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PREFACE

The work in this thesis was performed under the guidance
of Professor Hideo Tamura at the Department of Applied Chemistry,
Faculty of Engineering, Osaka University. |

The object of thiS'thesis is to describe the clarification
of iﬂ;orpofation of impurity elements from the electrolytes or
the metal éubstrate into gpodic oxide films of tantalum and
lead-antimony alloy and further, role of the incorporated
impurity elements on the mechanism of growth. The author hopes
that the secondary ion mass spectrometry presented in this

thesis become one of a powerful tool on characterizing the

anodic oxide films.
Fumihiro Arifuku

Department of Applied Chemistry
Faculty of Engineering .
Osaka\University

Suita, Osaka

January, 1979
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INTRODUCTION

Anodic oxide films on metals are of great importance, they
are utilized as protective coatings of metals and in
technological devices such as capacitors and batteries.

On preparation of anodic oxide films, there are a variety
of choices of the electrolytes, but many indications have beeh
reported on that the composition of electrolytes have a large
effect on anodic behaviors and natures of oxide films. It has
also suggested that impurity elements in the metals have similar
effects to that of the electrolytes. Incorporation of impurity
elements from the electrolytes or the metal substrate seems to
be resPOﬁsible for the phenomena.

In order to elucidate these phenomena, it seems important
to get knowledge on the incorporation.

Recently, the secondary ion mass spectrometry ( SIMS ) was
effectively applied for analysis of the incorporation of
phospho£us and fluorine in the anodic oxide films [1,2].

The object of this thesis is to investigate the
incorporation behavior of impurity elements and the roles of
them in the formation mechanism of anodic oxide films on
tantalum and lead-antimony alloy, combining the electrochemical
techniques with the SIMS. Since tantalum oxide films used as a
capaci;or are tight, the application of the SIMS technique for

the analysis will not be difficult as suggested from the



published works, but no positive evidence on the effectiveness
of the SIMS technique has been reported on porous films such as

oxide films on lead-antimony alloy.

The contents of this thesis are composed of the following

papers.
~“1+ - “Incorporation of Electrolyte into Anodic Oxide Film on
Tantaium

F. Arifuku, C. Iwakura, H. Yoneyama and H. Tamura
Denki Kagaku, 46, 19 (1978).
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2. The Behavior of Incorporated Impurities
Oxide Films at the Dielectric Breakdown
F. Arifuku, H. Yoneyama and H. Tamura
Electrochim. Acta, in contribution.

3. Migration of Incorporated Phosphorus in the Anodic Oxide
Film Formation of Taﬁtalum
F. Arifuku, H. yoneyama and H. Tamura
Electrochim. Acta, in contribution.

4. Distribution Profiles of Antimony as a Function of Depth
of Corrosion Films of a Lead-Antimony Alloy
“F. Arifuku, H. Yoneyama and H. Tamura
J. Appl. Electrochem., in press.

5. The Distribution of Antimony in the Oxide Layer Formed by
Potentiostatic Oxidation of Pb-Sb Alloy
F. Arifuku, H. Yoneyama and H. Tamura

J. Appl. Electrochem., in press.



CHAPTER 1

INCORPORATION OF ELECTROLYTES INTO ANODIC OXIDE FILMS ON
TANTALUM AND THE BEHAVIOR OF INCORPORATED IMPURITIES AT
THE DIELECTRIC BREAKDOWN

1. INTRODUCTION

Insulating amorphous oxide films are usually formed on
tantalum by anodic oxidation in almost all the aqueous
electrolytes except for fluorides [3]. It was reported that
anodic oxide films on tantalum had a " two-layer " structure [4]
when they Were formed in sulfuric acid, phosphoric acid and
nonaqueousbmixed sqlutions composed of ethylene glycol, Na2B4O7
and small amount of H20. The two-layer structure of the film
was supported by a radiotracer study [5] and infrared reflectance
spectra [6] of the anodic oxide films.

It was also found that the electronic conductivity of the
anodic oxide film depends strongly on the forming solution [7],
which seemed to be related to the in-depth film éomposition.

The main purpose of this chapter was to eleucidate by
SIMS whether any other chemical species were incorporated from

the electrolyte into the oxide film or not, and to investigate

how incorporated elements behave on the dielectric breakdown.



2. EXPERIMENTAL

2.1. Preparation of samples

Commercially available tantalum sheets of 0.3 mm thickness
‘and of 99.9 % purity were used in this étudy. iThe sheet was cut
'into‘rectangular pieces of three different sizes ( 7x10 mm, 11X
15 mm and 12x20 mm ). Edges of the pieces were polished
>mechanically with emery papers, and a tantalum wire ( 0.50 mm in
dia. ) was spot-welded onto one of the corners of the piece to
make an electrical contact. Then only the portion of the
tantalum wire was sealed in a glass tube. The spot-welded part
was covered with an insulating oxide film prepared by oxidation
in a flame. The electrodes were degreased with acetone,
Vchemically polished for few seconds in a mixed acid solution
( H,S0,

to that reported by Vermilyea [8], until the smooth surface was

: HNO3 : HF = 5 : 2°: 1.5 by volume ), which was similar

obtained, and finally washed with deionized water. After being
dried in air with a blower,vthe insulating part of the electrodes
was further covered with epoxy resin or Daifloil #200 ( oligomer
of trifluorochloroethylene ) in order to prevent appreciable
current leakage in the épot—welded part during anodic oxidation
of the electrode. Immediately before use, theielectrodes were
dipped in HF solution for ten seconds, washed thoroughly in a
stream of deionized water, and then subjected to anodic
oxidation.

All the electrolytes were prepared by dissolving reagent
~grade chemicals intoidoubly distilled water.

Anodic oxidation of the tantalum electrode was carried out



up to a fixed potential under a constant current density.

To get information on behaviors of the incorporated
elements at the dielectric breakdown, samples Subjected to
partial breakdown were prepared in the following manner. When
the electrode réached a high oxidation potential in the forming
solution and the breakdown commenced, :the breakdown part of the
’fiim was noticed to change abruptly in the interference color.
The oxidation current was forced to-flow until approximately half
the area of the electrode showed the color characteristics of the
breakdown. The author will ﬁereinafter describe the remaining
part from the breakdown as " nornal part ".

The potential of the sample electrode in the anodizing
solution was measured against a saturated calomel electrode
( SCE ). After anodization, sample oxide surfaces were thoroughljy
washed with a steam of deionized water for one or two hours to

eliminate electrolyte components sticked to the surface.

2.2. Electrochemical measurements
The capacitance of the anodic oxide film was measured at 1
kHz in 0.5M H,50, by using a Wheatstone bridge assembly [9].
»Cﬁrrent;potential curves were measured potentiostatically
in lM‘HClO4 and current-time curves in the same solution at a

fixed potential of ~-1.0 V vs. SCE.

All the measurements were carried out at 25 °C.

2.3. Secondary ion mass spectrometry
Measurements of in-depth profiles of impurities in the

anodic oxide films on tantalum were carried out by using SIMS



( Hitachi, model IMA-2 ). Detailed descriptions for the IMA are
found in articles already published [10-13].

As an impinging primary ion, ArT was chosen. The
acceleration voltage of the primary ion was sét up at 10 kv, and
that of the secéndary ions at ¥3 kv. The sample current was
adjusted so as to‘give 1.43 x 10_4 A/cm2 on a stainless steal
sample holder with a diameter of the beam spot of 1/15 cm, except
where the analysis was made for the breakdown films ( 5.72 x 10-4
A/cmz, $ 1/30 cm ). After the filament of the ion gun was kept
under a discharged‘condition for about 1 hr, the primary ion
beam was impinged onto the sample holder for about 0.5-1 hr so
that fairly stable signals of secondary ions could be obtained,
possibly by attainment of a constant temperature of the sample
holder. The measurements were then conducted. The sample
chamber was evacuated to approximately 10"7 Torr.

It is necessary in the in-depth analysis that the beam has
the same intensity throughout the spot. To attain such a
condition, impingement of the primary beam was conducted under
an under-forcussing condition [11] and the suitability of the
condition was confirmed in the in-depth anaiysis by checking an

abrupt change in the signal intensity of tat at the tantalum-

oxide interface of an anodic oxide film.
3. RESULTS AND DISCUSSION
3.1. Incorporation of impurity elements

After anodization of tantalum in various electrolytic

solutions, impurities incorporated from electrolytes into the



oxide film were analyzed by IMA.

The solutions used were those of phosphoric acid, sulfuric
acid, nitric acid, hydrochloric acid, boric acid, potassium |
fluoride, sodium chloride, lithium chloride, potassium chloride,
sodium perchloréte, sodium bbrofluoride, sodium orthosilicate,
‘sodium hydroxide, éodium sulfate, ammonium sulfate, nickel
sulfate and sodium sulfite.

As expected, no incorporation of lithium, sodium and
potassium ions was observed. Incorporation of nitrogen which was
expected from the literature [14] was not observed in oxid; films
anodically prepared in 13.4, 6.7 and 3.4M HNO3. Incorporations
of sulfur [4,5,14-17] and phosphorus [5,14,17,18] as constitutive
elements of anions in the electrolytes were already reported.
Recently in-depth profiles of the incorporated phosphorus and
fluorine were successfully shown by Evans at al. [1,2] by means
of IMA. No report is found for incorporation of chlorine, which
will be revealed in the present study.

It was also found that any other elements constitutive of
anions studied were not incorporated at all even when the
concentration of the anions was chosen as high as possible.

Fiéure 1 shows in-depth profiles of 328 and 160 in oxide
films which were formed by anodization up to 40 V in various
concentrations of sulfuric acid. To obtain the data shown in

Fig.l, negatively charged fragments of 325~ ana 1°

0 were
measured. The abscissa indicates the sputtering time or the time
from the start of the bombardment with the Ar’ primary ion. This

corresponds approximately to the depth from the sample surface

since the primary ion beam was fairly uniform. Though the



relation of the sputtering time to the depth was not directly
measured, the sputter rate was supposed to be a few i/sec. The
oxide film is judged to be sputtered out at time t, at which an
abrupt change was observed in the signal intensity of oxygen
ions. Figure 1 shows that the amount of incorporated sulfur and
relative depth of the incorporation tl are increased with an
increase of concentration of sulfuric acid. The incorporation
was, however, restricted in the outer layer of the tantalum oxide
film and the‘depth of the incorporation was only the half of the
film thickness at th; latgest. This observation is in agreement
with the results obtained by radiotracer [5] and byéﬂectmxﬂmmdcal
studies [4,5]. Figure 1 clearly shows that the amount of

incorporation is proportional to concentration of sulfuric acid

Signal intensity (arbit. unit)

w

Collected Signa!l intensity sec. jons (arbit, unit)

~
T

-
L

t/min
“Fig. 1 Sulfur concentration profiles in % e s T T
anodic oxide films formed on t/min

tantalum at 0.2 mA/cm? in vari-
ous concentration of sulfuric
acid

Fig. 2 Chlorine concentration profiles and
collected secondary ions in anodic
oxide films formed at 0.2mA/cm?®

Concentration of sﬁlfuric acid : in hydrochloric acid

[J: 0.05M, @; 0.5M, A;, W; 6M, O; 9M

———Typical oxygen profile (OM H,S0.) Concentration of hydrochloric acid :

3:1.3M, A; 3.9M O; 1.7M



of the electrolyte.

Figure 2 shows in-depth profiles of 35Cl in oxide films
formed at 40 V in hydrochloric acid, together with simultaniously
measured secondary ion profiles collected at the B-slit of the
mass spectrometef. The secondary ions collected at the B-slit
give a measure of the amount of the total secondary ions. The
figure shows that the amount of incorporated chlorine depends
strongly on the concentration of the forming solution, but the
in-depth distribution profile of chlorine differs from the cased
of phosphorus in the point that chlorine is distributed throughout
the oxide film. The secondary ion,prdfiles collected at the
B—slit indicate that the sputtered-out time of the oxide films
became short with an increase of the concentration of HCl. The
decrease of the sputtered-out time of the films with an increase
of the concentration of the incorporated impurities was also
observed in the case of the film formed in phosphoric acid and
sulfuric acid. This phenomenon will be discussed in section,. 3.3.

Figure 3 gives the in-depth profiles of fluorine as well as
oxygen in the films formed by pre-anodization up to 10 V in 0.05M

HZSO4 and then by reanodization in 4M NaBF Boron ions could

4
‘not be détected in these films by IMA. The figure, therefore,
ShOWS'fhat only fluorine was incorporated into the oxide on the
reanodization and was gradually accumulated at the metal-oxide
interface. Similar results to those in Fig.3 were also reported
on the samples which was reanodized in a 3M KF solution [1]. It
is evident from Fig.3 that borofluoride ion dissociated into

boron cation and fluorine anion at the oxide-solution interface

under a high electric field. It is speculated from the in—depth



profiles of incorporated fluorine and chlorine that the sizes of
the both anions play an important role in incorporation profiles

of them.

3.2 Sulfur incorporation

The influenée of forming current density on the depth of
the sulfur incorporation was investigated with films formed in
9M HZSO4 up to 40 V. 1In Fig.4 the ratio of the time required

for the incorporated layer to be sputtered out t., ( see Fig.l )

1
to that for total length of the film t2 is plotted as a function
of the forming current density. The ratio tl/t2 can not directly
be connected to the ratio of the film thickness corresponding to
the incorporated layer to the total film thickness, because the
sputter rate was different between the layers with and without

incorporated sulfur, as will be described in section, 3.3. If

the correction for the difference between the sputter rate of

T TV T T Ty T

osf _ J

07}

0.5}

4ty

Signal intensity (arbit. unit)

03 .

t/min 0.2k . -

x A e s lasad 1 [N

1 1
002 005 01 02 05 1t 2 S

Fig. 3 Fluorine concentration profiles
in reanodization films at 0.2
mA/cm? i/mA cm™?

0, ©® : 10V in 0.05M H,S0,+10V in 4M NaBF,
A, A 10V in 0.05M H,SO,+20V in 4M NaBF,
[],¥ : 10V in 0.05M H,S0,+30V in 4M NaBF,
Open symbols represent data of signal intensity
of F- and filled symbols those of O~
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Fig. 4 ¢,/t, ratio as a function of current
density for formation at 40V in
9M H,SO,

QO : ¢ taken from mfe=32 (**S-and *O,")
[ : ¢ taken from mje==34 (%57)



the incorporated layer and that of the non-incorporated layer is
made, the dotted curve in the figure was obtained. The results
in Fig.4 clearly show the forming current density affects the
incorporated depth of impurity. This results implies that the
incorporation dépth increased with an increase of the field
strength, although the distribution of the field strengh may not
be uniform: the field strength in the incorporated layer is
rather high compared with that in the non-incorporated layer [18]

3.3. Influence of incofporated sulfur on film properties

The forming potential attained was higher in 9M H,S0, than
in 0.5M H2504 when the same quantity of electric charge was
passed with the same current density, as was already reported by

Young [15] and Draper [16].

Figure 5 shows a typical ,
example obtained in this
6+
study. When the film thickness I
- sk
was determined by a usual 5
8
manner from capacitance data g T
<
=1
for the films formed in the 3
‘ g
same condition as in Fig.5, it & 0
‘ o«
was larger when the films were
‘ -
prepared in 9M H,50, by about
o 1 1 X x i
20 % than those prepared in s w0 ws ez
Q/C cm~
0.5M H2504 . When the films Fig. 5 Reciprocal capacitance vs. charge
passed for anodization of tantalum
were formed at a fixed forming in sulfuric acid
O :0.5M H;SO,, 0.2 mA/cm?
potential of 40 V, the film ®:9M H,SO,, 0.2mA/em?

3:0.5M H,SO,, 1.0 mA/cm?

thickness was the same W : 9M HSO,, 1.0mAfem?

-11-



regardless of the concentration of sulfuric acid, so far as the
current density used was not different, as reported by Draper [16]
This meané that the film thickness is unequivocally determined by
the forming potential. As already reported on the film prepared
in 0.5 vol. & HéSO4 [19]1, a linear relatioh was established
between the forming potential and the time required for the film
to be sputtered out by Ar+ ( sputtered-out time ). Therefore,

it was expected that measurements of the sputtered-out time

would give a measure of the film thickness which was anticipated
from capacitance data. However, the use of differen£ forming

solutions leads to the appreciable differences in sputtered-out

time of the films. Typical data are presented in Table 1.

Table 1 Comparison of sputtered-out time
for films formed at 40V under
four different conditions

" Relative differ-
((‘::;:(im Forming S&u [:i";rcd_ ences based on
ity lb . me thg val_ue ob-
(mAjcm?) solution (min) 5\‘«,[”‘131513(5? 0.5
0.2 0.5M H,SO, 10.43
9.0 M H,SO, 9.07 —13.095
1.0 0.5M H,SO, 9.82
9.0 M H,SO, 8.37 —14.89

It is evident that the sputtered-out time for the film formed in

9M H,SO, is shorter than that in 0.5M H,SO in spite‘of the

2774 2774’

same forming voltages ( 40 V ). The similar trend to this

phenomenon was also observed for the films formed with the same

7

guantity of charge in the different forming solutions. In this
case, film thickness determined from capacitance data was larger
for the film formed in oM HZSO4

H2804, as described above. However, the sputtered-out time for

by about 20 % than that in 0.5M

the film formed in 9M H.SO

250, was larger only by 5-10 % than that

-12-~



in 0.5M H.,SO,. These results suggested that the sputter rate

2774
for the film formed in 9M H,S0, was higher than that in 0.5M
HZSO4. Since sulfur incorporation was considered to be

restricted in the outer region of the film ( see Fig.l ), there’
must be difference in the sputter rate between the films with
and without appreciable sulfur incorporation.

Besides the change in

physical properties of the
film by the incorpbration,

the incorporation also brings

i/mA

a charge in electrochemical

properties of the film [7].

t/min

Figure 6 shows the variation

Fig. 6 Variation of current at —1.0V
wvs. SCE as a function of electro-
lysis time for films formed up
to 40V at 0.2mA/cm*®

Concentration of sulfuric acid :

0O:0.5M, ©@:9M

of current at -1.0 V vs. SCE
as a function of cathodic
polarization time for two
kinds of films. ‘The difference
in the cathodic current behavior suggests that an electrochemical
nature of the film is also largely influenced by incorporation of
sulfur, although the electrochemical reaction caused by the

cathodic current is ambiguous at the Ta205 electrode.

3.4. Dependency of breakdown voltage on concentration of
electrolytes
The relation between the breakdown voltage and the
concentration of the electrolytic solutions, measured in the
relatively high concentration of sulfuric acid, phosphoric acid

and hydrochloric acid, were indicated in Fig.7. The breakdown

-13-



300

200

100

Breakdown voltage / V

0 1 Il ) 4 1

0 5 10 15 20
Concentration / M

Fig.7. Dependence of the breakdown voltage of
tantalum oxide films on the electrolyte
concentrations.

O: ii3PO4 , A : H,50, , 0O : HCL

voltage adopted in this study were the electrode potentials at
which the emission of sparks and/or local gas evolutions
commenced at 0.2 mA/cmz. In the limited high concentrations of
the electrolyte used, the dependency of the breakdown voltage Vbd
on the concentration was different among the kind of electrolyte,
and a simple rule [20,21] applicable to a varitey kinds of
electrolytes was not established. As indicated in Fig.7, the
following relations seem to be established between theconcentratior

of electrolytes C and Vbd; a linear decrease in V with an

1/2

bd

increase in C and C for phosphoric acid and sulfuric acid,

respectively, and no effect of C on Viq for hydrochloric acid.

3.5 Behavior of the incorporated impurity elements at the
breakdown
Typical in-depth profiles of incorporated impurities in the

normal and breakdown parts of oxide films formed in three

-14~



elecrolytic solutions are shown in Figs.8 to 10. In these
figures, the intensity of the incorporated elements is represented
by a relative scale to that of secondary ions which were collected
at the B-slit of IMA. The secondary ions collected at the g-slit
can be used‘as a measure of the total secondary ions originated
from the samples [22]. The change in the signal intensify of
the secondary ions with sputtering time will be attributable to
a change in sputter rate and/or secondary ion yield of the film.
The relative intensity of the incorporated‘elements is,therefore,
thought to show the intensity corrected for fluctuation in the
amount of ions produced'during the sputtering period.

Figure 8 shows for tﬁe incorporated sulfur. The film was
formed in 9M H,SO,. When the breakdown occurs, the incorporated

2774

sulfur seemed to be decreased near the surface region even on

g
v
0
J
i
~.‘.,-A—""'"‘-“\ B
'

-~
-

s_._._.-_g__"‘\ -
v o

410

( arbit, unit )

1
1
]
1]
]
®
i F
] \
i
[}
)
\

)
A
LY

Collected secondary ions ( arbit, unit )

( g / sec, ion ]
o
‘o,
Lg % L g v T
/
" 4 | " " 2
: w

Sputtering time / min

Fig.8. 1In-depth profiles of incorporated sulfur in
tantalum oxide films anodized in 9M H,S0, up
to the dielectric breakdown voltage.

O, ®: normal part ’
A, A: breakdown part
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the normal part of the film, and at the breakdown part, the
decrease is pronounced. This result suggests that the normal
part of the film may not have the " normal properties " which a
film having no histry of the breakdown has, as suggested by Wood
et al [23].

Fig.9 shows for phosphorus incorporated in the film
prepared in 7.3M H3PO4. The phosphorus profile at the normal
part of the breakdown oxide film was almost consistent with that
of the orxrdinary filh [1,2]. It is obvious at the partially
breakdown part positioned between the normal and the breakdown
parts, that phosphorus became rich in the film surface region.
Furthermore,lthe trend becaﬁe more appreciable at the breakdown
part, and, in addition, a decrease in the content of phosphorus

is suggested in the interior of the film. A slight decrease in

Collected secondary jons { arbit. unit )

Sputtering time / min

Fig.9. In—depth.profiles of incorporated phosphorus in
vtantalum oxide films anodized in 7.3M H3PO4 up
to the dielectric breakdown voltage.
O, @: normal part
O, ®: partially breakdown part

A, A: breakdown part

~16-



phosphorus content was occasionally observed in the surface region
of the " normal part " of the film. However, almost the same

profile of phosphorus as in Fig.9 was obtained even at the breakdow

part of the film having such an anomalous " normal part ".

The in-depth profiles of the secondary ions and 35Cl— are

shown in Fig.l10(a), the secondary ions and 160— in Fig.10(b), and

35Cl-/sec. jons ] and [ 16O—/sec.

signal intensity ratios of [
ions ] in Fig.10(c) for tantalum oxide films anodized in 11.7M
HC1l up to the breakdown voltage. It is found that when the

breakdown occﬁrs, both chlorine and oxygen were intruded into the

E

2

el

LI :
i ; - (a)

go TS S S N WO S W NS WY WU WU WOE AT VO YO I I S Y

6 _~

E st o,A:IO

L] ®, 4: sec. ion

i

-

LI}

- (b}

:noLlLLllllllllLLL‘lll_l;lLLl
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~

)
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~ 35 .~

30.4 O,A: Cl /sec. ion

. o.a: %07 /sec. ion

3 ’ (c)

%) 0 IS S S S I 1 B OV RT N ST U TG ST A

. 0 10 . 20 30 40

Sputtering time / min

Fig.10. In-depth profiies of incorporated chlorine and of oxygen
in tantalum oxide films anodized in 11.7M HC1 up to the
dielectric breakdown voltage. (a) >°Cl” , (b) %0~ and
@ [ Pc17/ sec. ion ] and [ %07/ sec. ion ]

O, ®: normal part , A, A: breakdown part
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interior and the tendency for the intrusion was high for chlorine.

The results shown in Figs.8 to 10 show that distribution
profiles of the incorporated impurities dramatically changes on
the breakdown of the film. However, the trend of the change is
quite different.among the incorporated impurities. The removal
was suggested for sulfur, while the intrusion into the substrate
metal for-chlorine. - In the case of phosphorus, the behavior was
complicated , and the surface enrichment accompanied with a
decrease in the content in the film body was suggested.

A plausible explanation to the difference in the behaviors
of the incorporated impurities on the breakdown is as follows.
Sulfur and phosphorus are incorporated in the film in a form of
oxyanions [14,24], while chlorine as a chlorine anion. When the
breakdown commences, the ionization of the film takes place, and
the incorporated chlqrine is forced to move toward the metal
substrate. On the other hand, the oxyanions of sulfur and possibly
of phosphorus were broken down by the ionization under a high
electric field to give positive charges, and then the resulting
species having the positive charge migrate toward the solution
side. Anyway, it seems difficult to imagine‘that the incorporated

anionic species are stable on the breakdown.

-]18-



CHAPTER 2

MIGRATION OF INCORPORATED PHOSPHORUS IN THE ANODIC OXIDE
FILM FORMATION OF TANTALUM

1. INTRODUCTLION

In order to clarify the growth mechanism of the anodic
oxide film on tantalum forméd in various electrolytic solutions,
the transport numbers of constitutive ions of the anodic oxide
film, i.e. those of tantalum and oxygen ions, were studied by
many investigators {1,5,25-30]. Davies et al. [26,27], Whitton
[28] and Pringle [30] used radioadtive rare gas elements as
immobile mass markers, and obtained 0.26-0.31, 0.28 and 0.243,
respectively for the transport number of tantalum ions. On the
other hand, when phosphorus which is incorporated in the anodic
oxide film formed in phosphoric acid solution was used as a mass
marker, relatively high values of ~0.5, 0.51-0.56 and 0.46 were
obtained for the transport numbers by Randall et al. [5], Dell'Oca
et al. [29] and Pawel et al. [1], respectively. Such differencé
in the transport humbers obtained may be attributed to mobility
of the incorporated phosphorus under a high electric field. The
immobility is essential for a marker to be used. A condition of
the immobility will be satisfied when the marker has no charge.
The incorporated phosphorus was suggested, however, to exist as

oxyanions in the oxide film [14,24]. Therefore, the primary
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purpose of this chapter was to investigate whether or not the

incorporated phosphorus is mobile.
2. EXPERIMENTAL

2.1. Preparation of samples
The preparation procedure of samples was described in the
previous chapter. -A very thin marker layer was formed in 6M

H3PO by galvanostatically oxidizing the sample by 1 V. The

4
anodic oxidation was carried out galvanostatically in 0.5M H,50,

up to a desired potential.

2.2. Determination of in-depth position of the marker layer in
the oxide film
Figure 11 shows typical in-depth profiles of 31P+ and the

secondary ions collected at the B-slit of the mass spectrometer

Signal intensity { arbit. unit )

Sputtering time / min

Fig.11. Typical in-depth profiles of 3lP+ and

the collected secondary ion profilés
for an anodic oxide film of tantalum
formed initially at 1.0 mA/cm2 tolv
in 6M H.PO, and then to 39V in 0.5M

3"74

H2504.
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of IMA for a tantalum anodic oxide film containing the phosphorus
marker layer. The secondary ions collected at the B-slit give a
measure of the total secondary ions [31]. The time required for
the oxide film to be sputtered out is assigned t, ( min ) and
that for the inéorporated phosphorus to give the highest
intensity ty ( min ).

- Iflassumptions are made; (1) the incorporated phosphorus.
is immobile, (2) the peak top of the 31P+ profile give the center
of the marker layer, and (3) the sputter rate is constant |
throughout in-depth direction of the oxide film,_fhen the
transport number of tantalum ions tTa is given by the following
equation [1,30] for an oxide film formed in such a manner that
firstly the oxide film was formed in 0.5M H,S0

up to v. V, then

4 1

by additional v V in 6M H PO, and finally again in 0.5M HZSO4 by

3
additional v, V.

ty
t = (1)
Ta v/2 + v,
t2 X
Vl + v + \f2
3. RESULTS AND DISCUSSION

In this study, the in-depth position of thé marker 1ayef7'
is required in a relative scale to the total film thickness, and
the absolute value of total film thickness is not important.
Therefore, all the thickness were given in terms of the tantalum
formation voltage. When tTa was determined for anodic oxide
films formed at 0.2 mA/cm2, by formally employing the eq. (1),

the results given in Table 2 were obtained. It is recognized in
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Table 2

Typical variation of in-depth position of the peak

top of the marker layer in the oxide films formed

at 0.2 mA/cm2

Initial anodization | Marker layer Reanodization | Apparent tra
voltage ancdization voltage| voltage determined
in 0.5M H2504 in &M H:’P()4 in 0.5M H2504 by eq(l)
(v) (v) tvy)
- 1.0 9.0 0.108
- 1.0 19.0 0.350
- 1.0 29.0 0.387
- 1.0 39.0 0.411
- 1.0 49.0 0.428
- 1.0 69.0 0.438
A9.5 1.0 9.5 0.130
14.5 1.0 14.5 0.252
19.5 1.0 19.5 0.330
24.5 1.0 2455 0.330
9.5 1.0 34.5 0.405
9.5 1.0 59.5 0.419

this table that tTa obtained seems to depend on the formation

voltage.

different current densities,

( Fig.12 ).

The same was true for the oxide films formed at

Furthermore it was

recognized in Fig.12 that toa increased with an increase in the

formation current density.

When the oxide film formation was

made at a fixed current density up to a desired potential, and

0.6
0.5}
0.4¢
]
3]
+ 0.3F
I
@ 4
s 0.2}
0,
Y |
<
0.1}
o L |8 i A 1 ) 1
-0 10 20 30 40 50 60 70
Reanodization voltage, vy / Vv
Fig.12. Apparent tTa as a function of the
reanodization voltage.
Oo: 0.05 mA/cm2 &®: 0.2 mA/cm2
O: 0.2 ml’x/cm2 m: 1.0 m.l\./g::m2
A: 0.6 mA/cmz
g: 1.0 mA/cmz
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then by maintaining the final forming potential for 1.5 hr, the
prepared film gave a different tTa from that of the oxide film
prepared only by theAgalvanostatié oxidation. The result is also
given in Fig.12. During maintaining at the constant potential,
the film continﬁes to grow ( several tens of i ) with an
exponential decay. The observation that toa increased by 0.05-
0.07 during this additional film formation will give an evidence
to throw a doubt on immobility of the incorporated phosphorus as
the mass marker.

;igure 13, obtained from the results in Fig.12, shows the
position of the peak top of the marker layer, d in V of the oxide
film thickness measured from the oxide-solution interface as a
function of the forming voltage. It is observed that the

position of the marker layer was proportional to the reanodization

voltage,. Ve The extrapolation of the relation to 4 = 0, however,

40

30

da/ v

204

10

v2/V

Fig.13. Position of peak top of the incorporated
phosphorus as a function of reanodization
voltage.

0: 0.05 mA/cm
O: 0.2 mA/cm
" At 0.6 mA/cm
0: 1.0 mA/cm

¢: 0.2 mA/c:m2
m: 1.0 m}\./cm2

N N NN
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does not give the intersection point at zero volt, but 4 to 6 V
of reanodization voltage depending on the forming current
density. This result indicates that the oxide growth.
preferentially proceeded under the marker layer in the initial
period of the reanodization ( 4-6 V). It is obvious that a
dramatic change in toa with Vor observed in a low anodization
voltage region ( see Fig.12 )}, reflects this effect.

The analyses of Figs.1l2 and 13 were carried out under the
assumption that the film-has a constant sputter rate throughout
the entire film thickness. This assumption may draw some
criticizms, but seems to be fairly reasonable by the following
reasons. It is noticed in Fig.1l1l that during the initial
sputtering period, a relatively large signal intensity of
secondary ions was obtained, followed by a constant intensity.
One possible cause giving the high intensity may be adsorbed
oxygen on the surfacé of thé anodic oxide film [31l]. The other
will be due to a large sputter rate in the surface region of the
film, which may be related to some structure difference in the
inner and outer layers [4-6,29,32]. If it is assumed that the
latter case is valid, then the correction of the film thickness
is possible by integrating the area giving the excess intensity
in the surface region. One will find, however, that this
correction brings about only a few % of alteration of the
position of incorporated phosphorus.

It is obvious that the slopes of the linear lines in Fig.13
depends on the current density used in the anodic oxidation. By
and d into t

inserting v 2 and t, of eq.(l) respectively, with

2 1

assumption of a constant sputter rate throughout the entire film
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thickness, then one can obtain apparent tTa for individual
current density used. As suggested in Fig.1l2, the apparent tTa
values determined in this wéy was high for high current density,
and the value for the 1 mA/cm2 case was found to be in good
agreement with ones reported by other investigators [1,5,29].

If t,, is assumed to be constant regardless of the oxidation
current density used, however, then only one linear relation

should be obtained between v, and d. Almost all the tTa values

2
published to date have been obtained for the films anodized at

1 mA/cmz. Therefore, we are not sure whether or not tTa is
varied with anodic oxidation current density. If the assumption
is made, however, that tTa is invariable, then the difference in
the slopes of the lines in Fig.1l3 must reflect that the
incorporated phosphorus is mobile and the migration rate of it
varies with the oxidation current density. A high migration rate
is expectable under a high field strength across the film caused
by a high current density used, which will bring about a large
value of the apparent tTa‘ The incorporated phosphorus is
possibly a large oxyanion bearing an electric charge [14,24], and
hence must be mobile under a high electric field. The dependency

of the apparent t on the anodic oxidation current density

Ta
observed is explainable in this way.

It is possible to estimate ﬁhe degree of migration of the
incorpofated phosphorus as a function of the oxidation current
density, with assumption that tTa is invariable with the current
density used. If the most recent value obtained by Pringle [30]

was used aS"tTa' then the results given in Fig.l4 was obtained.

The results show that an increase in the forming current density
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Fig.l4. Migration of incorporated phosphorus in

oxide films.

by twenty times makes the migration degree of the incorporated

phosphorus near to double.
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CHAPTER 3

DISTRIBUTION PROFILES OF ANTIMONY AS A FUNCTION OF DEPTH
OF CORROSION FILMS OF A LEAD-ANTIMONY ALLOY

1. INTRODUCTION

Lead—-antimony alloys have been widely used as the grid
material of lead-acid battéfies. Antimony in the alloy is
anodically dissolved from the grid even below the equilibrium
PbSO4/PbO2 potential [33,34]. PFortunately, however, the
dissolved antimony has been recognized to play benefical roles
in the positive plate performance. In order to elucidate the
benefical roles of antimony, it seems helpful to have information
on distribution profiles of dissolved antimony as well as on
transference behavior of it. The transference behavior of
dissolved antimony in electrolytes during charge-discharge cycles
was studied by Dawson et al.[35,36] by means of tracer techniques,
but the distribution of antimony as a function of depth of the
active material and the corrosion film has not yét been reported.

Several studies on secondary ion massvspectrometry in
in~-depth mode [2,33-39] have shown that the technique used there
is useful for analyzing a specified element as a functidn of
depth of samples.

Therefore, the author aimed to obtain distribution profiles
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of antimony as a function of depth of corrosion films of lead-

antimony alloy.
2. EXPERIMENTAL

2.1. Preparation 6f samples

Antimonial lead plates ( 4.92 wt %2 Sb ) of a circular form
( 16 mm dia, 2 mm thick ) were used in the present study as the
test electrodes. After mechanical polishingbwith a plane, the
electrode was subjected to eiectropolishing in a mixed solution
of CHBCOOH and HClO4 (7 :3) at 9 V for 10 min at room
temperature. The electropolishing did not give a surface of
metallic luster but that covered with a black film. By wiping
with a wetted tissue paper, however, the black film was easily
removed off, and a brilliant surface of metallic luster was
obtained.- Then the specimen was mounted in a Teflon electrode
holder, by which the position exposed to the electrolyte was
decreased to 0.95 cm2. Before measurements, the electrode was

cathodically polarized at -1.2 V for 30 min in 5M H,SO0,.

2774

The electrolytic solution used in this study was 5M H,SO

2574
which was prepared from reagent grade H,SO, and doubly distilled

2774
water, and was pre—purified by electrolysis. A mercurous sulfate
electrode in this solution was used as the reference electrode,
.and the pofentials cited in this chapter are refered to this
electrode. Nitrogen gas was bubbled into the solution for de-
aeration and agitation of the solution, just prior to and

sometimes during the measurements.

o
All the experiments were carried out at 25 C.
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2.2. Ion microprobe mass analysis
The sample current of IMA was adjusted so as to give 4 X
10—_4 A/cm2 on a stainless steal sample holder with diameter of

the beam spot of 0.40 mm.

2.3. Standard samples for in-depth analysis

It is desirable to get information on the content of
antimony in the corrosion film from secondary ion signal
intensities of antimonial species. For this purpose, relations
between antimony contents and signal intensities must be obtained
in advance by using standar@ samples containing known amount of
antimony. The preparation of the standard samples was as follows;

lead dioxide, and a mixture of lead sulfate and lead dioxide
( 80 : 20 wt % ) were mixed with antimony oxides in various weight
ratios, and the resulting mixtures were stirred in a wetted
condition for 30 min, followed by drying under reduced pressure.
Afterwards these were again mixed in an agate mortar for 30 min,
and then pressed in a tablet from with 1.6 ton/cmz.

In order to get a rough estimate on the thickness of the
corrosion films from the sputtering time, the sputter rates were
obtained for thin Pb, oz—PbO2 and B-PbO, films. These films were

2
prepared on Pt by electrodeposition [40,41].

3. RESULTS AND DISCUSSION
3.1. Establishment of calibration curves

Figure 15 shows a negative secondary ion spectrum of an

anodic corrosion film of the lead-antimony alloy. Though a
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Fig.l5. Negative secondary ion spectrum of an oxide f£ilm of the

‘lead-antimony alloy.

variety of ionic fragments were produced by the ion bombardment

onto the specimen, the highest intensities of the secondary ion

signals were obtained at 12leOE and 208Pb05 for antimony and

lead species, respectively. It was found that the relative
sensitivity of secondary ions of antimony and lead were extremely
higher for negative ions than for positive ions. From the
results, signal profiles of Sboz and Pbog were chosen to get
information on the distribution profiles of antimony in corrosion
films of the antimonial lead.

In order to compensate effects introduced by variation of
the primary ion intensity with time, it is desirable to use the
ratio of signal intensity of Sbog to that of Pbog, I, » as a
measure of the antimony content. Then this ratio was obtained
for a variety of standard samples, and results are given in
Fig.1l6. The open circles of Fig.16 concerns with samples
composed of Pbo2 and Sb2 37
samples mixed with Sb205. A linear relation was found to

establish between the content of Sb and Ir

and the triangular symbols with PbO2

el irrespective of the

valence state of antimony. Therefore, Irel can be used as a
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calibration curve for analysis of antimony content in lead
dioxide films.

In corrosion films, not only PbO, but also PbSO4 may

2

coexist. It is desirable, therefore, to examine the applicability

of the.calibration curve obtained to mixed phases of PbO2 and

PbSO4. Results obtained for pressed mixtures of 80 wt % PbSO

and 20 wt % PbO

4

2 containing various amount of szo are also

3'
plotted in the figure with closed circles, and it was found that
almost the same relation as observed for PbO2 discs hold also in
this case. These results show that the content of antimony in

the corrosion films can be determined by measuring Irel'
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3.2. Sputter rate of Pb, a-PbO, and B-PbO

2 2
If the current efficiency for deposition of Pb [42] and

B-Pb0O., [43,44] is assumed to be 100 %, and if the deposited lead

2
film to be non-porous [42], then it is possible to estimate the
£film thickness, 4 , from the quantity of electricity used in the
deposition. When the f£ilm is sputtered out by Ar’ beam by the
amount corresponding to the film thickness, the signal intensity
of Pbog sharply fell down, by which the timé when the film is
sputtered out, t , can be known. The average sputter rétes,
which is determined as values of d/t are given in Table 3.

As shown in Table 3, the sputter rate of the electrodeposited
Pb was larger than that of the electrodeposited PbOz. The mass
sputtered per unit area per unit time, ng/sec cm2, is also given
in this table, which was need not to employ the assumption that
the porosity of electrodeposited film was zero. Since oxides
resist sputtering in a significant extent compared to the
corresponding metals [45], it is thought that the difference in

the sputter rates between Pb and PbO, is reasonable.

2

Table 3 Sputter rate of samples formed by electroplating on Pt

Preparation condition of samples Sputter rate
Current density | Charge passed | Film thickness .
( ma/cn? ) (c) (um) { mysec ) | ( ng/sec cn? )
Pb 10 4.2 5.8 3.8 43
5 2.6 5.8 3.7 42
_ 1 0.57 1.19 0.90 8.4
a-PbO, 0.5 0.49 1.19 1.01 9.5
2 1.15 2.38 0.95° 8.9
8-Pbo, 1 1.15 2.38 1.05 9.8
0.5 0.58 1.19 1.23 11.5
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3.3. In-depth analysis of antimony in the corrosion film

formed by means of multi-triangular voltammetry

For preparation of samples, the lead-antimony electrode
was anodized in 5M sto4 with a potential sweep method at 1 mV/sec
for 50 times in the potential range between 0.90 and 1.65 V, and
then held at 1.60 V for 30 min ( sample 1 ), 1.38 V for 30 min
( sample 2 ) or 1.12 V for 15 min ( sample 3 ). At the respective
potential selected, the followings were believed to have taken
place, and confirmed by X-ray diffraction analysis on the prepared
samples. The oxygen evolution accompanied with complete oxidation
of the film to B—PbO2 for the sample 1, complete oxidation to
B--Pbo2 for sample 2 and reduction of B—Pb02 to PbSO4 for the
sample 3. Each sample was rinsed with de-ionized water for a few
seconds and then dried under reduced pressure ( in a few torr ).

Figure 17 shows typical signal intensity profiles of Sbog,

0 and Pbog as a function of sputtering time for sample 1.

3

3
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Fig.l17. In-depth profiles of 1215b0; (0), 208Pb0'2- (a)

and 160” (@) in a corrosion film on the Pb-Sb
alloy. See text for the preparation of the

film.
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The solid lines show the regions of the corrosion

layer.

Figure 18 gives Irel as a function of the sputtering time for

this sample together with the results for the other two kinds of

samples. - It is noticed that I,,l,gradually increased with the

re

sputtering time, that is, with an increase in the depth of the

corrosion film. The solid lines in the figure, the ends of which

were equal to the sputtering time giving the maximum signal

signal intensity of SbOE, Igno~ ¢ as shown in Fig.l17, are

2 :
believed to give information on the corrosion films by the

following reasons, although beyond that point monotonic increases

in were still noticed with sputtering time. First, it was

Irel
found by microscopic observation during the sputtering that the

substrate alloy surface appeared almost at the time when ISbO—
‘ 2

reached its maximum. Second, the signal intensity of PbO2 '

IPbO— ;, was found to depend on the partial pressure of oxygen
2

over the lead-antimony alloy, as Fig.l1l9 shows. In the sputtering
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from the Pb-Sb alloy ( 4.92 wt% ) as a function
of oxygen pressure over the sample surface.
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2ostO_z- emerged

process for the corrésion film, neutral oxygen molecules as well
'as charged species must be produced from the oxide surface [31].
The maximum oxygen pressure over the sample surface will be
attained when the Ar+ beam reaches the substrate face, because
the surface area of the crater in the corrosion f£ilm produced by
sputtering is the largest at this point. Therefore at this stage
the maximum I ~ will be obtained.

SbO2
was converted into antimony content by using the

Irel
~calibration curve-shown in Fig.16. The antimony content in the
~film at the film-substrate interface, was almoéf tWice the
antimony content in the sbstrate alloy, 8.81 at %. This result
may indicate that dissolved antimony is accumurated in a corrosion
film-substrate interface region [33]. |

If the solid lines iﬁ Fig.lS represent the distribution

profiles of antimony in the sample films, then the author have to

explain why the increasing trend in Irel still continues after
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the beam reached the substrate alloy. For this purpose, the
author needs knowledges on morphorogy of the corrosion film.
Presumably the corrosion film will not have the same thickness
throughout the analyzing position. It has pores in it, and
consists of aggfegated particles of lead dioxide and sulfate [46,
471. Furthermore, the substrate surface was not completeiy
smooth. Therefore, it will be expectable that when the Ar+ beam
reached the top of the substrate, some position of the film still
remains on the substrate. Further continuation of sputtering
will then sputter the remaining film and the substrate. It can

be noticed in Fig.19 that I ~ is much higher than I - when

Sb02 *PbOz
the substrate alloy is sputtered. Therefore, the contribution of
the secondary ions from the substrate alloy must became prominent
when the sputtering proceeds from the top of the substrate to its
interior. After the corrosion film is completely sputteredAout,
eventually no change will occur in Ie1l”

The above mentioned arguments élosely relates also to
resolution of the primary ion beam of IMA. The information on
the beam resolution was obtained from the in-depth analysis of O
and Ta+ for an anodic film on tantalum. Thé in-depth profiles of
O obtained is presented in Fig.20. By comparing the time giving
a gradﬁal signalidrop, tl » to that required for sputtering out
the £ilm, t2 , it was recognized that such a beam resolution as
usually utilized in the in-depth analysis was attained in the
present study.

The results presented in Fig.18 shows that the antimony

content monotonically decreased in the film from the interior to

the outer portion, independently of the final polarization
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Fig.20. Intensity profile of the secondary ion

*60" as a:function of the depth of an

anodic oxide film on tantalum ( 50 rm thick).

potential chosen in the preparation of samples. Judging from the
results on the sputter rates shown in Table 3, the thickness of
the samples was around 1.8 um. According to a model proposed by
Dawson eﬁ al. on antimony transference in charge-discharge cycles
[36], a large part of dissolved antimony adsorbs on»Pb02, and the
adsorbed antimony is released into electrolyte during the
discharge. - If the results on distribution profile of antimony
reflect such an antimony transference, then the profile should
greatlf be different between the sample 1 and 3. However, the
results did not satisfy this expectation.

The main cause responsible for this contradiction seemed
to lie in that the samples were little washed before measurements
of SIMS. The washing for only a few seconds will not remove
completely the electrolyfe held in pores of the corrosion film,
so that antimony dissolved in this portion of electrolyte also

contributes the distribution profiles obtained.

~-37~



In order to test’whether this view is valid or not, washing
of the samples in an ultrasonic bath was tried for a fixed period
of time before being mounted on é sample holder for the secondary
ion mass spectrometry. The results obtained on these samples
( Fig.21 ), howéver, showed that the washing for 60 min both in
doubly distilled water and in 5M HZSO4 gave almost the same
distribution profiles as in the case of 6 min washing and that
the distribution prqfiles were eventually not influénced.by the
washing. Therefore, it is concluded that the corrosion films
prepared by:the potential sweep polarization at 1 mV/sec in the
potential range between 0.99 and 1.65 V contained dissolved
antimony which was tightly fixed to the corrosion film. This
conclusion may be at least partly connected to the suggestion
made by Richie et al. [48] that dissolved Sb5+-ions might occupy

vacant Pb4+ octahedral

?
; : i <20t
sites in the PbO., lattice < 4 3
2 ug:: AI ’A
- 4 'd

and also to formation of 0 R
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Fig.21. Effect of washing in an ultrasonic
bath on distribution profiles of
antimony in the film. The sémple
was prepared in the same manner as
that in Fig.16. '
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CHAPTER 4

THE DISTRIBUTION OF ANTIMONY IN THE OXIDE LAYER FORMED
BY POTENTIOSTATIC OXIDATION OF Pb-Sb ALLOY

1. INTRODUCTION

In a previous chapter, the author investigated the
macroscopic distribution profiles of antimony in oxide films on a
lead-antimony alloy, and revealed that the distribution profile
was almost the same independent of the final polarization
potential chosen for preparation of the films; the films were
prepared by multi—trianguiar potential sweeps. The results
obtained, however, showed that it was impossible to get
information on the dissolution behavior of antimony from the well-
grown oxide films of the alloy. '

In this chapter, the distribution of antimony as a function
of depth was obtained for films formed during the initial stages
of potéhtiostatic oxidation of a lead-antimony alloy. In the
potentiostatic oxidation of the alloy, lead dioxide crystals will
be formed in several successive steps such as dissolution of the
alloy, nucleation, two or three dimensional growth of the
crystals [50-54]. Fortunately, one can distinguish these steps
from the shape of the current-time curves obtained during the

oxidation period. In this chapter, therefore, the main objective
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was to correlate the distribution profiles with the individual
step of the potentiostatic oxidation. Although it was already
revealed [34,55] that the content of antimony in the alloy

influences the dissolution behavior of antimony as well as the
oxidation behavior of lead, the present study was conducted on

an alloy of fixed antimony content.

2. EXPERIMENTAL

The preparation of lead-antimony electrodes was described

]

in the previous chapter. During potentiostatic oxidation of the
alloy, current-time curves were recorded, and the charge passed
was evaluated from these transients. Samples prepared by
potentiostatic oxidation were washed with distilled water for
several seconds and then subjected to the in-depth analysis of
antimony by using an ion microanalyzer. A mercurous sulfate
electrode in 5M H,SO, was used as the reference electrode.

2774

3. RESULTS

The current-time curves for the Pb-Sb alloy in 5M H2804
obtained during potentiostatic oxidation are shown in Fig.22.

These curves are similar to those obtained in 4.5M H.SO

250, by

Sharpe [55].

The in-depth analysis of the resulting films show that the
film thickness was almost constant and independent of the charge
passed if the film was prepared at potentials less positive than

1.5 V. However, if the oxidation was carried out more positive
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Fig.22. Current-time curves during potentiostatic

oxidation of Pb-Sb alloy in 5M H2504 for

3hr. A :1.65V, B :1.60V, C : 1.55V,
D:1.50V, E : 1.45V, F : 1.40 V,
G: 1.30 V

to this potential, the film thicknesé was proportional to the -
charge passed. These results are given in Fig.23. The abscissa
~af this figqure is a measure of the film thickness. On the basis
of the results shown in Fig.23, the author tentatively classified
the oxidétion film prepared at various potentials into two groups
and denoted here as the (A) and (B) groups. The film prepared

at potentials less than 1.5 V belong to.the (A) group, and those
prepared at potentials more positive than 1.55V belong to the

(B) group. The classification into these two groups was already
suggested by Sharpe [55].' The results in Fig.23 seemed to be in
agreement with those obtained by weight loss experiments during

potentiostatic oxidation [56].
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Fig.23. Relation between charge consumed in

preparation of oxide film and time required
for sputtering out the prepared film.

0: 1.30V, a: 1.40V, o: 1.45V, O: 1.50V

®: 1.55V, A: 1,60V, m: 1.65V

Figures 24 and 25 show signal intensity ratios Irel ( SbO2
to PbOE ) as a function of sputtering time, for the two groups
of films. The solid lines in the figures show the regions where
a corrosion layer is observed ( see the previous chapter ). It
is seen by comparing Fig.24 with Fig.25 that the distribution
profiles are quite different for the (A) and for the (B) group.
The relation between I el and sputtering time ( i.e. film»
thickness ) shows a distinct minimum for the (A5 group, but a
simple increasing trend for the (B) group. Furthermore, Irel is
larger for the (A) than for the (B).

In the previous paper, Irel was converted into antimony
content in the film by using a calibration curve between Irel and

antimony content. When this calibration curve was applied to the

present results, however, very high antimony contents were
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obtained. The author therefore feel that the nature of the oxide
film is different. In view of this, Irel is used throughout this
chapter only as a measure of the relative antimony contents in
the corrosion film.

In order fo study the dissolution behavior of antimony in
the initial stages of the anodic oxidation of the alloy,
distribution profiles for antimony were obtained for samples

prepared by stopping the oxidation at the times shown with arrows

in the current-time curve in Fig.26. The phenomenon occuring in

the each oxidation step has already been studied by other
investigators [51-53]. The films prepared at 1.5 and 1.6 V were
chosen as representatives of the (A) and (B) groups, respectively,
and the results are given in Figs.27 and 28. The following may
be noted in Fig.27. (a) step 1; Irel decreased linearly from the
alloy substate to the surface of the film. (b) steps 2 to 4;
Irel shows plateaus and the location of the plateau moves towards

the interjior with further oxidation. In the surface region,

[*} 3

CURRENT

TIME

Fig.26. Schematic representation of the current-
time curve for anodic oxidation under a:
potentiostatic control. The arrows
indicate five oxidation steps at which

specimens were prepared.
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Iel increased linearly with depth. (c) step 5; the dependency

of I on the depth becomes less defined, and Irel began to

rel
show only a slight increase with depth. 1In Fig.28, slightly
different results are noticed for steps 2 and 3. Almost lihear

dependencies on the depth are seen during stages in the

oxidation.
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Fig.27. In-depth profiles of relative signal intensity
ratio, Isbo;/ IPbo; » as a function of
sputtering time for films formed at oxidation
steps denoted in Fig.26 for the 1.5 V
oxidation case.

o:1l ,A:2,0:3,0:4,v:5
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case.
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4. DISCUSSION

When the oxidation is promoted, the profiles change from
the top to the last profiles. In order to understand such
changes, it seems appropriate to assume the existance of at
least three electrochemical processes in the course of
dissolution of antimony into the electrolyte;

(1) ionization of antimony at the alloy-film interface. At
this interface, the ioniZatioﬁ of lead also occurs.
(2) migration of antimony in the film.

(3) dissolution of antimony from the oxide film region into the

bulk electrolyte,
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The author have no definite images on the processes 2 and
3, but the profiles obtained seems to be understandable of the
existance of those processes are temporarily assumed. If the
relative rate constant of the individual process is denoted as

k k., and k

i’ "2 37
depending on the relative magnitude of the hypothetical rate

the each profile in Fig.29 will be obtained

constants, which are also given in the figure.

The step 1 coﬁcerns with dissolution and precipitation of
lead, and the profile obtained suggests that the rate of
dissolution into the electrolyte bulk, k3, is larger than the
dissolution rate of antimony from the alloy, kl' This trend
holds for films prepared at both 1.5 and 1.6 V. During steps 2
and 3 the oxidation proceeds ( i.e. nucleation and two and three

dimensional growth of PbO., crystals occur ), k3 becomes

2

relatively small compared to k1 and k2 the bulk migration rate

constant. In the film prepared at 1.5 V the accumuration of

antimony in the film takes place, and I c1 becomes independent

Sb‘conc Oxidation Step

i potential in Fig.5
15v 1

sV : 1,2,3

RN
15v : 2,3,4
16V : 4
AU N

15v : 5
16V : 5

Kl

. ki

solution oxide  alloy

Fig.29. Classification of obtained profiles
into three schematic representations.



of charge. The decrease of k3 compared to kl

the situation that dissolved antimony strongly interacts with

and k2 may reflect

oxidized lead.

In the case of the film prepared at 1.6 V, however, the
situation is different. The distribution profiles are
is

understandable if kl and k3 are larger than k2’ 1

expected to be larger at high this applied potential. With the

Certainly k

film formed.at;l.S V, k Was thought to be the smallest as

3
described above. Therefore, the question arises as to why k3 is
now large. A plausible answer to this question may be as follows.
According to the current-time traces in Fig.22, the lower the
oxidation potential, the 1o£ger time is required to reach step 2.
The charge passed before the current-time traces show step 2 to
“"be reached was also high for the‘lower oxidation potentials as
shown in Table 4. The formation of Pb4+ must pass through Pb2+,
Pb2+ is more stable at the 1.5 V oxidation than the 1.6 V case.
Therefore, in the former case, there is more chance for the
formation of complex Pb(II) oxides containing antimony for example
as lead metaantimonate [49]. k3 then refers to the dissolution

of antimony from the complexed oxides. At 1.6 V, the life of the
Pb2+ may be too‘short for the complexed oxides to be formed, so
that dissolved antimony behaves freely as if there is no

interaction with PbO, crystals; k, would then be large.

2 3

The significance of the appearance of the plateau in the

Table 4 Charge passed up to the oxidation step 2 in the
Current-time curves of Fig.22

Applied potential (V)| 1.30 1.40 1.45 1.50 1.55 1.60 1.65
Charge passed (C) 0.15 0.16 0.05 0.07 0.05 0.03 0.02
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I ~ charge curves during step 4, observed at both 1.5 and 1.6

rel
V, will be different from that in the steps 2 and 3. 1In step 4,
the alloy has just become completely covered by lateral overlaps
of three dimensionally grown PbO2 crystals. If antimony is

anodically dissolved underneath the PbO, crystals in the course

2
of the steps 3 to 4, it cannot directly dissolve into the
eiectrélyte. The PbO2 crystals blocks the dissolution into the

3

films causing the appearance of the plateau.

electrolyte. Thus k, decreased, and antimony accumulation in the
buring step 5, the oxidation is leading t; a thick film.

In this process, the migration of antimony is the lowest of the
three steps. Therefore a monotonic gradient of antimony appears.
Hence, the distribution profiles in Fig.25 seems to be

reasonable. The results shown in Fig.24, however, are quite
different from those expected during step 5 of the oxidation at
1.5 v. If k4 is small and antimony will accumulate in the film
surface region and the observed profiles will be observed. At
present the author can give no definite explanation to the
observed behavior, but the profiles may be caused because the
removal of antimony only occurs from dense oxide films when the
film growth continues. According to current-time traces of
Fig.22, the charge passed in the 3 hr oxidation was dependent on
the potential chosen, but the film thickness was not greatly
different when the potential was below 1.5 V ( as judged from the
in-depth analysis of the films ). This phenomenon implys ‘that
the film formation was complicated in the early stages of the 3
hr oxidation. At the 1 hr the current fell down to an almost

constant value. Further polarization only leads to oxygen
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evolution and rearrangement of the ionic configuration of the
film, which brings about the accumulation of antimony in the
surface region.

It is well known that the presence of antimony in the
electrolyte influences the morphology of PbO2 crystals [48,57].
Antimony must have some role in the crystalization step ( steps
2 and 3 ). “According to the distribution profiles obtained
during these steps, more antimony is retained in the oxide films
prepared at 1.5 V than that at 1.6 V. In the former oxides, the
plateau appéared. Therefore, the effects of antimony will be

more evident during the oxidation at 1.5 V than 1.6 V.
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CONCLUSION

The author carried out the studies on the anodic oxide
films of tantalum and lead-antimony alloy by employing the SIMS
technique. The results obtained are summarized as follows. |
1. Sulfur, éhlorine, fluorine aﬁd phosphorus were incorporated
from the electrolytes into the tantalum oxide films during the
anodization. The incorporation depth of sulfur was dependent on
the forming current density. The sputter of the film was
influenced by the degree of incorporation of sulfur.

2. - The impurity elements incorporated in the tantalum anodic
oxide films changed their distribution profiles at the dielectric
breakdown, reflecting the nature of these ions.

3. = The incorporated phosphorus as a mass marker in the
tantalum anodic oxide film is mobile and the migration rate of

it is high for a high oxidation current density.

4. In-depth distribution profiles of dissolved antimony were
analyzed for the corrosion films prepared by multi-triangular
potential scans of the Pb-Sb alloy in 5M HZSO4. A monotonically
increasing trend in the content from the surface of the corrosion
film to the lead alloy substrate was found independently of the
final polarization potential chosen in the potential scan.

5. In the potenFiostatic oxidation of Pb-Sb alloy in 5M H2804,
the effects of potential was grouped into two classes; the case

of more negative than 1.5 V and of more positive than this
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potential. Antimony dissolved from the alloy was retained in .
the oxide film in the steps of nucleation and two and three
dimensional growth of PbO2 for the case of the 1.5 V oxidation,
and for 1.6 V the retention was observed in the lateral overlaps
of three dimensional centers of PbOz. It is suggested that the
dissolved antimony affect the nulceation of the lead oxide

formation in the moderate charging of the positive plates of

lead-acid batteries.
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