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V ABSTRACT 

Qof 

The degenerative action produced by 300 kA, repetitive arc discharges on the surface 

of various insulator materials is investigated as a function of insulator and electrode material 

and the ambient atmosphere used. The insulator damage produced by the 20 |is wide 

oscillating pulse is characterized by a shot-to-shot decrease in surface breakdown voltage 

of the insulator and a loss of insulator mass. The insulators under investigation include a 

broad group of ceramic, polymeric, and elastomeric materials which have been tested with 

graphite, molybdenum, copper, and copper-tungsten electrodes. Typically, the ambient gas 

used in the tests was atmospheric air although some tests were conducted in pure nitrogen, 

pure oxygen, and admixtures thereof. Models have also been developed which predict 

holdoff voltage degradation, mass erosion, and holdoff voltage conditioning for the insulator. 

The conditioning of an insulator is characterized by an increase in its surface holdoff voltage 

in the initial stages of the test. In these models, insulator performance is predicted by its 

HDR (i.e., holdoff voltage degradation resistance), MVC (mass vaporization coefficient), 

and HVC (holdoff voltage conditioning) figures of merit which are calculated using the 

pertinent thermophysical properties of the material. The relationship between the figures 

of merit is also discused. 
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NOMENCLATURE 

a = water absorption [% weight]. 

AE= total transferred energy [J]. 

Eg = activation energy [J]. 

Er = relative permittivity [F/m]. 

AGf = Gibb's free energy of formation [kJ/mole]. 

AGp = free energy of polymerization [kJ/mole]. 

Y = evaporation coefficient. 

h = Planck's constant = 6.6262 x 10"^ [Js]. 

n = h/2n 

AHf = enthalpy of formation [kJ/mole]. 

AHp = enthalpy of polymerization [kJ/mole]. 

J = mass flux density [mole/m^s]. 

k = Boltzman's constant = 1.3807 x 10"̂ ^ [J/K]. 

Kp = equilibrium constant. 

m = erosion rate [kg/J]. 

Amx = total mass loss [kg]. 

n = ionic or atomic state. 

N„ = density of electrons [m'^]. 

Nj = density of ions with charge number i [m'^]. 

Nj+i = density of ions with charge number (i-i-1) [m'^]. 

V = frequency [Hz]. 

P = partial pressure [Pa]. 

Po = reference pressure = 10̂  [Pa]. 
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R = gas constant = 8.314 [J/K-mole]. 

Ry= Rydberg energy = 13.6 eV. 

p = density [kg/m^]. 

AS = entropy [kJ/Kmole]. 

o = conductivity [Qm] ' . 

T = temperature [K]. 

Te = electron temperature (energy) [eV]. 

w = molecular weight [kg/mole]. 

Zj = ion charge number. 

Xin = ionization potential of n* state of ion or atom of charge number i [eV]. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1. The Phvsics of Insulator Surface Flashover 

When speaking of the breakdown processes present in a gas-filled surface discharge 

switch (i.e., the SDS), one must distinguish between pulsed and d.c. operated switches. 

Pulse operated switches are normally seen for two types of configurations: the triggered 

configuration which uses a third electrode for triggering and the non-triggered configuration. 

In the triggered configuration, the PFN, or capacitor bank, is charged to a level below the 

self breakdown voltage with a trigger pulse of sufficient magnitude subsequently being 

applied to produce breakdown. In the non-triggered configuration, the PFN is pulse charged 

until breakdown occurs. Normally, the pulse operated SDS runs in a multi-channel (or 

multiple arc channel) mode. The d.c. operated switch is d.c. charged until it reaches its self 

breakdown voltage and operates in a single-channel mode. The interested reader should 

consult Schaefer (1991) or Burkes et al. (1987) for a more thorough description of SDS 

operating configurations. 

Figure 1.1 illustrates a typical gas-filled, d.c. operated SDS. As the SDS is slowly 

charged, positive and negative charges are distributed across the surface of the insulator. 

The breakdown process for this type of SDS configuration is very similar to the generally 

accepted air breakdown processes in the sense that electron avalanches form in the gap that 

lead to streamer formation and breakdown. The speed and direction of the streamers is 

affected by the geometry of the electrodes, the ambient gas composition, and the charge 

distribution on the surface of the insulator. The streamers create ionized paths which,* in 

the final stages, lead to an arc or spark discharge. The location of the arc is dependent upon 

the switch geometry but, typically, is formed a short distance above the surface of the 
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Figure 1.1. A typical d.c. charged surface discharge switch. 



insulator. As the insulator begins to ablate and vaporize, a high conductivity path is formed 

from the erosion products near its surface which causes the arc to compress against the 

surface and begin a lateral expansion process. Since the lateral expansion velocity is faster 

than the expansion velocity normal to the surface, the cross-sectional shape of the arc channel 

resembles an ellipse with approximately one-half the cross-sectional area of a comparable 

free arc discharge (Vanyukov and Daniel, 1968, and Belyaev, et al., 1981). 

The vaporized and ablated insulator material that is entrained in the arc channel causes 

spectral enhancements at certain wavelengths which are directly related to the chemical 

composition of the insulator. It is therefore possible to "tailor" the spectroscopic output of 

the discharge by a suitable choice of insulator material or by doping the insulator with 

selected compounds (Beverly, 1977). The brightness (or blackbody) temperature of the 

surface discharge reaches a maximum of ~ 40 to 60x10^ K for a 30 kA discharge (Dashuk 

et al., 1981). It is generally accepted that the arc temperature behavior of the surface dis

charge is similar to that of the free arc, which is to say that it is only a weak function of the 

peak current in the 10 to 100 kA level (Martinen and Tholl, 1970) and would be expected 

to reach a maximum temperature of ~ 60 to 70x10^ K for peak discharge ciurents of ~ 300 

kA. 

Applications of the SDS include laser preionization sources, E-beam and X-ray 

sources, U.V. sources, and fast closing switches. However, most of these applications require 

the SDS to be operating in the multi-channel mode. The single-channel SDS also finds 

applications in these areas but is normally used as a closing switch. In this investigation, 

the SDS was used to test insulator materials for applications in switching and electromagnetic 

launchers. 



1.2. Past Insulator Degradation Studies 

There have been few previous investigations directed towards understanding the 

mechanisms of holdoff voltage degradation for SDS insulator materials. Ranon (1^7) and 

Engel (1987) have studied this problem in a qualitative manner, but no generalized 

hypothesis resulted from their work. It is generally accepted that at some point in the 

discharge the insulator material experiences dissociation, leaving a conductive metallic or 

carbonaceous residue which reduces the holdoff strength on subsequent discharges. 

Ablation of the dissociated material, or removal by mechanical means, greatly improves its 

shot-to-shot holdoff strength. 

The majority of investigative efforts have been directed towards the mass erosion 

aspect of insulator degradation. Dashuk et al. (1981) studied the effects of mass erosion as 

a function of peak current. Their results show that at currents above 14 kA the erosion scales 

proportionally to the current. At currents of 35 kA, the erosion was reported to be from 5 

to 8 ̂ ig/J for a small group of polymeric materials. Pai and Marton (1982) measured much 

lower erosion rates (i.e., from 0.03 to 0.067 M-g/J) for a similar group of insulators. They 

also reported erosion rates for silica and alumina ceramic materials which were 0.009 and 

0.02 )ig/J, respectively. Unfortunately, the current levels were not given for this investigation 

so a quantitative comparison with other erosion rates is difficult. However, it is to be noted 

that there are large variations in the reported erosion rates of insulators used in the surface 

discharge switch. 

Conditioning effects have been observed and reported in the literature (Pillai and 

Hackam, 1985) and investigated for pulsed insulator flashover in vacuum (Leiker, 1988) 

but no definitive conclusions have been made concerning this phenomenon. Insulator 

conditioning is the process by which the breakdown voltage successively increases for the 

first several discharges, after which it remains steady or decreases in a normal manner. 



1.3. Present Insulator Degradation Studies 

1.3.1. Scope of Present Research 

From the above discussion it is readily apparent that holdoff voltage degradation, mass 

erosion, and holdoff voltage conditioning are important factors which affect the selection 

of insulator materials to be used in the SDS. The scope of the research presented here is 

directed towards understanding the basic physical mechanisms which determine insulator 

degradation. It is believed that once these mechanisms are understood the process of insulator 

selection, and possibly even insulator manufacture, for applications in the SDS will be 

greatly simplified. This research program consists of investigating the physical mechanisms 

responsible for insulator degradation and deriving figures of merit that characterize their 

degradation responses. The derivation of the HDR (holdoff degradation resistance), MVC 

(mass vaporization coefficient), and HVC (holdoff voltage conditioning) figures of merit 

will be given and used to explain the experimental insulator test results. An insulator material 

is tested in the laboratory by successively discharging high-current arcs across its surface. 

This produces insulator mass erosion and varying degrees of holdoff voltage degradation. 

Figure 1.2 illustrates the voltage holdoff strength versus the number of discharges for a 

typical insulator material. Two distinct phases of voltage holdoff response are noted for the 

typical insulator material: 1) the conditioning phase, and 2) the decomposition phase. 

The conditioning phase of the voltage holdoff response is characterized by the quantity, 

N,., which is termed the "conditionability" of the insulator and is the number of discharges 

which occur at breakdown voltages (or fields) higher than the initial breakdown voltage, 

Vini,. The conditioning phase can also be absent from the voltage holdoff response of the 

insulator if the insulator is prone to rapid decomposition. Insulators that rapidly decompose 

show little or no conditionability. The decomposition phase of the holdoff voltage response 

is characterized by the quantity, NL, which is termed the "lifetime" of the material and is 
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Figure 1.2. Typical voltage holdoff strength versus number of discharges. 

the number of discharges required to reduce the breakdown voltage to the half-power level 

(i.e., Vi^J^fl) for three consecutive discharges. Once the basic physical mechanisms of 

degradation are investigated, other factors (e.g., choice of electrode material, ambient gas, 

and the use of U.V. stabilizers) which affect the performance of insulator materials will be 

discussed. The G-series polymers (e.g., G-9, G-10, and G-11) will be used as performance 

benchmarks in that discussion since they are widely used and readily available. 



1.3.2. Experimental Arrangement 

The experimental facility (i.e., the SDS III) used to test the degradation behavior of 

insulator materials consists basically of a capacitor bank and a surface discharge switch. 

Other features incorporated into the facility include a containment vessel, a vacuum station, 

and a gas distribution manifold. A pictorial view of the SDS III facility is shown in Fig. 

1.3. The majority of the insulator tests were conducted in atmospheric air, although some 

tests were done in Nj, O2, and their admixtures. To accommodate these types of tests the 

SDS in was evacuated to 10"̂  Torr and then back-filled with the required gas or gas mixture. 

The capacitor bank and surface discharge switch are located inside the containment 

vessel. A pictorial view of these components with a close-up view of the surface discharge 

switch is given in Fig. 1.4. Normally, the SDS in is operated in the d.c. charged mode with 

an electrode spacing of ~ 2.5 cm which translates into ~ 30 to 35 kV breakdown voltages 

and ~ 300 kA discharge currents for most insulators. The equivalent circuit for this 

arrangement is shown in Fig. 1.5 along with a typical discharge waveform. It is noted that 

the discharge current is underdamped with approximately an 80% current reversal. The 

maximum SDS HI operating parameters are listed in Table 1.1. 

Diagnostics for the SDS in facility consists of the following: 

1) Ross Engineering high voltage probe (10,000:1, 0-1 MHz bandwidth). 

2) Single-loop, integrated B-dot probe (6.6 jis integrator time constant). 

3) Metder PE3600 scale (resolution = 0.01 g). 

4) Jairel-Ash 1/2 m scanning Ebert U.V. spectrometer (35 mm camera attachment, 

200 nm viewing window). 

5) Nicolet 4094 digital storage oscilloscope with 4175 plug-in (50 MHz bandwidth). 
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Table 1.1. Operating parameters of the SDS III experimental faciUty. 

Parameter 

Voltage 

Current 

Energy 

Charge transferred 

Discharge rep-rate 

Maximum (per shot) 

50 kV 

560 kA 

11.6 kJ 

4.2 C 

3pps 

Typical (per shot) 

30 kV 

330 kA 

4.2 kJ 

2.5 C 

Ipps 

To date, the list of insulator materials that have been tested in the SDS III facility is 

quite extensive and includes a wide variety of ceramic, polymeric, and elastomeric materials. 

A complete list of these materials with their reinforcements is given in Table 1.2. The 

electrode material commonly used was molybdenum although pure copper, copper-tungsten 

(32% copper and 68% tungsten), and graphite electrodes were also used. 

11 



Table 1.2. Complete list of the insulator materials under investigation. 

Ceramics: 

Alumina (90%) Aluminum nitride 
Aluminum Titanate Zirconia (Yttria stabilized) 
Silicon nitride (Hot isostatic pressed) Zirconia (Magnesia stabilized) 
Silicon nitride -i- 30% mullite Magnesia 
MuUite (AlgSijOij) Macor 
Boron nitride CZA 5(X) (zirconia/alumina composite) 
Mycalex (400, 1100) Yttria 
Steatite (MgSiOj) Cordierite (Mg2Al4Si50i8) 

Polymers: 
Thermosets: 

G-3 (phenolic, glass fabric) 
G-5 (melamine, glass fabric) 
G-7 (silicone, glass fabric) 
G-9 (melamine, glass fabric) 
G-10 (epoxy, glass fabric) 
G-11 (epoxy, glass fabric) 
FR-4 (epoxy, glass fabric) 
Phenolic (hi-impact) 
Phenolic (mica filled) 

Thermoplastics: 

Polyethylene (low density) 
Polyethylene (high density) 
Polyvinylchloride 
Polytetrafluoroethylene 
Polyamide (Nylon 6,6) 
Polyimide (glass fabric) 
Polycarbonate (Lexan) 
Polyarylate (D240) 
Polyamidimide (Hydlar-Z) 
Polyarylsulfone (A 100) 

Elastomers: 

Viton (grade 1097) 
Buna-N 
Silicone 

Phenolic (electrical grade) 
Phenolic (high-heat) 
Polyester (impact/electrical grade) 
Polyester (electrical grade) 
Melamine/phenolic (electrical grade) 
Melamine/phenolic (wood-flour filled) 
Phenolic (wood-flour filled) 
Phenolic (mineral filled) 
Phenolic (cotton filled) 

Polyarylate (DM100) 
Polysulfone 
Polyacetal (Delrin) 
Polymethylmethacrylate (Plexiglass) 
Liquid crystal polymer (G330, MG350, G345) 
Liquid crystal polymer (M450, G430, G450) 
Liquid crystal polymer (M350, G445) 
Polyarylsulfone (AG230) 
Polyketone(E1140) 
Polyketone(E1230) 
Polyamidimide (Torlon 4203) 

Chloroprene 
Polyure thane 

( ) Indicates tradename and/or filler/reinforcement. 

12 



CHAPTER 2 

PHYSICS OF INSULATOR DEGRADATION 

2.1. Holdoff Voltage Degradation 

2.1.1. Mechanisms of Holdoff Voltage Degradation 

The most serious problem affecting insulator performance in the SDS is holdoff voltage 

degradation. Engel and Kristiansen (1987) identified the following mechanisms responsible 

for holdoff voltage degradation: 

1) Metallization of the insulator surface. 

2) Carbonization of the insulator surface. 

3) Contamination of the insulator surface by eroded electrode materials. 

The metallization and/or carbonization of the insulator surface results from the decompo

sition of the insulator into its conductive species. These conductive species either leave the 

surface as a gas and re-condense as a solid or remain in the molten state on the surface, 

solidifying between discharges. Ceramics are mostly composed of metal oxides, metal 

nitrides, or metal carbides (e.g., alumina, silicon nitride, and silicon carbide) and are sus

ceptible to failure by metallization. Polymers and elastomers, on the other hand, are 

composed of linear or cross-linked hydrocarbons and are therefore susceptible to failure by 

carbonization. Conductive deposits on the insulator surface can produce a region with an 

increased electric field enhancement factor which lowers the surface breakdown strength 

of the material. All three classes of materials are susceptible to failure by contamination 

from eroded electrode materials, but this failure mechanism is more of a second order effect 

and will not be discussed here. The interested reader should consult Donaldson (1990) for 

a discussion of electrode erosion. 

13 



2.1.2. Insulator Material Characterization 

Since holdoff degradation in the SDS is primarily caused by material decomposition 

at elevated temperatures, the HDR (i.e., the holdoff degradation resistance) figure of merit 

should reflect this. Decomposition, or reduction, of the insulator is the process by which 

its atoms gain sufficient energy to rupture molecular bonds. Decomposition is therefore a 

thermal stability problem. There are several semi-empirical relationships reported in the 

literature regarding the thermal stability of compounds against decomposition. EUingham 

(Searcy et al., 1970) related the thermal stability of ceramic materials to their loss of oxygen 

(or nitrogen) as 

AG, 
Thermal Stability = — - , (2.1) 

8 

where g = number of gas atoms in the molecule. For example, the alumina (AI2O3) and 

silicon nitride (Si3N4) ceramics have g equal to 3 and 4, respectively. It is noted that Eq. 

(2.1) was never applied to polymeric or elastomeric materials. 

Engel et al. (1990) reported a relationship which was similar to Eq. (2.1) but could be 

used for ceramic, polymeric, or elastomeric materials. This thermal stability figure of merit 

was related to the specific enthalpy of formation (i.e., the bond energy density) of the material 

and given as 

Thermal Stability = -, (2.2) 

where Wc is the molecular (or formula) weight of the ceramic or monomer and the effective 

enthalpy change, AĤ ff, for ceramics was given as 

AH,ff = AHf, (2.2a) 

and for polymeric or elastomeric materials was given as 

^eff = ^Kn^^nur) + ^p- {2.2b ) 

14 



Wall (1955) found that the thermal stability of vinyl polymers to scission/rupture 

reactions upon irradiation could be expressed by 

Thermal Stability = AH p. (2.3) 

Equations (2.1) through (2.3) are related and can be derived from first principles. The 

derivation begins by analyzing a ceramic compound since it is the simplest in molecular 

form. Consider the following ceramic formation reaction: 

mM{v) + gG(y)<r^cCis), (2.4) 

where C, G, and M represent the ceramic, gas, and metal (or semi-metal) elements, c, g, and 

m are the stoichiometric coefficients, and s and v represent the phase of the elements (i.e., 

solid or vapor), respectively. In terms of holdoff voltage degradation, we are interested in 

the amount of conductive material released in vapor form or exposed in liquid form at the 

surface of the insulator. The free energy change for the reaction of Eq. (2.4) is related to 

the equilibrium constant by 

-AC 

'"=K^. (2.5) 

The equilibrium constant, in turn, is related to the equilibrium partial pressure by 

^ IProducs] 
" [Reactants] ^ 

pg p " 
' o ' o 

pg pm 

Po 
(»" + «) 

(2.6a) 

(2.6^) 
P6P!S 

where the square brackets denote the concentrations of the products and reactants. If the 

products and reactants are in the gas phase, their concentrations will be given in units ot 

15 



pressure (i.e., Pascals). The mass flux of each species that is evaporated or sublimed from 

the surface of the insulator is related to its equilibrium partial pressure by the Hertz-Langmuir 

equation which is given as 

-1 
i2 

Ji = y(2nw-RTyP,. (2.7) 

Since we are interested in a worst case analysis of the system, we are interested in the 

maximum mass flux from the surface of the insulator. The mass flux of Eq. (2.7) is max

imized when the evaporation coefficient, y, is equal to unity. For congruent vaporization, 

the mass flux of each species obeys the stoichiometry set by the balanced reaction of Eq. 

(2.4) and is given as 

m-^^-g' 
(2.8) 

or. 

m 
(2.8fl) 

Substituting Eq. (2.7) into Eq. (2.6b) we find that 

RT _ n-(in + g)Tm 

e =P. 'y;[27i/?rwjv*[27c/?rwd (2.9) 

In the study of holdoff voltage degradation, we are interested in the metal (or semi-metal) 

mass flux that leaves the surface of the insulator as a gas or vapor (later to be re-condensed) 

or remains on the surface in liquid form. Thus, substituting Eq. (2.8a) into Eq. (2.9) gives 

the expression for the metal flux 

J^ = P,[2nRT\ 
/ ^ V . 

lymj 

2(1"+«) AC 

Am*t)IIT (2.10) 
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Equation (2.10) is the generalized mass flux expression which can be reduced to find 

the thermal stability relationships reported by EUingham (Searcy et al., 1970), Engel et al. 

(1990), and Wall (1955). From a qualitative point of view, Eq. (2.10) predicts a low flux 

value for a highly negative AG and a high flux value for a highly positive AG. Low fluxes 

indicate a high degree of thermal stability and high fluxes indicate a low degree of thermal 

stability. It is to be noted that when AG > 0, the forward reaction of Eq. (2.4) is spontaneous. 

If no reactants (i.e., metal and gas) are present in the system when AG > 0, then the product 

(i.e., ceramic) spontaneously decomposes. 

To derive EUingham's relationship from Eq. (2.10) we neglect all the terms of that 

equation except the exponential term so that 

AC 

/^oce*" '̂>«^ (2.11) 

For most materials at high temperatures, AG approaches zero so that the higher order terms 

in the polynomial expansion of the exponential can be neglected and Eq. (2.11) can be 

approximated by 

AG 
JM°^1+- 7z;= (2.12) 
^ im+g)RT 

On a comparative basis, the constant terms and the temperature dependence of Eq. (2.12) 

can be neglected so that the mass flux expression is given as 

AG 

which is very similar to EUingham's relationship (refer to Eq. (2.1)) if the metal stoichio

metric coefficient, m, is neglected. The interested reader should consult Searcy et al. (1970) 

for EUingham plots for some common ceramic materials. For the most part, Eq. (2.13) is 

an accurate figure of merit as long as the analysis is confined to materials of the same type 
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(i.e., oxides to oxides, nitrides to nitrides). When analyzing different types of materials or 

chemicaUy complex materials, neglecting the product and reactant masses produces inac

curacies in Eq. (2.13). 

The derivation of Engel's relationship is similar to that above, but the metal molecular 

weight term, w^, is included. Proceeding as before, we neglect terms so that the mass flux 

relationship is given as 

g(»i+«)Rr 

JM^-^^- (2.14) 
2(»i+») 

Expanding the exponential term and neglecting the constant and higher order terms, Eq. 

(2.14) can be rewritten as 

JM- ^—Z^ (2.15) 
{m+g)RTw^*'' 

^-TAS ,^ .c ^ 
o= — , (2.15fl) 

(m + g)RTw^'''" 

where the substitution AG = AH - TAS was made. If we neglect the entropy term and realize 

that on a comparative basis the temperature dependence may also be neglected, Eq. (2.15a) 

becomes 

AH 
JM'-^Z:- (2.16) 

To first order, the molecular weight of the compound, Wc, is approximated by w^ and, on 

a comparative basis, if we neglect the power dependence of Eq. (2.16), then the metal flux 

is approximated by 

AH 
JM-—-' (2.17) 
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Equation (2.17) is Engel's thermal stabUity figure of merit (i.e., refer to Eq. (2.2)) if a 

negative sign is included. Engel included a negative sign in his figure of merit to show that 

materials with highly negative enthalpy values were very stable. Engel's thermal stabUity 

figure of merit was an improvement over that of EUingham's since it allowed different types 

and different classes of materials to be analyzed, but for chemicaUy complicated materials 

(e.g., cordierite ceramic = Mg2Al4Si50i8) the terms neglected in Eq. (2.10) to derive Eq. 

(2.17) cannot be neglected without a loss of accuracy. 

Wall's relationship (i.e., Eq. (2.3)) is similar to Eq. (2.17) if it is realized that most 

polymers, especially those of one type such as the vinyl polymers, have almost identical 

molecular weights in the polymerized form (Roff et al., 1971). So, on a comparative basis, 

the Wc term of Eq. (2.17) can be neglected yielding 

^(m.xrA/^, (2.18) 

where AH = AHp in Wall's analysis since he only considered the scission/rupture reaction 

of the polymer chain and not its complete dissociation. 

Equation (2.10) is the generalized mass flux expression for a simple compound. 

Consider the following formation reaction for the cordierite ceramic: 

2Mgiv) + 4Aliv) + 5Si(y) + 90^(v)^Mg^l^SisOigis). (2.19) 

The mass flux of each species for this reaction wiU follow the guideUnes of Eq. (2.8) and 

is given as 

1 r 1 r 1 r ^ r 
2-̂ Af. = 4 ^ / = 5 4 = 9 ^ , . (2.20) 

The free energy change for this reaction is given as, 

-AG 

^ -^o ^Mi ^M2 ^M^ ^G » U-^U 
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where M„ Mj, and M3 represent the Mg, Al, and Si metals, respectively. Substituting Eq. 

(2.7) into Eq. (2.21) and solving for y^ ĵ, we have 

7^,=P„[27c/?7]" m 

\m,j 

g_ 
\2« 

"*l. "^•...g 
^M, ^M2 ^ W 3 W G 

2(»]+"2+»«3*f] 

AC 

xg^' ' ' ^ \ (2.22) 

In general, it should be readily apparent from Eqs. (2.10) and (2.22) that for an insulator 

with k metals and / gases, the i* metal flux wiU be given by 

/«,=/'J27i/?71 '̂ w, Mi 

(^ \^i 

n m 
w Mi 

' fg,^'" n 
U- yjn^j 

Wr 

{irrM 

xexp 

AG 

RT 
k I 

X m̂  -I- I gj 
(2.23) 

As stated previously in terms of holdoff voltage degradation, we are primarily inter

ested in the metal flux that leaves the surface as a vapor. The holdoff voltage degradation 

resistance of an insulator is related to the metal mass flux in one, or both, of the following 

manners: 1) High metal fluxes indicate many molten pools (or metal flux emission sites) 

exist on the surface of the insulator that wiU solidify after the arc has extinguished, decreasing 

the surface flashover strength on subsequent discharges, 2) Due to the short-lived (~ 20 

|j.s) arc event, the majority of the metal vapor is relatively close to the surface of the insulator 

at the end of the discharge and condenses on its surface. Both mechanisms are possible 

explanations of the actual processes at the surface of the insulator since Engel and Kristiansen 

(1987) have shown that the conductive constituents of ceramic insulators are present on the 

surface after the ceramic has been exposed to surface discharges. In any event, the HDR 

(i.e., holdoff voltage degradation resistance) figure of merit is assumed to be inversely 

20 



proportional to the total mass flux (from all metal species) given in Eq. (2.23). On a 

comparative basis we can neglect the constant terms and the temperature dependence of Eq. 

(2.23) so that the HDR figure of merit is given as 

( 
HDR = 

k ~ . V i 
1+ I ^ w. M, 

k 

n 

xexp 

mj I ' 

-AG 

w, Mi n Wr 

1 ;—^ 
J. "y I Ij 

RT\imj+igj (2.24) 

=« j=t y j 

The extra term in Eq. (2.24) is included and results from the addition of the other metal 

fluxes present in the compound since 

JMT = JMI+JM2+JM,+ '-+JM,' (2.25) 

By the stoichiometry of the balanced reaction the metal fluxes are related by 

Substituting Eq. (2.25) into Eq. (2.26) the total metal flux is given as 

/W2 ^3 ^k 

m. 
Mk 

= 1 Ml 1-1- — -I- — +....+ — 
m 

= / Wi 1-1- I— . 
\̂  i=2mij 

'7 

When analyzing ceramic systems, 

AG'-AG /' 

When analyzing polymeric or elastomeric systems, AG will be given as 

AG=AG /{monomer , + AG, 

(2.26) 

(2.27) 

(2.27a) 

(2.21b) 

(2.28) 

(2.28a) 
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In the strictest sense, AG 9t AGf since the reactants of Eqs. (2.4) and (2.19) are not in their 

standard states. The standard state of a material is the state (i.e., solid, liquid, or gas) of that 

material at room temperature and one atmosphere of pressure. Thus, the metals will be 

solids and not gases. However, the contributions of the metals to the partial pressure of the 

reaction may be neglected for the present analysis since they are typically ~ 5 to 10% of the 

AGf value (Chase et al., 1985). It is also noted that Eq. (2.28a) is an ideal case since it 

assumes that no conductive species or free radicals are formed upon a scission/rupture 

reaction in the polymer chain. Free radicals are compounds or elements with incomplete 

valence shells which can possibly alter the accumulation of charge on the surface of the 

insulator affecting its HDR or can cause re-polymerization reactions within the insulator 

itself 

Another relationship which describes the "tracking," or carbon forming tendencies of 

polymeric insulators was presented by Parr and Scarisbrick (1965) to quantitatively evaluate 

the experimentally determined CTI (Comparative Tracking Index) for insulators used in the 

power (utUity) industry. They reported that the carbon forming tendency of a variety of 

polymeric insulators in dust/fog tests was related to 

AHf 
Carbon Forming Tendency = -——, (2.29) 

where AĤ  is the sum of the energies of those molecular bonds that, when broken, tend to 

produce carbon. Since the dust/fog test consists of contaminating the insulator surface with 

salt mist and dust particles, it is not clear whether Eq. (2.29) can be readily applied to the 

present analysis. In any case, this equation is difficult to apply since it requires an intimate 

knowledge of the microscopic structure of the material in question, a prerequisite which is 

not required in Eq. (2.24). 
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2.1.3. Correlation Betweeen Theory and Experiment. 

In this section, the HDR figure of merit given in Eq. (2.24) will be calculated and 

compared against the experimentally determined "lifetimes" of the insulator materials in 

the SDS in. The lifetime of an insulator is defined as the number of discharges required to 

reduce the surface breakdown voltage to Vi^^l^ (i.e., the half-power point) for three 

consecutive discharges. The half-power point was chosen as a lifetime marker since the 

insulators were used in a switch application. If it were some other application, for example 

an electromagnetic launcher, then the lifetime marker could be reduced since the electric 

field stress levels are substantially lower in these devices (i.e., Ê r ~ 10 to 15 kV/cm in the 

SDS compared to Ebr ~ 1 to 3 kV/cm in the electromagnetic launcher). 

To calculate the HDR merit figure, the following quantities are needed: 1) The 

stoichiometric coefficients of the balanced formation reaction, 2) the molecular weights of 

the insulators and its constitutive elements, and 3) the AGf values of the insulators at, or 

near, the boiling point of the insulator (since AGf is a function of temperature). Table 2.1 

gives the balanced formation reactions of some common insulator materials and their 

molecular weights from which the stoichiometric coefficients and the constitutive elements 

are obtained. The molecular weights and boiling points of the constitutive insulator elements 

are given in Table 2.2. The molecular weights, boiUng points, and AGf values at 3000 K 

(ceramics) and 600 K (polymers and elastomers) are given in Table 2.3. It is noted that, in 

general, polymeric and elastomeric compounds are thermodynamically unstable. The 

exception to this is polytetrafluoroethylene (PTFE), or teflon. This is to say that the AG 

values, as given by Eq. (2.25a), are positive quantities at room temperature (Ham, 1967 and 

Dean, 1979). From thermodynamics, this means that the compound should spontaneously 

decompose at room temperature. The reason these materials don't decompose is that a 

certain amount of energy, termed the activation energy, must be supplied to the material to 
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Table 2.1. Balanced formation reactions for common insulator materials 
(Source: Chase et al. (1985), Clark (1962), and Dean (1979)). 

Insulator 

Beryllia (a) 

Mullite 

Alumina (y) 

Cordierite 

Clineonstatite 

Forsterite 

Silica (quartz) 

Magnesia 

Boron nitride 

Zirconia 

Yttiia 

Aluminum nitride 

Silicon nitride 

Thoria 

Mica (muscovite) 

Polytetrafluoroethylene 

Polyvinylchloride 

Polychlorotrifloroethylene 

Polypropylene 

Polyethylene 

Polymethylmethacrylate 

Polycarbonate 

Polyamide (Nylon 6,6) 

Polystyrene 

Silicone 

Chloroprene 

Reaction 

2Be + 02-> 2BeO 

12A1 -1- 4Si -1- I3O2 -^ 2Al6Si20,3 

4A1-1-302^ 2AI2O3 

2Mg -1- 4A1 -1- 5Si + 9O2 -^ Mg2Al4Si50,8 

2Mg-1-Si-1-3O2 ^ 2MgSi03 

2Mg-1-Si + 2O2-* Mg2Si04 

S i - i - O j ^ SiOz 

2Mg-i-02-> 2MgO 

2B + N 2 ^ 2BN 

Zr- i -02-^ Zr02 

4Y + 3 0 2 - ^ 2Y2O3 

2Al-(-N2-> 2A1N 

3Si + 2 N 2 ^ Si3N4 

Th-i-02-> Th02 

K -1- H2 -1- 3A1 + 3Si -1- 6O2 ^ KH2Al3(Si04)3 

2 C - H 2 F 2 - ^ C2F4 

4C-1-3H2-1-CI2-> 2C2H3CI 

4C + 3F2-1-CI2 ^ 2C2F3CI 

3 C - h 3 H 2 ^ C3H6 

2C-(-2H2-* C2H4 

5C-»-02 + 4 H 2 ^ C5O2H8 

32C + I4H2 + 3O2 -^ 2C,6Hi403 

12c + N2 + O2 + 1IH2 ̂  C12N2O2H22 

8C-»-4H2^ CgHg 

2Si-1-4C-1-6H2 + O2-> 2SiC2H60 

8C-h 5H2 + CI2-^ 2C4H5CI 
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Table 2.2. Molecular weights and 
boiling points of common elements 

(Source: Dean (1979)). 

Element 

Al 

B 

Be 

C 

Mg 

Si 

Th 

Y 

Zr 

CI2 

F2 

H2 

N2 

O2 

Tboi.(K) 

2720 

3931 

2757 

4203 

1378 

2953 

5060 

3577 

4777 

239 

85 

20 

77 

90 

w (xlO"^) 

26.98 

10.81 

9.01 

12.01 

24.31 

28.09 

232.04 

88.91 

91.22 

70.90 

38.00 

2.02 

28.00 

32.00 

start the decomposition reaction. At the present time, however, it is not clear how to include 

the activation energy in the previous theory and, it is, therefore, neglected. The information 

from Tables 2.1 through 2.3 is used to calculate the HDR figure of merit as given by Eq. 

(2.24). Table 2.4 contains the HDR values at, or near, the boiling point of the insulator and 

the experimental lifetime of the insulator. From this table it can be seen that there is a direct 

correlation between the HDR value and the lifetime and that any insulator with an HDR 

value less than ~ 5 has a single-shot lifetime (excluding insulators that shattered during 

testing). Materials that have HDR values higher than ~ 5 (e.g., zirconia) but have single-shot 
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Table 2.3. Molecular weights and AGf values for some com
mon insulator materials (Source: Dean (1979), Clark (1962), 

and Chase etal. (1985)). 

Insulator 

BeryUia (a) 

Mullite 

Alumina (y) 

Cordierite 

Clineonstatite 

Forsterite 

Silica (quartz) 

Magnesia 

Boron nitride 

Zirconia 

Yttria 

Aluminum nitride 

Silicon nitride 

Thoria 

Polytetrafluoroethylene 

Polyvinylchloride 

Polychlorotrifluoroethylene 

Polypropylene 

Polyethylene Oow density) 

Polymethylmethacrylate 

Polycarbonate 

Polyamide (Nylon 6,6) 

Polystyrene 

Silicone 

Chloroprene 

w(xlO-^) 

25.0 

426.1 

102.0 

585.0 

100.4 

140.7 

60.1 

40.3 

24.8 

123.2 

225.8 

41.0 

140.3 

264.0 

100.0 

62.5 

116.5 

42.1 

28.1 

100.1 

254.3 

226.3 

104.2 

58.2 

88.5 

AG,(@ boiling) 

-678.95 

-2784.88 

-591.14 

-3200.00 * 

-492.56 

-660.20 

-349.28 

-120.31 

24.91 

-543.04 

-1018.72 

43.45 

338.35 

-723.83 

-127.61 
— 

— 

44.74 

40.79 
— 

— 

— 

57.92 

— 

— 

* Indicates an estimated value which contains a metal boiling point error. 
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Table 2.4. The HDR figure of merit and the experimental Ufetimes of 
common insulator materials (Lifetimes are given in number of dis

charges). 

Material 

Thoria 

Zirconia * 

Beryllia * 

Silica * 

Polytetrafluoroethylene 

Mica (macor) 

Yttria 

Mullite 

Cordierite 

Alumina (90%) 

Polyethylene (low density) 

Steatite (MgSiOj) 

Silicon nitride -i- 30% mullite 

Polypropylene 

Polystyrene 

Magnesia 

Boron nitride 

Aluminum nitride 

Silicon nitride 

HDR(xlO^) 

68242 

2298.5 

937.37 

63.451 

40.994 

32.710 

16.151 

2.312 

2.290 

1.962 

1.101 

0.972 

0.697 

0.635 

0.407 

0.385 

0.074 

0.043 

0.005 

Lifetime 

N.T. 

1 

N.T. 

N.T. 

>115 

98 

1 (shatters) 

>137 

161 

>140 

38 

37 

89 

N.T. 

N.T. 

>62 

1 (shatters) 

1 

1 

* = solid-state transition material. 
N.T. = not tested. 

lifetimes are materials that experience solid-state transitions which destroy the lattice 

rendering the insulator conductive. The HDR of non-homogeneous, composite materials 

are calculated according to the percentage composition of each component. For example, 

the silicon nitride + 30% mullite ceramic: HDR = 0.1(HDR,ui,„„^,^j^) + 0.3(HDR^i,J. This 

material was designed (Engel and Stevenson, 1988) to have the high thermally conductive 
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properties of siUcon niuide and the high decomposition resistance of mullite. It is noted 

from the data of Table 2.4 that the pure silicon nitride ceramic displays a single-shot lifetime 

and is therefore unsuitable for use in the SDS. Other composite materials that have similar 

characteristics are the steatite and the mica ceramics. Their compositions are well known 

(Clark, 1962) and are given in Table 2.4. Tables 2.5 and 2.6 are complete listings of the 

single and multi-shot insulators, respectively, which have been tested in the SDS III facility. 

It is to be noted that the lifetimes for all the ceramic insulators in Tables 2.5 and 2.6 have 

been analytically characterized in Table 2.4. The exception to this is the CZA 500 

(zirconia-alumina composite) ceramic which has a proprietary percentage of zirconia and 

alumina in its composition, making the calculation of the HDR figure of merit impossible. 

It is also impossible to calculate the HDR figures of merit for the thermosetting polymers 

of Tables 2.5 and 2.6 since their free energies of formation, AGf, are unknown at the present 

time as are the free energies of formation for the majority of the thermoplastic polymers 

(excluding polytetrafluoroethylene and low density polyethylene) and all the elastomers. It 

is to be noted from the multi-shot insulator data of Table 2.6 that although the viton and 

chloroprene elastomers displayed lifetimes which were comparable to (and sometimes less 

than) the lifetimes of some of the thermoplastic polymers (e.g., polytetrafluoroethylene and 

polyvinylchloride), these elastomeric insulators are to be considered superior to the ther

moplastics in some applications. These elastomeric insulators display low degrees of melting 

(compared to comparable thermoplastic insulators) and erode cleanly. Another 

characteristic which would make these elastomers superior in certain applications is their 

(elastomeric) ability to sustain severe mechanical abuse and display no sign of mechanical 

ablation. 
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Table 2.5. List of the single shot materials that were tested in the SDS III (Using molyb
denum electrodes with ~ 300 kA peak current). 

Silicon nitride (HIP) 
Zirconia (Y2O3 stabilized) 
Zirconia (MgO stabilized) 

Thermosets: 

G-7 (silicone, glass fabric) 
Phenolic (hi-impact) 
Phenolic (mica filled) 

Phenolic (wood-flour filled) 
Phenolic (mineral filled) 
Phenolic (cotton filled) 

Phenolic (electrical grade) 
Phenolic (hi-heat) 

Buna-N 

Ceramics: 

Polymers: 

Elastomers: 

Aluminum nitride 
Boron nitride [shattered] 

Yttria [shattered] 

Thermoplastics: 

Polyamidimide (Torlon 4203) 
Polyimide (glass fabric) 

Polyarylsulfone (AG230) 
Poly ketone (El 140, El 230) 

Polymethylmethacrylate 
Liquid crystal polymer (all grades) 

Silicone 

( ) Indicates tradename and/or fiUer/reinforcement. 
[ ] Indicates failure mechanism if not conductive surface deposits. 

2.1.4. Factors Affecting Holdoff Voltage Degradation 

The HDR values given in Table 2.4 are relative values since the performance of a 

given insulator material is affected by several factors. Engel et al. (1987,1990), have shown 

that the holdoff voltage degradation resistance of certain insulator materials are affected by 

ambient gas, type of electrode material, and by the use of U.V. absorbant agents called U.V. 

stabilizers (Juran, 1990). These three factors are related in that they affect the amount of 

high energy U.V. radiation that reaches the insulator which ultimately causes the rupture of 

molecular bonds. Higher U.V. radiation intensities mean larger amounts of broken bonds 

and larger amounts of exposed conductive material which decreases the holdoff strength of 

the insulator. If die material is not sensitive to the U.V. spectiiim, then it is less affected by 
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Table 2.6. List of the multi-shot materials and their lifetimes that were tested in the SDS 
III. AU values quoted are in number of discharges (Using molybdenum electrodes with ~ 

300 kA peak current). 

Alumina (90%) - >140 
Aluminum Titanate - 23 

Silicon nitride + 30% muUite - 89 
Mullite (Al6Si20i3)->l37 

Mycalex 400 - 40 

Thermosets: 

G-3 (phenolic, glass fabric) - 14 
G-5 (melamine, glass fabric) - 50 
G-9 (melamine, glass fabric) - 14 

G-10 (epoxy, glass fabric) - 25 
G-11 (epoxy, glass fabric) - 22 
FR-4 (epoxy, glass fabric) - 17 

Polyester (impact/electrical) - >25 
Polyester (electrical grade) - 15 

Melamine/phenolic (electrical) - 20 
Melamine/phenolic (wood-flour) - >25 

Polyacetal (Delrin) - >37 

Viton (grade 1097) - 28 
Natural rubber - 16 

Ceramics: 

Polymers: 

Elastomers: 

Mycalex 1100 - 24 
Cordierite (Mg2Al4Si50,g) - 161 

Steatite (MgSiO,) - 37 
Macor - 98 

CZA 500-125 
Magnesia - >62 

Thermoplastics: 

Polyethylene (low density) - 38 
Polyethylene (high density) - 64 

Polyvinylchloride - >86 
Polytetrafluoroethylene - >115 

Polyamide (Nylon 6,6) - 4 
Polyamidimide (Hydlar-Z) - 12 

Polycarbonate (Lexan) - 9 
Polyarylsulfone (A 100) - 2 
Polyarylate (DM100) - 28 
Polyarylate (D240) - 19 

Polysulfone - 13 

Chloroprene - 41 
Polyurethane - 21 

( ) Indicates tradename and/or filler/reinforcement. 

the above factors. 

The choice of electrode material affects the spectral content of the arc discharge by 

altering its intensity at a given wavelength. For a plasma composed of a single atomic 

specie, the emission per unit frequency interval caused by the scattering of a free electron 

by a heavy charge center (i.e., free-free or bremsstrahlung radiation) is given (Huddleston 

and Leonard, 1965) by 
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^^ff . , . , ^ 2 ^ ^ ̂ P[̂ ] 
- oc ̂ ^ A ^ , Z ; — 7 ^ = ^ . (2.30) 

The radiation produced by the capture of an electron by a heavy charge center (i.e., ft^e-bound 

or recombination radiation) is given by 

dE^. . e x p | — ^ •. J 
^̂  V ( ^ 

Equations (2.29) and (2.30) are valid when the electron velocity distribution is Maxwellian 

which means that the plasma is in local thermodynamic equilibrium (LTE). The total 

continuum radiation is expressed as a superposition of these equations, and it is readily 

apparent that elements of higher atomic Z produce higher radiation intensities for a given 

temperature. This was experimentally verified for carbon (Zj ~ 6) and molybdenum (7., ~ 

42) electrodes in the time-integrated U.V. spectrum which can be seen in Fig. 2.1. The tests 

were done using the AI2O3 ceramic with a breakdown voltage of ~ 23 kV and peak discharge 

current of ~ 256 kA. The dominant mode of radiation is a function of the ion charge number, 

Zi (Hutchinson, 1987). For 

fi(ii<Z^Ry (2.31) 

or. 

10" ' "" 

bremsstrahlung radiation dominates the specdnm, and for 

n(ii<^ZfR^, (2.31a) 

or. 

fi(ii»ZfR^ (2.32) 

n(0>lOZfR^, (2.32a) 
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Figure 2.1. Measured radiation intensity levels versus wavelength for two electrode 
materials. 

recombination radiation dominates the spectrum. Substituting for Planck's constant and 

the Rydberg energy we find the following frequency limits for each radiation component: 

Ar.m^.a^u.,^Zf(3.2SSx\0'') ( 2 . 3 3 ) 

and. 

Lcom^i^ion^ Zf (3.2SSX\0''). (2.34) 

Thus, for the electrode materials used in this investigation, the recombination com

ponent of the radiation flux is dominant in the X-ray part of the spectrum and the bremss

trahlung component is dominant in the U.V. part of the spectinm. Beverly (1977) confirms 

that bremssti^lung radiation is indeed dominant in the early stages of the surface discharge 
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and is responsible for the heating and vaporization of the insulator. In later investigations, 

Beverly (1986) studied the radiation transport mechanisms of siuface discharges and showed 

that the plasma is not opaque and that the spectra departs significantly from that of a 

blackbody. The spectra showed considerable line emission from neutral and singly ionized 

species originating from the ambient atmosphere and the vaporized insulator material. No 

electrode material effects were mentioned, but it seems reasonable to assume that vaporized 

electrode materials will contribute to the line intensity in ways similar to that of the gas 

atmosphere and insulator material. Therefore, since the surface discharge does not radiate 

as a ideal blackbody, Eqs. (2.30) and (2.31) are valid indicators as to the composition of the 

spectra as affected by various electrode materials and ambient gas. 

Ultraviolet stabUizers may also be added to insulators either post-manufacture (as a 

coating) or during the manufacturing process. A common example of a U.V. stabUizer is 

the carbon black added to tire rubber to increase their weatherability. Benzophenone (i.e., 

CgHsCOCgHs) is another common stabUizer used by manufacturers (Juran, 1990). Stabi

lizers protect the insulator by absorbing the high energy photons and re-emitting them at 

lower (I.R.) energies. 

As stated previously, the insulator may or may not show a strong dependence on the 

U.V. radiation that reaches its surface. The insulators which demonstrated the most dramatic 

sensitivity to the choice of electrode material and coatings of the U.V. stabilizer (benzo

phenone) were the G-series polymers (i.e., fiberglass reinforced epoxies and melamines). 

Table 2.7 gives the experimental lifetimes of these materials versus either graphite or 

molybdenum electrode materials. 

As can be seen from this table, G-10 was the insulator most sensitive to electrode 

material showing a factor of ~ 3 increase in its lifetime. These insulators were also tested 

with pure copper and copper-tungsten (32% copper and 68% tungsten) electi-odes. The 
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Table 2.7. Lifetime versus electrode material (All val 
ues quoted are in number of discharges). 

Insulator 

G-9 

G-10 

G-11 

Molybdenum 

14 

25 

22 

Graphite 

21 

88 

51 

results showed that these electrode materials produced lifetimes approximately identical to 

the molybdenum test results. A plot illustrating the voltage holdoff response for the G-10 

insulator as a function of electrode material is given in Fig. 2.2. 

The G-series polymers were then coated with the U.V. absorbant benzophenone and 

tested in the SDS in facility. The tests showed an increase in the lifetime of these materials 

when treated with the U.V. stabUizer. As stated previously, the increase in lifetime for these 

materials is expected since the U.V. stabUizer absorbs the (high energy) U.V. photons so 

that amount of bond scission/rupture (and the subsequent formation of conductive elements) 

is reduced. The results of these tests are listed in Table 2.8. 

The possibility of increased lifetime for these materials due to the process known as 

vapor shielding was ruled out by performing "placebo" tests with coatings of anthracene, 

napthalene, and paraffin (i.e., compounds chemicaUy similar to benzophenone but pos

sessing poor U.V. absorbing properties). The tests produced no experimentally significant 

changes in their respective lifetimes as compared to virgin samples. Other insulators, such 

as alumina (AI2O3), aluminum titanate, and zirconia (Zr02), were tested using different 

electrode materials and using benzophenone coatings with the test results showing no sig

nificant improvements in their respective lifetimes. It is to be noted that all the surface 

coatings applied to the insulators in this investigation (i.e., coatings of benzophenone. 
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Figure 2.2. The voltage holdoff response for the G-10 insulator versus discharge number 
for two electrode materi^s (ambient gas used was atmospheric air). 

Table 2.8. Lifetime versus U.V. stabUization (Molybdenum 
electrodes, all values quoted are in number of discharges). 

Insulator 

G-9 

G-10 

G-11 

Virgin material 

14 

25 

22 

Stabilized material 

22 

54 

33 
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anthracene, napthalene, and paraffin) produced no measurable weight change in the insu

lator. This is to say that the insulator sample weighed the same before and after the coatings 

were applied. The weight change that could be detected was 0.01 grams. A plot illustrating 

the voltage holdoff response of the G-10 insulator versus stabUization is given in Fig. 2.3. 

A factor of ~ 2 increase in lifetime i s found for this insulator when treated with benzophenone. 

20 

0 

U.V. stabilized 

Lifetime marker 

40 60 80 
Number of Discharges 

100 

Figure 2.3. The voltage holdoff response for the G-10 insulator versus discharge number 
showing effect of U.V. stabiUzation (Ambient gas used was atmospheric air). 

The choice of ambient gas is also thought to affect the lifetimes of insulator materials 

in ways similar to that described above. Oxygen is well-known for its ability to absorb U.V. 

radiation. Different gases also affect the spectî al content of the arc discharge (refer Eqs. 
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(2.30) and (2.31)) in that higher atomic weight gases produce stronger emissions. Using 

the G-series polymers as a benchmark, tests were conducted in pure nitrogen environments. 

The results of these tests are tabulated in Table 2.9. 

Table 2.9. Lifetime versus ambient gas (Molybdenum 
electrodes, all values quoted are in number of dis

charges). 

Insulator 

G-9 

G-10 

G-11 

Air 

14 

25 

22 

100% N2 

6 

6 

6 

Table 2.9 shows an experimentally significant decrease in lifetime for these materials 

when tested in nitrogen. At the present time, it is beUeved that the decreased lifetime for 

the G-series polymers when tested in pure nitrogen atmospheres is due to the lack of oxygen. 

Donaldson et al. (1984) have shown that high current spark gaps will produce heavy carbon 

deposits on their inner walls if nitrogen gas is used with graphite electrodes. Apparently, 

the carbon deposits form if oxygen is not present to react with the vaporized carbon from 

the electrodes to form stable gases such as carbon dioxide (CO2) or carbon monoxide (CO). 

SimUariy, for the G-series polymers tested in nitrogen, (conductive) carbon which is dis

sociated from the polymer is unable to form CO2 or CO and is able to form on the surface 

of the material and reduce its surface breakdown voltage at greatiy increased rates. Other 

materials tested in nitrogen include alumina (AI2O3), zirconia (ZrOj), silicon nitride (Si3N4), 

CZA 500 (zirconia-alumina composite), aluminum titanate, and G-7 (fiberglass reinforced 
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silicone). The zirconia (Zr02), silicon nitride (SijNJ, and G-7 (fiberglass reinforced silicone) 

samples were single-shot materials in atmospheric air and showed no increase in their 

lifetimes in nitrogen. The aluminum titanate ceramic was a multi-shot material and also 

showed no change in its lifetime. The alumina (AI2O3) and CZA 500 (zirconia-alumina 

composite) ceramics showed dramatically lower lifetimes in nitrogen, decreasing from 

lifetimes of >140 and 125 to lifetimes of 68 and 1, respectively (Engel and Kristiansen, 

1987). Figure 2.4 illustrates the decreased lifetime (factor of- 4) for the G-10 insulator 

when tested in 100% nitrogen. 

An additional factor which affects the lifetime of a given insulator is the discharge 

repetition rate. Figure 2.5 illustrates this, showing a factor of ~ 3 increase in lifetime for 

the aluminum titanate ceramic by varying the repetition rate from a 1 pps, continuous rate 

to a 5-shot, burst rate (i.e., 5 shots at 1 pps, wait ~ 45 seconds, repeat). There is also an 

apparent thermal effect present in the data of this figure which can be seen by the partial 

recovery of the holdoff voltage between each set of 5 shots of the biu ŝt mode test. The 

partial recovery of the surface holdoff voltage was also noted for the silicon carbide whisker 

reinforced alumina (Al203-25%SiC(w)) ceramic (Lehr et al., 1987). One hypothesis is that 

as the surface of the insulator heats up from successive discharges, electrons are more easily 

emitted from the surface (i.e., a field-assisted thermionic emission) which leads to early 

ionization in the gap and decreased holdoff voltages. If the siuface is allowed to cool, the 

emission of thermal electrons is restricted and the breakdown processes in the gap proceed 

as normal. Another hypothesis is that as the insulator heats up, its conductivity increases 

which causes a decrease in the surface breakdown voltage. Upon cooling, the conductivity 

returns to near its intrinsic value, being prevented from a full recovery by a partial 

decomposition of the insulator. 
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Figure 2.4. The voltage holdoff response for the G-10 insulator versus discharge number 
for two ambient gases (Molybdenum electrodes). 

2.2. Insulator Mass Erosion 

2.2.1. Mechanisms of Insulator Mass Erosion 

An arc discharge across the surface of an insulator will obviously cause melting, 

vaporization, and/or mechanical ablation of the material. The insulator is assumed to be 

heated by radiative (Dashuk et al., 1981) or conductive (Tslaf, 1986) heat transfer mecha

nisms. Regardless of which mechanism is dominant, even the most robust insulators (e.g., 

ceramics) are noted to melt at the 300 kA current levels used in this investigation. Once 

the insulator has melted, mass erosion proceeds by ablation, or vaporization, or combinations 

of both of these processes. Some insulators which have insufficient mechanical strength at 

elevated temperatures exhibit a "destructive" type of ablation (e.g., the G-11 polymer). Large 
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Figure 2.5. Lifetime versus discharge number for two different operating modes. 

quantities of the insulator are torn or blown away by the strong shock wave generated in 

the initial stages of arc channel formation. The term "destructive ablation," as used here, 

refers to the thermally assisted mechanical ablation whereby mass is removed prior to being 

vaporized. This type of mass removal will not be studied in this investigation and will 

typically produce large increases in the predicted vaporization erosion. 

2.2.2. Insulator Material Characterization 

Recall from Eq. (2.8) that for congruent subUmation or vaporization the mass flux 

from a simple compound (i.e., one metal component and one gas component) obeys the 

relationship established by the balanced chemical reaction and is given as 
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-JM = -JG- (2-35) 
m g 

It has also been assumed that the majority of the vaporized metal flux re-condenses on the 

surface of the insulator after each discharge. The only mass flux from the insulator that 

cannot collect on its surface is that of the gas. It is this mass flux that is assumed to produce 

weight loss in the insulator and for a simple compound can be found from Eq. (2.35) as 

JG=-JM- (2-36) 
m 

The MVC (i.e., arc melting/erosion coefficient) figure of merit is related to the gas flux from 

the surface of the insulator and is given as 

MVC=JGWGNL (2.37) 

mHDR 

"^ ^ HDR 

(2.31a) 

-1 

(2.31b) 
g ^G^L 

where NL is the lifetime (in number of discharges) of the insulator. Thus we see that for 

simple compounds, the MVC and HDR figures of merit are related. For complex compounds 

(i.e., multiple metal and gas components), the relationship between the MVC and HDR 

figures of merit is not as simple as Eq. (2.37b). For these types of compounds, die MVC 

figure of merit is related to the total gas flux which is given as 

MVC = (Jc.^Gi + ^ 2 ^ 0 2 + ^ 3 ^ 0 , + • •••+JG,^G,)NL- (2-38) 

And since the gas fluxes from the surface of the insulator obey the stoichiometry set by the 

balanced reaction given by 

then Eq. (2.38) becomes 
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gx 
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\ I g. 

(2.40) 

(2.40fl) 
l=2gl J 

Since the choice of Gj is arbitrary and is related to any one metal of the compound by Eq. 

(2.36), the generalized expression for the MVC figure of merit is given as 

MVC=—J, 
mi 

Mi 
^ ' g 

NL- (2.41) 

The MVC figure of merit for composites will be the weighted sum of each component gas 

contribution to the total gas flux contribution. For example, The MVC figure of merit for 

the macor ceramic is given as; MVC = 0.5MVC(aiumina) + 0.5MVC(siiica), provided that no 

protective (i.e, erosion resistant) coating is formed on the composite surface. SUicon nitride 

(Si3N4) is known to react with oxygen at 1800 K and form an oxidized layer on its surface 

(Tripp and Graham, 1976). Thus the MVC figure of merit for the silicon nitride + 30% 

mullite ceramic will be given as; MVC = 0.3MVC(muiiite). 

2.2.3. Correlation Between Theory and Experiment 

Table 2.10 lists the MVC figure of merit, calculated from Eq. (2.41), and the exper

imentally determined erosion rates for some common insulator materials. The erosion rates 

listed in this table were determined from 

Am-p 
m =• 

AEr 
(2.42) 

Figure 2.6 illustrates the dependence of the erosion rate on the MVC figure of merit. 

The best fit linear approximation is also plotted with the data. Overall, there is surprisingly 

littie scatter (factor of ~ 2) in the experimental data of Fig. 2.6. What scatter exists, is 

42 



Table 2.10. The MVC figure of merit and the experimental ero
sion rates for some common insulator materials. 

Insulator 

Magnesia 

Cordierite 

Alumina (90%) 

Mullite 

Steatite (MgSi03) 

Silicon nitride + 30% mullite 

Mica (macor) 

Polytetrafluoroethylene 

Polyethylene (low density) 

MVC(xlO-^) 

2.574 

1.841 

1.713 

1.540 

1.219 

1.001 

0.625 

0.107 

0.070 

w[^g/Jl 

3.25 

1.09 

0.76 

0.79 

0.57 

0.37 

0.65 

0.79 

0.69 

attributed to mechanical ablation in the insulator and serves to typify the behavior of 

mechanically weak materials (e.g., the magnesia ceramic) at elevated temperatures. Recall 

that mechanical ablation was an erosion mechanism not considered in deriving Eq. (2.41). 

The scatter in the data of the two polymers of Fig. 2.6 (i.e., low density polyethylene and 

polytetrafluoroethylene) can be accounted for by the fact that either increased gas fluxes 

(other than those originating from the dissociation of the polymer) are present or that these 

insulators suffer from mechanical ablation also. These "additional" gas fluxes are created 

by the reaction of the carbon flux (previously assumed to remain carbon and remain/condense 

on the surface of the insulator) with atmospheric oxygen which forms stable CO2 and CO. 

This would tend to produce a more congruent vaporization process than expressed by Eq. 

(2.41). 

Table 2.11 is a complete Usting of the erosion rates for the multi-shot insulator materials 

used in this investigation. It is to be noted that the erosion rates for the majority of the 
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Figure 2.6. Relationship between the erosion rate and the MVC figure of merit. 

ceramic insulators in Table 2.11 have been plotted in Fig. 2.6. The exception to this is the 

CZA 500 (zirconia-alumina composite) ceramic which has a proprietary percentage of 

zirconia and alumina in its composition making the calculation of the MVC figure of merit 

impossible. It is also impossible to calculate the MVC figures of merit for the thermosetting 

polymers of Table 2.11 since their free energies of formation, AGf, are unknown at the 

present time as are the free energies of formation for the majority of the thermoplastic 

polymers (excluding polyteti-afluoroethylene and low density polyethylene) and all the 

elastomers. The erosion rates of the single-shot materials are not included in this table since 

they are of no use in an SDS but were typically on the order of ~ 1 to 2 |ig/J. 
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Table 2.11. Erosion rates of aU multi-shot insulators tested in the SDS m. (AU values 
quoted are in |ig/J, molybdenum electrodes with ~ 300 kA peak current). 

Alumina (90%) - 0.76 
Aluminum Titanate - 0.91 

Silicon nitride -i- 30% mullite - 0.37 
Mullite (Al6Si20i3) - 0.79 

Mycalex 400 - 0.79 

Thermosets: 

G-3 (phenoUc, glass fabric) - 0.93 
G-5 (melamine, glass fabric) - 11.03 
G-9 (melamine, glass fabric) - 2.17 

G-10 (epoxy, glass fabric) - 1.07 
G-11 (epoxy, glass fabric) -13.80 
FR-4 (epoxy, glass fabric) - 1.30 

Polyester (impact/electrical) - 1.42 
Polyester (electrical grade) - 1.24 

Melamine/phenolic (electrical) - 1.80 
Melamine/phenolic (wood-flour)-1.79 

Polyacetal (Delrin) - 4.38 

Viton (grade 1097) - 2.34 
Natural rubber - 1.19 

Ceramics: 

Polymers: 

Elastomers: 

Mycalex 1100-0.71 
Cordierite (Mg2Al4Si50,8) - 1.09 

Steatite (MgSi03) - 0.57 
Macor - 0.65 

CZA 500 - 0.35 
Magnesia - 3.25 

Tliermoplastics: 

Polyethylene (low density) - 0.69 
Polyethylene (high density) - 0.79 

Polyvinylchloride - 1.39 
Polytetrafluoroethylene - 0.79 
Polyamide (Nylon 6,6) - 6.86 

Polyamidimide (Hydlar Z)-0.34 
Polycarbonate (Lexan) - 1.24 
Polyarylsulfone (A 100) - 4.40 
Polyarylate (DM100) - 0.74 
Polyarylate (D240) - 0.82 

Polysulfone - 0.98 

Chloroprene - 1.63 
Polyurethane - 1.93 

( ) Indicates tradename and/or filler/reinforcement. 

2.2.4. Factors Affecting Insulator Mass Erosion 

The factors that affect insulator mass erosion are identical to the factors that affect the 

lioldoff degradation with the exception of discharge repetition rate. No repetition rate effects 

have been noted in this investigation since the aluminum titanate ceramic had an erosion 

rate of ~ 0.91 |ig/J when tested with either a continuous or burst-mode type of discharge 

45 



(refer to Fig. 2.5). The factors that do affect mass erosion are the type of electrode material 

and choice of ambient gas and the use of U.V. stabilizers, all of which are related to the 

U.V. radiation incident on the insulator material. 

The G-series polymers are again used as performance benchmarks as was done in 

Section 2.1.4. Table 2.12 lists the erosion rates of these insulators as a function of electrode 

material while Table 2.13 lists their erosion rates as a function of U.V. stabilization. 

Table 2.12. Erosion rate versus electrode material. (All 
values quoted are in |ig/J). 

Insulator 

G-9 

G-10 

G-11 

Molybdenum 

2.17 

1.07 

13.80 

Graphite 

1.21 

0.39 

1.29 

As can be seen from Table 2.12, the use of graphite electrodes reduces the mass erosion 

rates by factors ranging from ~ 2 to 3. Table 2.13 shows that mass erosion for the G-10 

polymer is increased by a factor of ~ 2 with a siuface coating of the U.V. stabilizer ben

zophenone. This is expected since the U.V. stabilizer will convert the high energy U.V. 

photons to lower energy photons, which leads to increased insulator heating and increased 

erosion rates. As stated in section 2.1.4, "placebo" tests were conducted whereby coatings 

chemically similar to benzophenone but lacking in its U.V. absorbant properties (e.g., 

anthracene, napthalene, and paraffin) were applied to the insulator. These "placebo" tests 

were conducted to rule out the possibility of vapor shielding. The tests showed no significant 

change in the erosion rates of the G-series polymers as compared to their virgin counterparts. 
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Table 2.13 Erosion rate versus U.V. stabilization (Molybde
num electrodes, all values quoted are in |ig/J). 

Insulator 

G-9 

G-10 

G-11 

Virgin material 

2.17 

1.07 

13.80 

Stabilized material 

2.47 

2.07 

20.69 

Another factor which affects insulator mass erosion is the composition of the ambient 

atmosphere. Table 2.14 shows the erosion rate of the G-series polymers as a function of 

ambient atmosphere. 

Table 2.14. Erosion rate versus ambient atmosphere 
(Molybdenum electrodes, all values quoted are in |ig/J). 

Insulator 

G-9 

G-10 

G-11 

Air 

2.17 

1.07 

13.80 

100% N2 

1.10 

5.83 

5.17 

The data in Table 2.14 shows that the G-9 and G-11 polymers had reduced erosion 

rates in nitrogen (as expected) but the G-10 polymer showed an increase in erosion rate. As 

stated previously, since the carbon dissociated from the polymer chain has a tendency to 
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react with atmospheric oxygen and form stable gases such as CO2 and CO, the decreased 

erosion rates for the G-9 and G-11 polymers is somewhat expected. However, the increased 

erosion of G-10 in nitrogen is quite unexpected and cannot be explained at the present time. 

2.3. Holdoff Voltage Conditioning 

2.3.1. Mechanisms of Conditioning 

The conditioning phase, as stated previously, occurs in the initial stages of the test 

and is made evident by a successive increase in the breakdown strength of the insulator after 

each discharge (refer to Fig 1.2.). The " conditionability" of an insulator material is given 

by the quantity, N ,̂ which is the number of discharges which occiu* at breakdown vohages 

(or fields) higher than the initial breakdown voltage, Vĵ j. After the conditioning phase, 

which can last for ~1 to 10 discharges, the decomposition phase begins and lasts until the 

insulator becomes completely conductive or the holdoff voltage asymptotically approaches 

a non-zero, constant value. 

In general, the conditioning effect observed in this investigation is thought to be caused 

by some intrinsic property of the insulator and not caused by conditioning of the electrodes, 

although holdoff voltage conditioning has been reported for electrode materials used in gas 

spark gaps (Donaldson et al., 1985 and Cookson, 1981). Electrode conditioning would 

produce conditioning effects which are more uniform than those which have been observed 

here for a given electi-ode material. The conditioning effects in this investigation vary over 

a wide range (i.e., from 0 to 45 discharges) for the G-series polymers when tested with the 

same (molybdenum) electrodes. 

Many mechanisms could theoretically be responsible for the conditioning effects 

observed here. Some of the more feasible mechanisms are: 

1) Decreasing relative permittivity, £,. 
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2) Decreasing surface and/or bulk conductivity, o. 

3) Decreasing accumulations of virtual surface charges. 

Decreasing surface or bulk conductivity as a result of increasing insulator temperature can 

safely be ruled out since the generalized expression for the bulk conductivity of insulators 

is given (Ku and Liepins, 1987) as 

-'a 

CT = aoe*\ (2.38) 

which shows an increasing conductivity with increasing temperature. However, in the 

presence of water vapor, a strong correlation reportedly exists between the surface con

ductivity and the relative humidity (Gibson and Lloyd, 1965, and Awakuni and Calderwood, 

1972). Measiu-ements have shown the siuface conductivity of many polymeric insulators 

to increase by as much as four orders of magnitude by a change in relative humidity from 

40 to 90%. By accident, an aluminum titanate sample was dropped in water prior to being 

tested in the SDS III. The sample was dried (using a dry cloth) and inserted in the test 

facility. When high voltage was applied, it was found that the sample had become conductive 

enough to prevent the normal operation of the test. The sample was then dried in a 1000 

°C fumace and returned to the test facility. At this time, the sample had returned to its 

original condition and the test proceeded in a normal manner. This point aside, it is noted 

that mechanisms 1) and 3) are associated mechanisms by the fact that the accumulation of 

virtual charge (i.e., charges due to polarization) on the surface is related to the polarizability 

of the surface material and, hence, related to its permittivity. The above discussion leads 

us to believe that the holdoff voltage conditioning mechanism noted in this investigation is 

related to the water absorption properties of the insulator. The following hypothesis satisfies 

all three mechanisms above and is proposed to account for the holdoff voltage conditioning 

observed in this investigation: 
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1) Water, absorbed by the insulator material, being a highly polar material (e, ~ 

80) allows large quantities of virtual charge to appear on the surface of the insulator 

in the presence of an external field. The virtual surface charge slightly lowers the 

initial breakdown strength of the insulator in comparison with a dry insulator. 

2) The energy radiated by the discharge during the initial shots is partially 

absorbed by the water. The water is heated and some leaves the surface of the 

insulator as a vapor. 

3) As more and more water leaves the surface of the insulator, the holdoff voltage 

increases slightly due to a decrease in the virtual surface charge. The virtual 

surface charge will decrease to an intrinsic level characterized by the ê  of the dry 

insulator, provided that only minimal decomposition of the insulator has occurred 

at its surface. 

4) Once the absorbed water has been completely vaporized from the surface of 

the insulator, the arc energy which was previously absorbed by the water is now 

transferred to the insulator and degradation by decomposition proceeds in a normal 

manner. 

From the above hypothesis, the water absorbed by the insulator serves as a source of 

virtual charge that lowers the (dry) surface breakdown strength and serves as a "sacrificial" 

surface coating, absorbing and efficiently removing some of the incident arc energy that 

would otherwise cause insulator decomposition. The possibility that the observed condi

tioning response is produced by absorbed gases on the surface of the insulator is not very 

great. For the most part, the gases present in the atinosphere (e.g., N2, CO2, and O2) are at 

best weakly polar (Dean, 1979) and will not provide the virtual surface charge necessary to 

reduce the initial breakdown voltage as describe in the above hypothesis. It has also been 

reported that surface oxidation increases the water absorption capabilities of many polymers 
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(Sawa and Calderwood, 1971). Thus, oxygen on the surface of the insulator could be 

indirectly related to the conditioning phenomenon by causing increased levels of water 

absorption. From a similar hypothetical viewpoint, CO2 and O2 absorbed by the insulator 

could affect the conditioning of the material by the ability of these gases to attach electrons. 

Once the electron has been attached to the gas molecule, the negative ion formed could be 

sufficiently polar to provide the necessary virtual surface charge to satisfy the above 

hypothesis. The view of insulator conditioning by gas absorption on the surface of the 

insulator is partially supported by the tests conducted on the aluminum titanate ceramic 

where the discharge repetition rate was varied from a continuous mode to a burst-mode 

(refer to Fig. 2.5). The continuous mode test showed no conditioning effects while the 

burst-mode test showed recovery between busts and conditioning. Recall that the recovery 

response was attributed to the cooling of the insulator surface between bursts. Due to the 

relatively long period between bursts (i.e., ~ 45 seconds), it is certainly possible that some 

degree of surface oxidation has occurred which could account for the observed conditioning 

response. It must also be mentioned that the conditioning response could be a product of 

both of the above mechanisms (i.e., absorption of water and gas). Regardless of which 

mechanism is responsible, it will be shown in the following sections that the conditioning 

response is directiy related to the water absorption properties of the insulator. 

2.3.2. Insulator Material Characterization 

The proposed HVC (i.e., the holdoff voltage conditioning) figure of merit should be 

directiy related to the ability of the insulator to absorb water (i.e., its water absorption) based 

upon the above hypothesis. The insulator material should also be resistant to decomposition 

by the thermal action of the arc discharge. If the holdoff voltage of the insulator degrades 

51 



too rapidly, then the conditioning effect is completely masked. Thus, the HVC figure of 

merit should also be directiy related to the HDR of die material. From an purely empirical 

viewpoint, the HVC figure of merit will be given as 

HVC=aHDR. (2.39) 

2.3.3. Correlation Between Theory and Experiment 

The "conditionability" of an insulator is experimentally measured by the number of 

discharges, N ,̂ which occur at voltages (or fields) higher than the initial value. Table 2.15 

shows the water absorption, the HDR, the lifetime, NL, the calculated HVC, and the 

experimentally measured N̂  values for various insulator materials. Figure 2.7 shows the 

relationship between the conditionability of an insulator and its HVC figure of merit. 

Table 2.15. The HVC figure of merit and the conditionability of some common insulator 
materials. (Source: Clark (1962), and Ku and Liepins (1987). The N̂  and NL values 

quoted are in numbers of discharges). 

Insulator 

Mullite 

Cordierite 

Alumina (90%) 

Steatite (MgSi03) 

Polyethylene (low density) 

Polytetrafluoroethylene 

a 

8.00 

1.00 

0.02 

0.03 

<0.01 

~ 0 

HDR(xlO^) 

2.312 

2.290 

1.962 

0.972 

1.101 

40.994 

NL 

137 

161 

140 

37 

38 

115 

HVC(xlO^) 

18.496 

2.290 

0.039 

0.029 

0.010 

~ 0 

Nc 

25 

22 

1 

0 

0 

1 

The apparent logarithmic dependency of insulator conditioning on the HVC figure of 

merit is to be expected. The reason for this is that the water vapor flux from the surface of 
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Figure 2.7. Relationship between the conditionability and the HVC figure of merit. 

the insulator is, from Eqs. (2.5) and (2.6b), an exponential function of the free energy of its 

formation (i.e., its free energy of vaporization). The natural logarithm function linearizes 

this dependency. 

2.3.4. Factors Affecting Conditioning 

In general, there are many factors that can theoretically affect the holdoff voltage 

conditioning response of insulators, especially the polymeric and elastomeric insulator 

groups. The polymer industry uses many plasticizing, stabilizing, and releasing agents 

(Juran, 1990) in their manufacturing processes that alter the chemical composition of the 
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polymer surface and could possibly affect the conditioning response of these insulators. 

Anti-static agents are also used by this industry to inhibit the static electrification of their 

products. The ceramics industry, on the other hand, normally doesn't use these chemical 

agents. Ceramics are therefore thought to be less variable in their conditioning responses. 

Experimentally, the variations in the conditioning response of the G-series polymers 

to variations in electrode material can be seen from the data of Table 2.16. 

Table 2.16. Conditionability versus electrode material 
(All values quoted are in number of discharges). 

Insulator 

G-9 

G-10 

G-11 

Molybdenum 

0 

2 

6 

Graphite 

16 

14 

45 

From the data of this table it is evident that the use of graphite electrodes produce larger 

conditionability values than do the molybdenum electrodes. This phenomenon is expected 

since the graphite electrodes produce optically lower arc intensities than the molybdenum 

electrodes, which causes the "sacrificial" water layer to be removed at a lower rate. The 

conditionability of an insulator can also be increased by coatings of U.V. stabilizers. Table 

2.17 shows that this is the case for the G-10 polymer coated with benzophenone. The 

sacrificial material in this case is the benzophenone instead of water. 

The conditioning of insulators is also apparentiy affected by changes in the composition 

of the ambient atmosphere. However, the experimental results in this investigation are 

somewhat skewed since the SDS in is initially evacuated to 10^ Torr with the insulator 
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Table 2.17. Conditionability versus U.V. stabilization (Mo
lybdenum electrodes, all values quoted are in number of dis

charges). 

Insulator 

G-9 

G-10 

G-11 

Virgin material 

0 

2 

6 

Stabilized material 

2 

9 

8 

in-situ for 12 hours prior to being back-filled with nitrogen. This pressure is well below the 

vapor pressure of water at room temperature. Thus, some of the absorbed water will be 

removed from the insulator sample and we expect that the conditioning response will nat

urally decrease. We would also expect a decreased conditioning response from the higher 

arc intensity levels present in the nitrogen atmosphere (since U.V. absorbing oxygen is 

absent). The conditionability of the G-series polymers in nitrogen and air is given in Table 

2.18. 

From this table, there is an (expected) tendency towards a decreased conditioning 

response with the exception of the G-9 sample which showed an increased conditioning 

response. The decreased conditioning response for tests in pure nitrogen can also be 

explained by the increased probability that higher levels of free carbon exist in the system 

and could appear on the surface of the insulator. As stated previously, the absence of oxygen 

in the ambient atmosphere inhibits the formation of stable gases (i.e., CO2 and CO) from 

the free carbon dissociated from the polymer. If free carbon appears on the surface of the 
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Table 2.18. Conditionability versus ambient atmo
sphere (Molybdenum electrodes, all values quoted are 

in number of discharges). 

Insulator 

G-9 

G-10 

G-11 

Air 

0 

2 

6 

100% N2 

2 

1 

4 

insulator at higher rates, then the decomposition phase of the voltage holdoff response will 

begin at earlier times during the test and effectively cause a decrease in the conditioning 

response of the insulator. 
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CHAPTER 3 

SUMMARY OF RESULTS AND CONCLUSIONS 

3.1. General Insulator Performance 

From a general point of view, the degradation of insulator materials produced by 

surface arc discharges was found to be primarily caused by two mechanisms in this inves

tigation: 

1) Decomposition mechanism. 

2) Bulk-temperature mechanism. 

When the amount of U.V. radiation that is incident on the surface of the insulator is 

altered in some manner, the decomposition mechanism of insulator degradation is affected. 

Obviously, any reduction of these high energy photons will increase the probability that the 

insulator will perform better in these types of environments, provided that the insulator is 

susceptible to failure by decomposition. Low molecular weight electrode materials (i.e., 

graphite) reduce the U.V. spectral content of the discharge and can cause an increase in the 

lifetime with a decrease in mass erosion rates of some insulators (e.g., G-series polymers. 

By using U.V. absorbant chemicals on the surface (and possibly the bulk) of some insulators, 

it is possible to increase the lifetime of the material (e.g., G-series polymers) but only at the 

cost of increased mass erosion rates. 

The bulk-temperature mechanism of insulator degradation can be affected by varying 

the discharge rep-rate and can be affected by the absorption of water in the insulator. Slower 

discharge rep-rates will translate into reduced temperatures at the surface of the insulator 

which means that reduced rates of insulator decomposition (and increased lifetimes) are 

possible. The conditioning response of insulator performance is thought of as a bulk-

temperature mechanism due to its proposed nature (i.e., the evaporation of water from the 
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insulator surface over a period of time). By conti-oUing the amount of water absorbed by 

the insulator and selecting materials with the proper rate of mass erosion, a "sacrificial" 

water layer could always be present at the surface providing a means for a long-life insulator 

material. 

The HDR, MVC, and HVC figures of merit have been shown to be adequate in 

explaining the post-experimental results presented in Uiis investigation. It is therefore 

reasonable to assume that these figures of merit will accurately predict the performance of 

as yet untried insulator materials. Also, since a relationship exists between these figures of 

merit and since they seem to adequately predict the performance of composite ceramic 

materials (e.g., silicon nitride -i- 30% mullite and mica), then the possibility of designing 

composite materials with a specific holdoff, erosion, and condition response seems to be 

within reach. 

The ceramic insulator group has been the most easily analyzed materials compared to 

the polymeric and elastomeric materials. This is a direct result of their chemically simple 

composition, their simple physical (crystal) structure, and their lack of the (often unknown) 

chemical additives commonly used by the polymer industry. Although it certainly seems 

possible to include the same types of additives (such as U.V. stabilizers) in ceramic materials 

without detrimental side-effects, their incorporation may add an amount of uncertainty to 

the figures of merit since it is not clear at the present time how to the account for the effects 

of these additives. 

The performance of the polymeric and elastomeric materials, as stated previously, can 

be affected by a variety of factors. The results presented here indicate that, in general, the 

HDR of thermoset polymers is lower than that of the thermoplast polymers. This is expected 

since it is well known that a molten thermoplastic will re-solidify into its previous chemical 

form whereas a thermoset has no defined melting point and will typically volatilize into 
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gaseous products or precipitate into a carbonaceous residue. 

The experimental evidence lends good support to the water absorption hypothesis 

regarding the conditioning response of insulators. If this hypothesis is accepted, then it also 

indicates that the exact physical state of the insulator and the processes used in its man

ufacture need to be accurately known to accurately model and predict its performance. This 

is most obviously true for the polymeric and elastomeric insulators for reasons stated earlier. 

3.2. Applications in Other Areas 

It seems reasonable to think that the HDR, MVC, and HVC figures of merit developed 

in this investigation to describe the qualitative performance of insulator materials can be 

extended to other areas of research that employ insulators in similar type environments. 

Examples of these research areas include EML/ETL (electromagnetic launcher / electro

thermal launcher) technology, insulator materials for fusion reactors, and other high power 

switching devices such as spark gaps and ignitrons. The power (utility) industry could also 

benefit from the principles introduced in this investigation since the CTI (Comparative 

Tracking Index) and arc resistance of insulator materials seem to be closely related to the 

HDR figure of merit. 

3.3. Directions For Future Investigations 

Future investigations concerning the degradation of insulator materials in high tem

perature arc environments should be directed towards the quantitative application of the 

HDR, MVC, and HVC figures of merit. This will consist of solving for the time dependent 

insulator temperature and employing the rate constants for the decomposition reactions 

presented in this investigation. 
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Theoretical and experimental scaling relationships should also be investigated. Life

time, erosion, and holdoff voltage conditioning as functions of peak discharge current (or 

other suitable scaling variables) will almost certainly have to be understood to extend the 

principles presented in this investigation to other areas of research, especially for EML/ETL 

applications. 

Since it now seems possible to design insulator materials with specific holdoff, erosion, 

and conditioning properties, then it seems possible to extend the state-of-the-art in SDS 

switching technology, especially multi-channel SDS switching technology. With a "good" 

insulator material, it could be possible to construct a long-lifetime, megampere, multi

channel SDS. A "good" insulator material will have the proper balance of holdoff voltage 

degradation resistance and rate of mass erosion so that only the decomposed insulator 

material is eroded. Another property that the "good" insulator must have for this application 

is the ability to multi-channel well. The relationships between the multi-channeling and 

degradation have not been addressed in this investigation and are not well understood. Future 

investigations are needed to understand this phenomenon. 
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