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v o0 Summary . 1.‘ : A

A]ummmm can ‘be covered electrolytlcally with a porous layer of
- . aluminium oxide, and oxidation afterwards in boric acid givés rise..
o~ ' to the formation of a crystalline layer. The experiments described
“.. > . below show undoubtedly that this layer only fills up the holes. of

. .The amorphous layer obtained in a solutmn of ~oxahc, sulphunc or .
phosphonc acid has a porous structure, the "pores having a diameter '
of abott- 10~ 5 cm and being mainly" orlented at nght angles’to the surface '
- on’ which the layer is dep051ted (see electron - mlcroscope picture; ﬁg 1 ) .
During the process of formation thé porois layer is saturated with elec-

_ currént passing through it.” Hence, if. the oxidation jis carried out at a ~

L layer can be ‘made as thick as we desue, there is only a sllght current
"~ decrease_during the first few seconds of the omdatlon L it
LA crystallme layer of Al,O; can be produced by using an aqueous
solutlon of a borate or boric acid, a -succinate or'a citrate. This layer has”

‘e

voltage the current steadlly decreases. Hence, there isa hmlt to the thick-

potenhal” which depends on the spec1ﬁc resistanice- of the electrolyte .
“solution 1); for 1nstance, the maximal voltage obtainable in a solution of a

-

max1mal thickness .of 044 TH - AR Do

"7 "previously been coated with an amorphous layer They held the view that

.+ the crystalline layer is in this case formed underneath the amorphous layer
Recent experiments, however, have led .us’ to the conclusion that this

- is mot correct; the formatmn of a crystalhne layer 1s taklng place in the

-, . : e . Y R

5 .

. the amorphous ALO;. Moreover, there is a correlation between the .
> ¢+ current density in oxalic acrd and the porosity of the amorphous - -
Yo l'\yer thus formed ) L . 1 FRREER
Caslt s Co P R s . * -
1 Introductwn f:" Lo s e
N By anodic ox1dat10n 4 piece of alumunum ‘can be covered elther w1th an

. amorphous or_with a “crystalline oxide layer S < AL

. trolyte ‘solution and offers’ only a very slight resistance to the electric _-7-

' constant voltage, the current too, w1ll ‘be practically constant, and the . -

- pronounced msulatmg _properties so that’during formation at constant -

ness of a crystalline layer, whlch is . determined by- ‘the so-called ¢ spark;“,r-

.. _borate with speclﬁc resistance of 40°Q cm is about 400 volts g1v1ng anee

Now, “it has been observed by~ Van Geel™ and Emmens 2 that an _
. 1nsulat1.ng erystalhne layer can be formed on an aluminium surface that ‘has R
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pores of the amorphous layer present. These experiments will be des-

cribed in the present paper.
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Fig. 1. Electron-microscope micrograph of a porous layer of 1'8 . thickness with the elec-
tron beam (250 kV) perpendicular to the surface (4200 x).

2. Experimental results

A) An aluminium plate (purity 99:99%,) with an area of 440 cm? was
anodically coated with a crystalline layer in boric acid at a constant
current of 200 mA. Both the voltage J and the capacity C were measured
during the process of formation; we give some of the results here:

Time (min) ‘(’3(')‘1‘;;%)5 1/C (cm-1)
0 10 1-00)
5 70 262( . 4
15 210 S e
30 375 162

(see fig. 2 and fig. 3, curves I)

dV/dt = 12:2 volts min1,
d(C1)/dt = 0'54.1078 cm™'min%,
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. development at the anode could be observed. During the formation of the
- oxide layer both ¥V and 1/C vary linearly with time, as expected. The capa-’

: " The increase “of welght ‘after 30 minutes of ox1dat10n appeared to be '
'28'75 mg; 1 amp. “hour glvmg 2984 mg of oxygen the calculated current - .
efﬁmency becomes 96%. This was in' agreement with the. fact that no gas

-

city at ¢ =0 is due to the oxidation of aluminium by air; and the thickness

'of this air layer is of the order of 1

my.
)

Flg 2. Voltage as a functlon “of time for
an Al plite of 440 ¢m® during anodical
oxidation in boric acid with 200 mA; curve _
I without an amorphous layer (A), curve
II with an amorphous layer of 3' 5 © (B)

Fig. 3."1/C in cm™ as a function of time
for an Al plate of 440 cm? during anodical
oxidation in boric acid with 200 mA; curve
" I without an amorphous layer (A), curve - .

» SIX with an amorphous layer of 3'5 1. (B).
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. By a 'well-known f:orrnula, the cap_acit(y ‘ofa ‘pla*te condenser is gix}en by:

- . . 4 T 'l -

where e, stands for the dxelectnc constant’ of the ox1de layer, S for the' :
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- surface area, and d for the thickness. Writing*p  for the specific werght we " .

can express d in the increase of weight, and from this-it follows that

€Q =

gwen by, Burgers, Claassen and Zernike?3), i.e. ¢ = 8 and g.= 3'1.

B) The same experiment was carried out with an aluminium plate (area o

440 cm?) covered with an amorphous layer l)y oxydatron in oxalic acid
_at 4A during 10 minutes, the -thickness of the amorphous layer then

bemg about 3-5 v Before the second ox1dat10n in boric a01d the plate was - -

24-4. This is in very good agreement with the numerical values ‘

3
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heated at 450 °C durmg 15 minutes, to remove residuals of oxali¢ acid
~and water. ¥ and C were again determined as a functlon of time, the cur-
"rent being kept at a constant value of 200 mA. Results follow helow (see .
. fig. 2 and ﬁg 3, curves II):

.

w3 Voltage =] - = i A
- Time (ml_n) , (voltsg) : pl/C (em '1) dV/dt = 50 volts min™ '
4 — 4(C)/dt = 2:04.10° om™min 1
0 54 2-24.10-8 .
6 360 | 14'5 .10, f o -

‘It may be noticed that, as referred to in the introduction, the oxidation
in oxalic acid produces a thin 1nsu1atmg layer which is responsible for the

A capacity of 497 MF. The increase of weight accompanying the " ‘oxi-

" . of the curves I and 11 we see that, due jo the presence of the. amorphous layer,

‘x‘

e

~

' mmd ,however, that the amorphous layer has. an gpen structure contamm'g

_dation in boric acid amounted to 6°0 mg, and from this it follows that the ,
. current efﬁc\ency is just 100%,. Comparing the values of d V/dt-and d/d¢(1/ c )

these quantities are about four times as great as in the first experiment. ..
Calculatmg the value of ¢ g for this case, on the assumption-that the

crystalhne layer is* formed underneath ‘the amorphous layer,” we ﬁnd
£0 = 67, and.it is evident- that thls assumptlon is wrong.' Bearing in

‘pores, it is natural to  suppoze that the much greater velocity of formatlon,

. 1in case an amorphous layer is present, is due to the filling-up ‘of the pores;

v

. “AL,0,.

2N

then only a‘certain’ part of the volume has to be. filled up with crystalhne
A1203, in order to produce a. layer w1th insulating properties.

This hypothesis can be verifiéd in the followmg way:

" In the experiment just described we used an amorphous layer of about
3 5 u, and the oxidation in bonc acid to 350 volts gives rise to a crysta].lme
~ layer of about 035 s hence; accordmg to the hypothes1s, only a small’

¥ fractlon ‘of the amorphous layer'is filled up with crystalline AL,O,.. But _

s

S

vy

using, instead, an amorphous layer of say, 0'2 . we may,expect a sudden -

decrease in the slope of the V(t)-curve during oxidation i in boric acid, because-
“at a certain time £'the amorphous layer will be wholly “filled up, and from )
- this time on- the entu'e surface ‘area has to be covered with’ crystallme

. i . ) v

C) The followmg experlments were. oarned out to_check’ thls pomt of

A

- view. Five aluminium plates with areas_of 165 cm? were covered with an .

<«

L

amorphous layer in oxalic acid at acurrent .of 200 mA during 2, 4, 6,°
8 and 10 minutes, respectlvely, and in this way each plate was covered "
~ with an amorphous layer of a thickness proportlonal to the tlme of oxi
dation. The plates were again heated at 450 °C during 15 minutes and-then
anodlcally oxidized in bonc amd at a current of 100 mA to_ build up

Ces =
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“same shape

phous Al,O; with dlfferent tlncknesses durmg angdical ox1datlon in, bonc acid at’

- 100 mA (C)

As expected the slope of the curves are . very steep in the start (the Q,, L

“ .
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Flg 4. Voltage as a functlon of time for Al plates of 165 cm? covered with layers of amor-
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penod of filling up the holes of the amorphous layer), but after a certam

time a marked decrease of the slope takes place.”

.

,m

5

v é

i The two straight portions of the curvesin fig. 4 Jhave been extrapolated
“until they intersect, -and the time. correspondmg to this point . of  inter-
- section has been:taken-as-the time at which thé pores of the amorphous

: oxahc acid,.as we should expect in virtue of our hypothems.,

From the two. extreme values of the slope in fig. 4 one may conclude S

e

< layer are completely filled up w1th crystalhne material. ‘As shown in
- ﬁa. 5, these time intervals are proportlonal to ‘the time of. ox1dat10n m

s

" that the volume of the pores in the amorphous layer amounts to 30% of the
-~ total volume. This is,in rather good agreement ‘with the spec1ﬁc weights of
' amorphous and crystalline AL,Q;, these values being, respectlvely, 2'5 and

. - 3 1 from which follows a relative volume of the pores of about 25 A). R
The same result is obtained by noticing that in fig. 5 the slope is ]ust . '\"\ =

--0'5, and, bearmg in mind that the current in oxalic acid was 200 mA and in _
borlc acid 100 mA ‘wesee that a porous-layer formed by x amp. minutes -
is just filled up in boric acld hy Y, % amp mlnutes. this leads to 25% for

the relatlve pore volume. |

i

»

'crystallmc layer, 14 and c’ were determmed as a functlon of tire; in- .
fig. 4 the results for V. have been reproduced those for l/C bemg of the

A

B

L. s
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: dV/dt by the current density i. It will be easily verified that we then have

e Let us now compare the rate of change of the voltage durmg oxidation

N

Ve
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3. The rate of change of voltage as a measure of the porosuy of the amorphous
Zayer S

Fi i B

in boric acid in the various experiments described above. The rate' of
change in the voltage will, of course, be proportional to the current den-
sity,'so that to render our data mutually comparable we should divide

. v avide . Vmin™ : :
expenment A : = 964 ——— 50 .
R o i, mA em™ ' -

) V/dt - Vmin™® -~ -« . "7 i

d st f tC: =256 ——, - )
secon s age o expenmen € — cnr =

in satlsfactory agreement, since in both cases the entlre surface area was

_bemg coated with a crystalhne layer. = .. * REEE
. 3 L - S )7 B 4 - B v ~ ’ R
o3 : -
> .g5 gtz . i
s /| ’ ~ -
. % 3 - '.70 -
£4 e [LEET
R R B R S T /R 4?0 B 2
PR tlme of oxydat/an/noxal/c acid : ; oL —>cum9nt in oxaI/c ac/d
-~ C0 soens . : . soors. N
= Flg 5. The time necessary for filling up ) F]g 6. The veloc1ty of omdatxon for 100
" the amorphous layer at 100 mA as a ~. mA in boric acid as 2 function of the
furiction of the time of ox1datron inoxalic . ~ oxidation current in oxalic acid for- Al
. .acid at 200 mA, i.e. as a function of the Ny plates of 165 cm? = - .o
e .th.lckness of the amorphous layer ‘ - —
- . v ‘~ X /.', . " . . P -, R L
On thé other hand we have' S R
RSN AR EE 'dV/dt g Pmin
In experiment B: S, B - = 110 — .
. p ‘ . L 7 mAem™”
T r . ’ . )Y ’ ¢ 5
' dth e Vmin™t ST T
and in the 1n1t1a1 stage of expenment C: . / = 83 —m— - <

I3

i~ -« - .mAem™®. ",

In these two instances the crysta]hne matter was bemg formed in the pores .
" of an amorphous layer. The increased rate of change of voltage must then
“he ‘due to a current densrty in the pores hlgher than the current dens1ty
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" calculated from the apparent surface area. If so, our data lead to the con-

- cldsion that the porosity of the amorphous layer was of the order of 25
to 30%. This is in keeping with density observations, the spe01ﬁc weight

]:

. ofan amorphous and a crystallme layer being 2°5- and 3'1 respectively.
- The above comparison bLetween experiment B and the initial stage-of
-+, experiment C also suggest a “difference in the degree of porosity in these °

two cases: This may be a consequence of d1ﬂ'erent current densities used

, in the formatlon of the amorphous layer, 91 mA/cm2 ‘and 1 2 mA/cm2 .

respectrvely Th1s has led us to mvestlgate the rate of change

dvjde

\

-

as ‘a function of the current den51ty\used in formmg the amorphous layer, L

3

N N
M3

4 -

, w1th the results tabulated below and plotted in ﬁg 6

’ sziiﬁ(}:egzgy n dV/d':m bonc amd - s

,(mAfem?) (me“llmA cm“2) S
1-21 7. - oL

. 2922 | 89 “=. T -

304 s 955 o .
605 04 SO
910 . 106 T
1335 '

106 o SR

-

There is mdeed a marked dependence, a hlgher current dens1ty in oxahc '
» acid produclng a denser structure of the amorphous coating. -

It may finally be noted that the capacu:y of an aluminium surface that ’ X

~has whollybeen oxidized in boric acid is the same as the capacity of a surface
that has first been oxidized in oxahc acid and subsequently in boric acld‘

. This shows that the’ dlelectrlc constants of amorphous and crysta].lme Al, 03 A
" must be equal T, - o PR
. B = - Eindhoven, June 1947,' we
/ .. - ) 3, . . . - “' ~
. < ' Voo
X .
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