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glass using electrolysis at 600°C between
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The electrolysis of a soda lime silicate glass has been studied using liquid metal electrodes of lead
and tin at 600°C and voltages up to 300 V in a N,/10%/ H, atmosphere. The behaviour observed
was dependent upon the applied voltage. At less than 2-5 V, the square of the current was inversely
proportional to the electrolysis time but at higher voltages, up to 100 V, the current was inversely
proportional to the time for periods up to 300 ms. At voltages greater than 100 V, the behaviour
could not be expressed by a simple equation, the currents passing were high and finally, electrical
breakdown occurred at 300 V.

It is proposed that in the range 2-5 to 100 V the glass behaves as a dielectric with charge separation
in a thin surface layer. At higher voltages, near breakdown, the heat liberated at the surface is suffi-
cient to disrupt the surface layer and then the conduction is governed by the electrical properties of

the bulk glass.

Introduction

Early studies on the electrolysis of soda lime
silicate glass were made separately by Warburg
1] and Tegetmeier [2] using liguid metal elec-
trodes. At 500°C they found using mercury anodes
either alone or with added Ca, Mg, Al, Zn, Bi,
or Au, that the current fell rapidly on completing
the circuit. If Na or Li were present in the alloy,
however, these elements replaced the Na ions in
the glass and the current remained fairly steady
for long periods. It was decided to study the fast
electrochemical changes occurring in the first
type of system using high speed recording tech-
niques. Lead was chosen initially as a suitable
low melting anode material. Reactions at the
cathode were not generally considered.

Experimental

The electrolysis cell is shown in Fig. 1. It con-
sisted of a stainless steel crucible, internal
diameter 2-25 cm, height 4 c¢m, supported on a
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rod of the same material screwed into its base.
This rod and the crucible itself formed the cath-
ode; the anode was a similar rod dipping into the
upper metal pool.

About 9 g of A.R. tin were placed in the
crucible followed by a disc of soda lime silicate
glass, 2 cm diameter, 04 cm thick. On top of this
was an annulus of ‘Purox’ alumina, internal
diameter 1-5 cm, wall thickness 2 mm, the edge
in contact with the glass being ground flat. Ap-
proximately 6 g of A.R. lead shot were placed
inside the annulus and it was found that when
the metal was melted, it did not flow out but
remained inside the annulus as a pool. Initially,
however, experiments were confined to 600°C at
which temperature the currents were easily
measurable and the glass remained reasonably
undistorted. The area of the lead in contact with
the glass was 1-54 cm?.

The glass used was commercially available
float glass; its composition in wt. % is given in
Table 1. Before electrolysis about 1 mm was
ground off both faces of the sample before final
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polishing with rouge to remove all possibility of
surface contamination by the tin of the float
bath.

The cell was placed in the heating chamber of
the inert gas furnace, a Nichrome wound ‘Purox’
alumina tube of internal diameter 3 cm, length
67 cm, and the supporting rod electrodes were
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Fig. 1. Electrolysis cell.

Table 1. Glass analysis (wtf).

insulated from the brass end-caps by fibre
bushings as shown. The temperature was con-
trolled to + 0-5°C by a Pt/13% Pt Rh thermo-
couple, an Ether proportional controller, type
1292 and a thyristor assembly, type 2635,
Temperatures were recorded using a Leeds and
Northrup Speedomax W Recorder.

The gas supply, a metered mixture of white
spot N, and 10% H,, flowed at 100 ¢cm?/min
through two separate ‘Deoxo’ units and Anhy-
drone drying columns before passing through a
needle valve into the furnace. On emerging via an
oil bubbler, the oxygen and water vapour con-
centrations in the gas were measured using a
Hersch meter and Beckmann electrolytic hygro-
meter. The values were <10 and <20 ppm
respectively.

The electrical circuit is shown in Fig. 2. It
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Fig. 2. Electrical circuit.

consisted essentially of a Trygon RS 320-1-2B
power pack capable of supplying 1:2 A at 350 V
with a load regulation of 0-019/. This was con-
nected in series with the cell and an S.E.
Laboratories U.V. Recorder, type SE 2005 with
galvanometers of sensitivity 0-053, 0-0053 and
0-00083 mA /em shunted across resistors of 1 to
5 Q. A Measurement Research Control Unit
completed the circuit through a Motorola, type
MIJ413752 power transistor.

In operation the power pack voltage was set
and, on pressing the control start button, the

Material SiO; CaO

FC;O;;

ALO,  MgO Na,0  K.O0

Concentration (5)  72°5 89
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ELECTRICAL PROPERTIES OF SODA LIME SILICA GLASS

control unit switched on the power transistor
180 ms after it had started the recorder chart.
This was necessary to allow the chart to attain
a uniform speed before recording the Ij¢ trace
because most of the experiments were carried out
at the high chart speed of 2 ms~1. It was pos-
sible with the control unit to select ranges with
full scale deflections of from 350 to 2,500 mA
and calibration facilities were provided by
accurate, wire wound resistors of tolerance
+0-59%.

The voltage decay on breaking the circuit was
followed using a Tektronix 564 storage oscillo-
scope with type 2A63 differential amplifier. On
releasing the control start and pressing the con-
trol finish button, the control unit supplied a
trigger pulse to the oscilloscope 2 ms before it
switched out the power pack and enabled the
start of the voltage drop to be located accurately.

A Bradley, type 160, digital voltmeter with
1 mV resolution was used to follow the decay for
longer periods. Power pack voltages were meas-
ured with a Weston Model S 82 d.c. voltmeter
and a.c. resistances and capacitances with a
Marconi universal bridge, TF2700 at 1,000 Hz.

Results

In Fig. 3 a typical current time curve obtained
at an applied voltage of 25 V is given. It consists
of a branch AB in which the current rises rapidly
to 137 mA in about 1 ms. This is followed by a
fall of current along BC, the value at 300 ms
being about 16 mA. A striking feature is the
speed at which the process is finished; in most
experiments the current usually becomes too
small to measure accurately after 300 ms and
most of the results quoted are for experiments of
this duration.

The high peak value recorded at A is due to
galvanometer overswing. This was 7% for the
0:053 mA/em galvanometer used and a more
correct value for the current at A is 127 mA. The
slight ripple in the curve BC may be ascribed to
galvanometer vibration.

The current at any point varies inversely with
time; this is shown in Fig. 4. The graph may be
represented by the equation:

(190t+NI=1 )
where [ is in amperes and ¢ is in seconds.
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Fig. 4. Graph of current reciprocal against time at 25V,

If the voltage is applied a second time the
original behaviour is not exactly repeated. Fig.
5 shows a series of 1/ against ¢ plots at 25 V
obtained at hourly intervals. Although the graphs
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Fig. 5. Graph of current reciprocal against time at 25V
successive pulses.

Table 2. Current-time equations at 600°C.

are still linear the gradient increases with each
successive electrolysis. If the system is left for
longer periods, however, recovery is more nearly
complete. Thus, the dotted curve (6) was ob-
tained 24 hours and four treatments after (1) but
it approaches this curve more closely than (2)
which immediately succeeded it.

Similar experiments were carried out at vol-
tages from 0-5 to 300 V. The results fell into three
distinct categories depending upon the size of
the applied voltage.

(1) At less than 2-5 V, the square of the current
varied inversely with time according to the
equations given in Table 2 and Fig. 6.

(2) From 2-5 to 100 V the beliaviour was similar
to that considered for 25 V and the current
varied inversely with the time (Table 2). Succes-
sive treatments at the lower voltage in this range
continued to give linear plots (Fig. 5) but at the
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| a=({0oxi0% A2
12 10% (600 ¢ +10) =1

| |
200 300
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Fig. 6. Graph of (current reciprocal)? against time at
2:5V.

Voltage m a Equation Resistance  Range
(mt+a) I=1 =0 () (ms)

100 46 1-4 46t+1-4) I=1 197 0-450
75 51 2:6 (51¢+2-6) I=1 288 0-300
50 63 65 631+ 6-5) I=1 325 0-350
25 190 70 (190¢+7) I=1 182 0-400
12 400 23 (4007 +23) I=1 315 0-300
5 1000 54 (100074 54) I=1 357 0-350
25 940 100 (940:+100) I=1 250 0-350
1-0 610 x 10* 10 x 104 12.10* (6004 10)=1 314 0-300
05 850 x 10° 8x10° 12.10% (850:+8)=1 450 0-300

I'in amperes; ¢ in seconds
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higher voltages, while the first 1/ against ¢ graph
was linear, the second was usually curved. This
is shown in Fig. 7 for 100 V.

25 i
Q

pobs 2170

15~ /,/'{h@
- [ ad

ot
o 1080 ©
.,./
ol _o5r
-
1 [ |
0 100 200 300

ms

Fig. 7. Graph of current reciprocal against time at 100V
successive pulses.

(3) At voltages higher than 100 V the curves
could not be expressed by a simple equation,
The 1/I against ¢ plots were not linear but curved
upwards even for the first electrolysis (125 V).
At 175 V the current started to rise again after
about 45 ms (Fig. 8) and at 200 V and 250 V
(Fig. 9) the currents did not fall appreciably at
all after the initial surge but remained steady at
450 mA and 550 mA respectively. Finally, at
300 V, large current oscillations were observed
(Fig. 10) and electrical breakdown occurred.

The resistance value corresponding to the
steady currents observed at 200 V and 250 V was
450 Q and the resistances calculated from the
high initial currents at the start of the I versus ¢
curves at lower voltages are given in Table 2.
They are of the same order as the a.c. bridge
resistance of 270 £ measured on all samples
before the start of the experiment. However,
when the sample was treated successively and
manually at 25 V, as rapidly as possible, the
initial peak currents were: 106, 50, 36, 30,
22-5 and 22 mA corresponding to resistance of
231, 500, 694, 833, 1111 and 1136 Q respectively.
When ! min was allowed to elapse between
successive treatments the initial currents recorded
were: 106, 100, 90, 84, 78 and 74 mA.

The total amount of electricity Zq supplied to
the sample at various times during the electroly-
sis was found by calculating the area under the
I versus ¢t curve using the trapezium rule. The
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Fig. 8. Current-time trace at 175 V. Speed 2 m s~ 1.
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ELECTRICAL PROPERTIES OF SODA LIME SILICA GLASS 7

quantity of electricity passed at any particular
time depends upon the applied voltage in the
manner shown in Fig. 11 where Xg is plotted
against V at three separate times of 100, 200 and
300 ms. In every case the charge passed is directly
proportional to the voltage.

500 ¥ Z¢ =(3.04 x10™%) V {00ms
* 3¢ =1{4.40x10"% V 200ms
| o 3¢ =(5.20%x107%) V300ms

Sg* 10% coulombs

100~

Vil i i 1 l ! | ! | |
0 {0 20 30 40 50 60 70 B8O 90 100 {110
Voltage

Fig. 11. Graph of charge against voltage at various times.

In view of this correlation, it is interesting to
calculate the time taken to pass the same amount
of charge into the glass at different voltages. A
convenient quantity for comparison was 0-005 C
and the graph of the reciprocal of the time to
supply this amount of charge against the voltage
is shown in Fig. 12. The linear part of the curve
obeys the relation:

(079 V—5-5)r=1 V)

Similar plots were made for 0-001 C and 0-02
C and although these curves do not apply over a

120
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Fig. 12. Graph of reciprocal of time to supply 0-001,
0-005 and 0-020 C against voltage.

large range of voltage the linear parts may be
expressed by the equations given in Fig. 12.

The size of the power inputs is rather surprising,.
In Fig. 13 the values calculated from the instan-
taneous values of the current at 100, 200 and 300
ms are plotted against the voltage. At 100 V the
power inputs are 19, 11 and 7 W respectively. As
would be expected, the power is proportional
to the square of the voltage and the graphs are
represented by the equations given,

e P=(9.0%i07% v2'6 100ms
x P=(62x107% v¥B 200ms
° P={33x107% v*'7 300ms

100

Wwatts

Fig. 13. Graph of input power against voltage at various
times.

When the applied voltage from the power pack
is removed, the voltage across the cell on open
circuit drops rapidly. Figs. 14a and b are oscillo-
grams of the voltage decay using microsecond
and millisecond time bases with an initial
applied voltage of 25 V. In the former the voltage
falls almost linearly with time but in the milli-
second range the decay levels off as shown.,

The results for the various voltages in the
microsecond, milliseconds, seconds and minutes
ranges are given in Table 3. The most marked
contrast occurs between the gradient constants in
column 2, for the milliseconds and seconds
regions. In the former they vary a hundred-fold
in the interval from 125 V to 5 V but in the latter
they are roughly constant. This is not surprising
because the rate of decay in the millisecond
region is dependent upon the initial applied
voltage while by the time 10 s have elapsed (the
start of measurement in the seconds range) the
voltage is always approximately the same no
matter what the size of the initial voltage.

These experiments were performed after a
polarization of approximately 2 s but similar
tests were carried out leaving the polarizing
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Table 3. Voltage decay with time at 600°C.

Voltage n b Eguation Range

Microsecond range. V=Vo-—bt"

100 092 2:5x 10 V="V,—(2-5x104)¢° 92 40-80 us
50 0-85 5-6x10°% V=V¥,—(5-6 X 10%)1°85 30-600 us
25 0-84 2-3x103 V="V,—(2:3x103)0-84 10-1000 us

5 0-98 5-6x 10 V=V,— (56 x 101)z9-98 20-400 ps

Millisecond range. exp%-"3 =bt

100 ~52 86 e~ 0044 V=86¢ 1-10 ms
50 -23 49 e~ 0100 V=49 0-3-10 ms
25 -11 33 e~ 0208 V=33, 0-2-10 ms

5 — 061 0-00049 e~ %78 V=0-00049 0-1-20 ms

Second range. f:xp2'73 =bt.

100 —0-30 1-0x 10~ e” 76 V=(1-0x10"1%; 10-300 sec
50 —0-38 1-1x10-8 e 61 Vv=(1-1xX10~ %) 5-300 sec
25 —041 2:0x10"7 e 56 V=(2:0%x10" "y 10-300 sec

5 —0-84 1-7x10-4 e~ 8 V=(1-7x 10~ %)% 10-200 sec

Minute range, V=>bt"

100 —0-57 31 V=31¢~957 2-15 min
50 —0-48 40 V=40~ 048 10-100 min
25 —0-45 58 V=11¢-93% 6-90 min

5 —0-26 25 V=2:51-0-26 1-5 min

Second range. Initial polarization 20 sec. exsz =bt

100 —-0-34 9-6x10-11 e 88 V=(9:6x10"11) 10-300 sec
50 —-0-41 3-6x10-° e 56 V=3-6x10"¢ 10-300 sec
25 -0-45 2:1x10-8 e~ 51V=(2-1x 10" 8)¢t 10-300 sec

V in volts: ¢ in seconds.
voltage on for 20 s before breaking the circuit. (190t + 7Y =1 1)

The results in Table 3 show that the gradients
are again roughly constant in the seconds
range and similar to those measured after a
polarization of 2 s.

Discussion
(a) Space charge

When a voltage is applied across the glass the
current rises rapidly at first and then falls as
shown in Fig. 3. At 25V the variation of current
with time is given by the expression (Table 2):

The Zachariasen [3] model of glass structure
postulates a random silica network with mobile,
interstitial sodium ions and it is assumed in the
present case that on the application of the voltage
only these interstitial sodium ions move. There
will then be developed in the glass a region near
the anode short of sodium ions, i.e., having a
negative charge. This charge, due to the station-
ary silica network, will tend to attract the sodium
ions back in opposition to the applied field. It
will build up with time as more and more
interstitial sites are vacated until it is almost
equal to the applied voltage; there will then be
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Fig. 14. Oscillograms of voltage decay against time
Initial voltage 25 V.
(a) Time base 100 us/cm.

(b) Time base 1 ms/cm.
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virtually no driving force on the sodium ions.

This will be true provided that lead ions from
the anode pool do not replace the migrating
sodium ions completely. Some replacement can
be expected and indeed lead has been detected
in trace amounts in the surface layers by X-ray
fluorescence spectroscopy. Nevertheless the re-
placement is probably limited in view of the lower
mobility of the lead ions, they being doubly
charged and of larger ionic radius than the
sodium ions (1-2 & 0-97 A respectively). Further-
more, Isard and his collaborators [4] have
shown, using the Tubandt method, that the
current is carried almost completely by the
sodium ions in sodium, lead silicate glasses
containing 159/ and more Na,O. Even at 139,
Na,O the transport number of the sodium ion
was approximately 0-95.

It is possible to calculate the diffusion coeffi-
cient of the sodium ion from the ionic conducti-
vity using the Nernst-Einstein equation:

onakt
calc — Ne 2

D €))
Here, oy, is the ionic conductivity of the mobile
sodium ion, N the number of such ions and e the
electronic change. Taking the value of the initial
current at 25 V as 127 mA the conductivity
calculated from this is 13 x 10~ *mhos, cm™? re-
sulting in a value of D,,, of 710 x 103 cm? s 1.
This may be compared with the figure of
544x107®% cm? s™! obtained from the work
of Haven and Verkerk [5] by extrapolation of
their data for radioactive 2*Na diffusion at
temperatures from 473 to 600°C in sodium
silicate glass.

By dividing the measured by the calculated
value of the diffusion coefficient the correlation
factor, £, is obtained: it is 0-77 in the present case.
This factor is a consequence of the non-random
distribution of successive jumps of the sodium.
The sodium ions may either move by a jump
into a vacancy as it travels through the lattice
(vacancy mechanism) or the interstitial sodium
may jump on to a lattice site pushing the occupy-
ing sodium on to another interstitial site (inter-
stitialcy mechanism),

For a lattice with 3-3 coordination (cf. [5])
the calculated values of f are 0-67 and 0-44 for
the vacancy and interstitialcy mechanisms,

respectively. For a lattice with mixed 3-3 and
3-2 coordination the values are 0-33 and 0-35,
respectively. The vacancy mechanism with 3-3
coordination is thus the most probable at 600°C.

However, Haven and Verkerk [5] found
experimental values of f of from 0-49 to 0-52
at temperatures from 384 to 473°C. This suggests
that the interstitialcy mechanism is operative
at these lower temperatures.

Support for the idea of a space charge is
provided by the work of Sutton [6] who has
clearly demonstrated the presence of space
charge in electrolysed soda lime glass. He applied
electric fields using platinum blocking electrodes
and measured the voltage at aluminium probes
embedded in the glass at various distances from
the anode and cathode. A typical result obtained
at 410°C is given in Fig. 15.
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Fig. 15. Development of space-charge
distribution at 410°C (after Sutton).

A characteristic of space charge phenomena
is their persistence after long periods of time
and the present process is no exception, Voltages
of 0-5 V or so were measured on the digital
voltmeter on samples that had been treated once
and left overnight. The oscilloscope trace was
opposite in direction to the decay curves ob-
tained immediately on breaking the circuit. This
suggests that a current was being driven through
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the glass in the opposite direction due to some
residual polarization remaining in the glass for
long periods. The equation obeyed was:

V=71t @

Even when the sample was short-circuited for
5 mins the behaviour was repeated giving a
curve expressed by:

%6 V=501 )

Finally, it was found that approximately 0-3 V
had to be applied in the reverse direction to an
electrolysed sample to bring the oscilloscope
spot back to the zero voltage position.

The shape of the oscillographic decay curves
(Fig. 14) suggests the presence of a space charge
or electrical double layer. Thus removal of the
electric charge from the electrodes on breaking
the circuit will be determined by the time con-
stant of the oscilloscope. Taking the resistance
and capacitance of the instrument as 1 MQ and
10 pF, respectively, the time constant is 10 us.
The fact that the voltage decays appreciably only
after a period of milliseconds suggests that the
decay is governed by the electrical properties of
the glass. It is possible, using the voltage decay
equations in Table 3, to calculate the current
flowing during the discharge and the quantity
of electricity passed. This is done by applying
Ohm’s law, taking the resistance of the oscillo-
scope and digital voltmeter as 1 MQ, and inte-
grating the resultant equation for the quantity
of electricity supplied. The results of these
calculations are for 25 V applied 2:39x 1078 C
for the first millisecond, 1-38x 107> C for the
first 10 ms, 0-00068 C for 300s and 0-0037 C for
11 h. The measured quantity of electricity
supplied during a 300 ms electrolysis is more
than this, being 0-0135 C as calculated from
Fig. 3 by integrating using the trapezium rule.

It is probable that after the applied voltage has
been removed not all the mobile sodium ions
will return to the anodic layer. This is suggested
by the increasing gradients of the I versus ¢
graphs in Fig. 5 for samples treated at hourly
intervals.

The system from 2-5 to 100 V where 1/I is
proportional to ¢ may be considered from the
electrical point of view as a capacitance due to
the double layer in series with a resistance due to

the base glass. When a voltage V is applied a
large current will flow equal to V/R, where R is
the a.c. resistance (270 Q) of the base glass. This
will decay exponentially, however, as the capaci-
tance charges up, the current through the capaci-
tance (and resistance) being given at any time ¢
by the equation:

I=IZ. e HRC (6)

The values of R and C may be taken as 270 Q,
the a.c. resistance of the bulk glass and 520 uF,
the capacity found from the gradient of the
2 g/v curve, Fig. 11, at 300 ms. Substituting these
values in equation (6) we have at 25 V:

1=0-093¢~7 0

The values of I calculated from this equation
at various times are compared in Table 4 with the
currents found experimentally. The agreement
between the two sets of values is good and argues
that the explanation given above is correct.

The exponential equation (6) may be expanded
to give an equation of similar form to that found
experimentally. Neglecting terms with powers of
t greater than one we have:

V
1=m (for t/{RC <1) ®)
Rearranging,
I({t/VC+R|V)=1 )

which is similar in form to the experimental
equation
I(190t+7)=1 0))

and predicts correctly that the coefficient of # and

Table 4. Experimental and calculated currents 600°C, 25 V.

Time  Current Current Current
(ms)  (mA) (mA) (md)
Experimental I=0093e-7¢* I(7t+1)=0-093
25 84 78 79
50 61 66 69
75 47 55 61
100 40 46 55
150 29 33 45
200 22 23 39
250 18 16 34
300 16 11 30
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the constant term should both decrease with
increasing voltage (cf. Table 2). Also at short
times ¢# when #/RC<1 the calculated currents
agree well with the experimental values (Table
4). However, at longer times, when t/RC<1 and
the exponential is not adequately expressed by
two terms of the series expansion, the agreement
breaks down.

(b) Surface conductivity

J. A. Yates (unpublished work) has developed an
expression for the variation of current with time
based solely on the change in resistance of the
glass near the anode. It has been found to hold in
the low voltage region where 1/I? is proportion to
t. He assumes that during electrolysis the glass
consists of two regions, the bulk glass and a thin
layer near the anode of lower specific conduc-
tivity, a,, in which all the mobile sodium ions
have been replaced by lead ions from the anode.
The treatment is based on three assumptions:

(i) the current at any time may be expressed in

terms of the specific conductivity of the treated
layer:

I=0,. = (10)

where V, is the voltage drop across the layer of
thickness y

(i1) the current may also be expressed in terms of
the specific conductivity of the base glass:
I=0y,. V=7, = Oy, - V="
-y l
since the sample thickness /> y.

(iii) The rate of penetration of anode material
is proportional to the rate of entry of the material
and therefore to the current.

dy I

(11)

(12)

where c is the concentration of replaceable ions
in g ionfcm® and F is the Faraday constant.

Taking these equations and eliminating y and V.,
he arrives at the equation:

Ve, Fe
o, Fcl?
2082V

I= (13)

The equation predicts that I? should be in-
versely proportional to ¢ and this is borne out
in the present work at low voltages. At 1.0 V
and 0-5 V the equations obeyed are:

T2 10* (600¢+10) =1 (14)
12 10° (850¢+ 8) =1 (15)

The coefficients of ¢ and the constant terms in
the theoretical and experimental equations may
be compared. Re-arranging equation (13) we

have:
2t 2
I = 6
2 [Va'x Fe + Oy VZJ ! 16

and taking the a.c. resistance at 1,000 Hz as 270
Q.

0-4
fe3 = ee—
Na ™ 1.54 %270

Substituting, the constant term in equation (16)
works out at 1:7x 10° and 6-8 x 10° at 1-0 V and
0-5 V, respectively, and these may be compared
with the experimental values of 1 x 10 and 8 x
10° from equations (14) and (15) above.

Equations (14) and (16) can also be used to
calculate a value of ¢,. Comparing co-efficients
of t we have at 1 V:

2
Ve, Fc

= 9-7 X 10™* mhos cm ™1

= 600 x 10*

or

6,=58x%1071° mhos cm™!

The value calculated at 0-5 V was 81 x 10711
mhos cm ™!,

The data of Strausse ef al. [7] on lead silicate
glass, PbO . SiO,, were extrapolated from 400
to 600°C using the Rasch-Hinrichsen law to
give a specific conductivity at 600°C of 3 x 107°
mhos cm™!; this is much larger than the values
calculated above. Indeed the extrapolated specific
conductivity for silica glass of 1x10”7 mhos
cm~! at 600°C from the same paper is nearer
than that for the lead silicate glass. Furthermore,
Owen and Douglas [8] measured the specific
conductivity of two samples of silica glass, one
containing 0-04 ppm of sodium prepared by
thermal decomposition of SiCl,, and the other
with 5 ppm of sodium prepared by the electrical
fusion of quartz. The values at 600°C were 1 x
1072 and 3 x 10~ ® mhos cm ™! respectively.

It would seem that the resistivity of the surface
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layer, while different from that of the bulk glass,
might correspond more closely to that of silica
glass than to lead silicate glass and that the lead
ions shown to be present in trace amounts by
X-ray fluorescence spectroscopy might be rela-
tively immobile in the silica network. Further
work on this aspect will be carried out at higher
temperatures. Whatever the nature of the surface
the theory is fairly satisfactory in explaining the
shape of the current-time graphs at low voltages.
At voltages greater than 1 V, however, the cur-
rent is inversely proportional to the time and not
to the square root as predicted and the theory
breaks down.

(c) Surface temperature

The sizes of the power inputs shown in Fig. 13
are surprising. At 100 V they are 20, 11 and 7W
at times of 100, 200 and 300 ms respectively. If
a thin double layer is formed at the surface then
most of the voltage will be dropped across this
a few milliseconds after the voltage has been
applied. It was decided to calculated the change
in surface temperature with time. The following
assumptions were made:
(1) The temperature rise in the glass is due to the
electric current which is all converted to heat;
there are no heat losses.
(2) The resistance of an infinitely thin surface
film (whether due to lack of mobile charge
carriers or to an electrical double layer) is much
greater than the bulk glass; the heat may be
assumed to be liberated at the surface.

The equations governing the surface tempera-
ture changes when the glass is subjected to a
surface heat load which is a function of time are:

*’T oT
— = = 17
Y an
and
oT (18)
= K=
¢ ox |x=0
where ¢ = thermal capacity =0-274 cal./°C [9]
p = density=2-5g.cm™> [10]
K = thermal conductivity=2-5x 1072
cal . cm™!/°C [11]
& = thermal diffusivity=KJopcm? g. !
¢ = heat load/unit area=0-238 VI cal/

cm™?

These equations were solved using the method
of Laplace transformation resulting in the
expression:

0238 V. /a
B AN
TG2)K
31dt7/? :l

bt3/2
32

21Ct3/2
5/2.3)2

2528 T (19)
for the change of surface temperature with time
when the experimental data obtained from the
current-time curves were subjected to a poly-
nomial fit of the form:

I=a+bt+ct* +di +et* +f1°+ ...  (20)
In Table 5 the results are tabulated at various
voltages.

Table 5. Calculated surface temperature rise with time at
various voltages

Time A4 100V 50V 175V
(ms)

50 2:89 11-52 23-64 34-93
100 296 11-80 30-53 46-69
150 2-88 11-48 3573 57-80
200 279 11-13 39-16 68-52
250 2-70 10:77 42-48 79-28
300 2:62 10-43 45-77 90-43

At the lower voltages the surface temperature
decreases continuously with time after a slight
initial rise; it steadily increases at the higher
voltages. It is thought that the heat causing this
steadily increasing rise in surface temperature
tends to disrupt the electrical double layer. This
might be the case at 175 V (Fig. 8) for instance
when an initial decay in current due to polariza-
tion is followed by a levelling out at a high value
followed by a slow steady increase. Eventually,
at 250 V, the double layer will be broken down
very rapidly and there will be no fall in the current
after the initial rise (of Fig. 9). The heat will then
be generated throughout the bulk of the glass
and the rise in temperature corresponding to this
may be calculated.

We have:

Heat load/unit area=M . ¢ . AT
where AT=bulk glass temperature rise.
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Then,
250% 06 x 0-238=1-75x 0274 x AT
and AT=58-4°C . 57!

At 300V the corresponding figureis 701 C.s ™1
and it is probable that the generation of the
large amount of heat corresponding to this
temperature rise is the cause of the rapid break-
away observed.

While the absence of any decrease in current
with time at 250 V implies that the heat is
liberated throughout the bulk of the glass, it
is nevertheless interesting to calculate the tem-
perature rise which would have occurred had all
the heat been generated in a thin surface film of
high resistance. This will show whether or not
the calculated surface temperatures are unreason-
ably high. It is also possible to calculate the
temperature profile through the glass under these
conditions and the gradient of this will indicate
if there is any appreciable temperature differen-
tial across any surface film which might cause
breakdown.

The surface temperature rise under conditions
of constant heat load such as obtain at 250 V is
given by the expression:

T*_2F,,octi‘
T K\~

where F, = heat load/unit area=0-288 V x 1, and
the other symbols have their usual meaning.
Substituting we have:

3y

2x23-1 . -3 4%
. _3\/2 Sx1072.67
2:5x10 2-5x0-274x
T*=6301* (23)

In Fig. 16, T* is plotted against z. It is clear
that after 100, 300 and 1000 ms the surface
temperature rise is 200, 350 and 630°C giving an
actual surface temperature at these times of 800,
950 and 1230°C, respectively. These tempera-
tures seem excessively large for any thin surface
layers to stand and it is thought that the former
analysis of heat liberated throughout the bulk of
the glass at this voltage is more realistic.

Any surface layers that may, however, be
formed will not be broken down by a tempera-
ture differential across them. This is shown by
calculating the temperature profile through the

800 ;

Constant heat load at surface 23.1 cals cm™ s

700~
600
500
400
300

Surface rise {°C)

200
100

o}

Fig. 16. Surface temperature rise against time at 250 V.

glass, again assuming that all the heat is liberated
at the surface. It is given by the expression:

2Fo[ fat\t —x* x x
Tx = - & — — frm— 24
0 K |:( n) ¢ 4ot 2 erf02 oct] %)

where x is the distance from the anode. Thus, for
a surface temperature rise of 350°C which occurs
in 300 ms at 250 V the temperature profile is
that shown in Fig, 17. The profile is shallow and

Constant heat load at surface: 23.1 cals cm=2 s~}
===~ Linear approximation

400}~
300

200

100

Temperature rise at 300ms °C

0 100 300

Depth {microns}

Fig. 17. Temperature rise at 300 ms against depth from
anode at 250 V.

would not result in an appreciable temperature
differential across a film of thickness~50 u
(Sutton) or 52 A (Yates, equation 13).
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