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1. Introduction

The application of anodic current or anodic po-
tential to a number of metals results under suit-
able conditions in the formation of continuous and
protective surface oxide layer, known as barrier
oxide or passive films. These oxide films are of
commercial importance as well as scientific inter-
est because of their dielectric and semiconducting
behaviour applicable to electronic components such
as capacitors, MOS device and small area display
etc.l2)

When metals are anodized to form barrier oxide
films, growth of these films is generally accompa-
nied by a development of internal stresses in the
oxides. The stresses are often quite large and may
exceed the strength of the film, resulting in crack-
ing, an interface may fail, resulting in delamina-
tion.> The problems become evident during pro-

cess developments and make an otherwise attrac-

tive process nonviable. So, extensive works38)
have been carried out to elucidate the mecha-
nisms of stress generation, of stress relief, and of
oxide film failure. Even though a great number of
propositions? 8 have been suggested about the na-
ture of surface stresses, there are as yet many am-
biguities and controversy concerning the magni-
tude and sign of surface stresses in anodic oxide
films.

So, in order for a complete understanding of
surface stresses in anodic oxide films on metals, it
will be discussed firstly about well established
sources of stresses in growing oxide films and then
discussed in detail experimental grounds for mea-
suring the stresses. Finally, because the stress
changes are closely related to the film formation
variables of applied current density and electrolyte
composition, it will briefly be described in terms of

growth kinetics of anodic oxide films on metals.
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2. Discussion
2.1 The Pillings-Bedworth model

Pillings and Bedworth®) theorized that protec-
tive films on metals formed because the oxide pro-
duced was of a greater volume than the metal
which it replaced, generating a compressed com-
pact layer at the surface which impeded further
transport of the reacting species. The Pillings-

Bedworth Ratio(PBR), is defined as follows:

PBR=— molar volume of metal oxide (1)
molar volume of metal

Table 1190 shows the typical values of PBR. It
can be seen that this model predicts that the
growth stresses in MgO will be tensile, and those
in FeO and Ta,0s compressive. However, the
magnitude of the volume change is so great that it
seems Impossible that the model can be correct as
it stands . quite thick layers of anodic oxide films
can be grown without fracture, suggesting that
the actual stresses are much less than those sug-

gested by the Pillings-Bedworth model.

Table 1. The Pilings-Bedworth Ratio(PBR) of
various metal-metal oxide systems taken from
Kubaschewski and Hopkins 10)

Metal-Metal Oxide PBR
Li-1L1,0 0.58
Mg-MgO 0.81
Al-AlLO, 1.28
Zn~Zn0 1.55
Ni-NiO 1.65
Fe-FeO 1.70
Ti-TiO, 1.73
Ta-Ta,0s 2.50
W-WO, 3.34

2.2 Stress due to Coulomb force

One source of surface stress in growing oxide
film is directly due to the electric fields present in
the oxide film layer.!l) The relationship between
surface charge density and electric field is given

by Gauss Law,12)

E=—-"=gN’ (2

where E is the electric field, N is the number of
particles of charge q per unit area and ¢ is the di-
electric constant of the oxide film layer. The force
exerted on a single charge q at one interface is
0.5qE, so the force exerted on the number of
charged particles N covering unit area of one in-
terface is 0.5 qEN. Hence the electrostrictive
stress 0. exerted perpendicular to the plane of
the oxide film layer produced by this effect is
given by

Ooa =5 - E?= 2= T (3)

where V is the electrostatic potential(=FE x d) and
d represents the thickness of the oxide layer; any
space charge within the oxide film layer is neglect-
ed for simplicity in this equation. This quantity has
the dimensions of force per unit area, and it is in-
dependent of position within the oxide. As the
oxide film layer is compressed it tends to expand
in the plane of the oxide film but is constrained by
the metal substrate, developing a lateral stress

under plain strain condition which is given by!3)

_ e e V*
O = Fov— 3o (4)

where wo 1s Poisson’s ratio for the oxide film

layer. Taking E=10% V/em,14) e=10!5 and wuyo=:
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Fig. 1. Responses of potential( ©) and deflection
(®) to current interruption during anodic oxida-
tion of tungsten strip specimen at an applied cur-
rent density of 0.02mA cm-2.

0.33,16) a g, of 1.73MPa is calculated. This value
is relatively small as compared to the measured
stress of a few GPa in anodic oxide films and is
always compressive.

The effect of electrostriction during anodic oxi-
dation of metals was noted in the previous works.
17.18) Figure. 118) shows open-circuit transients in
voltage and deflection recorded during anodic oxi-
dation of tungsten at a current density of 0.02 mA
.cm™2  After interrupting the applied current
density, the relaxation of electrostriction as the
potential dropped produced an instantaneous ten-
sile movement followed by a further tensile move-
ment which declined to the steady state. The in-
stantaneous tensile movement indicates that an
electrostrictive force acts as a compressive stress
component during the oxide film growth. The fur-
ther tensile movement was attributed to the relax-
ation of elastic stress of the tungsten/anodic tung-

sten oxide film system.®

2.3 Determination of stresses in oxide films

based upon curvature measurement

S
T rql

SR+b
- /R
R-a
Film —t
Thicknesst, s

{b)

Fig. 2. A schematic representation of a bending
of a strip taken from Flinn et al.2®) (a) Uncon-
strained substrate(shown crosshatched) of
length L, and unconstrained fim(shown below
and detached from substrate) of lenqgth L, the
length difference is 4L. (b) Film constrained to
match substrate and composite structure
allowed to relax to configuration of minimum en-
ergy. R is the radius at which the substrate arc
is the same length as in the unreformed materi-
al; a is the distance from the inner surface of
the substrate to R and b is the distance from R
to the outer surface. The fim thickness *; is
much less than the substrate thickness, ts. The
angle of bending, 6, and the value of a are such
as to minimize the total energy of the system.

Figure 220 shows a simple one-dimensional rep-
resentation of a thin film of thickness t; on a sub-
strate of thickness t,. The unconstrained length of
the film would be L, and that it must be stretched
by an amount AL to match the length L, of the
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substrate as shown in Fig.2(a). The deformed film
attached to an undeformed substrate does not rep-
resent a condition of minimum energy; the energy
of the entire system can be lowered by deforming
the substrate slightly so as to reduce the deforma-
tion of the film. This deformation has two com-
ponents: an overall compression of the substrate
and bending of the substrate. The combined effect
1s shown in Fig. 2(b).

The distance from the center of curvature to
any point in the material is r. R is defined as the
radius at which the corresponding arc is of the
same length as it was in the undeformed sub-
strate. The portion of the substrate with radius r
<R is under compression and with r>R is under
tension. The situation with R at the center of the
substrate thickness would correspond to pure
bending. For the case we are considering, net com-
pression, the distance a, which is from R to the in-
side of the substrate, is larger than half of the sub-
strate thickness, while b, the distance from R to
the outside of the substrate, is correspondingly
smaller.

The change in length relative to the undeformed

material along any arc of the substrate is given by
A=(r—R)¢# (5)

where the @ is the angle of bending, and the corre-
sponding elastic energy U in an arc of thickness dr is

dU =26~ Lydr (6)

where E, is the elastic modulus of the substrate.

The total elastic energy in the substrate is ob-
tained by integrating Eq.(6) through the thick-
ness, from (R-a) to (R+b), and is given by

U, = —E’gg(b’vLa"‘) )

Since the film is extremely thin relative to the
substrate, the strain in the film is approximately
uniform. The accommodation due to the bending s
given by Eq.(5), with r-R=a, so that the net
change in length of the film is given by

L.—Li—af=4.-af (8)

and the corresponding elastic energy of the film U,

is
_E 2
Uf— 2 (41_3.6) 1 (9

where E; is the elastic modulus of the film and t, is
the film thickness. The total elastic energy of the

system is now given by
U=EE0an1Bia-a0r a0

It is convenient to introduce the new variables
ti
=Ty ] (11)
V=x8
We can now express the total energy of the
system in terms of £, which measures the bending
of the substrate, and V, which measures the over-

all compression of the substrate as follows:

UoEit (ALY | E.t\¢ _ Et,ALt,8
? 24 2
—Et oy + B LV BV
2
LE A8 Et, Ve
8§ 2

(12)

The last three terms have negligibly small values.
We now find the value of the variableq that mini-

mizes the total energy :

U _E.n.8 Ej,At,
e 12 — 2 -0 1)
so that

g=S8Et A (14)
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The stress ¢, in a film simply is given by the elas-
tic modulus times the strain, so that

_E,dL

Of 13

(158)

If we solve this equation for AL and substitute it
in Eq.(14), we find

6t,0,L
_bt0/L;
0="F.t.0 (16)

which gives us the well known result

1 8 _ 6to,L,
'ET_L_,:# an
or
_Eg?
o = 6t R (18)

which is valid for a single uniform film.

If a film is in compression, rather than tension,
the analysis is essentially the same; the substrate
is bent in the opposite direction and is under net
tension. Since 1/R is negative, the sign of stress is
still given correctly by Eq.(18). If several films
are present, we can treat the interaction of each
film with the substrate separately. The stress in
each film is determined by the misfit between that
film and the substrate, and is independent of the
other films. The total bending of the substrate is
simply the linear combination of the contributions
of the individual films determined separately. To
determine the stress in a particular film, the in-
verse radius of curvature must be determined with
and without that film. This change in 1/R is then
used in Eq.(18) in place of 1/R to calculate the
stress In that film.

The extension to two dimensions, at least for
small deformations, i1s straightforward: Young’s
modulus (E) is replaced by the appropriate modu-
lus for plane stress condition?), [E/(1-mw?)],

where vy is the Poisson’s ratio of metal substrate

Et?

= 6(1“ UMZ)t/R (19)

of

For single crystal substrates, E and wy are func-
tions of orientation. Fortunately, if the crystal axis
normal to the plane of the substrate has threefold
or higher symmetry, as is commonly the case, the
factor E/(1-w®) is isotropic in the plane of the
substrate.

Most methods for determining the stress in a
film are based upon measurement of the curvature
of a uniformly coated substrate and the use of Eg.
(19). Note that it is only necessary to know the
thicknesses of the film and the substrate, and the
elastic properties of the film; as long as it is of
uniform and known thickness, it may have any
composition and microstructure and the stress can
still be obtained. Many methods have been used
for the curvature measurement(X-ray??) as well
as various optical techniques), but a laser-based
optical technique?®24) provides the best combina-
tion of accuracy, convenience, and speed for the
curvature measurement of anodic oxide films.

Figure 3 shows a laser ~beam deflection ap-

3
\ 1 Aqueous
electrolyte
i FL

57 j

Fig. 3. A beam deflection apparatus used to meas-
ure stress development on the surface of metal
1 1, specimen; 2, laser source; 3, flat window, 4,
photocell; 5, stainless steel rod; 8, micrometer.
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paratus used to measure the stresses generated
during anodic oxidation of metals. It was based
upon the method developed by Stoney,?® later
modified by Nelson and Oriani.®17) To follow the
motion of the free end of the foil specimen 1 a
laser beam from a laser source 2 is directed
through a flat window 3 on the side of the cell, re-
flected off the mirror near the end of the strip,
and back out through the window. The reflected
beam is intercepted by a photocell 4 covered by a
mask with a narrow horizontal slit cut in it. As
the beam moves across the slit the changing light
intensity allows monitoring of the motion at the
end of the specimer. Calibration is achieved by
pushing or pulling the free end of the specimen
with a glass rod 5 attached to a micrometer 6.
Some error is introduced here as the bending
caused by the point load used in calibration is not
equivalent to that due to the distributed load on
the specimen surface. However, by offsetting the
mirror slightly from the free end of the specimen,
deflection measurements as small as 1un can be

made and errors can keep to less than 4%.

2.4 Effect of oxide growth rate on surface

stresses in anodic oxide fims

Vermilyea?’ firstly measured surface stresses in
anodic oxide films on several metals by clamping
the upper end of a thin foil of the metal specimen
and observing the motion of the lower end through
a telescope in an aqueous medium. In his work,? it
was found that for most metals the sign of the
stresses was independent of formation voltage and
film thickness. From the experimental results, he
considered that the sign of the stresses in anodic
oxide film on a metal is a characteristic of the
metal. However, the stress measurement was

made on as-received specimen which would have
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Fig. 4. Change in surface stress with oxide fim
thickness for an anodic oxidation of aluminium
strip specimen at an applied current density of
3.3mA cm~ in ammonium borate solution(pH=9.
7) taken from Bradhurst and Leach.3) Dotted
line indicates the zero position of deflection.

Compressive—Surface Stress/GPa—Tensile

residual stresses in itself. It is inferred that such
stresses are relieved during the anodic oxidation
and are overlapped with surface stresses generat-
ed by the anodic oxidation of metal. So it is ques-
tionable whether Vermilyea’s work provides reli-
able data of the genuine surface stresses in the an-
odic oxide film. '
Bradhurst and Leach® used a strip-deflection
method to determine the stresses generated during
the anodic oxidation of Al Figure 4 shows the
change in surface stresses with applied current
density obtained from anodic oxidation of Al in
pH 9 ammonium borate electrolyte. The stresses
were dependent upon the applied current density :
at lower current densities, the films were in com-
pression, and at higher current densities tensile
stresses were observed. The results(Fig.4) were
explained by the work of Davis et al.2%) in which
the transport number of cation In anodic oxide

film on Al is changed from 0.33 to 0.72 with in-
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creasing applied anodic current density from 0.1
to 10mA cm 2 On the basis of the experimental
results,? Bradhurst and Leach5 ascribed the in-
creasing movement in a tensile direction with in-
creasing applied current density to the increasing
number of cation vacancies remaining at the metal
Joxide interface with increase of the rate of oxide
growth.

Figure 5!8) shows the changes in surface
stress with time calculated from the measured
deflections produced during the anodic oxidation
of tungsten at various current densities of 0.02
to 0.65 mA cm2. The stress-time curves exhibit
two characteristics to be noticed. One is that the
stresses move increasingly in a tensile direction,
as the applied current density increased. The
other is that more compressive stresses are built
up at the earlier stage of anodic oxidation and
become less compressive at the later stage.

Recognizing the fact that no significant varia-
tion in the cationic transport number of anodic
tungsten oxide film with both applied current den-
sity and film thickness was observed,?) it is not
plausible to give reasons for the changes in the
sign and rate of deflection with both applied cur-
rent density and anodic oxidation time(Fig.5) in
terms of the changes in the cationic transport
number.

Kim et all® demonstrated the experimental
results(Fig.5) with respect to the electrochemical
reactions occurring at the metal/oxide and the
oxide/electrolyte interfaces. According to point de-
fect model,26) the electrochemical reactions occur-

ring at the metal/oxide film interface are given by
Mu(m) = Mu(ox) + /2 Vo (ox)+1e  (20)

and

Mu(m) + V¢ (ox) =Mu(ox) +1& 21

0.4 T - T T

Compressive— Surface Stress/Gpa —tensile

~-1.0} 4
o)
2/ -
o]
-14 J 1 A A
0 100 200 300 400 500

Time/s

Fig. 5. Changes in surface stresses with time for
anodic oxidation of tungsten strip specimen at
applied current densities of : ©, 0.02mA cm2 :
0, 0.05 mA cmZ; A, 0.10 mA cm™2; e, 0.65mA
em2, taken from Kim et al.’) Dotted line indi
cates the zero position of deflection.

where My(m) represent the normal metal atom in
the regular metal site, My(ox) represent the nor
mal metal ion in the regular site of the anodic
oxide film, v represent the charge number of the
metal ion, V27 (ox) represent the positively
charged oxygen vacancy, e represent the electron
and Vy*-(ox) represent the negatively charged
cation vacancy. The point defect model?®) also as-
sumes the following two electrochemical equilibria

at the oxide film/electrolyte interface:
Vo2*(ox) +H0(aq) =2H*(aq) +Os(ox) (22)
and
Mu(ox) =Vy*-(ox) +M¥*(aq) (23)
where H* (aq) is the hydrogen ion in the aqueous
electrolyte, O,(0x) is the normal oxygen ion in the

regular site of the anodic oxide film and M**(aq)

is the charged metal ion in the aqueous electrolyte.
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Considering that the conversion of a W atom
into a W 1on in the anodic oxide film on W sub-
strate produces free volume equal to about 90% of
the volume of the W atom at the metal/anodic
oxide film interface, the effect of the production of
free space due to the conversion of W atoms into
W lons would be counterbalanced by the effect of
the reduction in free space due to the annihilation
of cation vacancies, as reaction (21) proceeds at
the metal/oxide film interface. The contraction of
the lattice spacing of the outermost layer of the
anodic oxide film due to the formation of cation
vacancies according to reaction (23) would be ex-
ceeded by its expansion due to the incorporation of
the oxygen ions into the oxide film lattice accord-
ing to reaction (22).

However, as reaction (20) proceeds, both the
conversion of metal atoms into metal ions and the
formation of oxygen vacancies in the anodic oxide
film take place simultaneously at the metal/oxide
interface. Thereby, a large amount of free space
would be developed at the metal/oxide interface
unless the generated oxygen vacancies are annihi-
lated by the inward diffusion of oxygen ions
formed at the oxide/electrolyte interface via reac-
tion (22). This reasoning leads one to assert that
reaction (20) is mainly responsible for the deflec-
tion behaviour encountered during the anodic oxi-
dation of W.

It was reported2”) that activation energy for the
diffusion of oxygen ions through the anodic oxide
film on Fe substrate increases with increasing
oxide film thickness. Thus, at very low film thick-
ness, the oxygen vacancies formed by reaction
(20) can be easily eliminated by the inward diffu-
sion of the oxygen ions formed at the oxide/elec-
trolyte interface according to reaction (22). Con-

sequently, a compressive deflection probably oc-

curs at the metal/oxide interface in the initial
stage of the anodic oxidation of tungsten(Fig.5).
However, as the film grows, it is expected that
it becomes more difficult for the oxygen vacancies
to be eliminated due to the increase In the
activation energy for the diffusion of oxygen ion
through the anodic oxide film. A larger number of
oxygen vacancies would build up at the metal/
oxide interface with increase of the thickness of
the anodic oxide film, leading to the transition
from compressive to tensile deflection(Fig.5). The-
refore, it was suggested!®) that the changes in the
sign and magnitude of the stresses generated dur-
ing the anodic oxidation of tungsten are crucially
determined by how fast the oxygen vacancies
formed at the metal/oxide interface are annihilat-
ed by the oxygen ions which move from oxide/so-
lution interface toward the metal/oxide interface.
The explanation of the effect of current density
on the stress generation in terms of relevant elec-
trochemical reactions responsible for anodic oxide
film growth is applicable to not only W but also
various metals such as AL3 % Zr” 28 and Ti2%
and is also helpful for us to understand the mecha-
nism of stress relief during anodic oxidation of

metals.

25 Effect of anion impurity on surface

stresses in anodic oxide films

It was reported,” & 30. 31 that anion impurities
of electrolyte such as halide ion greatly affect sur-
face stresses generated during the anodic oxida-
tion of metals. However, there is still controversy
concerning the influence of halide ion on the gen-
eration of the stresses in anodic oxide film of met-
als. Archibald and Leach’3% showed that if Zr is
electropolished in the HF-free solution, the stress-

es developed during the anodic oxidation are
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always compressive whereas if Zr is etched in the
HF-containing solutiqn the surface stresses in the
initial stage of the anodic oxidation are tensile and
then become compressive. They attributed the ini-
tial tensile stresses to the increased cation migra-
tion due to the F-left on the metal substrate dur-
ing the chemical polishing. However, they left the
reason why the compressive stresses develop in
the later stage of the anodic oxidation.

In contrast, Nelson and Oriani reported® that
much larger compressive stresses are developed in
the anodic oxide film on nickel grown in Cl™-con-
taining solution than in Cl™-free solution. They at-
tributed the larger compressive stresses to the
larger volume of Cl~-than that of 02 incorporated
m the oxide film.

Quarto et al.3D) found that the values of the
breakdown voltage and dielectric constant of an-

odic oxide film on W are greatly influenced by the
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Fig. 6. Changes in surface stress with time dur-
ing anodic oxidation of tungsten at an applied
current density of 0.08 mA c¢cm2 in 0.1M H,SO,
solutions containing various concentrations of
10, 0 M NaCl; O, 005 M NaCl;, A, 0.10 M
NaCl; e , 0.50 M NaCl.

incorporation of anion impurities in the anodic
oxide film, and regarded that changes in defect
structure of anodic oxide films with anion impuri-
ties are very significant in determining the values
of surface stresses developed during anodic oxida-
tion of metals.

Kim et al.3®) investigated the surface stresses
developed during the anodic oxidation of W as a
function of Cl~ and applied current density, based
upon the idea that both the changes in defective
structure and in growth kinetic behaviour actually
contribute to the magnitude and the sign of the
surface stresses of metal. Figure 632) shows that
the changes in surface stresses with time calculat-
ed from the measured deflections produced during
the anodic oxidation of W at an applied current
density of 0.08 mA cm™2 in 0.1 M H,SO, solutions
containing various [Cl™] of 0 to 0.5 M by using
Eq.(19).

The experimental results(Fig.6) are also dis-
cussed with respect to growth related electrochem-
ical reactions occurring both at the metal/oxide
film interface and at the oxide film/electrolyte in-
terface, and it is suggested that the stress increas-
es in a compressive direction with chloride ion be-
fore the oxide film breakdown are attributed to
the increase in PBR due to the incorporation of
chloride ion in the oxide film. In contrast, after the
oxide film breakdown the stress increases in ten-
sile direction are due to the saturation of cation

vacancies at the metal/oxide film interface.

3. Conclusion

From this review, it can be concluded that gene-
ration of surface stresses in anodic oxide films in-
volves the transport of both oxygen ions and metal

ions or their respective vacancies from the metal/
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oxide film interface through the oxide film or from
the oxide film/solution interface into the bulk
oxide film. Thus, surface stresses developed during
anodic oxidation of metals are important in deter-
mining the various properties of anadic oxide films
on metals: structures of the oxide film, the mecha-
nism of film formation and breakdown, and electri-
cal and mechanical properties. In this respect, the
achievement of an improved understanding of the
stress generation mechanism is necessary for engi-
neering applications of anodic oxide films on metals.

Various important parameters affecting surface

stress generation that can be investigated by stress

measurements are summarized as follows:

1) The effects of applied anodic current density/
anodic potential (current/potential step within
passivation range, cyclic vollammetry)

2) The effect of time of passivation

3) The effect of electrolyte composition(changes
in pH and halide ion concentration)

4) The effect of H™ or Li* charging into anodic
oxide films on transition metals.

5) The changes in stresses in electrodeposited
layer during electrodeposition process.

Many of concepts developed for the stress gen-
eration in anodic films will also be applicable to
thin films produced by deposition processes and

oxides grown at high temperatures.
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