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THE ALUMINIUM ANODE FILM DlELECTRl(;.;;, |

By M. Subramaniam.

SYNOPSIS.

Some of the properties of aluminium anode film condensers have
been studied and some observations made of which previous records
have not been found. By means of a polarising P. D. it has been
shown that both the plafes forming such a condenser when used in
alternating current circuits behave as anodes; neither film breaks
down unless the applied alternating crest P. D. exceeds the film.
formation voltage. Measurements of voltage, current and power-factor
confirm the observations, made by other experimenters, that the
capacity depends upon the voltage at which the film is formed.

Itis found that the leakage-resistance of the film is inversely
proportional to the applied volts for a given formation-voltage, and
directly proportional to the formation-voltage, The leakage-resistance
was found to be nearly independent of frequency, within the range of
the tests, and consequently its effect on the power-factor of the
condenser diminishes with the increase of frequency. With a given
electrolyte and temperature the film, if subjected to a voltage exceed-
ing a critical value, collapses, the breakdown being accompanied by
flashes of light and crackling sounds, the pitch of which corresponds
to the frequency of the supply voltage and appears to be an octave
higher. Ondographe records showing the above phenomena are given,

INTRODUCTION.

The property of asymmetrical conductivity is possessed by many
electrolytic cells, the resistance to the flow of current from certain
metals to the electrolyte being very great; the metals aluminium,
tantalum,. tungsten, bismuth and magnesium have been found to
possess the property to a marked extent. An aluminium electrode
immersed in a solution of ammonium borate gives relatively high
conductivity when the aluminjum is the cathode but when the applied
voltage is reversed, making the metal an anode, the conductivity
rapidly falls, the initial current dying away practically to zero in a
time which depends largely upon its area, after which the anode film
withstands the full potential difference applied (Fig. 1) within certain
Jimits,
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The asymmetrical conductivity is due to an exceedingly thin
film * formed on the surface of the aluminium electrode by electro-
chemical oxidation. The anode becomes coated with a thin gelatinous
precipitate, full of minute punctures, which E. Wilson, using an
aluminium anode in dilute sulphuric acid, found to be a basic sulphate
of aluminium. In the experiments described below a solution of
ammonium borate was used and the precipitate analysed by Mr.
Raghavendra Char was found to be a basic borate of aluminium.
Probably a coating of aluminium hydroxide first forms on the anode,
afterwards reacting with the electrolyte.

‘The most commonly accepted theory regarding the nature of the
film is that due to Schulze 2 who suggested that the valve action is due
to a thin film of occluded gas in the oxide-covered metal. The gas is
believed to be oxygen and impermeable to all ions excepting those
of hydrogen. This conclusion is based on the observation, made by
several experimenters, that the thickness of the visible film formed on
an aluminium anode at a particular voltage, measured directly by the
method of interference colours, or estimated by the increase in weight
of the anode, differs widely with the electrolyte used. For instance,
at 100 volts the thickness has been found to vary from 20 x 10-% cm.
and 170 X 107% cm., whereas the thickness of the dielectric film
calculated from capacity measurements assuming unit permitivity is
almost independent of the electrolyte, varying only between 0.95 x
107%cm. and 11 x 107® cm., at the above formation-voltage, viz., 100.

The film is observed to build up quickly when a polarising P. D.
is applied until its ¢ thickness ' or insulation is sufficient to withstand
the applied volts. The time for the formation of the film depends
on the area of the plate in addition to the current density and the
impressed voltage, requiring from a few seconds to several hours for
complete formation. The thickness of the film is proportional to the
applied polarising formation-voltage, and for this reason the capacity
formed by the dielectric film is very much greater for low values of
formation-voltage.

The commonly used type of aluminium anode electrolytic rectifier
generally shows the capacity effect of this thin film in its current wave
form. Three components of current make up the resultant current, as
shown in Fig. 2, through such a rectifier. The components are :—

(a) The unidirectional current Ip. which is in phase with the
P. D. and flows during the first half of a cycle.

1 See Bibliography Nos. 12, 14, 16, 18 and 20. Literature on the thickness of the film hag
been summarised by Bairsto and Mercer (No. 20).

2 Trans, Far. Soc., 1913, 9, 266,
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(#) A leading capacity current I; which flows during the
second half of a cycle.

(¢) A leakage current I, which is in phase with the P. D. and
flows during the second half of a cycle.

The usual form of electrolytic condenser consists of two aluminium
electrodes covered with the extremely thin dielectric film, and as a result
it possesses a very high value of capacity per sq. cm. The capacity is
inversely proportional to the formation-voltage as is shown by the
measurements given in Table I for various values of formation-voltage.
The capacity was calculated from the observed alternating current
at twenty-five cycles per second, and power measured by the three
ammeter method. This method of measuring the power was found
to be suitable in the absence of an electrostatic voltmeter.

TABLE 1.
Formation-voltage (Battery positive Microfarads Capacity X Voltagé
terminal to anode) per sq. cm. of film (Col. 1 X Col. 2)

50 1-40 70

174 0:55 97
30°0 0-30 90

480 0-15 7°2

800 010 80
170:0 0-044 77
1960 0-043 84

The above results are in close agreement with those published by
G. E. Bairsto and R. Mercer! and confirm the interesting fact that
the product of the formation-voltage and the capacity is practically a
constant.

The constancy of the capacity may be seen in Fig. 11 which
shows the linear relation between the current and alternating P. D,
for values of crest P. D. less than the formation voltage, viz., 105
volts in this instance.

Y Trans. Far. Soe., 1911, 7, 1.
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THE ACTION OF AN ELECTROLYTIC CONDENSER
CARRYING ALTERNATING CURRENT,

If an ordinary aluminium plate condenser, which has already
been provided with a dielectric film by means of a D.C. formation-
voltage, is connected to a suitable alternating voltage source as shown
in Fig. 3 the following observations are typical :—

(@) The P. D. across the condenser which consists of two films
in series is that of the source as shown in Fig. 4 by the sine wave V,
(dotted graph).

(6) The P. D. between each plate and the electrolyte takes the
form of a displaced sine wave V, or V; of such amplitude that
V, = V, + V;at all instants.

It will be observed that this voltage distribution differs from that
found across a pair of ordinary condensers of equal capacity and
having, for instance, mica as the dielectric. In such a case the
voltage across each condenser would be the same at all instants
without the displacement found in the electrolytic type. It is to be
concluded that the electrolyte becomes negatively charged to an
extent sufficient to keep both plates at a higher potential than
the liquid at all instants. The effect of this negative charge at usual
alternating frequencies is to maintain a polarising P. D. across each
film, and consequently both electrodes behave as anodes. Attention
has been drawn to this fact by Zimmerman' who describes an
interesting hydraulic analogue.

The following experiments throw considerable light on the
behaviour of this type of condenser :—

Experiment No. 1: Polarised Electrolytic Condenser.

The electrolyte was kept at a predetermined potential below that
of either plate by means of a polarising battery as shown in Fig. 5
and a sinusoidal alternating voltage at 25 cycles was impressed on the
condenser. There was no direct current once the film had been
formed, provided the alternating crest voltage was sufficiently low to
keep the plates at a higher potential than the electrolyte throughout
the cycle. The alternating voltage in one experiment was observed
(Fig. 6) to give a leading current of about 2 amperes (Fig. 7) in the
circuit. Under these conditions there is no doubt about the existence
of a negative charge in the electrolyte at these frequencies. Alteration
of the D. C. voltage, or its complete removal, causes no sensible
change in the alternating current voltmeter, ammeter, or wattmeter
readings. From this experiment it is to be concluded that both the

A Trans. Amer. Elec. Chem. Soc., 1914, 5, 147.
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plates behave as anodes throughout the cycle and a negative charge
exists in the electrolyte which at these frequencies is not entirely lost
through the leakage-resistance paths across the films. Ondographe
records of these effects, for example Fig. 7, show that the current and
voltage wave-forms are not changed by altering the polarising D. C.
voltage.

Experiment No. 2: The Negative Charge.

It may be demonstrated that a negative charge exists in the
electrolyte by suddenly cutting off the alternating supply voltage, and
short-circuiting (discharging) the two plates by an external path. If
now a voltmeter is connected between either plate and the electrolyte,
a current will flow from the metal to the electrolyte. If left for
some time the electrolyte becomes discharged through the film leakage
path.

Experviment No. 3 : Single Film Condensers.

The capacity of a single film was tested by means of a pulsating
unidirectional voltage.

This was applied between one aluminium electrode and a lead, or
other, cathode the circuits being as shown in Fig. 8. A unidirec-
tional pressure of 39 volts on which an alternating pressure of about
25 volts (r. m. s.) was superimposed gave the Ondographe records
shown in Figs. 9 and 10" of the current and voltages. The r. m.s.
alternating component of the unidirectional pulsating pressure across
the condenser was 13°5 volts, the remainder of the 25 volts being
absorbed in a rheostat. The sinusoidal current was 18 amperes and
the power-factor 0'87. Consequently the capacity was 1,700 m. fds.?
which is twice the capacity of two identical sets of aluminium plates for
which as nearly as possible the same conditions of formation were used,
viz.,, 890 m. fds. These observations show that in an electrolytic
condenser with two aluminium electrodes the dielectric films are

constant and are effectively in series, neither film behaving at any
instant as a good conductor.

CONSTANCY OF CAPACITY FOR ALTERNATING CURRENTS.

The relation between capacity current and applied voltage for a.
particular electrolytic condenser when working at terminal pressures
below that of the formation-voltage are plotted in Fig. 11, from the
observations given in Table II.

1 The alternating voltage record was obtained by connecting a D. C. voltage in the
recorder circuit to neutralise the polarising voltage in the cell circuit,

1 18 4
2C= = & — 0
@VSiad 2m X 25x13}x°5 = 0-001637 farad.

2
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TABLE IIL
Solution (A) vide Appendix.

~—
e

Aematng e S Ao cytnt o aprs
60 1:05
57 100
86 150
114 2:00
137 "2:50

LEAKAGE-RESISTANCE.

The leakage-resistance of the dielectric film, although high, is
the cause of losses ina condenser carrying an alternating current
The following observations relating to leakage in a double ﬁln;
condenser were made :—

1. At a given frequency and film formation-voltage the
leakage-resistance was found to vary inversely with the applied volts
as is shown in Table III and Fig. 12 for the particular condenser
tested.

TABLE III

Solution B and formation-voltage r50.

Terr?ninvagl?sr.essure Leaka;g:-éﬁiinsstance - Col. (1) X Cal. (2)
RN ¢ S L) B—
500 850 42,500
60°0 715 42,900
850 550 46,750
100°0 470 47,000
120-0 400 48,000
1300 380 49,400

2. The leakage-resistance was found to be proportional to the
formation-voltage. Table IV gives data obtained in the course of
these experiments at 25 cycles per second.

17
TABLE IV.
F ‘ tion-voltage Resistance per sq. cm. of
ormation-voltag film for one Electrode®
50 volts. 0:016 megohm
17°4 . 0:042 ’
o0 0030 »
480 1’ 0.165 1
800 . ,, 0242 .
1700 ,, 0-546 "
1960 0+563 "

The fact that the leakage-resistance is directly proportional to
the formation-voltage indicates that the thickness or density of the
complex film builds up a sufficient thickness of dielectric to withstand
the P. D. applied.

The harmful effects, i.e., the energy losses due to the leakage
resistance, if it behaves as a high resistance shunt across a perfect
condenser, should diminish at higher frequencies.

It was found that the effect of the leakage on the power-factor

diminished with increase of frequency. This was investigated for
frequencies up to 300 cycles per second with the results shown in

Tables V and VI and Fig. 13 (#) which gives the graph (plotted from
Table VI) for the equivalent series resistance, obtained by wattmeter
measurements of the losses at different frequencies.

The equivalent series resistance, for which the formula

Rs = N _____was used is shown in Fig. 13 (#) calculated on

1 xw2R 2C?
the assumption of constant capacity and leakage-resistance. The close
agreement between the two curves shows the constancy of the capacity
and the leakage-resistance at frequencies up to 300 cycles per second.

3 Rr= = resistance in parallel with capacity.

\Y
I cos¢
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TABLE V.
Condenser No. I (6).

(Cyci;eggfzggond) Equivale&t);:;iss resistance
26-66 835
32:00 6-30
34:66 570
4066 470
44-66 4-15
5000 3:55

TABLE VI.
Condenser No. I (c).
Frequency (cycles per second) Equivalent series resistance (Ohms)
25 7'8
35 60
43 40
47 35
50 30
300 0°50

BREAKDOWN OF THE DIELECTRIC FILM.

An electrolytic condenser of the type considered is found to

retain its properties unless the dielectric is subjected to (q mechanical

injury by scratching, over-heating, destructive action of the electrolyte
or (6) a voltage exceeding the formation-voltage. For instance. on the
application of an alternating P. D. the crest value of which éxceeds
the formation-voltage, the film breaks down and a large conduction
current flows. On the persistent application of this over-voltage the
current slowly diminishes, while a fresh film is forming capable of
withstanding the higher P. D.

19

The effect of over-voltages on the current wave-form is shown in
Fig. 14. It will be noticed that at a particular point in each half-
cycle there is a rush of current corresponding to the collapse of the
film which in the next half cycle seems to re-form.

The critical voltage at which breakdown occurs is found to depend
both on the metal and the electrolyte. This is about thirty volts
for aluminium anodes in dilute sulphuric acid, whereas in dilute
ammonium borate (solution C) ! it is as high as 600 volts. 1In the
solution A used for most experiments it is about 200-250 volts.
When the applied P. D. exceeds the critical value the film appa-
rently breaks at weak points with a phosphorescent glow, which
on increasing the pressure becomes disruptive, emitting flashes of
light and sounds, the pitch depending upon the frequency of the
A. C. supply and roughly appearing an octave higher.

The effect of impressing a voltage higher than the critical voltage
on the film is indicated by Fig. 15 where it will be noted that the
P. D. and the current are practically in phase, showing that the
capacity effect has ceased to exist.

The periodic breakdown of the dielectric appears similar to that
used in the Wehnelt interrupter and, as it is a matter of some interest,
experiments are now being carried out at high frequencies, such as 100
kilo-cycles per second. On account of the high critical voltage of
over 1,000 said to have been observed for the metal tantalum it is
hoped that condensers of this type may be studied.

The writer wishes to thank Professor Catterson-Smith for
suggesting this investigation and for his encouragement and help
during its progress.

APPENDIX L

Composition of the Ammonium Borate.

Solution A—1 Kgm. Boric Acid.
4 litres Concentrated Ammonia,
12 ,, Distilled Water.
Solution B.—1 Kgm. Boric Acid.
4 litres Concentrated Ammonia.
24 ,, Distilled Water.
Solution C.—1 Kgm. Boric Acid.
4 litres Concentrated Ammonia.
36 ,» Distilled Water.

1 For concentrations of these solutions, see Appendix I.
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APPENDIX II.

Variation of Capacity with Time.
TABLE VII.
Condenser No. 3 (a).

Time in days Capacity micro-farads Cugacity of double film

mic.-fds, per sq. em.

0 2,800 0133 o

1 3,100 0145

2 3,400 0-162

3 3,500 0166

4 3,700 0176

5 3,750 0178

7 3,825 0180

8 3,900 0+185

Area of one electrode 21,000 sq. cm.
Current 10'5 amperes at 20 to 16 volts, 25 cycles per second.

At the end of the above period the current was accidentally cut off
for some hours and when switched on again it was found that the
capacity had fallen to about 3,500 M. fds. It slowly increased again
during a further run of eight days.

The above observations show that the capacity is approximately
constant for such purposes as do not require it to remain closer than
five or ten per cent., for a few hours, and where very large currents
at low frequencies are to be handled.

Department of Electrical Technology,
Indian [nstitute of Science,
Bangalore.

[Accepted, 16-6~25.]
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pionlc Acids and their Esters. V.—Ilongay Oil. V] —Cashew Kernel
0il. VIL.—~The Fruit of Bassin Longifelia,  VI1II, - Studies in Inten-

" sive Bacterial Oxidation, I The Oxidatlion 6f Alcohal to Acetic Acid:
1X.—Contributions” to . the Study of the Prickly Pear Problem,
X.~ & Chemical Exaniination of Samples of Water and of ‘Shetls from
the Inle Valley. XIL.—The Refluing of Crtide Saltpsetre. XII.~Enos
lising Action of Hydrogen Chloride on  Aldehydes and Ketonem,
XI1.~The Couversion of Eugenol into Isoeugmol

Vorvun VIL—(1924).

Part 1. —Studies in Alcoholysis V. The Alcobolysis of Esters of a8- uuqaf«mtea Acids
and of the corresponding satuvated Esters. - 1I,—~Chemica: Factors In
‘Denitrification. I1I.~The Retting of Coconut Husk for the Produetion -
" .ot Coir. IV.—~Reactions of Chromates- at -High Temperatures.
“ Part I. The ‘Synthesls and Decampc)sxtxon of Caleinm, Sodiam . and &
‘Magnesium Chromates in Air. " V.—Oil from Mxmusgps Hexandra:'
Raydn Oll. VI.-The Rélation Between " thé Todiue- Values and’
Refractive Indices of Hardened Oils. - Part 11, VH: —»Cnnttibﬁﬂons;
to the Scientific Stady of the Lac Industry.  Parts I—-VIII. VilLT,
- The. Systematic” Nomeuciature ‘of Polycyclie Carbon ‘Systems . I
Polyeyclic apd Cage Systems of Carbon Compotnds. ¥H. The
: s,"rgtemaﬁc “Noinenclature of Heterocychc Compounids including
.. “Polyeyelie "Structures. " 1X. —The Use of Mixed Catalysts .in ‘the"
" Hydrogenation of Oils.: . X.—Condénsation of Aromatic Amines with
' .jChIoroform or Carhon Tetrachloride in the Presence of Finely Divided”
K1.—1. Notes on Bixin, by K. Venkataraman. " IL An
fAikalmd from Anona Squamosa Leaves. XIl.—Iodine as a Catalyst in
" Resctiobs Involving Elimination of Hydrogen Halides. X111, —Studies
. Relating to the Symbiosis of Seeds and Bactetia. XIV.~The Bio-
Genesis of Mdhua Oil. XV,—Contribitions to the '3c1entiﬁc Study of

. the L Industry. Parts IX—X,
' Voromr VIII (A)—(1925).
Part 1. --’l‘he Photochemmal ‘Oxidation of Aromatic Hydrocarbons. I, by J. 1
- Budborough, H. E. Watson and B. T. Narayanan, Price, As. 8,

Part 1L ~Kachi-Grass 0il, by Bl]oor baniwa Rao and J. 5. gudbbrough Price
Re. . 3 ) y g
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