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Passivating anodic oxide films on titanium have been studied by many workers in weakly alkaline solu-
tions [1-8]. It has been shown in a number of studies by electron diffraction that these films consist of titanium
dioxide having the structure of anatase [1, 9, 10] or rutile [10]. Formation of anodic oxide films on titanium
has not been studied as widely in concentrated alkali solutions as in weakly alkaline or acidic solutions, since
their behavior is complicated by lower stability of titanium dioxide in these solutions, In the present work we
studied the formation of anodic oxide films on titanium in 5 N KOH at 20°C by a combination of electrochemical
and ellipsometric techniques, .

The measurements were made with an RR-2000 Rudolph Research automatic ellipsometer.* The oper-
ating principle of this ellipsometer has been described in [11]. The quantities directly obtained in the mea-
surements are the azimuth @, the ellipticity &, and the relative intensity change, Iy, of the reflected light, The
anodic current was recorded simultaneously, The relations

A=90°—20; Pp=45°—¢.
were used to recalculate quantities @ and € to the customary parameters of the polarized light, A (the phase

shift) and ¥ (the amplitude ratio of the electric vector components parallel (Ep) and perpendicular (Eg) to the
plane of incidence of the light),

The measurements were made at a wavelength of 640 nm, The angle of incidence of light upon the sam~
ple was 68.5°, The measuring procedure and the design of the ellipsometric and electrochemical cell were
reported in [12, 13]). The electrode was made from filament-grown titanium. Prior to the experiments it was
carefully polished to obtain an optically reflecting surface, The potentials were measured relative to a mer-
cury—mercuric oxide reference electrode in 5 N KOH, and recalculated to the potentials relative to the normal
hydrogen electrode. Formation of the initial anodic film was conducted at E =0,8 V at the air-oxidized tita-
nium surface, and continued until a constant value of current was attained, Then the potential was switched to
E =1,3 v, and oxide formation at this potential was continued at the anodically oxidized electrode surface. The
optical constants and film thickness were calculated in accordance with the fundamental ellipsometric equation
(14],

e“tanp=|E,/E,|

using an ES-1022 computer and program EL5UR T set up while allowing for the reflection coefficients,

The complex refractive index, Np =n7=kr1 of the bare titanium surface was 2.32-2.371 as calculated
from the experimental data. The data for the refractive index, ny, and absorption coefficient, k, of titanium
are somewhat different from literature data, which exhibit large scatter. However, the above values of np and
kp are within the limits of variation of the optical constants determined by various workers [16-20]. The cal-
culated value of the complex refractive index of the metal was used to determine the characteristics of the
oxide layer. The experimental data obtained are rather nicely described by the two-layer film model, The
optical constants of the two layers exhibited practically no change over the first 90 min starting from the time
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tProgram EL5UR is a modification of program EL3U [15],
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Fig., 1. Plot of A against ¥ for potentiostatic
growth of the oxide at E=0.8 V (a) and E=1.3 V
(b). Numbers show the time of oxide formation in
minutes,

when the anodic potential of E =0.8 V was applied. The plot of A against ¥ is smooth in this segment of time
(Fig. 1, curve a). Further polarization leads to a change in the smooth A vs, ¥ plot, which can be attributed to
a change in the optical constants of the surface being oxidized. The complex refractive indices of the inner and
outer layer of the film were, N =1.97-0,151, Ng, =1.49-0.0021, respectively, One can suggest from the re-
fractive indices of these layers that the oxide layer adjacent to the metal is more compact, The two layers of
the film exhibit monotonically increasing thickness which approaches limiting values as a function of time
(Fig. 2). The time variation of the anodic current at E =0.8 follows a parabolic law, and is characterized by
a straight line with three slopes when plotted as i against t™ % (Fig. 3, curve a), Thickness growth of the two
oxide-film layers also follows a parabolic law over certain time intervals (Fig. 4), which is an indication for
diffusional limitations in oxide formation, Deviations of oxide growth from the parabolic law during the first
moments after application of the potential of E =0.8 V are explained by transient diffusion conditions, For-
mation of the inner oxide layer follows the parabolic law somewhat longer than that of the outer oxide, which
grows according to this law for approximately 20 min following application of the potential. Deviations of the
growth law of the outer layer from the parabolic law are reflected in the curve for the decay of anodic current
as a function of time and are characterized by a change in the slope of the i vs. t"/2 straight-line plot (Fig. 3,
curve a), Secondary changes inthe slope of the i vs, t~ 2 gtraight-line plot can be attributed to changes in the
growth law of the inner layer, which also begins to approach its final value starting at a particular moment of
time,
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Fig. 2. Anodic current density i, thickness
df; of the inner layer, and thickness df, of
the outer layer of the film as functions of
time during anodic polarization of titanium at
E=0.8 V.
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Fig. 3. The anodic current density, i, as a
function of t~¥2 for E=0,8 V (a) and E=1.3 V
(b).

The plot of A against ¥ corresponding to oxide formation at E =1.3 V is shown in Fig, 1, curve b, On the
assumption that the anodic oxide forming at this potential also contains an outer, less compact layer which
upon application of the potential varies according to a parabolic law, we calculated the characteristics of all
oxide formed, The calculations have shown that even at E =1,3 V the anodic film includes a more compact
inner layer in addition to the outer layer suggested here., A discontinuous increase of potential produces an-
insignificant initial change in optical constants and growth of the inner layer, Further growth of the inner film
layer is monotonic, and after 10 to 15 min the film reaches its limiting size. The total changes in thickness of
the inner layer at E =1,3 V are small, on the order of 20 A, The optical constants of the inner layer remain
practically unchanged during its monotonic.growth, and remain at the level of the inner-layer constants of the
film produced at E =0.8 V, The anodic current decreages as a function of time according to a parabolic law,
and is characterized by a linear dependence of i on t™/2 (Fig. 3, curve b).

1t follows from the above experimental data for anodic titanium oxidation in 5 N KOH that regardless of
the initial state of the surface, the anodic oxide film on titanium consists of two layers: an outer, less compact
and thick layer, and an inner, thin and more compact layer. The nature of the two oxide layers does not depend
on prior treatment of the titanium surface, Considering the x-ray studies of the anodic oxide films on titanium
in alkaline solutions of high concentration [L0] and the above values for the refractive indices of the oxide-film
layers, one can suggest that the inner layer consists of titanium dioxide with a more highly defective structure
than bulk oxide. The outer layer seems to be a hydrated titanium dioxide. Regardless of pretreatment of the
titanjum surface, the same formation behavior of the anodic oxide film is seen: The oxide upon application of
the potential first grows to a certain thickness, then one sees certain changes in its optical properties,
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Fig. 4. Thickness varia’t/ion of the inner (1)
and outer (2) film with t”2 at an oxide for-
mation potential of E=0,8 V,

502




10,

11,

12,

13.

14.
15,

16.

17,

18.

19,

20,

LITERATURE CITED

H. Chiba, "Anodic oxidation of titanium in alkaline solution," Denki Kagaku, 27, 494 (1959).

I, Sanghi and S, Visvanathan, "Electrochemical behavior of titanium in alkaline solution," Electrochim,
Acta, 7, 567 (1962).

N, D. Tomashov and R. M, Al'tovskii, Corrosion and Protection of Metals [in Russian], Mashgiz, Mos-
cow (1963).

F, F, Faizullin and D, A, Baitalov, "Electrochemical behavior of titanium in alkaline solutions. 1.
Anodic behavior of titanium in dilute solutions of alkalies," Zashch, Met,, 2, 439 (1966).

F. F, Faizullin and D, A, Baitalov, "Anodic oxidation of titanium in concentrated KOH solutions,"” Zashch,
Met., 4, 11 (1968).

I. A, Ammar and I, Kamal, "Kinetics of anodic oxide-film growth on titanium, II. Neutral and alkaline
media," Electrochim, Acta, 16, 1555 (1971).

V. I. Fishman and M. A, Dasoyan, "Electrochemical and corrosion behavior of titanium in solutions of
potassium hydroxide, a mixture of potassium and lithium hydroxide, and sulfuric acid," Zh, Prikl, Khim,,

44, 2661 (1971),

M, A. Dasoyan and V. I, Fishman, "The effect of additives on the polarization curves of titanium in
alkali," Zh, Prikl, Khim,, 45, 538 (1972).

S. Hirota, H, Chiba, T. Tanaka, and H, Noake, "Electron microscope and diffraction studies of anodized
oxide film on titanium," J. Appl, Phys. Jpn., 26, 651 (1957).

V. I. Dudin and Ya, M, Kolotyrkin, "Dissolution of titanium in alkaline solutions," Zashch. Met., 5, 388
(1969).

B. D. Cahan and R, F, Spanier, "A high-speed precision automatic ellipsometer," Surf. Sci., 16, 166
(1969).

A. G. Akimov, N, T. Andreeva, and I, L, Rozenfel'd, "Ellipsometric.study of the growth laws of oxide
phases on iron surfaces in neutral solutions," Elektrokhimiya, 16, No. 1, 96 (1980).

A. G. Akimov, N, T. Andreeva, and I. L. Rozenfel'd, "Ellipsometric investigation of iron passivation in
neutral electrolyte," Elektrokhimiya, 15, 1888 (1979).

P, Drude, n"Uber Oberflichenschichten," Wied, Ann, Phys. Chem,, 36, 532 (1889).

E. V. Kasatkin, "Programs to analyze the results of ellipsometric studies of electrode surfaces. 2. A
program to calculate the thickness and refractive indices of films at the interface from the results of
ellipsometric measurements: The model of one to three films," Article No, 1648-78 filed at VINITT;
Abstract in: Elektrokhimiya, 14, No, 10, 1612 (1978).

T. Smith and F. Mansfeld, "An ellipsometric—electrochemical cell: initial films on titanium in water
and methanol solutions," J, Electrochem. Soc., 119, 663 (1972).

T. Smith, "Optical constants of clean titanium and t tungsten surfaces as function of temperature," J. Opt.
Soc, Am., 62, 774 (1972).

M. M, erillova and B. A, Chirkov, "Optical properties of titanium in the region of quantum transitions,"
Fiz. Met, Metalloved,, 15, 315 (1963).

D. W. Lynch and C. G. Olson, "Optical properties of Ti, Zr, and Hf from 0,15 to 30 eV," Phys. Rev., B,
11, 3617 (1975).

G Blondeau, M, Froelicher, M. Froment, and A, Hugot-Le Goff, "On the optical indices of oxide films as
a function of their crystallization: application to anodic TiO, (anatase)," Thin Solid Films, 42, 147 (1977).



