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Abstract

Many pulse power machines use purified water as the high
voltage dielectric in intermediate storage capactors. Another
candidate dielectric liquid for future pulse power devices is
a mixture of ethylene glycol and water, because this mixture
can extend the intrinsic time constant from hundreds of
microseconds to tens of milliseconds. Longer intrinsic time
constant eases the requirements for the charging portion of
the pulse power train.

An important characteristic of the liquid dielectric is the
energy density. Since energy density varies as the square of
the electric field, electrical breakdown is an important physical
phenomenon for dielectric mixtures. Our paper examines the
effect on breakdown of several alloys and surface treatments
for stainless steel and aluminum electrodes in subzero temper-
ature mixtures of ethylene glycol and water and in near zero
temperature purified water.

Dielectric Liquids

The wuse of water as an intermediate energy store in
pulsed power devices stems from its favorable physical and
electrical properties: high dielectric constant, self-repairability,
low cost, ease of purification, handling and lack of health or
safety problems. Previous work!:? at NSWC established the
need for proper conditioning of the water in order to make
valid analyses of electrical breakdown phenomena and to
evaluate the efficacy of a capacitor system as an energy
store. Deaeration, deionization and the use of nonmetallic,
inert materials wherever possible were demonstrated to be
necessary. To obtain longer intrinsic time constants, our
research demonstrated that cooling increased the useful stress
time of water from on the order of microseconds to hundreds
of microseconds.

Further research® at NSWC then showed that mixtures
of ethylene glycol and water yielded stress times of tens
of milliseconds and were practical high voltage dielectrics.
All the techniques used to condition water were found to
be useable for the mixtures and were necessary for meaning-
ful analysis.

In both liquids the breakdown strength observed is far
less than that predicted from simple theories. Also, it is
generally observed that breakdown initiates at the liquid -
electrode interface and not in the bulk of the liquid. The
role of the interface in electrical breakdown is not well
understood.

Electrode Surfaces

The other half of the electrified interface is the surface
of the electrode, which is almost always different in material
composition than the bulk electrode material. The surface of
304 stainless steel electrodes, which previous investigation®
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has demonstrated posses superior electrical properties when
compared to other common electrode materials, is a combina-
tion of various oxides and by-products of the bulk metal
The relatively high chromium content allows the formation of
a protective, passive film.®> This film can be increased by
various passivating techniques and has been found to inhibit
charge injection by the surface. Alloys with even higher
chromium contents, such as 310, naturally form more pro-
tective films. The effect on electrical breakdown and energy
storage properties of the passive film had not been previously
investigated, to our knowledge.

Aluminum is often the material of choice for intermediate
energy stores because it is relatively cheap, light, and easily
machined. Previous investigations® had determined the electrical
properties of 7075 aluminum alloy - one of the highest
strength alloys readily available. The major alloying element
in the 7000 series is zinc, which when coupled with a small
amount of magnesium results in a high strength alloy, but
has moderate corrosion resistance. Anodization is the process
whereby aluminum alloy can be given a more passive film.
Previous investigation showed that it increased the breakdown
strength for this alloy.

Aluminum in all alloys will oxidize in air to form a
more or less protective film. The 5000 series exhibits very
good corrosion resistance and moderate strength.® The in-
fluence of different aluminum alloy surfaces with varying
corrosion reistance, and presumably varying protective films,
on electrical breakdown and energy storage properties had
also not been systematically studied, to our knowledge.

High Voltage Testing

An electrical block diagram for the testing apparatus is
shown in Figure 1. The main components are a Marx gener-
ator that charges the test cell via a copper sulfate resistor
and a high voltage diode. A fast copper sulfate, dividing
resistor probe and a capacitance probe transfer voltage signals
to an oscilloscope. Figure 2 depicts the dielectric liquid flow.
Two separate systems are maintained - one for pure water
and one for ethylene glycol - water mixtures. The experi-
mental apparatus has been thoroughly explained in previous
papers.!-?

Analysis

The 10% threshold breakdown voltage is defined in the
following manner: voltage application for a set of electrodes
is started at fields well below breakdown and a set of 10
shots is made at the initial field, then after increasing the
applied voltage approximately 10 kV another set of 10 shots
is made, this pattern continuing until breakdown; whereupon,
the highest field applied to the electrodes that had been suc-
cessfully held-off for all 10 shots is defined as the 10%
threshold breakdown field. This pattern of testing is considered
to yield statistically meaningful and repeatable measurements
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in light of the previously reported phenomenon of a “hysteresis-
like”” effect when plotting breakdown probability versus
applied field. Briefly, this effect implies that a set of electrodes
that has been conditioned at lower voltages without break-
down has a lower probability of breakdown than electrodes
that have not been conditioned in this manner.

Energy density is a figure-of-merit that can be used to
measure capability for energy storage. Energy density, W, is
defined as:

€ €, E? )

where € is the relative dielectric constant, €, is the per-
mittivity of free space (8.85 x 107!? farads/meter), and E is
the maximum, average electric field.

However, a better choice for a figure-of-merit is action
density. The choice of action density as a figure-of-merit
emphasizes the need for adequate hold-off times as well as
energy density for future pulse forming lines. Action density
also depends on the normalized, effective time constant,
'f’e". The normalized, effective time constant is the same as
defined by Martin, namely the time the voltage remained
above 0.63 of the maximum voltage, except that it is normal-
ized to uniform electrode spacings, peak fields and low voltage
intrisic time constants. This is done to allow fair comparisons
between different electrode materials that were tested under
slightly different conditions. Details can be found in previous
works*+® dealing with charge injection. The reference electrode
spacing is 1 c¢m, the reference peak field is 100 kV/cm,
and the reference time constant is 20 milliseconds. Action
density, AD, is:

@

Results

Figure 3 shows the variation in 10% threshold break-
down strength for different electrode materials tested under
similar conditions. The nominal test parameters were electrode
spacings of 1 cm, 60% ethylene glycol and 40% water (by
weight) cooled to -20°C to -25°C, and similar condition-
ing patterns. The breakdown strength of 310 stainless steel is
approximately 14% higher than 304 stainless steel. Recall
that 310 had the higher chromium content and the more
passive film; it seems that in this case higher breakdown
strength accompanied reduced charge injection from the surface.
Further theoretical and experimental work is necessary before
any cause and effect relationship might be established between
these two facts.

For aluminum alloys, anodization has increased the hold-
off strength of 7075 by 20%. Highly unusual results were
obtained for the bead-blast 5083 alloy. Initial hold-off strength
was measured at 192 kV/cm but could not be repeated.
Subsequent measurements yielded hold-off values near 150 kV/
cm, but finally hold-off fell to a little over 100 kV/cm.
The electrodes were bead-blasted once again and hold-off
increased to 131 but subsequently fell to the 100 kV/cm
level. This is the first case we have noted of such instable
breakdown behavior. Only one measurement was made of
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and it yield a hold-off strength
Investigations of this alloy will

anodized 5083 aluminum
of less than 80 kV/cm.
continue.

It should be noted that the breakdown strength of 304
stainless steel, 7075 bead-blasted aluminum and electrolytic
tough-pitch copper were approximately the same in ethylene/
glycol and water as in pure water.

Figure 4 depicts the action density versus the applied
field for the two stainless steel alloys. With the surface bead-
blasted, the alloys have only their native passive films and the
superiority of the higher chromium content 310 alloy is
significant. The action density is higher for 310 than 304
because we observe that the more protective surface has a
longer effective time constant - probably because it has less
charge injection. However, when the surfaces are passivated in
a chromium rich industrial solution, they exhibit similar
effective time constants. 310 stainless steel ultimately has the
larger action density also because breakdown strength is
higher than similarly treated 304.

Figure 5 gives the action density measurements for the
two aluminum alloys. Suprisingly, anodization does not yield
any benefit in action density at the lower field values in-
dicating that the effective times and probably the charge
injection are not affected by the process. At high field values,
the increase in breakdown strength for 7075 from anodization
yields higher action density. The action density for 5083
aluminum was from the first (and best) measurement. This
level of performance has not been duplicated, as the break-
down strength is lower in subsequent measurements.

Conclusions

(1) Alloying and surface treatment can affect the electri
cal breakdown strength.

(2) 310 stainless steel is superior to 304 stainless steel.

(3) 5083 aluminum exhibited very high hold-off strength
but is erratic.
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Fig. 1. Electrical diagram of the liquid
dielectric experimental apparatus
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Fig. 2. Liquid flow and conditioning diagram
for the experimental apparatus
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Fig. 3. The 10% probability of breakdown threshold for
various electrode materials in a cooled 60%
ethylene glycol/40% water dielectric mixture.
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Fig. 4. Action density vs. applied field for stainless steel
alloys.
BB = Bead blasted,
EE = Electro-polished, passivated,
P = Passivated
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Fig. 5. Action density vs. applied field for aluminum
alloys.
BB = Bead blasted,
AN = Anodized
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