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Abstract
Full Text

PHYSICAL CHEMISTRY

N.D. TOMASHOV, R. M. AL’TOVSKII, and M. Ya. KUSHNEREV

INVESTIGATION OF THE STRUCTURE OF
PASSIVE OXIDE FILMS ON THE SURFACE
OF TITANIUM

(Presented by Academician V. I. Spitsyn, July 5, 1961)

The literature contains certain information on the composition and structure
of oxide films formed on the surface of titanium under conditions of high-
temperature oxidation in air, oxidation in boiling solutions of oxidizing agents,
and anodic oxidation at high positive potentials (173). The data of various au-
thors, together with the results of the present work, are given in Table 1. There
is no information in the literature on the structure of passive films formed on
the surface of titanium during self-passivation in solutions at room temperature,
or during anodic passivation in solutions at not very high positive potentials.

Table 1

Structures of oxide films formed on titanium under various oxidation conditions

Oxidation

conditions and Composition of  Literature
time Temp., °C  the oxide film source
Oxidation in air 18—20 TiO with a (8)

for up to 10 small amount of

days Ti;O4

Corrosion in 18-20 TizO4 (15)

92% H,SO, for

100 h

Self-passivation 18—20 TiyO4-3 =+ Author’ s data
in solutions: 5% 4TiO,

HCl, 5% H,S0,,

6% HNO;, 1IN

NaCl, 1N

NaOH for up to

10 days
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Oxidation

conditions and Composition of  Literature
time Temp., °C  the oxide film source
Anodic 18—20 Ti,O045-3 + Same
oxidation in 4TiO,

40% H,SO,. At
a potential of

—0.05 and +1.0
V,5h
Oxidation in air 875—1050 Layered scale (1)
TiO, Ti,Os,
TiO,, rutile
Oxidation in Boiling TiO,, anatase (2)
10% CrOg for and rutile
10 h
Oxidation in »  TiO,, anatase (2)
aqua regia, 0.5
h
Oxidation in »  Same (2)
50% HNO; for
2h
Anodic 18—20 » » (3)
oxidation in
0.1N H,SO,. At
a potential of
180V, 5h
Oxidation in Boiling TiO,, anatase Author’ s data
65% HNO; for with a small
5h amount of rutile
Anodic 18—20 Same Same

oxidation in
40% H,S0,. At
a potential of
+8.0 V, 15 min

In a number of our previous works (*°) it was shown that titanium can sponta-
neously restore a protective oxide film after its mechanical removal under dilute
(up to 5%) solutions of sulfuric and hydrochloric acids. It was subsequently also
established that titanium self-passivates after its surface has been cleaned in
solutions of sodium chloride and sodium hydroxide, as well as in solutions of
nitric acid. In sulfuric and hydrochloric acids of concentration 10% and higher,
titanium can passivate only under anodic polarization (°~7). The passive state
occurs when the potential of titanium becomes more positive than the potential
of complete passivation.
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in the given acid solution. For example, in a 40% solution of H,SO, at

room temperature the potential of complete passivation of titanium is about

$+0.0V*, andthere foretheanodicpassivityo ftitaniumundertheseconditionsbecomespossiblei fitspotentialha.
To explain the passive properties of titanium, it is of great interest to deter-

mine the composition and structure of the passivating films formed during

self-passivation in various solutions, and also during anodic passivity.

Table 2

Interplanar spacings d and qualitative characterization of the intensity of diffrac-
tion lines I of electron diffraction patterns of oxide films obtained on titanium
in H,SO, and HNO4

Anodiknodic
0X- OX-

i- i-
da- da-

Anodinodknodiénodidon tion
Self- Self- Self- Self- ox- ox- ox- ox- in in
passivpdsonpasenpaseivation i-  i-  i- 40% 40%
in in in in da- da- da- da- H,SOH,SO,,
5% 5% 5% 5% tion tion tion tion re- re- OxiddDiomdDomldDicidation
HySORL, SOH,SOH,SO4n in in in flee- flec- in in in  in
transtranstranstrans40% 40% 40% 40% tion: tion: boil- boil- boil- boil-
mis- mis- mis- mis- HySORL,SOH,SORL,SOgx- ex- ing ing ing ing
sion: sion: sion: sion: re- re- re- re- po- po- 65% 66% 65% 65%
ex- ex- ex- ex- flec- flec- flec- flec- sure sure HNOHNOHNOJHNO;,,
po- po- po- po- tion: tion: tion: tion: 15 15 ex- ex- ex- ex-
sure sure sure sure ex- ex- exX- ex- min min po- Ppo- po- po-
in in in in po- po- po- po- at at sure sure sure sure
SO- 8O0- SO- SO- Ssure sure sure sure po- po- D ) 5 5
lu- Tu- lu- lu- 5 5 5 5 ten- ten- h, h, h, h,
tion tion tion tion h, h, h, h, tial tial transtrans-re- re-
1 1 10 10 —0.05-0.05+1.0 +1.0 +8.0 +8.0 mis- mis- flec- flec-
day day daysdays V. V. V V V V sion sion tion tion
No. d I* d I* d I d I* d 1 d 1 d I

1 2 349 3 3.50 7 352 7 351 6 3.52
2 2 34 2 324 2 3.21
— dif- dif-
2.8 fuse fuse
3 6 246 5 246 5 242 4 243 3 244 4 244 1 2.46
4 4 234 5 235 3 234
5 5 210 4 209 3 203 2 203 3 213 2 2.04
6 2 190 2 1.89 5 188 6 189 4 1.88
7 2 169 3 1.67 7 166 7 1.67 5 1.68

broad broad
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Anodi#nodic
OX- OX-
i- i-
da- da-
Anodinodnodiénodidon tion
Self- Self- Self- Self- ox- ox- ox- ox- in in
passivpdionpasenpassivation i-  i- - 40% 40%
in in in in da- da- da- da- HySOH,SO,,
5% 5% 5% 5% tion tion tion tion re- re- OxiddDicid(DicidDicidation
H,SOH, SO, SO|,SO4n  in  in  in flec- flec- in in in in
transtranstranstrans40% 40% 40% 40% tion: tion: boil- boil- boil- boil-
mis- mis- mis- mis- HySOH,SOH,SOH,SOgx- ex- ing ing ing ing
sion: sion: sion: sion: re- re- re- re- po- po- 65% 65% 65% 65%
ex- ex- ex- ex- flec- flec- flec- flec- sure sure HNOHNOJINOJNOs,,
po- po- po- po- tion: tion: tion: tion: 15 15 ex- ex- ex- ex-
sure sure sure sure ex- ex- eX- eX- min min po- po- po- po-
in in in in po- po- po- po- at at sure sure sure sure
SO- SO- SO- SO- Ssure sure sure sure po- Po- ) 5 5 5
lu- lu- lu- lu- 5 5 5 5 ten- ten- h, h, h, h,
tion tion tion tion h, h, h, h, tial tial transtrans-re- re-
1 1 10 10 —0.05-0.05+1.0 +1.0 +8.0 +8.0 mis- mis- flec- flec-
day day daysdays V. V. V V V V sion sion tion tion
No. d I* d I* d I d I d 1 d 1 d 1

6 143 4 147 3 149 4 146 5 147 4 1.46
9 2 134 4 132 4 133 2 132
2 3

10 124 3 129 2 129 4 125 4 124 1.25
broad broad
11 2 1.22
12 2 117 2 1.18 3 116 3 115 2 1.14
13 1 103 2 103 1 1.03
14 2 1.03
dif-
fuse
15 1 095
16 2 0.90 1 0.91
dif-
fuse
17 1 0.88
18 1 0.83

* The qualitative assessment of line intensities was carried out on a ten-point
scale: extremely strong—10, very strong—9, strong—8, medium-strong—7,
medium—6, medium-weak—5, weak—4, very weak—3, very, very weak—2, very,
very, very weak—1.
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In our previous investigation, the composition and structure of the oxide film
formed on titanium and some of its alloys (VT5, VT3, and VT3-1) during
oxidation in air at room temperature were determined. It was shown that the
oxide film consists of titanium oxide TiO (®). To study the structure of the
film, it was separated from the metal surface in an anhydrous 5% solution of
bromine in methyl alcohol and investigated by electron-diffraction analysis “in
transmission” (®).

In the present work, the separation of oxide films for investigation of their
structure by the transmission method was carried out using the same procedure.
In some cases electron diffraction patterns were obtained by the method

* Potentials in the present article are everywhere given relative to the normal
hydrogen electrode.

To the article by N. D. Tomashov et al., p. 913

Fig. 1. Electron diffraction patterns of oxide films obtained on the surface of
titanium under various oxidation conditions.

a —5% H,S50,, exposure 1 day; b —5% H,S0,, exposure 10 days; ¢ —65%
boiling HNO;, exposure 5 hours; d —65% boiling HNO;, exposure 5 hours
(reflection recording); e —40% H,SO,, anodic oxidation at a potential of 8 V,
exposure 15 min.

To the article by G. G. Tinyaksya, Yu. T. Tinyakova, p. 998

Fig. 1. a —anaphase with a bridge and a fragment (human breast cancer);
b —anaphase with two bridges (human breast cancer); ¢ —anaphase with 3
bridges (rat bone marrow); d —anaphase with 4 bridges (rat bone marrow); e —
anaphase with one fragment (human breast cancer); f —multipolar mitosis (rat
bone marrow).

Fig. 2. a —metaphase of a giant cell with numerous chromosomes (rat sarcoma);
b —unequal division in the tripolar anaphase of a giant cell (rat sarcoma); ¢ —
chromosomes at the poles of metaphase (human uterine cancer); d —telophase
—metaphase (human uterine cancer); e —somatic synapsis (rat sarcoma).

reflection. The photography was carried out on an EM-4 electron-diffraction
apparatus with camera constants of 39.8 for transmission photography and 38.9
for reflection photography. The voltage in all cases was 40 kV.

The composition and structure of oxide films formed on titanium were investi-
gated: 1) during self-passivation in solutions of 5% HCI, 5% H,SO,, 6% HNO,,
1 N NaCl, and 1 N NaOH at room temperature; 2) during anodic oxidation in
40% H,SO, at potentials of —0.05, +1.0, and +8.0 V; 3) during oxidation in a
boiling solution of 65% HNO,.

Table 2 gives the results of the electron-diffraction analysis. The results of
the analysis of oxide films formed during self-passivation are given only for
5% H,S0,, since similar electron-diffraction patterns were obtained in all the
solutions studied. On the diffraction lines, texture maxima were present in
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almost all cases (Fig. 1). This indicates the presence of an orientation of the
crystals in the oxide film, apparently caused by the orientation in the surface
layers of the metal that arose during grinding of its surface.

Comparison of the experimental interplanar spacings and line intensities with
tabulated values for various titanium oxides and other titanium compounds
showed that the diffraction patterns obtained from oxide films formed during
self-passivation of titanium in all the above-mentioned solutions (item 1), as well
as during anodic passivation in 40% H,SO, at potentials of —0.05 and +1.0 V,
agree best with the pattern obtained from titanium oxide of composition Ti,O4 -
3+4TiO,. The observed scatter of line intensities for oxide films obtained in
different solutions should apparently be explained by distortion of the crystal
lattice of this intermediate oxide as a result of deviation from stoichiometric
composition, and also by the presence of texture. The oxide of composition
Ti, 04 - 3+4TiO, is an intermediate oxide between Ti,O5 and TiO,. This oxide
was first found in work (°), where the results of its X-ray structural analysis are
also presented. Later the results of this work were confirmed in work (1°), and
also in works (1!, 12). In the last cited works, the oxide of composition Ti,O, *
3-+4TiO, corresponds to two oxides, Ti;Ogy and TigO;.

It is interesting to note that the oxide film formed on the surface of titanium in
40% H,SO, in the passive state maintained by external anodic polarization, at
a potential (+1.0 V) considerably more positive than the potential of complete
passivation of titanium in 40% H,SO,, equal to 0.0 V, and also at a potential
somewhat more negative (—0.05 V), consists of one and the same oxide, Ti, Oy -
3+4TiO,. Therefore the transition of titanium into the passive state at the po-
tential of complete passivation may be interpreted as a transition from a state of
incomplete coverage of the surface by an oxide film (at potentials more negative
than the potential of complete passivation) to a state of complete coverage of
the surface by an oxide film (at potentials more positive than the potential of
complete passivation); the composition and structure of the oxide layer remain
the same.

It should also be pointed out that during anodic passivation of titanium (at
potentials not higher than +1+42 V) and during its self-passivation in solutions,
an oxide film of one and the same composition is likewise formed. This result
emphasizes the validity of the conclusion previously drawn in the literature
concerning the absence of any fundamental difference between chemical and
anodic passivation of metals (13, 14).

Analysis of the electron-diffraction patterns of oxide films obtained during oxi-
dation of titanium in 40% H,SO, at more positive potentials, for example +8.0
V, and also during oxidation in boiling 65% HNO4, shows that in these cases the
film consists of the higher titanium oxide TiO, with the anatase structure, with
a small amount of rutile. These results of ours agree with the results obtained
in works (2, 3). In Table 2, lines Nos. 1, 4, 6-10, 13-18 are assigned to the
anatase structure; to the rutile structure—
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lines Nos. 2, 3, 5. The somewhat overestimated intensity of line No. 7 relative
to the other lines in the anatase structure, as well as its broadening, is probably
explained by the superposition of reflection from this oxide and from rutile, in
whose pattern this line is the strongest in intensity. It is also evident from Table
2 that electron-diffraction analysis by reflection and by transmission gives one
and the same structure for the oxide film formed during the oxidation of titanium
in boiling 65% HNO,. This indicates that, in the process of separating oxide
films from the surface of titanium in a solution of bromine in methyl alcohol,
the structure of the film is preserved.

Analyzing the data of Table 1, which presents information on the structures
of oxide films obtained in the present work, as well as data available in the
literature, one may conclude that the oxide of the highest degree of oxidation
of titanium—TiO,—appears on the surface of titanium under the most severe
oxidation conditions. Such conditions are: oxidation in air at high temperature,
oxidation in solution at boiling temperatures, and anodic oxidation at high
positive potentials. Under less severe oxidation conditions—self-passivation in
solutions at room temperature or anodic oxidation in solutions at not very high
positive potentials—an oxide of a lower degree of oxidation than TiO, is formed
on the surface of titanium, namely an oxide of composition Ti,Oj « 3+4TiO,.
Under still milder oxidation conditions, the formation of still lower oxides of
titanium is possible. For example, during the self-dissolution of titanium in
H,SO, we detected on its surface the oxide Ti;O5 (*°), while during oxidation
in air at room temperature, as already indicated above, TiO is formed (8).

Institute of Physical Chemistry
Academy of Sciences of the USSR
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