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Anodic Oxide Formation on Ti-6A1-4V in Chromic Acid for

Acdhesive Bonding

N (ABSTRACT)

é‘\cnrom;c acid anodization (CAA) of Ti-6A£-4V alloy has
been shown to produce desirable oxide for adhesive bonding.
The highly porous oxide layer provides mechanical
interlocking with the achesive or the primer forming a much
stronger interface. This leads to stronger and more durable
bond <than most other surface pretreatments. Since
anocdization is a electrochemical process, electrochemical
methods are used to elucidate the mechanism and kinetics of
the oxide <formation. Frem galvanostatic anodization, the
preimmersion oxide thickness is calculated to be in the
order of 10 Angstrom. Oxygen evolution is dominant at above
10 V. Oxide breakdown or cracking was observed at
potentials above 10 V and at current density above 11
mA/gmzu Hydrofluoric acid was found to be essential in the
initiation and formation of pores desirable for acdhesive
bonding. Without HF addition, the oxide formed was compact
and uniform regardless of anodizing conditions (before
breakdown). In the presence of HF, porous oxide was

obtained with pore size distribution increased with

temperature and BF concentration.
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Chapter I

INTRODUCTICN

Titanium and its alloys have received much attention in
recent years, particularly in the aerospace industry{1l]
where high strength, high temperature alloys are needed.
Titanium alloys have been used in making aircraft Zrame,
turbine engine parts, pressure vessels, rocket motor cases,
etc.. They are characterized by their excellent-strength-
to~weight ratic, wide range of service temperature,
excellent fatigue, crack propagation and corrosion
resistance. 0Of all the titanium allcys, Ti-6Al-4V is by far
the most popular{2].

Many applications of Ti~6Al-4V require ways of fastening
the parts together. Adhesive bonding offers marked
advantages over conventional fastening{3], such as, bolting,
riveting or welding. Adhesive bonding eliminates the
requirement for drilling holes which serve as stress-risers
and the possibility of pitting corrosion around the
fasteners. The adhesive joins to the entire bonded area
providing a more evenly distributed load. Welding involves
the contact of two dissimilar metals which could lead to
galvanic corrosion. In most cases, the adhesive is non-

conductive and can form an air and moisture-tight seal




around the joint minimizing the possibility of corrosion.

Furthermore, in fastening many composite structures,
adhesive bonding is the only feasible method as in the case
of honeycomb sandwich structures. The overall weight
reduction and lower manufacturing cost can lead <o
substantial savings as well.

There are many factors governing the formation of strong
bonding between metals. It is well accepted that aches:ive
or interfécial failures are indicative of weak joints.
Means of strengthening the interphase region so that failure
would occur cohesively within the bulk adhesive or adherent
is of paramount importance. With that in mind, one of the
most important steps in bonding metals is the surface
treatment of the metal prior to bonding.

The surface treatment usually serves several purposes.
It removes grease, o0il contaminants, locose oxides or debris
left from machining of the metal. More importantly, it
creates a "customized" surface layer which enhances
bondability.

There are different surface treatments available for
different metals. Generally, they fall into one of the
three categories: mechanical, chemical, and electrochemical.
Mechanical treatments involve roughening the metal surface

by abrasion, such as sanding or grit blasting. This mezthod




removes potential weak boundary lavers and creates macrc-
roughness on the surface. Provided that the debris from the
abrasion is completely removed and the adhesive or primer
wets the metal surface properly, adhesion is generally
improved by this treatment. Chemical treatments can create
a stable and conesively strong metal oxide on the surface.
Electrochemical treatment usually is called anodization. I=
is the anodic oxidation of the metal in an oxidizing
electrolyte under an applied -electrical potential.
Anodization is limited to metals which have self-healing
oxide layers. The metal has to be able to form an adherent
and insulating film as soon as it is exposed to an oxidizing
medium. The film formed will hinder further oxidation
reactions. Aluminum and titanium are two of the common
metals which can be anodized to create an oxide layer with
desirable thickness, morphology and topography for adhesive
bonding.

The purpose of this report is to study the chromic acid
anodization process with a fundamental apprcach. Since the
anodization process itself is electrochemical in nature, the
initiation of the oxide, the kinetics and mechanism of the
oxide formation which eventually lead to the final bonding
surface are all governed by the electrokinetic parameters.

Potentiostatic and galvanostatic experiments are carried out




to elucidate the role of current density and potential 1in
the oxide formation as well as other variables pertinent to
the understanding of the anodizing process. Surface
techniques such as high resolution scanning electron
microscopy (STEM and SEM) and photocelectron spectroscopy
(XPS or ESCA ) are used to characterize the surfaces
produced. It is hoped that the information derived £from
this study can lead to better understanding in chromic acid
anodization(CAA), and improvements can be made to optimize
the process to achieve better and consistent adhesive joint

strength and durability.
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Chapter I1I

THEORIES OF ADHESION

In spite of the advanfages and popularity in using adhesives
for bonding primary and secondary structures in many
industries, there is no unified theory on adhesicn or
adhesive joints, nor is there unanimity on even the
fundamental notion of what causes materials to stick
together. There have been a number of theories proposed in
the past. Most thecries attempt to explain a particular
aspect of the adhesion mechanism as applied to a particular
set of experimental conditions. In reality, the adhesive
joint strength is probably dependent on a combination of
physical and chemical contributions in a rather complicated
manner. Too often, an adhesive joint is considered to
composed of only the adherends and adhesive, and the
adherend/adhesive interface is considered to be a well
defined boundary. In reality, as pointed out by Sharpe(83],
the boundary may be more accurately be described as an
"interphase" with some finite thickness. For example, in
bonding polymers, inter-diffusion of polymer molecules
across the interface would create a new phase with

properties quite different from the original bonding

surfaces or the bulk materials. Similarly, in bonding
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metals with porous oxides, the pene?ration of the adhesive
into the oxide pores essentially creates a new phase with no
distinct boundary. Perhaps the lack of understanding of
this "interphase" in adhesive bonding and the lack of
quantitative approach to the problems have been the source
of much disagreement and confusion among workers in the
adhesion area. Nevertheless, there are three general
theories of adhesion, namely, the mechanical theory, the
molecular theory, and the "weak boundary layer" theory

proposed by Bikerman4].

2.1 MECHANICAL ADHESION THEORY

The mechanical adhesion theory is based on the fact that
surface roughness or porosity increases true surface area
for bonding, promotes wetting and spreading and provides
mechanical anchoring sites. Most important of all, surface
roughness or porosity provides mechanical interlocking
between metal oxide and adhesive. In the case of
polyethylene bonded to anodized aluminum adherends(21-23],
mechanical interlocking accounts for strong adhesion.
Arrowsmith([24] also reported that peel strength on copper

and nickel foils bonded with an epoxy adhesive is directly

related to the surface topography of the metal surface.
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2.2 MOLECULAR THEORY

The molecular theory includes the chemical, diffusion,
electrostatic, and acid-base contributions to adhesion. The
chemical reaction theory attributes the strength of an
adhesive joint to the formation of primary valence bonds at
the interface of the adhering materials. This is usually
accomplished by using an adhesion-promoting primer which has
chemically active groups to react with the metal(oxide)
surface. The use of silane coupling agents as adhesion
promoters 1is well - established[5-8]. DeLollis{9] and
Zisman[10] pointed out that chemical bonding, such as
created by using silanes, not only can increase initial bond
strength, it also offers better retention of adhesion in
severe environments. Brenmen, et al.[ll] and Lerchenthal,
et al.[l2] reported that higher bond strength can be
achieved by mechanochemical creation of free radicals on the
primer surface by mechanical abrasion with emery paper just
prior to bonding. The free radicals are believed to cause
chemical bonding at the interface.

The diffusion theory[13] maintains that surface contact
at the interface alone is not sufficient for good bonding.
Also required is that the molecules of the bonding surfaces
be able to diffuse across the interface. This theory is

undoubtly important in bonding polymers. However, it cannot




be applied to bonding metals or glass since diffusion in
those cases 1is not possible at the usual bonding
temperature.

The contribution of electrostatic forces to adhesion was
suggested by Deryagin, et.al.[l14] and Skinner and co-
workers[15,16]. According to this theory, the strength of
an adhesive joint is dependent on an electrical double layer
formed at the adhesive-adherend interface. As detachment
occurs, energy 1is expended in separating <the charged
surfaces. Electrical discharge is sometimes observed with
rupture of adhesive bonds. However, there is no direct
evidence that the charge exists at the original interface
which was formed by two electrically neutral surfaces.

Fowkes and co-workers{17,18] have shown that electron
donor-acceptor interaction at the adhesive-adherend
interface is an important adhesion mechanism. Adhesion
between dissimilar materials 1is a result of two
intermolecular phenomena: London dispersion forces and
acid-base interactions which include hydrogen bonding.
Therefore, adhesion of polymers to metal surfaces can be
enhanced by matching an acidic oxide surface with a basic
polymer or vice versa(l9]. The acidity of metal oxide

surfaces can be measured experimentally as shown by Mason,

Siriwardane and Wightman{20].




2.3  WEAK BOUNDARY LAYER

According to the molecular theory, the strength cf an
adhesive joint is determined by the magnitude of the
interfacial forces (valence, Van der Waal, electrostatic,
electron donor-acceptor, etc.). According to <the "weak
boundary layer" theory([4]. The joint strength is determined
only by the cohesional strength of <the weakest element in
the joint. Failure is believed to occur always cohesively:
in the adhesive, adherend, or both, or in some weak boundary
layer (WBL). Bikerman reasoned that the probability of a
crack initiated and propagated exactly along the interface
is extremely slim. Therefore, as long as the surface is
properly wetted, there is no need to be concerned with

surface forces.

2.4 ATTACHMENT SITE THEORY

The "attachment site theory" proposed by Lewis and
Natarajan[25] attempted to incorporate the existing thecries
to describe the structural properties of adhesives joints
and degradation mechanism under adverse environments. The
strength of an adhesive joint is considered to be dependent
on the boundary layer at the adherent-adhesive interface.
This boundary layer consists of mechanically effective sites

of either chemical or physical nature. These "attachment
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sites" are believed to be of macroscopic dimension.
Furthermore, according to this model, when the adhesive
joint is exposed to adverse environments, the strength of
the adhesive joint is deteriorated through depletion of the
number of "attachment sites." When the number of attachment
sites is depleted below a threshold point (formation of a
weak boundary layer), a change from cohesive to interfacial
failure may occur and causes a dramatic decrease in bond
strength (Figure 1).

Baun[26] studied the bond strength of evaporated gold and
a commercial adhesive on Ti-6Al-4V substrate prepared by
different chemical etch times. Bond strength was also
measured for specimens exposed to steam. Baun found that
the results from dry and steam-exposed specimens were in
excellent agree@ent with the "attachment site theory." Dry
bond strength increased slowly with etch time, presumably
increasing the number of attachment sites, until it passed
the threshold point with sudden increase in bond strength.
Beyond the threshold region is the cohesive plateau where
failure 1s mixed or cohesive, and no further change in bond
strength is observed with longer etch time. When bonded
specimens w.th etch time above the cohesive plateau were

exposed to steam, the reverse path was observed with steam

exposure time.
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Chapter IIl |

LITERATURE SURVEY

Titanium accounts for about 0.6% of the earth's crust.
However, metallic titanium was difficult to obtain from its
most abundant natural occurrence-- ilnenite (FeTiO3) and i
, rutile (TiOZ). The common method of reduction by carbon is
not possible because titanium forms a very stable carbide.

Hence, high-purity titanium was not available commercially

e e

until the adoption of the Kroll process is 1949. During |

this process, ilnenite and rutile are converted to TiCl4 j

before finally being reduced to metallic titanium by

magnesium(27].

Although titanium is known to be immune to most corrosive
and oxidizing environments, it is, in fact, rated as highly
reactive in the thermodynamic series[28](Table 1). Its
r; noble behavior is attributed to the natural oxide formed on
its surface. The stable, adherent, compact and insulating

yf ) oxide film essentially halts further reaction with the metal

by separating the reactants. The activation energy réquired
% ' for ionic transport across the film is in the order 40kT or
‘ higher{29]. Under ordinary temperature, thermal energy is
insufficient to cause ion migration and oxide thickening.

Substantial thickening of the oxide can only be achieved by
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TABLE 1

Classification of metals in order of thermocdynamic

nobility(28].

A
{Immunity)
Noble metals
1 Goid
2 Iridium
3 Platinum
) Rhodium
5 Ruthenium
§ Palladium
7 Mercury
L} Silver
9 Osmium
1o Selemium
11 Tellurium
12 Polonium
13 Copper
14 Technetium
15 Bismuth
16 Antimony
17 Arsemic
18 (Carbon)
19 Lead
20 Rhenium
21 (Nickel)
22 (Cobatt)
2 Thallium
23 Cadmium
23 [ron
28 Tin
e Moiybdenum
28 Tungsten
29 Germanium
30 Indium
n Gallium
32 Zinc
3 Niobium
34 Tantalum
35 Chromium
36 Vanadium
37 Manganese
38 Zircomum
39 Aluminium
40 Haffium m——
41 Titan1um c—
42 Beryllium
43 Magnesium

Non-nobie metals

{Immunity 2nd passivation)

Rhodium 1

Niobium 2

Tantalum 3

Gold 4

lridium 5

Platinum 6

Titanium T

Palladium 8

Ruthentium 9

Osmium 10
Mercury i
Gallium 12
2irconium 13
Silver 14
Tin 15
Copper 16
Hafmium 17
Berytlium 18
Alumimium 19
indium 20
Chromium 2

Selentum 2
Technctium 23
Tellurtum 24
Bismuth s
Poionium 26
Tungsten 7
Iron 28
{Nickel) 2

(Cobalt) 30
Antimony 31
Arsenic 2
(Carbon) 33
Lead 34
Rhenium 35
Cadmium 36
Zinc b
Moiybdenum 38
Germanium 39
Vanadium 10
Magnesium 41
Thallium 42
Mangancse 43




an applied electric field in an electrolyte as in
anodization.

The oxide films on titanium are important in a number of
applications other than adhesive bonding. In fact, meost
literature work reported on the anodic oxidation of titanium
is concerned with i%s 1insulating or semiconduc+ting
properties. Most notably, titanium is highly corrosion
resistant in acid or alkaline environments. This passivity
is believed to be due to the stable tetravalent TiOZ{BO}.
n-type TiO2 alse found application as semicenducting
electrode in photoelectrochemical processes{31l]. The rutile
form of TiO2 having high dielectric constant is a candidate
for use in electrolytic capacitors as well[32].

The anodic behavior of Ti and its alloys is very similar
to that of the "valve metals". The original classification
of "valve" metal stresses the rectifying characteristic of
the oxide-covered metal electrode allowing only cathodic
current. A more general characteristic of valve metal as a
group is their tendency to form a protective, high-
resistance oxide film to the exclusion of all other
electrode processes on anodic polarization. Typical wvalve
metals are Ta, Al, Nb, and W. Other metals such as Ti, Si,
Mg, Be, Ge and Sn are sometimes classified as valve metals

because they behave as an ideal valve meta. to a great




situations. Therefore the

extent 1in certain
oxidation of other "valve" metals are included in <this

survey along with Ti and its alloys.

3.1 ANODIC OXIDE FORMATION AND GROWTH

3.1.1 Theorv

The early studies of electrokinetics by Guntherschulize
and Betz[33] in the 1930's indicated that the ionic current
density (I) corresponding to the thickening of oxide films
is roughly an exponential function of the field strength (H)

as shown in the following equation:

I= A exp(BH) (1)

where A and B are constants, and H is the potential drop
across the oxide film divided by the film thickness. The
form of equation (1) suggests that the field (H) changes the
- energy barrier of the rate-determining step for ionic
currenttransport. as the ions migrate through the anodic
film. In other words, the field Llowers the activation
energy of the ratelimiting step in the growth of the oxide. ]
Verwey[34] was the first to propose the field-assisted
hopping model (Figure 2) as an explanation £for the non-

linear dependence of <current on voltage observed in

anodization experiments.
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The dashed lines in Figure 2 represents the barrier at
zero field, whereas <the solid lines represents the field-
modified barrier. An electric field, H, lowers the barrier,
U, for charged-particle motion in the forward direction and
raises it in the reverse by an amount gHa, where g=charge on
the ion and a=activation distance.

According to this model, and assuming the reverse curren

is negligible, the current-field relationship now becomes,

I= 2anv exp-{(U-gHa)/kT} (2)

where n=the number of mobile ions per unit volume,
v=vibrational frequency, k=Boltzmann's constant, and T=

absolute temperature. According to Verwey, the migration o

(2

ions within the oxide film is the rate-determining step in
the oxide growth (Fig. 3b). He did not consider the effects
of the interfaces.

The metal/oxide interface was taken into account by
Mott[3S5] and Cabrera and Mott[36]. They focused on the fact
that the entrance activation barrier u' for the
transformation : METAL---> ION + ELECTRON, may be greater
than the activation barrier U for ion migration through the
film itself (Fig.3a). In this case, the rate-determining
step lies in the metal/oxide interface. The current-field

relationship is similar to the Verwey case except the term
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ty

2an is replaced by n' which is the areal concentration o

metal ion at the interface.

I= n'v' exp-{(U'-gHa')/KT} (3)

where the prime(') denotes the interface. According to the
Mott and Cabrera model, once the metal atom becomes a
charged svecies and jumps across the interface tc the oxide
lattice, the ion would be pulled across the film immediately
under the applied field.

Vermilyea[37] obtained kinetics data on the oxide growth
on tantalum using dilute aqueous electrolytes at various
temperatures. He <concluded from his data, collected by
potentiostatic and galvanostatic measurements, that the Mott
and Cabrera rate eguation must be modified in order <c¢

describe the oxide formation on tantalum. An empirical rate

equation in the form of:

I= P exp-{(U/kT)~-QH] (4)

was suggested where P and Q are constants. However, no
mechanism which give rise to the above equation was cffered.

In 1954, Dewald[38] incorporated the two possibilities of
rate limitation--at the anodic film/metal interface and
within the bulk of the oxide--into a single formalism which

also takes into account of the effect of space charge within




the £ilm. Dewald's theory, which is based on Mott arnd
Cabrera's rate equation, was able to account for the
discrepancy observed by Vermilyea[37) between theory and
data on tantalum. The Verwey model and Mottt and Cabrera
model turn out tec be the limiting cases for Dewald's theory.
For low-field and thin film cases, the effect of space
charge is small, and the contribution of the interface may
be dominant(Mott and Cabrera). However, as the film
thickness 1increases, the 1increasingly large number c¢f
barriers, U, would eventually predominate over the barrier
U' at the interface even though U' might have been larger at
the early stage of £ilm growth. Verwey's model would be

valid in this case.

3.1.2 Oxidation of Titanium

Hall and Hackerman|{39] measured the anodic charging curves
of titanium in neutral 0.5M NaCl solution. The initial rise
in potential observed during the constant current density
polarization was attributed to the chemisorption of oxygen
and charging of the electric double-iayer at the
oxide/sclution interface. The oxide breakdown potential
occurs at 10 volts with reference to the saturated calomel
electrode(S.C.E.) at which oxygen evolution became visible

and pitting was observed. Johansen, Adams and Van
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Rysselberghe([40] reported the formation rates of anodic
oxide films on Ti and other valve metals in air-saturated
ammonium borate solution under galvanostatic condition.
Electrolytic parameters, A and B were calculated from the
unitary formation rates as a function of metal purity and
degree of cold-work.

Sibert{4l] reported the effects of various formation
parameters, such as, the nature and concentration of the
electrolyte, forming voltage, current density and
temperature on the properties of the oxide £ilm on
commercially pure Ti. Irn general, two types of films were
found. Electrolytes with low solubility for the cxide
produced thin translucent films with poor electrical and
insulating property. Electrolytes with at least partial
solubility for the oxide produced thick, highly insulating
and porous films. These observations were made from film
resistance and capacity-loss measurements.

There is little doubt that the thickness of the anodic
film depends on the voltage which is the driving force for
the oxide growth. Theoretically, anodizing under a constant
voltage, below that of the oxygen evolution and breakdown
voltage, the film could grow to be infinitely thick.

However, in reality, as the film thickens, the field (H)

across the film decreases rapidly. The ionic current, which




is an exponential function of the field as suggested by
Guntherschulze and Betz[33]|, becomes virtually zero at some
finite film thickness and film growth ceases.

Most authors assume a linear relation between £final
voltage and film thickness{37,41]! as shown in Figure 4. As
a result, the apparent growth rate is often expressed :n
units of Angstrom per volt. The reported apparent growth
rate ranges from 18{42] to 22{43] and 23.8 Angstrom/V[&4]
for pure Ti. For Ti alloys, the growth rate may be somewhat
lower({4sS].

According to some authors, the first step in anodic
oxidation of titanium might involve the formation of an
adsorbed layer of oxygen, or some oxygenated species{39].
Ammar and Kamal(46] observed in anodizing Ti in acid
solutions that the open-circuit potential for Ti in H3PO4
and HNO3 decreases with time rather than increasing as in
other acids. They concluded that this behavior is due to
oxidation of Ti surface rather than the chemisorpticn of
oXygen. Aladjem, Aucouturier and Lacombe(47] reported that
passivity may be repeatedly lost and acquired by switching
off and on the polarizing current even after the built-up of
the anodic film. This result seems to support the mechanism
that an absorbed layer either precedes or accompanies the

charging of the electric double-layer at the oxide/solution
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interface. While there is little doubt that passivity

primarily results frcm either an oxide £ilm or adsorptiocn,
the presence of an oxidizing species is essential for the

oxidation(48].

2 1

3.1.3 Mobility of Ions in the Cxide Film

The growth of the anodic film relies on the <transporz of

ions through the film. If only oxygen ions are mobile, thev

would migrate through the f£ilm under the electric field from
the oxide/solution interface and form fresh oxide at the
metal/oxide boundary (Figure 5a). By the same token, if
only metal ions are mobile, they would migrate and form
fresh layers of oxide at the oxide/solution interface
(Figure 5b). If both icns are mobile, oxide may be produced
simultaneously at both interfaces or, ion by ion, within the
body of the existing oxide (Fig 6).

To determine which type of ion is mobile, one only need
to determine where new layers are lccated in the oxide £ilm.
This is usually done by building a marker layer which is
differeat from the bulk oxide and determine where the marker
layer is in the film by successively dissclving layers of
oxide in hydrofluoric acid. The dissolution rate of the

oxide in HF would have to be measured beforehand. Lewis and
35

Plumb({49] used radiocactive §

as marker in anodizing
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aluminum. Duplex £ilms were formed by oxidizing in
electrolytes of different conzentration. It was reported

that the last layer was formed on the oxide/solution side
indicating that the metal ions are mobile. Vermilyea(50]
also found that the metal ion to be the mocbile specie. in
TaZO5 films anodized in 80wt¥ sulfuric acid.

There is evidence that both metal and oxygen ions can
migrate simultaneously. Randall, Bernard and Wilkinson(31]

formed duplex films on tantalum in various concentrations of

th

phosphoric acid and found that fresh oxide laver were £formecd
at both interfaces. Davies, Pringle and co-workers{52-54]
obtained similar results for a number of valve metals
including Al, Ta, Nb, Zr, Hf and W. Radiocactive inert gases
were used as markers in these studies.

The exact mechanism of ionic transport is difficult to
elucidate. One must be cautious in using marker layers that
the original transport mechanism is not altered and vet the
marker layer must allow accurate identification. Therefore,
the results are often dependent on the technigue being used
as well as the metal and electrolyte involved.

On the whole, there seems to be sufficient evidence that
the metal ions are mobile in oxide formation. This is no
surprise because they are smaller in size than their oxygen

counterpart. In certain cases, both types of ions are
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mobile, and oxide is formed by chemical recomrination wizth:in

the film and at the interfaces.

3.2 LIMITING OXIDE THICKNESS AND BREAKDOWN

As mentioned earlier, the final thickness of an anodic £film
i1s a function of the ancdizing potential. However, due o a
numper of electrochemical as well as physical restriczicns,
the growth of the fiim is not unlimited. Oxide-breakdown or
other electrochemical processes will take over, and fur<her
increase in potential or current density will not result in

film thickening.

3.2.1 Internal Stress

It is generally bkeliieved that the oxide £:il formed
anodically is under compression because the oxide occupies
more volume than the metal from which it 1s formed.
However, Vermilyea[55] found otherwise. He suggested thazt
for a flat metal surface, the molecules should be able to
rearrange while forming the oxide and therefcre will not
necessarily be in compression. He has shown by growing ox:ide
on only one side of <hin metal sheets that the oxi:de :s
actually under tensile stress. The exact state of stress
within the oxide is difficult to guantify. It depends on a

variety of factors such as metal surface, impurity, £:lm
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formation ccndition and film growth mechanismn. Internal
stress can be caused by flaws as pointed ouT by
Vermilyea[56]. Internal stress due to space charge was
reported by Fromhold{57]. Large stress can be induced by
the migration of ions within the oxide during film growzh.
Electrostriction pressure is defined as the pressure exarzed
on the oxide due to the presence of high electric field
which is in the order of 10° to 10’ V/cm in anodization.
This pressure alone, according to Sato[58], can exceed the
breaking stress of most oxides as the oxide grows beyond a
critical thickness and cause cracking. He pointed out also
that the presence of strongly adsorbing anions which reduce
the interfacial tension between the oxide and solution can
lower the critical film cracking thickness. Hoar |39
reported that anion adsorption and penetration into the
passive film may be a mechanism by which film cracking or
splitting can occur. Piggott, Leckie and Shreir[éC]
reported that in anodizing Ti in formic acid, the presence
of Cl~ lowers the pitting potential substantially in every

case regardless of temperature or acid concentration.
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3.2.2 Electrolvtic and Dielec<ric Breakdown

Electrolytic breakdown can occur during the anodic process.
Gradual breakdown was observed by Yahalom and Zahavii6l]! for
Ti anodized in stoé. The cause of the breakdown 1is
attributed to field-crystallization of <the oxice.

(2

Dielectric breakdown occurs when voltage across the film
becomes large. For an insulting oxide film, the separatiocn
between the <wvalence band and the conduction band :is
sufficiently large. Electron current is not allowed at low
potentials. However, at high encugh potential, electren
transition from valence band to the conduction band c¢an
occur by gqQuantum mechanical tunneling. In such instances,
appreciable electron current may flow across the f£film along

with ionic current. Sparking may occur and lead to cxide

burn-out.

3.2.3 Oxygen Evolution

The thickness of an anodic film can be limited even before
cracking or sparking occurs. The thickening of the ilm
depends on the potential gradient across the £ilm. In
potentiostatic anodization, the £ield will decrease
drastically as the £film thickens. Film growth will come <o
a practical halt in a short time. Further thickening of the

film will require an increased potential. However, this

N

o e e e
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results in not only higher rotential drcp across the film,
but also in the potential drop across the electric double-
layer at the oxide/solution interface. As soon as the

latter is great enough, new electrode processes can take

place. In most cases, oxygen evolution will occur at the
oxide/solution interface. The equilibrium potential £or

this process is +1.47 wvolt with respect to saturated calomel
electrode (S.C.E.)[62]. Therefore, as scon as the poztenzial
difference at the double-laver exceeds say, -1.3, -woclt
taking into account of overpotential, oxygen evcluticn will
take place and further increase in pctential will noz
increase field strength across the £ilm, but only elec<trical

current in the production of coxygen gas. Film grewth will

stop.

3.2.4 Oxide Dissoclution

The thickness of the f£ilm is also limited by dissolution in
the electrolyte. Dissolution is usually considered tc be a
chemical process rather than electrochemical. However,
Vermilyea[63] reported that the dissclution rate of Ta.C

aqueous HF is directly proportional to the electric field.
Nevertheless, dissolution rate is mainiy a function of the
oxide, electrolyte, pH, temperature, and mass transport

around the oxide/solution interface. At the initial stage
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of the oxide growth, the dissolution rate woulicd b2 slower
than the formation rate. As the oxide gets thicker, the
field will decrease accordingly if the applied potential is
held constant. Thus, at some thickness, the rate of
formation will be in egquilibrium with dissclution and

thickening of oxide film will cease.

3.3 FORMATICON QF POROUS OXIDE

It has been shown by Ditchek et al.[64] and Baunis3] tha<
porous oxide can be obtained by anodizing Ti-6A1-4V in

chromic acid. However, no mechanism as to how the pores

oy

were formed was offered. Venables et al.[66] showed hig
resolution SEM micrograrhs of the pore structure on aluminum
anodized in phosphoric and chromic acids. An Isometric
drawing of oxide morphology for phosphoric acid anodized Al
is shown in Figure 7. Wood[67] has provided a comprehensive
review on the porous anodic oxide formation c¢n aluminum.
Hoar and Yahalom{68] showed that when aluminum :s
anodized in acid solutions under constant potentiais, the
initial current density drop 1is associated with the
formation of barrier layer oxide film. Subseguent gradual |
current rise to a maximum and to steady-state 1s associated
with pore initiation and formation. These are evident Ircm

the electron micrographs taken at different stages of the
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anodization. Pore formation is believed to be initiatad by
protons entering the fiim at random sites or grain bcundary
against the field. These sites create localized higher
current density. This results in local Joule heating which,
in turn, promotes more - uptake and liocal dissoliution.
Once a pore 1s initiated, the high mobility Al3+ in the
solution around the pore inhibit further B uptake in the
immediate region of the pore. This may explain <the fac:
that the pores are well structured and equally spaced as
observed from electron micrographs.

O'sullivan and Wood{69] anodized aluminum in phosphoric
acid under constant current densities. Pore formation was
observed with transmission electron microscopy. Samples
were taken from the different regions on the voltage-time
curve. No pores were observed after 40 sec.. At 80 sec.,
the surface began to roughen. Further growth did not affect :
the surface topography, but beneath the surface, pores began
to merge and increase in diameter. At 280 sec., steady-
state pore size and distribution was reached. A model for
pore initiation and formation was proposed. However, nco
satisfactory explanation was provided as to how the i1ni<zial

thinning of the oxide occurs which eventually leads <o <he

!
|
|

observed transformation.
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It was also pointed out that the cell-pore dimension is
directly related by the forming voltage: larger peore size

for higher forming voltage.

3.4 NATURE QOF OXIDE ON TITANIUM

~my

It is well accepted that the oxide present on anpdized TI
surface is the tetravalent Tioz. Among the T102 crysta:z
modifications (rutile, anatase and brookite), rutile =:Iis
believed to be the most stable form of TiO2 due tc its
common occurrence. However, thermochemical data indicactes
that anatase is 8 KJ/mole more stable than rutile{27].
Furthermore, the hydrated form of rutile, TiOz.Hzo, is also
more thermodynamically stable than T102[7O]

Yamaguchi[71] studied stripped oxide £ilms on Ti anodized
in HZSO4 by electron diffraction and found the oxide to be
brookite. Electron diffraction was also used by Fraker and
Ruff[72) to identify the £ilm on Ti formed in saline water.
Only anatase was found for films formed under 200° c.

Rutile, anatase as well as brookite were identified by
Koizumi and Nakayama{73] on films formed on Ti in boiling
dilute H,SO

2574
only rutile was present on Ti pre-treated by chemical

and HCl. Allen and Alsalim[74] reported <that

etchings and sulphuric acid anodization. Yahalom and

Zahavi(6l] reported that the surface oxide on Ti ancdized 1in

HZSO4

to be anatase.

|
|
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For chromic acid anodized Ti-6Al-4V, Natan and
Venables{75] found the oxide to be mostly amorphous. There
is no unanimity on the morphology of the anodic film on Ti
or its alloy. There is little doubt that the oxide is

titanium dioxide or some nonstoichiometric TiO, [88].

1.8-2.¢C

However, it appears that the film could be any one of the
rystalline modifications or amorphous depending on the
nature of the Ti metal or alloy, the electrolyte, forming

voltage and current density.

3.5 OPTICAL PRQOPERTIES OF TITANIUM DIOXIDE FILMS

The anodic oxide on titanium shows brilliant interference
colors depending on the oxidation conditions. It has been
suggested that the cclor of the oxidized metal can be used
to estimate the thickness of the oxide.

Baun[65] reported that as the voltage is stepped up at

10V increment in anodizing Ti-~6Al-4V in H3PO extremely

4
vivid interference colors ranging from deep blue to
brilliant gold were observed. Presumably, each time the
voltage is increased, the oxide thickens correspondingly and
give rise to the interference c¢olors.

Briers[7€] tabulated the color as a function of the T102

£ilm thickness on evaporated titanium (Table 2) The colors

were calculated by using published optical constants £for
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' TABLE 2 ¥v

Interference color vs. oxide thickness for titanium|[76) ‘

Color Oxide Thickness (nm)

weak grayish vellows 0-18

OLIVE BROWN 18-25

REDDISH BROWN 25-27

PURPLISE RED 27-30

PURPLE 30-35

BLUE 35-55

weak grayish greens 60-90

GREENISH YELLOW 95-105 ;

GRAYISH ORANGE 11C

PURPLISH RED 115-125

PURPLE 125-135

BLUE 135-145

BLUE-GREEN 145-160 ‘

GREEN 165-185 '

grayish yellows 185-195 i

pinks 125-210 '
, PURPLISH RED 215-225

S ——,
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rutile. It should be pointed out that some colors repeat: |
themselves as the thickness increases. Therefore, a
particular color may indicate two different thicknesses.
Also the determination of color is subject to interpretation
by the observer, making visual estimation of thickness
difficult.

Optical constants for polished bulk Ti and thermalily
grown oxide layers on bulk substrate was measured by Musa
and Neal[77]) by ellipsometry. Other authors|{78-8l1] have
also reported optical constants for titanium £ilm and bulk

titanium.




Chapter 1V

EXPERIMENTAL

4.1 MATERIALS
Ti-6Al-4V is a alpha rich alpha-beta phase alloy at room
temperature. The 6% aluminum increases the allotropic
cransformation temperature of titanium and strengthens <he
low temperature alpha (hexagonal c¢lose-packed) phase by
solid solution. The 4% wvanadium stablizes the small amount
cf nigh temperature beta (body-centerec cubic) phase at room
temperature. All coupons used for anodization are
commercial Ti-5Al-4V made by TIMET Corp. Typical chemical
composition of the alloy is given in Table 3.

The coupons were measured 1" X 5" X .0025". Before
anodization, all coupons were pickled in an acid solution

made up of reagent grade HF and HNO (Fisher Scientific).

3
The chromic acid used as oxidizing electrolyte was made from
reagent dgrade chrcmium trioxide crystals (Baker Chemical).
Fifty grams of CrO3 was dissolved into one liter of water.

All solutions, including rinse-solution were made wi<h

double-distilled deionized water.

39




TABLE 3

Chemical composition of the Ti-6Al-4V alloy

ELEMENT MIN % MAX %
Aluminum .50 6.75
Vanadium 3.50 4.50
Iron -———- 0.30
Oxygen -———- 0.20
Carbon ———— c.C8
Nitrogen -———— 0.015
Yttrium -——-- 0.005
Residual elements -———— 0.4¢
Titanium -———- remainder




4.2 METHODS

4.2.1 Sample Preparaticn

The titanium coupons as received were grit-blasted to
removed surface contamination and heat-treat scales. Thevy
were then wiped with methyl ethyl ketone or acetone <o
remove oil and grease contaminants. Acid pickling to remove
pre~-existing oxide was done by immersing the coupons in an
3% HE(49%), 15% HNO3(7O%) solution. Pickling time was one
minute unless otherwise stated. The exact concentraticn cf
the nitric and hydrofluoric acid is not as important as the
10:1 ratio([82]. The oxide on titanium will dissoclve readilv
in HEF. However, the free hydrogen generated in the reaction
as shown in Equation (5) can cause hydrogen embrittlement in

the metal. The presence of excess HNO, with HF tends to

3
inhibit the generation and absorption of hydrogen through

the oxidation reaction shown in Egquation (6).

2 Ti + 6 HF = 2 TiF3 + 3 H2 (5)

3 Ti + 4 HNO,, + 12 HF = 3 TiF, + 4NC - 8 H

3 4 v (6)

After pickling, the coupon was immediately rinsed 1in

. . oy i 3 -
distilled water and wiped dry with Kimwipes . The coupcens
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were then transfered tc the anodizing bath as soon as
possible (usually less than 1 min.) to minimize oxidation

before anodization.

4.2.2 Apparatus

The schematic of the apparatus for anodization 1s shown 1n
Figure 8 and Figure 9. A potentiostats/galvanostat (Model
173 EG&G Princeton Applied Research) was used along with a
current follower (Model 176 EG&G Princeton Applied Research)
and an electrometer (Model 178 EG&G Princeton Applied
Research) to provide either constant potential or constant
current for the anodization. The current and poten<tial
output was recorded by a Fisher Recordall series 500C two-
pen strip-chart recorder.

Chromic acid (0.5 M) was placed in a 2-liter
polypropylene ccntainer. The electrolyte was agitated by a
magnetic stirrer while the temperature was monitored by a
mercury thermometer. The experiments were carried out at

o ;
C) The reference electrode was a

ambient temperature ( = 28
saturated XCl saturated calomel electrode (Fisher
Scientific). An auxiliary D.C. power supply
(Heath/Schlumberger Model SP-2731) was used 1n series with
the potentiostat to increase the upper potentia. .imit of

the potentiostat from 4.999 V to 11.5 V cperating :n the

—— e s
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Figure 8: Schematic of anodization apparatus
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Figure 9: Anodization apparatus. (a) potenticstat and
recorder (b) anocdizaticn bath.
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potentiostatic mode. A platinum gauze was used as counter
electrode while Ti-6-4 was connected to the anoce.

The potentiostat has a current capability of one ampere
and built-in voltage source of + 4&4.889 V. Externail
potential sources can be added to enhance the potential
range. In the potentiostatic mode, the potential I3
adjustable from 0 V to 4.99¢ V with + 1mV resclution and
tolerance of 0.1% * 1mV. In the galvanostatic mode,
current from 1 uA to 1 A can be selected with tolerance of
0.1% + 100pom/°C from 2 wuA to 10 mA, and 0.2% =
lOOppm/oC from 100 mA to 1 A.

High resolution electron micrographs were made possit_.=2
by using a PHILIPS EM-420 scanning transmission elecZron
microscope (STEM) operating in the scanning mode. Tor <zhe
Ti-6-4 samples, micrographs with magnification up to
200,000X with good resolution were obtained without the need
for a conductive c¢oating. Photomicrographs were also
obtained using a JEOL JSM~-35C scanning electron microscope
(SEM) for some samples. However, 1in <these cases,
magnification was limited to about 18,000X, and a Au-?d
coating was regquired. Somé micrographs were taken in stereo
pairs with a 4° tilt. when looking at the sterec pairs
through a stereoc viewer, one can easily resolve the fine

topographical features from the threedimensional images.




46

4.2.3 Galvanostatic Ancdization

The pre-anodizaticn sample preparation is described in
Section 4.2.1. Anodic¢ charging curves were obtained by
anodizing the coupons at different current densities. The
coupons used in this part of the experiment were not gric-
blasted each time before they were pickled and ancdized. An
as-received coupon was pickled for at least five minutes at
the begining to obtain a smooth and uniferm surface. The
same coupon was then used to obtain a set of charging curves
with one-~minute pickling in-between anodization. This was
done because the "true" surface area may be gquite different
for grit-blasted samples with the same "apparent" surface
area. This may 1lead to erroneous current density
calculations.

In the galvanostatic mode the current density is simply
the total current divided by the "apparent” surface area.
The potentiostat/galvanostat maintains a constant current
flow by continuously varying the potential of the cathode.
The potential transient was output to the recorder and
potential-time curves were obtained.

The advantage of using galvanostatic method in studying
anodic oxide growth 1s that the tc¢tal charge passing through
the oxide 1is directly proportional to the time of

anodization. If the current efficiency, which is the
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percentage of current directly contributed <o for
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M

oxXide, 1is close to 100%, one can easily calculate the vs.ume
and the thickness of the oxide film at any time using
Faraday's law. Furthermore, the field strength (H) with:n
the oxide will remain constant as the oxide thickens. Th:s
allows convenient calculation of kinetics parameters as

shown in the Appendix.

£.2.4 Potentiostatic Anocdization

In this mode of operation, the potentiostat maintains 2z
L constant potential difference between the reference
electrode and the titanium anode. The current flow be;ween
the cathode and anode was measured and piotted as a funczion
of time on the recorder.
Chromic acid anodization (CAA) of Ti-6-4 is conducted
under constant potential condition in industry(87]. in
fact, the anodization is usually carried out at a constant
10 V by a D.C. power supply at ambient temperature. Current ,

2

density is adjusted to 1.5 to 2.5 A/ft” by the addition cf 1

small amount of HF. It was shown that highly porous TiO2 !
oxide £film can be obtained under these conditions[64,65].
Therefore, present effort will be focused on the formation

of this oxide under different voltage, temperature and time

of anodization as well as the role of HF in the process.
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The presence of flucride on the oxide of aluminum has been
shown to have deleterious effect on joint strength[89]. It

is not clear if the same is true for titanium.




Chapter V

RESULTS AND DISCUSSION

5.1 GALVANOSTATIC ANODIZATION

The potential-time curves for current density (CD) from 3.28
uA/cm2 to 1.82 mA/cm2 for Ti-6-4 anodized in 0.5M chromic
acid solution are shown in Figure 10. In almost all cases,
the curves initially rose linearly with slopes dependent on
CD, and either reach a maximum and come to a steady-state
voltage or continuously rise approaching a steady-state
potential. This is consistent with charging curves reported
elsewhere for Ti(46, 39, 60] and Al[84, 85]. Markedly
different from other curves is curve (12) in Figure 10.
After reaching 10 V and began to steady out, the potential
started to oscillate in a cyclic fashion. For CD slightiy
above 1.82 mA/cmz, similar curves were obtained. It is
likely that the oxide underwent cracking under the high
field. When the oxide cracks, the potential droped because
of the low resistance path for current flow. However, the
cracks would be repaired quickly, and the potent:ial would
rise until cracking occured again. This explains the rise
and fall in the potential-time curve. For CD much higher
than that, pitting and oxide cracking occured (Figure 11)

with rapid oxygen evolution. In this instance, the :onized

49
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Figure 10: Potential vs. time curves at constant CD.




Figure 11: SEM Photomicrographs showing cracked oxide at a
pit formed under high CD or above 10 V.
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metal at the pits or cracks was accelerated sc fast under
the field that oxide could literally be forming in the
electrolyte some distance from the oxide layer. The pits
will therefore continﬁally deepen without a chance to heal.
Oxide cracking can occur due to a number of reasons, viz,
electrostriction pressure, internal compressive/tensile
stresses, jionic migration and flaws.

As the potential approaches 10 V, rapid gas evolution is
visible on the oxide surface. It is evident that oxvgen
evolution becomes dominant at 10 V. Even at @ V or below,
very fine bubbles are present on the oxide surface.

The oscillation in curve (12) is not the conseguence of
instrument instability or reference electrode contamination.
Oxygen rapidly evolves from the anode surface when the
potential reaches 10 V but ceases as the curve drops to the
trough of the cycles at 8 to 9 V. This indicates that the
field across the oxide film does indeed vary during each
cycle of the oscillation.

Figure 12 and Figure 13 depict the E/log I relation at 20
min. and €C min. of anodization time, respectively. A
distinct transition was observed in both cases at CD around
10'4 A/cmz. Thz implication is that either the conductivity
for current flow suddenly decreases, or the resistance

- -

increases when the CD goes from 1077 A/cm2 to 1077 A/cm“.




This transition might be the result of a change in <the
nature of the film leading to lower conductivity.

A comparison of an ideal charging curve and a typical
charging curve is illustrated in Figure 14. The ideal curve
begins with a linear potential rise which is attributed to
oxide growth at 100% current efficiency. The slope of the
linear region 1is dependent on CD. At Vl, a competing
electrode process, such as oxygen evolution, begins to ztake
effect causing the slope to decrease due to lower current
efficiency. At Vz, oxygen evolution cor oxide breakdown
completely dominates the electrode process and the voltage
reaches steady-state. The dashed curve represents a zypical
experimental charging curve. The initial potential rise :s
probably due to charging of the eliectric double-laysr or
adsorption of oxygen on the surface. Subsequent linear rise
is due to oxide growth and eventually reaching the steady-

state without a pronounced transition.
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5.2 CALCULATION

rry
11

LECTROKINETIC PARAMETERS

All calculations were based on the linear ozide growth
region ¢f the charging curves only. Additicnal exrerimen<ts

were performed in the oxide growth period tc obtain more

accurate slopes than the ones shown on Figure 1C. At <he
linear regicn c¢f the charging curves, the current =22ficrenc

is close to 100% and the amount of cxide derosited can ke
calculated from the charge passed. Detailed deriwvaticn for
the calculations 1s 1inciuded in Appendix A. In The
following discussion, the equations are referring to the
ones 1n the Appendix.

For most wvalve metals, the steady ocxide formation rate 13
related to the apparent anodic current density by the

empirical relation:

(dE/dt)I= a Ib

where a and b are constants. This relation was =Zound by

Johansen et al.[40] to apply to the anodization of AL, T:

Hf, ¥V, Nb and Ta. Ammar and Kamall[4€, aiso Zfound =thiz =2
apply <Zor acid anod:ization of Ti. Tigure 15 shows <the

relation between log(dE/dt)., and log I f£or the rresent study
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Figure 15: log(dE/dt)I vs. log I
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on Ti-o6-4. The constants a and b calculated frcm the slope

-~ -

and intercept of Figure 15 are 758.6 (cm‘/farad)(:“‘/A)“';:

and 1.25, respectively. The constant was found <o

\)]

decrease with pH while b was independent of <the electrolvte
or pH(85].

N

Egquation (17) shows that the plo

ot
wn

o (1/1) dE/ .., -~

Q.

log I will give a straight line as depicted ty Figure 1&.

"

With n=4, p= 4.1 gm/cm”[86] and M= 79.9 gm/mole for Til

the electrolytic parameter A was calculated from <the

. i -6 . .
intercept to be 2.31 X 10 A/cmz. Without having <2
estimate the roughness factor, o, oB was calculated from the

. . . 6 . . - s
slope to be 2.3 X 1C~ cm/V. The order of magnitude c¢f these

parameters is consistent with those reported earlier!4é

3]

401}. The parameter A was reported <to be inversely

proportional to the height of the potential energy ba

8}
"y
b
[
2}

for ion migration and increase with pH[4C, 46]

Equation (21) from Appendix A indicates that the plot of
(dE/d1ln I)t vs. log I 1s non-linear with slope increasing
with increasing 1I. This behavior 1is shown 1in FEFigure 17.
However, 1if the E/log I relation was plctted at constan:
charge density, @, according to eguation (23), & straigh:
line can be obtained, and from the slope and intercert, the
pre-immersion oxide thickness, 60, can be czalculated. It is

reasonable to assume that éo does not vary much between
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experiments when the same sample preparation technigue :5g
followed.

In order to get E/log I relation at constant Q, Figure 18
was first constructed. From Figure 18, E/log I data were
obtained at constant Q and are plotted as in Figure 19.

Assuming the roughness factor, ¢ =5, the pre-immersion oxide

thickness, 60, is calculated to Dbe in <the crder of 10
Angstrom/V. This number is slightly higher than the 4&-5
Angstrom/V reported by Ammar and Kamal[4€] on 7Ti. The

difference can easily be accounted for by the difference in

the nature of the metal and sample preparation technigue.

o
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V vs. S.CE.

2 L
= : .4 , ,
1 - me-- 123.28x107% a/cm”
-d ?
e -~--- [=1.10x10 A/cm”
0 —ees 129.11x107° Avcn?
i Q ---- [23.28x107° 1/cml
®o-eo 125.47x107° A cmt ||
0l .
0 10 20 30

Q, mC/cm?

Figure 18: E/Q relation at constant I.
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5.3 POTENTICSTATIC ANODIZATION

Since commercial anodization is done by applying a constant
10 V across the anocde and cathode, both of which made of
Ti-6-4, it is instructive to compare the difference retween
the applied voltage from a D.C. power supply and vcltage as
measured by a potsntiostat referencing to a calcmel
electrode. Figure 20 illustrates the results obtained by
applyving a constant wvoltage +wvi1a a power supply across the
Ti-6-4 anode and cathcde and measuring <the potential i1n the
solution against the calomel electrode. The two voltages

-
-

[0

were almost 1n perfect agreement. Therefore, 1t s zafe <TC
say that the current/potential readings £from <he
potentiostat used in this study are directly trans.latable ¢
those obtained in the more simplistic commercia. set-up.
Figure 21 shows the current transient curwes under

constant wvoltage. In all cases, <the curve .mmed.aze.y

.
IS

dropped to a minimum within the first minute oSr less. -
was followed by a gradual i1ncrease .n cZurrent. Thece

results are consistent with the ores optained by Hcar ani
Yahalom([68]. In the inaitial minutes, <he Zcrmazicn I a
barrier layer is responsible for the current zZrop. 3Be
this point, the current gradually rises at a rate ZJdereni.ng

on the applied voltage. Hoar and Yahalom attributed =Tnhl:z




Applied Voltage, V

Figure 20:

volts vs. SCE |

Applied voltage vs. voltage measured aga:inst

SCE.
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phencmenon to the in:itiation and formation of pores. Thev
reasoned that after the barrier laver is formed, film growzh
will almost come to a stand-still. Thermally enhanced
protons from the electrolyte can enter the film against <he
field and cause localized current increase. Higher current
leads to Joule heating and <thus faster dissolution at
localized spots. Faster dissolution will in turn increase

current flow and, thus, the process is self-susta:ning.

Since the pore base is <thinner than the barrier laver
initially formed, this could very well ex
the current transient. However, there are other mechanisms
by which cne can explain this pnenomenor.

As mentioned in Chapter 3, electrical current w:i..
compete with 1ionic current as soon as ztThe potential
difference at the oxide interface reaches 1.5 V where oxygen
evolution is possible. It 1s likely that the current rise
merely reflects the increase in electrical current in
forming oxygen gas. Oxide cracking, which 1s evident from
3 the current fluctuation at 10 V, will increase e.ectrical
current £flow as well. It should be emphas:zed that =zhe

current rise at 10 V 1s much faster <han tha<t at 3 Vv and

below.
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5.4 EFFECT CF HE, TIME AND

-3

EMPERATURE ON OQXIDE MCRFHOLIGY

Hydrofluoric acid 1s used to increase current density durin

19}

chromic acid anodization 1n commercial process. However,
the exact role of the HF in the final oxide topography :i=
unclear. Samples used in this section were al. anodized at
10 V and for Z0 minutes at ambient <temperature un.ess
otherwise stated.

Scanning (transmission) electron microscecpy (3TEM and
SEM) were used to study the surface tcpograpny oI the cxide
laver on Ti-6-4 fcrmed under wvarious ccndizions.

Figure 22a shows a STEM micrograph of Ti-6-4 anocdized :in
chromic acid under constant current conditicn. In EFigure
22b, the sample was anodized under constant current unztil
the voltage reached its peak at 10 V, it was then switched
to constant 10 V. In both cases, the anodizing time was 20
minutes and without HF addition. There 1s no topographical
difference between the two samples, and the oxide £fi.ms
appear to be pore-free and uniform throughout.

STEM micrographs comparing surfaces anodized f£cr I and ZC
minutes at 10 V with HF are shown i1n Figure 23 and Figure
24, respectively. Figure 25 shows the same 3surface as .n

Figure 24 except i1in higher magn:fications tTo review the pcre

71ewing the micrographs 1n stereo pairs under a 3terec
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viewer. These pores resemple those reportad Dby Venables ex

[

al.[68] (Figure 9 ) for phosphoric acid anodized AL surface.

The pore size is rather uniform with cell diameter of 10-20

nm. The finger-like protrusions on the surface as shown in
Figure 25a are in the order of 25~30 nm. The crevice or

depressed regicons are prokbably a result of preferential

la}

etching of the beta phase alloy during ei<cher zthe ac:i:d
pickling or the anodizing step.
The surface anodized for I minutes showed pore sItructure

as well as surface roughness while at 20 minutes, it was

]

relatively smooth aside £from the pores themselves.

For illustration purpose, the surface of a phospnata-
fluoride etched sample was 1i1nclude in Figure 26, No
porosity was opserved on this chemically etched suriace.

Figure 27 and 28 depict an ox:de formed at 54°C under
current density about twice as much as other samples through
adding extra amount of HF. Again, pores similar to those in
Figure 24 and Figure 5 were present. However, the diameter
of the pores were seven to ten times larger.

Figure 29, Figure 30, and Figure 3. show the compariscn

between oxide surfaces anodized at 8, ¢, and 10 V
respectively, with and without HF addit:ion. in ail three

cases, it 1s evident that pores are present o2nly on suriaces

anodized with the addition ¢f HE to adjust <he current
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density. Because of the limited resolution of the 3EM
micrographs at such magnifications, 1t 1s nct possible TO
compare the pore structure other than to identify their
presence. In Figure 32, for the sample anodized for 18
minutes instead of 20 minutes, there was surface roughness
plus pcrosity in the case with HF, but again only a smocth
compact film was obtained when nc HFE was added. The
roughness pattern was somewhat similar to that of the samplie
shown in Figure 23.

It can be summarized from the STEM and SEM micrographs
that when anodizing for 20 minutes or less, the oxide was
uniform and compact in all cases. In cases where HF was
added, regardless of anodizing time, temperature and
voltage, porous oxide resulted. Samples ancdized for less
than 20 minutes in the presence of HF showed irregular
surface roughness along with porous structure. Samples
anodized according to the commercial process at 10 V for Z0
minutes with the addition of HF to adjust the current
density to 1.5-2.5 A/ft2 vielded a highly regular pore
structure with fairly uniform pore size distribution, not )
unlike the structure £for aluminum anodized in phosphoric
acid.

There is a particular interference color associated with

certain oxide thickness. In the absence of HE, <the




Flgure 26 STEM phctomicrographs 2f Ti-%-4 zurra-e ao<-hes
by the phoschate, f_ucride =ragzmen-
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Figure 3C: 3EM photomicrzsgraphs c¢f CAA T: £-4 at ¢ V fzr ZC
minutes. (a) with HF addition (k) withcu+r HF. (.2 X
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interference ¢olor, which was visible within secondz afizsr
the coupon was polarized, remained unchanged zhrsugnoust zhe
experiment. When HF was used, <the interference color
changed.with time of anodization at a constant voltage. For
example, when anodized at 10 V, a brilliant light blue colcr
was obtained if no HF was present. The same Dlue zolcr
changed to light vyellicw, light prown, purplish red zand
purplish blue at 7 min., 11 min., 16 min. and 2T min
respectively, when HF was added This infers <That znhe
thickness of the oxide was cthanging with ancdlizing <inme I=
is likely that HF enhances the uniform dissoluticn ci zthe

oxide

until

5.5

in chromic acid and leads t2 oxide

equilibrium is reached.

X-RAY PHOTOELECTRON SPECTROSCOFY

X-ray photoelectron spectroscopy (XPS CR ESCA) 1= a wile.
used surface analysis tool. Elemental and chemica. zoniing
information can be derived £from the photcelectrin rTeaxs
XPS 1s very surface sensiti-ve; only The <Tor 12 nm or l=2::2
are examined Since cnlvy s5cit M-rays are used TI rroge Tne
sample surface, 1T zan be aprplled TT polymerlI Tmaterlasi is
well as metals The princip.ss and aprlicaTion: I NIl oIor
surface ana.vysis have re=n Tufblizheldl Lo 3 numcer of
pooks{20-22 ) and, =therel:zre, wil. nlT oTe Zl-.Tuzzel
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A typical (sample B n Table &) XPS spectrum I2r an
anodized Ti-6-4 sample 1s shown in Figure 33. The ma
photoelectron and Auger peaks were as identified.

The Ti 2p doublet at 458.5 eV and 464.6 eV suggested zhaz
the Ti on the surface was in an oxidized form. T

separation between thne doublet was indicative that the T:

th
+3

was in the form © 10,1837,
=

The curve-fitted oxvgen L1s peak showed that thers were

three component reaks. The peak at 530.4 eV represent=z zhe
oxygen bended tc TI1 as in TiC,. The peak at 521.I eV 1=

probably due to oxygen in the hydroxide or Hzo form while
the peak at 533.0 eV 1s probably from contaminaticn during
sample handling.

The carbcn peak was due *to hydrocarben contaminaticn on
the sample. This carbon peak was used as a reference TC

determine the peak shift as a result of sample charging and

work function of the spectrometer. Table 4 shows <the
elements 1dentified on selected samples. The ma cr reaks
which were common to all samples were the oxXygen, <=i<anium
and carben as expeczed. Onlv tTrace amcun= CIf a.uminium and
no -ranadium was detecrted. The absence <I -ranacdium on th
surface aga.n 3uggests =tnhat the Dbeta rhase al.2yv was
preferentially etched cut =ither during the ac:d gizxliny or




TGP IANG B-g- b YY) 40 papads Sdx SHRHS moaapu pue apip gy aanbg

(A8) Abasul buipulig

07647 6 85b ARV S T A R 0°¢Es
0798 (7987 68l L . LA s
ST ppeaeT TR ~ iy n
£ " / _, " \ - -
" x ! VL
“ ¢/1dg - )
\ ” ! /
] y ! \
| ¥ g
] ST R f
" 0 / )
J
) v? ||._,~..y.;1.\ ) w‘._* _L._,\_‘_‘ o :..;; ) oot
@ M
(I
’ + &\
,, ™ ) R
S¢ .__ LS ﬂ.\ 4 } _i_\..taf;i..xe}‘ Ly
v L
;.lL
dg W
IL
s
Hu
S¢

42,y (V) 11




AD-A140 057 ANODIC DXIDE FORMATION ON TI-6A1-4V IN CHROMIC ACID FDR w’,
ADHESIVE BONDING{U) VIRGINIA POLYTECHNIC INST AND STATE
UNIV BLACKSBURG A M CHENG ET AL. MAR 84 VP1-E-84-8
UNCLASSIFIED NOOO14-82-K-0185 F/G 11/% NL

END
et
mlc




s £ 2 2
o 2
T

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




TR A SN

e PR g 11T

S —————

chromium would be present because of the chromic acid used

in the anodization, chromium was not detected in any
significant amount. It is worth pointing out, however, that

samples anodized with addition of HF showed fluorine on the

surface.
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" TABLE 4

XPS peak position of elements on CAA Ti-6-4 surfaces

SAMPLES
PHOTOELECTRON A B o D E
PEAKS e - -
Binding Energy (eV)

Cis 285.0 285.0 285.0 285%.0 285.0
Os 530.1 530.1 530.1 530.3 529.8
Ti2p3/2 458.7 458.9 458.9 458.9 458.3
F,e  mmm=- 684.8 2  ~~===  seeece  eca--
Crzp -------------------------
Al,,  =mmmm mmme= mmmes mmses moeee
V,  mmmem emmem mmeem smeem oo
----- not detectable or less than lY%.

A. CAA at constant CD= 2.15 mA/cm2 and switched to constant
10 V when voltage peaked.

CAA at conscant 10 V with HF addition.

CAA at constant CD= 2.15 mA/cmz.

CAA at constant CD= 2.65 mA/cmZ.

m U 0 w

CAA at constant CD= 11.59 mA/cm2 at which oxide

breakdown occured.

|~

W it a




Chapter VI

SUMMARY

The galvanostatic experiments indicated that the anodic film
formation on Ti-6~4 in chromic acid can be described by a
simple model. The data showed reasonably good agreement
with calculations based on a compact, pore-free film with

100% current efficiency. STEM and SEM micrcgraphs showed

that the film formed was indeed a smooth, compact film.

A distinct transition occurs at current density around
1074 A/cmz. This was probably due to some changes in the
nature of the film in response to the change in current
density.

The electrolyte parameters A and B are characteristic of
the anodizing system. The parameter A is a measure of the
potential energy barrier for ion migration and is
proportional to pH while B is proportional to the activation
distance "a", which is half the distance the ion advances in
each lattice jump. It was found that an oxide layer in the
order of 10 Angstrom was present on cne metal surface before
anodization. The thickness of this pre-immersion oxide is

expected to vary depending on the sawple preparation

technique used. In any case, the samples should be pickled

to remove the existing oxide, rinsed in distilled water and
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transfered to the anodizing bath as soon as possible to

minimize oxidation in air and water.

From the STEM and SEM micrographs obtained during
potentiostatic anodization, it can be concluded that no
porosity exists on the oxide formed in 20 minutes or less.
This is expected (from figure 21) because at 20 minutes, the
film is basically still the original insulating barrier
layer allowing minimum current flow. However, in the
presence of HF, micro-porosity was observed regardless of
the voltage, time and temperature. It is important to point
out that at higher temperature and more HF, the pore size
became larger. This seems to support the idea that pore
initiation is a dissolution process activated by HF and
enhanced by high temperature. Disscolution was also evident
from the change in interference color of the coupon during
anodization with HF. HF probably promotes uniform thinning
as well as localized attack on the oxide resulting in
thinning at specific sites, Current concentrates on the
thin spots leading to Joule heating and faster dissolution
at the pore base until equilibrium is established.

Results from XPS indicated that the oxide on the anodized

surface is indeed TiO Apart from the hydrocarbon

2
contaminations, no other major element was present. Trace

amount of chromium was found as residual from the chromic

. { ‘ ‘i
D a2, PR ...Mjm ..

L
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HE was identified on surfaces anodized with HF

acid.

addition. The effects of fluorine contamination on bonding

is not clear at this point. Further studies are needed to

determine whether it has similar deleterious effects on

Ti-6-4 as in aluminum.
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Appendix A

A.l CALCULATION OF FORMATION RATE AND ELECTROLYTIC
PARAMETERS

The assumed model of the anodic oxide system is shown in
Fig. 34. 1f film is uniform and compact with 100% current
efficiency, the equation describing the change in film

thickness with applied charge is,
As = (M/ponF)aAQ (7)

where 6= total film thickness, M= molecular weight of the
oxide, o= roughness factor, n= number of Faradays involwved
per mole of oxide formed, F= Faraday constant (96487 C/mole)
p= density of the oxide and Q= charge density.

Let r= (M/pnF) and, assuming constant current density,

AQ=IAt.
Then,
AS= (rlIAt/o) (8)
Since, 6= 60 + Ad
Therefore, 5 =6° + (rlt/g) (9)

where 60 = pre-immersion oxide thickness.

From the work of Guntherschulze and Betz({33],
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Figure 34: Model of metal/oxide system
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I = A exp(BH) (1)

where I= current density, H= field strength, and A and B are
electrolytic parameters.

The total potential drop in the circuit is,
E=E_ + ¢ (10)

Ef= potential drop across the film

¢= Potential drop due to other resistance in the system
By definition the field strengh is: H= E_/§ (11)

Now, from equations (1), (9) and (1l1)

—
[}

A exp(B Ef/é) (12)
and, I=A exp(B Ef/(é° + rit/c)) (13)
Rearranging equation (13) gives

E.=(5 /B + rit/Bo) ln(I/A) (14)

From equations (10) and (1l4),it follows that

E= ¢ + (§,/B)ln(I/A) + (rIt/Bo)ln(I/A) (15)

Taking the derivative of equation (15) WRT time, t,

at constant I yields:

&]
;
'
g.
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(dE/dt)I= (rI/Bo)ln(I/A) (16)

From equation (16), we can see that the slope of the E vs. t

curve at constant I should be constant.
Dividing both sides of equation (16) by I yields:
(dE/Idt)I= (r/Bo)ln(I/A) (17)
with dQ= Idt, equation (17) gives:
(dE/dQ) = (xr/Bo)ln(1/A) (18)

(d.E/dQ)I is known as reciprocal capacitance (1/C) or unitary

formation rate (Ri) which is constant for constant I.

(dE/dQ)I= 1/C = Ri = (r/oB)ln(I/A) (19)

The plot of (dE/dQ)I vs. In I will give a straight line with
slope of (r/¢B) and intercept of (r ln A/oB). From this plot,

the electrolytic parameters A and B can be evaluated.

Rearranging equation (1) gives, H= (1/B) 1ln(I/A)

Since (1/C)= (r/oB) 1ln(l/A), from equation (19),

now, H=(o/2)(1/C) (20)
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Taking the derivative of equation (15) WRT 1ln I at

constant t yields:

(dE/dlnI)t=6°/B + I(rt/Bo){l+ 1ln(I/A)]} (21) .

From (21), (dE/dln I)t is a function of I. Thereofore, the
plot of (dE/dln I)t vs. ln I would give a curve with slope

increasing with increasing I.
Substituting Q=It intc equation (15) gives,
E= § + (GO/B)ln(I/A)* (rQ/Bo)ln(Il/A) (22)

Taking the derivative of (22) WRT ln I at constant Q gives,

(dE/lnI)Q= (BO/B + rQ/Bo) (23)

equation (23) shows that the plot of E vs. 1ln I at constant ¢
will give a straight line since all the quantities on the

right of equation (23) are constants.

The pre ~ .on thickness can be caiculated by rearranging

equation (23) yielding:
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B(dE/lnI)Q - (rQ/a)

(25)

6°=
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