase in voltage
to a value of ~16.5 V. The rate of rise of voltage during this
phase is between 4 and 6x10° Vs~!. This rate of rise is deter-
mined by the circuit inductance and the capacitance between
the contacts at the position of the molten metal bridge [18].
After the initial voltage peak the voltage drops to a mini-
mum voltage of about 9 V in about 3 ns. The erosion of the
Au contacts opening a 15 A circuit as a function of the arc-
ing time is shown in Fig. 2. The cathode shows a rapid gain
to a peak value as the arcing time increases to 300 ns. It then
drops to a minimum value at 500 ns. After this there is again
a gradual increase in cathode gain. The anode also shows an
initial gain, which gradually decreases as the arcing time in-
creases. The erosion of the Ni contacts in vacuum opening
a 20 A circuit as a function of the arcing time is shown in
Fig. 3. Here again there is a large net cathode gain at short
arcing times, which also drops to a low value at longer arc-
ing times before gradually increasing again.

Streak photographs for Cr and W contacts opening in
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Fig.3  The metal migration as f(arcing time) for Ni contacts in vacuum
6V, 20 A dc circuit).
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Fig.4  The initial stages of the arc in vacuum between opening Cr
contacts.
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Fig.5 The initial stages of the arc in vacuum between opening W
contacts.

vacuum with a 1000 A current are shown in Figs.4 and
5. Region [a] leads up to the rupture of the molten metal
bridge, region [b+c] is a high pressure transition phase and
region [c] is where the normal arc is formed. These re-
gions will be explained in Sect.4. For the Cr contacts at
the moment of bridge rupture two high-pressure plasma re-
gions exist where the original, parallel, molten metal bridges
resided. Only one of them transitions into the bridge col-
umn arc. The other extinguishes after about 7 us. The W
photograph in Fig. 5 clearly shows incandescent metal parti-
cles being ejected with velocities in the range 30-150 ms™".
Thus I would expect a similar ejection of particles from the
rupturing Cr bridge. At the moment of bridge rupture the
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Fig.6  The rupture of the molten metal bridge and arc formation between
opening Ni contacts in air.
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Fig.7  Streak photograph of the rupture of the molten metal brifge and
arc formation between Cu contacts opening 1 kA circuit.

voltage across the contacts for both Cr and W shows simi-
lar characteristics as those shown for the 20 A case in Fig. 1.
Once the bridge has ruptured there is a rapid dU/dt of about
107 Vs~! to a peak value of about 15 V in about 0.5 us before
decreasing to a minimum value of 13V after 8 us. The W
contacts in Fig. 5 show an incandescent bridge. Both the Cr
and W photographs show an expansion of the initial plasma
region from the region of the molten metal bridge and the
eventual formation of the bridge column arc [16].

Streak photographs for Ni and Cu contacts opening in
air with a 1000 A current are shown in Figs.6 and 7. For
the Ni contacts it can be seen that the bridge goes through
a period of instability and even becomes incandescent be-
fore cooling as more metal enters it. It eventually ruptures
about 28 us later. At the moment of rupture a shock wave
is seen which has a velocity of about 350 ms~!. This event
finishes after about 6.5 us. At the moment of bridge rupture
incandescent metal particle are ejected with velocities in the
range 30-150ms™!. The voltage across the contacts shows
similar characteristics as those shown for the 20 A case in
Fig. 1. Once the bridge has ruptured there is a rapid dU/dt
of about 107 Vs~! to a peak value of about 25V in about
0.5 us before decreasing to a minimum value of 19V after
2 us. The Cu contacts do not show an incandescent bridge.
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Fig.8 The voltage across opening Cu contacts at the rupture of the
molten metal bridge and formation of the arc.

This is shown by photographs of this 1000 A bridge [6].

Figure 7 does show an initial bridge rupture event, the
bridging of the contact gap again and then a final bridge
rupture 10 us later. The shock wave that occurs at the mo-
ment of rupture has a similar (within the experimental mea-
surement error) to that shown by the Ni contacts. Figure 8
shows a typical voltage change across the Cu contacts after
the rupture of the molten metal bridge in air. Here the dU/dt
is about 1 x 10° Vs~!. It increases to a value of 24 V in about
0.1 us before decreasing to a minimum value of 17V after
0.5 us. The data for the Ag contacts is very similar to that
shown by the Cu contacts.

4. Discussion of the Arc Formation Process

The formation and rupture of the molten metal bridge be-
tween opening contacts occurs for all currents and for all
opening accelerations and in all ambients. The causes of the
bridge’s instability and rupture have previously been dis-
cussed in detail [3],[6],[7]. In this paper I am only con-
cerned with the initiation of the electric arc between the
contacts once the molten metal bridge has ruptured. It has
always seemed remarkable to me that this arc forms so eas-
ily. The initial rise in voltage across the opening contacts is
shown schematically in Fig. 9. The stages of arc formation
are: in region ‘a’ the molten metal bridge ruptures, in region
‘b’ the voltages increase rapidly to a peak value (U eqr) of
a few 10’s of volts, and in region ‘c’ the voltage decreases
to a minimum value (U,,;,) before slowly increasing once
again, region ‘d.” This voltage structure is seen for all cur-
rents greater than about 0.5 A, for all practical contact open-
ing speeds in all ambients from vacuum to pressures greater
than 1 atmosphere. Figure 9 also shows the radiation ob-
served from opening Cu contacts [7]. A low level of light
is seen during the end of the molten metal bridge stage, the
intensity of which increases considerably once the voltage
reaches the peak value. The Cul spectral lines only become
observable once the voltage reaches the peak value. The
Cull lines only begin to be seen as the voltage approaches
the minimum value. Arc formation occurs although the volt-
age across the contacts never exceeds a few 10’s of volts and
it forms within a microsecond or so after the rupture of the
molten metal bridge.
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During the molten metal bridge stage of contact open-
ing (region ‘a’ in Fig.9) for currents in the range of 50 A
to 1 kA, the rate of change of voltage is ~2 x 10° Vs~! [3],
[6],[7]. When this voltage reaches or exceeds the contact
metal’s boiling voltage (Ug) the molten metal bridge can no
longer exist. The boiling voltage can be calculated:

Up =2L(T+ T2

Where L is the Lorenz constant [21], T is the absolute boil-
ing temperature and T is the absolute ambient temperature
(For Cu, Ug ~0.91, forNi, Ug ~0.97V for Cr, Ug ~0.87V
and for W, Up ~ 1.96 V). Certainly Figs.4 and 8 show in-
candescent Ni and W molten metal bridge just before its
rupture that indicates a temperature in excess of 2900 K.
The Cu and Cr bridges are not seen, because at their boil-
ing temperatures of 2700 K they are not yet incandescent.
Once the bridge has ruptured (region ‘b’ in Fig. 9) the volt-
age across the contacts rises very rapidly: at 1kA for Cu,
dU/dt ~ 10° Vs~! [3] and for Ni, dU/dt ~ 2 x 108 Vs~!. Af-
ter the rupture of the molten metal bridge the contacts can be
considered to be a capacitor with a very small capacitance
[18]. As the circuit inductance prevents a rapid change in the
current (see Figs.4 and 6 and [22]), charge flows from the
circuit inductance into the small contact capacitor causing
a very rapid voltage rise across the contacts [17], [18], [23].
Without the introduction of charge carriers allowing current
to flow between the contacts, this voltage would rise to high
values: in excess of a few hundred volts. However, as can be
seen, as soon as the voltage reaches a few 10’s of volts con-
duction across the contact gap has been established and the
voltage decreases. The voltage continues to decrease until it
reaches a minimum value before once again slowly increas-
ing as the contacts continue to open (region ‘d’ in Fig.9).
The duration of regions ‘b’ + ‘c’ for contacts opening in air
is a function of current. Figure 10 shows this for Cu contacts
and a three orders of magnitude change in current. Here #;..
is o [ thus as the bridge diameter is o I [5],[18], [24], [25],
tp+c 18 o« bridge diameter. At 1 kA it is also a function of the
contact metal: for Cu, ~ 0.5 us and for Ni, ~ 2 us. This also
is probably influenced by the diameter of the molten metal
bridge at the time of its rupture; e.g. at 1 kA the Cu molten
metal bridge has a radius (rp) of ~ 0.05 mm and a length (£p)
of ~ 0.25 mm, while the Ni molten metal bridge has a radius
(ro) of ~ 0.13 mm and a length ({y) of ~ 0.25 mm [6].

As Figs.4, 5, 6, 7 show, the arc is initiated in the re-
gion of the molten metal bridge rupture. At the moment
of its rupture a very high-pressure region will exist in its
vicinity. It is problematical to assess how high this pressure
actually is. Potokin et al. [8] assuming that the whole bridge
initially forms a dense vapor with a similar volume to that
of the bridge calculates a pressure of 9 x 10*atm. As can
be seen from Figs. 5 and 6 there is considerable loss of ma-
terial by particle ejection once the molten metal bridge has
ruptured, so the available metal vapor in the bridge region
is considerable reduced. One estimate at low currents only
gives 5% of the original bridge volume is contained within
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Fig.9 The voltage across opening Cu contacts at the rupture of the
molten metal bridge and formation of the arc showing the Cu radiation
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Fig.10  The duration of the initial voltage peak immediately after the
rupture of the molten metal bridge (e [17], m [7], A [3]).

the high-pressure region right after the bridge ruptures [26].
In Figs. 6 and 7 the initial stages of the arc formation are ob-
scured by the very bright shock wave. However, in Figs. 4
and 5 when the contacts part in vacuum, there is no shock
wave and it can be seen that the arc is initiated in the region
of the molten metal bridge rupture. At the moment of its
rupture a very high-pressure region will exist in its vicinity.
The pressure of the metal vapor can be calculated approxi-
mately by considering the self magnetic field on the arc. The
average pressure P, is:

1077 x 2

P,
ar?

If r is the radius of the plasma in meters (the luminous region
in Fig. 4) and [ is the current in amperes then P, is in Nm™.
Figure 11 shows the change in pressure for the first 10 us for
the plasma region that eventually develops into the bridge
column arc for the Cr contacts shown in Fig. 4. The pressure
drops from ~ 5atm. to ~ 2 atm. in the first 10 us after the
rupture of the molten metal bridge. For the contacts opening
in air another way of estimating the initial bridge pressure
is to calculate the ratio of the metal density 9, after time
t to the original density ¢, at the moment of bridge rupture
assuming that the metal vapor mass mg and the bridge length
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Fig.11  The initial pressure change for the plasma between the opening
Cr contacts.
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Fig.12  The ratio of densities at bridge rupture in air and at a later time.

{p remains essentially constant during the duration of the
region ‘b’ + ‘¢’ in Fig. 9, then:
Vol mg T (2)

(o
Vol,  (rg + vt)?

oo mg

Where ry is the radius of the molten metal bridge just
before its rupture (at 1000 A for Cu, ry = 0.05 mm and for
Ni, rp = 0.13 mm [6]) and v is the velocity of the metal vapor
expansion assuming:

3
2

2mav = 2kT,g
Where m,, is the atom mass of the metal and & is Boltzmann’s
constant. At 1kA the change in time for this ratio for Cu
(v = 1.06 x 10°ms™") and for Ni (v = 1.14 x 10> ms™!) is
shown in Fig. 12. Interestingly the ratio at the time when
the minimum voltage occurs for both metals is ~ 0.015. If
we assume that the pressure at this time is between 1-2 atm.
Then the initial pressure is between 65 and 135 atm. at the
time of bridge rupture and the pressure at the initial voltage
peak at the end of region ‘b’ in Fig.9 is 3—6atm. Thus at
the beginning of region ‘b’ in Fig. 9, just after the rupture of
the molten metal bridge, the metal vapor between the con-
tacts is at a very high pressure. The voltage in this region
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increases very rapidly, but at the same time the pressure is
decreasing very rapidly as the metal density decreases with
the expansion of the confined metal vapor. The voltage at
the end of region ‘b’ reaches value of 10’s of volts where
the pressure is now 3—6 atm., for both the contacts opening
in air and those opening in vacuum. The voltage then de-
creases to a minimum in region ‘c’ value where the pressure
is now 1-2 atm. The value of pressure given by Fig. 11 for
the Cr contacts opening in vacuum is also 3—6 atm. 1-2 us
after the rupture of the molten metal bridge and about 2 atm.
after 10 us.

The data for Ni and Cu contacts in air show that at ear-
lier times (< 100 ns) right after the bridge rupture the pres-
sure is close to 100 atm., but it decays rapidly as the metal
vapor expands into the ambient environment. Thus at the
beginning of region ‘b’ in Fig.9, just after the rupture of
the molten metal bridge, the metal vapor between the con-
tacts is at a very high pressure. The voltage in this region
increases very rapidly, but at the same time the pressure is
decreasing very rapidly as the metal density decreases with
the expansion of the inertially confined metal vapor. The
voltage at the end of region ‘b’ reaches value of between
15 and 30 volts where the pressure is now 3-5 atm., before
decreasing in region ‘c’ to a minimum value where the pres-
sure is now about 2 atm. During this initial high-pressure
stage the net transfer of contact material is from anode to
cathode as shown in Figs.2 and 3. This has been referred
to as an anodic arc [26]-[29] with no real explanation why
its exact structure. The interesting study by Puchkarev and
Bochkarev [30] gives an important insight into this initial
stage of the arc formation. In their experiment they initi-
ate an arc between closely spaces contacts in vacuum and
pass current in the high pressure, high density metal vapor
that results. They show that this metal vapor after arc ini-
tiation comes almost entirely from the anode contact with
little or no erosion of the cathode. They show an erosion
rate of about 1 x 10~ g.C~!, which would give an anode
loss of about 11.2 x 10~ cm™ for Ni contacts with the
20 A current dropping to zero in 100ns. The net cathode
gain after 100 ns after the rupture of the molten metal bridge
in Fig. 3 is 11.5x 107" cm™3, which shows good agreement
with Puchkarov et als’ erosion measurement. This hot, high-
pressure metal gas initially released into the space between
the contacts establishes a condition where a dense, high-
pressure, non-ideal plasma/glow discharge can exist. This
type of discharge operates in a metal vapor of high density
(greater than about 10> m™). At high densities/pressures,
the Coulomb interaction of the outer bound electrons of
the neutral and ionized metal vapor with the surrounding
charged particles (the ions and free electrons) leads to a
substantial shift in energy levels and a lowering of the elec-
trons’ binding energy. The result can be a sharp increase in
the ionization state of the plasma; see, for example, Ebel-
ing et al. [31]. The initial plasma can have an ion current
density ~10'° Am~2, which will drop to ~ 10’ Am~2 as an
efficient electron emission mechanism is established at the
cathode. During this initial pseudo-arc phase, the electrons
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from the cathode that are required for current continuity will
result from secondary emission caused by ion impact at the
cathode. Here only Cul lines are seen between opening Cu
contacts [7]. As the metal vapor in this region expands a
normal arc will be established, which will have a cathode
region generating electrons and the usual neutral plasma be-
tween the contacts enabling current to flow between them.
At this time Cull lines are seen [7]. Thus conditions are such
just after the rupture of the molten metal bridge that ionized
plasma forms (pseudo-arc or a high density, low voltage
glow discharge) where ions will maintain the flow of cur-
rent across the contact gap. Assuming that the initial molten
metal bridge had equal material from both the cathode and
the anode, the flow of ions will result in a net transfer of ma-
terial from the anode to the cathode. Also by analogy with
the work of Germer et al. and Puchkarev et al. continued
high anode erosion and migration of anode metal to the cath-
ode would continue until the metal vapor arc is established.
As the cathode spot is established there would be a gradual
loss of this initially transferred material from the cathode.
As the data shows the rapid reduction of the metal vapor’s
pressure causes the initial pseudo-arc to quickly transition
into the usual arc discharge with a voltage impressed across
the contacts whose value is about that of the minimum value
U in (= 10-25 V) for the contact metal. Interestingly Anders
et al. also show that for a 100 A discharge in vacuum only
anode material is detected during the first 50-100ns [32].
The anodic arc (i.e. transfer of metal from the anode to the
cathode) described by Germer et al. [28], [29] is formed by
closely spaced contacts in air with a voltage less than 300 V
across them. This is below the Paschen minimum for air
at atmospheric pressure and as Slade and Taylor have dis-
cussed [33] the breakdown process for small contact gaps
in air is similar to the vacuum breakdown in Puchkarov and
Buchkarov’s experiment. Thus Germer at al’s results can
also be explained by the high-pressure metal vapor plasma
formed immediately after the breakdown of the contact gap.

Thus during the initial stage after the rupture of the
molten metal bridge and before charge carriers are estab-
lished, there is a very high pressure, low conductance, metal
vapor region established between the contacts and the volt-
age across them rises very rapidly. When this voltage
reaches a few 10’s of volts and the gas pressure has decayed
to about 5atm. a pseudo arc or high pressure glow forms
with conduction mainly from ions formed in metal vapor
from the anode with the net contact erosion from anode to
cathode: the initial anodic arc. As the pressure decreases
in this region the cathode region of a normal arc is estab-
lished which results in a loss of the original material that
was initially transferred to the cathode. This arc will estab-
lish the normal cathode fall and a plasma region where the
current is mostly carried by electrons and its value will be
close to but somewhat higher than the minimum arc volt-
age for the particular contact material. As the contact gap
remains very small as this arc forms, it will still operate in
the residual metal vapor from the initial bridge rupture and
in metal vapor eroded from the contacts by the arc roots.
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The net transfer of metal remains a net cathode gain [15].
As long as the arc remains mostly a metal vapor arc the net
cathode gain will depend upon the arcing time. For an arc
operating in a gaseous ambient (in this case air) the arc tran-
sitions to a gaseous arc. The net transfer of metal to the
cathode will then decrease as has been observed by a num-
ber of researchers. Also an arc at currents < 5 kA in vacuum
will transition to the usual diffuse vacuum arc with all the
contact erosion coming from the cathode [16].

5. Conclusions

(a) Opening contacts in circuits carrying currents greater
than a fraction of an ampere will form an arc between
them.

(b) The initial phase of opening will produce a molten metal
bridge connecting the opening contacts for all currents
and in all ambients.

(c) As the contacts continue to open the bridge ruptures at
a temperature close to or in excess of its boiling temper-
ature.

(d) A very high-pressure, metal vapor gas (~ 100atm.) is
released in a confined space between the contacts. As
this gas has few charge carriers to carry the circuit cur-
rent initially, the voltage across the contacts rises very
rapidly.

(e) The pressure in this region decreases rapidly and at a
few atmospheres when the voltage reaches a few 10’s
of volts a pseudo arc forms. In the plasma most of the
current is carried by ions and there is rapid erosion of
the anode and a transfer of metal to the cathode.

(f) As the metal vapor pressure continues to fall a normal
arc forms in metal vapor with a cathode region supply-
ing electrons to carry the current between the contacts.

(g) As the normal arc forms and the usual cathode fall re-
gion is established, some of the initial net cathode gain
will itself be eroded from the cathode.

(h) There will still be a net transfer of metal to the cathode
in this metal phase arc. This will decrease as the con-
tacts continue to open and the arc in the ambient gas is
established or the diffuse vacuum arc is formed.
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