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ELECTRICAL MEASUREMENTS ON THE GROWING SCALE ON
ZIRCONIUM-TITANIUM ALLOYS

by

R. D. Misch and G. W. Iseler

ABSTRACT

The corrosion rates of low-titanium zirconium alloys increase with
titanium content when exposed to water at 290°C or tol-atm oxygen at 290,
350, 400, and 500°C. The scaling rate reaches a maximum (approximately
3000 1rr1g/drn2 for 3-hr exposure)at 15 a/o Ti in l-atm oxygen at 500°C and
then decreases with increasing titanium content. Under the same condi-
tions, pure zirconium and titanium had much lower weight gains, 10 and
4 mg/dmz, respectively.

In oxygen at 500°C, the oxidation rate law is initially cubic or para-
bolic for alloys containing 3.75, 15.0, and 50.0 a/o Ti, and then changes to
approximately a linear one. The transition times are 17, 7, and 54 min
for the 3.75, 15.0, and 50.0 a/o Ti alloys, respectively.

Transition in the rate law and the rise in EMF and resistance ap-
pear to be independent variables. The electrical changes are attributed
to changes in defect structure, and the rate law transitions are attributed
to structural changes.

The results provide an explanation for the maximum oxidation rate
at 15 a/o Tiand for the differences in the influence of additives on the cor-
rosion rates of zirconium and titanium in high temperature water.

The EMF of the corrosion cell consisting of [alloy |oxide |Oz] was
a function of the resistance of the oxide layer. The 3.75 and 15.0 a/o Ti
alloys had small EMF's and resistances initially, but EMF and resistance
increased appreciably and rapidly at times after the transition stage. The
50 a/o Ti alloy had a very small EMF which was relatively constant while
the resistance showed a slight increase with time.



I. INTRODUCTION

A. General

The corrosion of zirconium in water above 300°C is accelerated by
the presence in the metal of certain elements, notably nitrogen, carbon,
aluminum, and titaniu.rn.(1 &) Among the deleterious elements, titanium is
of particular interest because of its close chemical similarity to zirconium.
A titanium content of 100 ppm is sufficient to produce a deterioration in
corrosion resistance. For this reason, zirconium-titanium alloys were
selected for detailed study. The purpose of this investigation was to deter-
mine whether electrical changes in the mixed oxide film can explain the
effect of titanium on the oxidation rate of zirconium.

B. The Metal and Oxide Systems

Titanium and zirconium metals are completely soluble with a mini-
mum in the a-f transition temperature reported at 50 a/o Ti and 525°C.(3)
At 650°C, where Hayes<4) studied the scaling rate, the alloy changed from
o to B in the range from 25 to 35 a/o Ti.

The oxides ZrO, and TiO, are probably sufficiently soluble sothat
the film on low-titanium zirconium alloys will be a solid solution. Ksendzov
and Prokhvatilov(5) found a maximum solubility of 10 mol % TiO, at 1400°C.
In addition, a cubic TiZrO, phase was found. Brown and Duwez(6) indicated
that the tetragonal form of ZrO, was favored by adding TiO,. The solid
solution range extended to 40 mol % TiO,. In monoclinic ZrO, the solid
solubility extended to approximately 5 mol % TiO,. Wallaeys and
Chaudron(7) showed good agreement with these results in the temperature
range 600-1050°C.

C. Oxidation of Zirconium- Titanium Alloys

The effect of 2 to 12 w/o and 20 w/o titanium on zirconium oxida-
tion was studied by Korobkov,(z) who stated that the worsening of the pro-
tective properties of the oxide film with an increase in the number of the
ions of dissolved titanium appeared to be associated with an increase in
the number of anion vacancies in the lattice of the oxide. This was based
on the assumption that the titanium ions had a lower valence than zrtt. A
slight decrease in the rate of oxidation with titanium additions above 8%

was attributed to the precipitation of a second phase in the oxide film in
the form of TiO,.

At 650°C Hayes(4) found that the resistance to scaling became worse
as the 50 a/o Ti composition was approached. This result was attributed
to the fact that the 50 a/o alloy was in the faster-scaling B phase region.



D. Previous Investigations of the EMF of Growing Scales

Previous investigators used platinum to measure the EMF of growing
scales. Kirkbride and Thomas(8) measured the EMF on zirconium in dry
O, from 400 to 800°C and found that the EMF rose with temperature, reach-
ing a maximum close to 1.3 volt at approximately 600°C. The EMF became
erratic when water vapor was introduced into the system. Various other
metals were studied by Dravnieks(9) and Hirschberg and Lange.(lo)

In the case of cation-conducting scales in which the zone of scale
growth is the scale-gas interface, it was desirable to avoid incorporation
of the probe into the surface. In the case of zirconium and titanium for
which the zone of scale growth is the metal-oxide interface, precautions
should not be necessary.

II. THEORETICAL CONSIDERATIONS

A. Electrical Parameters in the Oxidation Process

Wagner(ll) demonstrated the electrochemical nature of the scaling
process and showed that the corrosion product is an electrolyte with con-
duction of both ions and electrons. The anodic process takes place at the
metal-scale interface and the cathodic process at the scale-gas interface.
Hoar and Price(12) presented a simplified model of the oxidation cell with
separate ionic and electronic resistances. '

In the oxidation of zirconium, the half-cell reactions are:

Anode: Zr —= Zr4t + 4de
Cathode: O, + 4e —= 20~

The electrons diffuse outward and the oxygen ions inward. The resulting
cell will have a maximum EMF determined by the free energy of the total
reaction

Zr + Oy, == Z10,

The theoretical or reversible EMF (denoted as E,) will be distributed
among the various steps in the oxidation process. These steps include the
resistances in the oxide (both ionic and electronic) and the processes taking
place at the interfaces. The interfacial processes, which involve electron
transfer and diffusion of the reactants, will introduce activation potentials
(overvoltage) or concentration changes (polarization). Polarization is
characterized by the formation of a back EMF.



These steps in the oxidation process are shown in Figure 1, in
which E; and E. represent the overvoltage and polarization contributions,
and are shown at the interfaces, opposite in sign to E,. By adding the
separate terms, one obtains:

Eq = iRg + By + iR + B,
or

Eozl(Re+R1)+Ea+Ec )
where E; is the reversible EMF for the reaction, i is the oxidation current,
Re and Rj are the electronic and ionic resistance, respectively, and E; and

E. are the overvoltage and polarization contributions of the anode and
cathode, respectively.

ZTOZ
SCALE
ZIRCONIUM OXYGEN
Re
= E Ep i s
[ ¢ Fig. 1
l Ri Analogue of the corrosion cell in
Eo the scaling process.
E

If E; and E_. are small relative to the IR drops, then
E, = i(R{ + Re)
where iRe = E, the measurable EMF of the cell. Consequently
Eo = lR.l + E
or
E, - E = iRj

It is obvious that i goes to zero as E approaches E,. The case of E = E,

corresponds to zero electronic conductivity. From these expressions one
may derive the ratio

E__Re
E; Rj+ Reg



This relationis identical to that derived by Wagner,(ll) Viz.,
E/Eq= Te+ Ta=(1-Te)

where Tc, Ta, and Te are the cation, anion, and electron transference
numbers, respectively.

If a direct measure of resistance is made, then the ionic and elec-
tronic resistances will act in parallel and

In theory, one may calculate the corrosion current if E and Ry, are
available:

_E,-E E(E,-E)

' R; E,Rm

If E is very small, i.e., the film is a good electronic conductor,
this equation becomes

i=E/Rm

B. Theoretical EMF's for the Oxide Scales on Zirconium-Titanium Alloys

The theoretical EMF's for the formation of ZrO, and TiO, from the
elements at 500°C and 1 atm are 2.56 and 2.00 volts, respectively. These
values were calculated from data given by Kubaschewski.(13) If the EMF
of formation of the dioxides from the alloys is assumed to be proportional
to the mol fractions of the alloy constituents, the values given in Table I
are obtained.

Table I
E, FOR THE OXIDATION OF ZIRCONIUM-
TITANIUM ALLOYS IN OXYGEN AT
1 ATM AND 500°C

E, of Formation

Atomic % of the Dioxides,
Titanium volt
0 2.56
3.75 2.54
15 2.48
50 2.28

100 2.00
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III. SPECIMEN PREPARATION

Titanium and zirconium were obtained as iodide crystal bar. The
titanium (A. D. Mackay, New York City) was stated to be 99.99% Ti. The
zirconium was reactor grade (low hafnium) with the following spectro-
graphic analysis: As, Ba, Ca, P, Sr, and Zn less than 0.1%; other elements
less than 0.01%. Alloys were prepared by arc-melting three times in a
water-cooled copper mold in a helium-argon atmosphere. The nominal
and analyzed compositions were within the limits of error of the analyses.
Consequently, losses during melting were negligible.

The specimens were machined into discs and were etched to a
bright finish in 5 ml 47% HF, 45 ml 70% HNO;, and 50 ml distilled water.

IV. RESULTS OF OXIDATION IN WATER AND DRY OXYGEN

Corrosion rates in water were determined by the increase in weight
caused by the formation of the oxide scale. Specimens were exposed to
degassed distilled water at 290°C in a static autoclave. The water was
replaced whenever the autoclave was opened to weigh the specimens.
Titanium increased the corrosion rate of zirconium in 290°C water, as
shown in Figure 2. When the weight gains exceeded 20 mg/dmz, the ini-
tially black oxide film began to turn grey and finally white.

100

WEIGHT GAIN IN MG/DM?2
w
o

0 |
0 50 100
TIME IN HOURS

Fig. 2

Weight gains of low-titanium zirconium alloys in water at 290°C,
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The scaling rate in oxygen was measured either by weight gain or
by oxygen consumption. The former method was used to determine the
oxidation behavior for the entire Zr-Ti system. A series of alloys were
exposed to oxygen at 1 atm at 290, 350, 400 and 500°C for 3 hr. Commer-
cial tank oxygen was used after drying over Molecular Sieve,* a desiccant
for which high efficiency has been claimed.(14) Weight-gain data for the
low-titanium alloys are shown in Figure 3; data for the entire binary sys-
tem are shown in Figure 4. After oxidation, the appearances of the speci-
mens varied, depending on their weight gain. Extreme cases are
represented by pure zirconium which had an adherent, nearly black,
coating and 15 a/o Ti which had a cream-colored layer which had flaked
along the edges. This layer appeared translucent when viewed
microscopically.

60

50 —

40|

POINTS7

30—

WEIGHT GAIN IN MG/DM?2

20 -

& ! | | ! !

0 02 04 06 0.8 1.0
ATOMIC PERCENT TITANIUM

Fig. 3

Weight gains of low-titanium zirconium
alloys after 3 hr in 1 atm O, at 500°C.

All specimens with weight gains exceeding 1000 mg/drn2 were
similar to the 15 a/o Ti alloy. In some cases the change from black to
white oxide was incomplete, and the surface had patches of white oxide.
The thicknesses of the heavy oxide layers were found to exceed the thick-
nesses calculated from an assumption of dense oxide. This was taken as
an indication of porosity in these layers. The 50 a/o Ti specimen was
dull black without the luster of the film on pure zirconium. The higher
titanium alloys were black with some iridescence.

*inde Company, Tonawanda, New York.
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Fig. 4

Corrosion weight gains upon heating titanium-zirconium alloys
for 3 hr in dry oxygen at the temperatures indicated.

Three alloys were examined in greater detail. These were 3.75 and
50 a/o Ti, which had approximately equal weight gains after three hours,
and also 15 a/o Ti, which had the maximum weight gain. The oxidation
rates for these three alloys were determined in a volumetric apparatus
which measured the oxygen consumed at constant pressure. This work
was performed by Howard A. Porte and J. G. Schnizlein of the Chemical

Engineering Division. The apparatus has been described in a previous
report.(15)

The reactor enclosing the specimens was evacuated at room tem-
perature for 16 hr at pressures of less than 107> mm Hg to minimize
outgassing when the system was brought to temperature. The specimens
were then heated in vacuum, and oxygen at 760 mm Hg pressure was ad-
mitted soon after thermal equilibrium was established. Both specimens
were oxidized for 400 min.
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The results are presented in Figures 5 and 6, in which each curve
represents a separate specimen. Except for the initial period the curves
are approximately linear, a designation is used in the absence of any other
well-defined relationship. The rate law behavior became clearer when the
data (including points not shown on Figures 5 and 6) were plotted on log-
log paper. An example of such a plot is given in Figure 7 for specimen 1
of Figure 5.

96
88 —
80 —
72 —
s o~
-l 5
2 g
z 56 =
g 8
=) | g
o 48 — 2
8 ‘ z
= o
g a0 - 2
2 o
x >
° 3
32 —
24 2137500
- S} soenTi
08
g ! ! ! | | | a ! 1 1 1 | 1 L
[¢] 50 100 150 200 250 300 350 o 50 100 150 200 250 300 350
TIME IN MINUTES TIME IN MINUTES
Fig. 5 Fig. 6
Oxygen consumption curves for Oxygen consumption curves for
3.75 a/o Ti and 50 a/o Ti zirconium 15 a/o Ti-zirconium alloys. Speci-
3 o
alloys (1 atm O,, 500°C). men Nos. 3 and 4 in 1 atm. O,, 500°C.
10,000
8000F
GOOOr
. 4ooo£
= L .
s | Fig. 7
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e .
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= 1000— . .
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S — - . .
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& 400r
Z L
o
200
1 I P N I S i .ol |
i2p 1 1;2 ’ 3 4 fl: 164;;!0 210 40 60 BJO 100 200 400
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This plot shows a well-defined transition between two periods of different
slope. The data from such plots are summarized in Table II, in which
the transition times and the weight and pre- and post-transition rates are

given.

Table IC

RATE DATA FOR THE OXIDATION OF ZIRCONIUM TITANIUM ALLOYS IN OXYGEN AT 1 ATM AND 5000C*

Oxygen Oxide
Pre- Break- Break- Break- Consumed Thick-
Atom breakaway away away away Linear after ness after Appearance
Sample Per cent Slope, Time, Weight Thickness, Rate, 400 min, 400 min, aﬁgr Exper-
No. Titanium 1IN min mg/dm microns mg/dm2/min mg/dm2 microns iment
1 3.5 0.33 15 54.0 3.32 1.93 763.8 47.0 Light gray,
adherent oxide
2 3.75 0.45 20 723 4.46 1.67 691.8 42.5 Light gray,
adherent oxide
3 15.0 0.27 7.5 180.0 11.1 11.8 4461 274 Beige-colored
adherent oxide
4 15.0 0.21 6.0 154.5 9.50 9.05 3673 226 Beige-colored
adherent oxide
5 50.0 0.51 52 210.0 12.9 2.28 1019 62.7 Very flaky
beige oxide
6 50.0 0.61 56 188.0 11.6 2.24 1024 63.0 Very flaky
beige oxide

*Data from ANL-RCV-SL-1389, September 3, 1958, Argonne Chemical Engineering Division.

The 3.75 and 15.0 a/o Ti alloys can be said to follow a cubic law
prior to transition, because their slopes were close to % or 0.33. The
50.0 a/o Ti alloy can be said to follow a parabolic law before transition,
for the slope was close to 1+ or 0.50. As expected, the 15 a/o Ti alloy had

2
the shortest transition times and the highest rates after transition.

V. ELECTRICAL MEASUREMENTS USING PLATINUM
AS THE INERT PROBE

A preliminary study of EMF was made by using a platinum probe
which touched the surface of the oxide. The probe was made from 0.010-in.-
diameter wire with a rounded tip prepared by fusing in a flame. The zir-
conium under the scale formed the second contact. Estimates of the contact

area from measurements of constriction resistance were of the order of
16 cm2.<16)

In most cases when zirconium was oxidized with such a probe on
the surface, an EMF appeared within several minutes after reaching 500°C
and rose to a peak of 1.0 to 1.2 V within 10 to 40 min. In other cases the
EMF did not rise above 0.2 V within 10 to 40 min. A range of EMF and
resistance was measured when the probe was moved from one point to
another on the surface. An EMF was always associated with resistance of
the oxide under the probe.



The probe method was applied to a number of alloys which were
oxidized for a 3-hr period. The results are given in Table III, in which
the EMF range and most typical EMF are given. EMF readings of zero
were disregarded for the reason that mechanical damage to the film pro-
duced a drop in EMF. The probe was moved every three minutes. Re-
sistance was also measured, but the variation was so great that meaningful
values could not be given. Most of the observed EMF's were close to the
"most typical EMF" instead of to an arithmetic average which would be
misleading. The EMF first appeared after an induction period which was
20 to 30 min for zirconium and less for the alloys. The EMF was obviously
a maximum on pure zirconium and dropped with titanium content.

Table III

EMF ACROSS THE GROWING SCALE ON ZIRCONIUM-TITANIUM
ALLOYS AS MEASURED BY A PLATINUM PROBE

(All measurements were taken in oxygen at 1 atm and
500°C over a 3-hr period, except as noted. The probe was
placed on a new area every 3 min.)

Titanium Content, EMF Range, Most Typical EMF,
a/o volt volt
0 0.5 tol.5 1.25
1.9 0.1 to 0.9 0.4
3. 75 0.2 to 0.55 0.3
5.6 0.15 to 0.43 0.25
7.3 0.1 to 0.4 0.25
12.5% ~0.4 0.4
14.2%* 0.2 to 0.4 0.3
19.0 0.2 to 0.35 0.28

20.6 0.1 to 0.2 0.15
22.1 0.05 to 0.125 0.11
23.7 0.05 to 0.125 0.06

*]-hr experiment.

Following this experiment, an attempt was made to use a number
of probes simultaneously and to average the data. This method failed be-
cause of electrical leakage among the probes. Because of the high imped-
ance of the electrometer it was not possible to reduce this leakage to a
point where the effect on the measurements became negligible. A third
method of contacting the surface with platinum was to use platinum black
confined to a known area by a platinum ring. The EMF was not stable,
and the powder was found to sinter at 500°C, so that the area of contact
could not be assumed constant. Substitution of a gold probe for platinum
gave the same results and did not improve the stability.

15
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VI, ELECTRICAL MEASUREMENTS USING CONDUCTING OXIDES

A. General

After experiencing difficulties with platinum, another contact mate-
rial was desired which was electronically conducting and stable in oxygen
over a range of temperatures. Free access of oxygen to the metal scale
was also necessary. After choosing oxides as the most promising contact
material, the review by Meyer(17) provided a survey of the conductivities
of oxides. However, none of these promised to be satisfactory. The rea-
son was that the most highly conducting oxides were the lower valence
forms, such as FeO and MnO. In the presence of oxygen these lower
oxides would tend to form the poorly conducting higher oxides. Other
causes of rejection were low melting point and volatility.

When nickel oxide was tested in preliminary work, it was found that
a very stable EMF could be measured in oxygen. However, the pure oxide
had a rather high resistance and was not suitable for measuring film
resistance.

B. Preparation of Mixed Oxides

To circumvent this difficulty, a mixed oxide was used in which con-
ductivity was promoted by valency control. Two promising oxide combina-
tions were investigated: Fe,O; containing TiO,, and NiO containing Li;0.
The mixed oxides may be represented by the formulas Tig ;Fe; ¢O4 and
Li, ;Nig oO. The Ti,,Fe, ;0; was prepared by the method of D&ri(18) and
the Liy Niy O was prepared by the method of Verweyo(lg) The substitu-
tion of Ti*" for Fe? produced a good n-conductor and the substitution of
Lit for Ni?t produced a good p-conductor. After pressed pellets of the
mixed oxides were sintered, they were crushed and sieved to -100 +150.
This size range was chosen because finer particles had poorer conductivity
while large particles were only slightly higher in conductivity. A small
particle size was desired to ensure as many points of contact as possible.

C. Experimental Considerations

1. General

The powder was used by placing it in a cone-shaped depression
in a platinum support. The experimental arrangement is illustrated in
Figure 8. The zirconium alloys were machined into %T-in.—diameter rod
with a 120° cone-shaped tip. By this means the specimen tended to center
itself in the platinum support, and thermal EMF's due to temperature
gradients were reduced to a minimum.
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TUBE powder rose by a factor of 10
THERMAL SUPPORTING . X
INSULATION - SHIELDING BOLT —=]- :H:]J or more and varied erratically
] e SPECIMEN =] o . .
3 - UN during an experiment. With
5 PARTICLES— GUARTZ .
: Pt SUPPORT{= ) pressure, the resistance of the
5T SPECIMEN powder was low and uniform.
£ | Furnace Pt Wire Prior to heating, the system was
3 flushed with oxygen. The gas
NSULATION ] e SHIELOING flow was then reduced to about
i L 1 ml/sec, and heating was started.
/\\ ’ During an actual measurement
r the specimen was brought to
k 500 t 2°C in 7 to 8 min, and EMF
and resistance were measured as
ELECTROMETER BRIDGE often as convenient.
2. Thermal EMF's
Fig. 8 The Zr-Pt thermal
Apparatus for measuring EMF EMf zzol)ess tham 15 Doy
and film resistance 500°C and, therefore, made

no important contribution to the
measured EMF. However, some initial difficulty was experienced with
the oxide powders which have high thermal EMF's and are sensitive to
temperature gradients in the system. Such EMF's were especially notice-
able during the heating period. As a result of redesign of the system, the
thermal EMF was reduced to 1 mv under the conditions used during
measurement.

3. Comparison of Different Powders

The resistance of the Ti; ;Fe; ¢O; powder in a typical run
averaged 250 ohms initially at room temperature and dropped to 10 ohms
at 500°C. Upon cooling to room temperature the resistance had risen to
several thousand ohms. Each reheating produced an increase in resist-
ance at room temperature. This resistance increase was attributed to
formation of a high-resistance layer on the surface in the presence of
oxygen. By contrast, a p-type oxide, such as Li; Nij, 9O, should not form
a high-resistance layer. This prediction was borne out when the resist-
ance of the Lig 1Nij ¢O did not change appreciably after several heating
cycles. The initial resistance of this oxide was 150 ohms at room tem-
perature and 3 ohms at 500°C.
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The same corrosion EMF's were obtained using either powder,
and it was decided to use only Liy 1Nij ¢O. A mixed oxide of similar com-
position, Lij gsNig.q50, has been studied for thermoelectric applications and
was found by Danko to lose very little lithium after 1200 hr at 900°c.(21
The same report indicated that no reaction took place between Lij ¢5Nig, 950
and ZrO, after 24 hr at temperature up to 1100°C.

4. Area of Contact

Various attempts were made to determine the area of contact of
the oxide powder with the growing scale, but no method was found which
gave satisfactory results. In addition, it would be necessary to assume
that current flow through the scale would be normal to the surface during
the time in which the scale was thickening. In the absence of reliable
corrosion product resistivities it was not possible to calculate corrosion
currents.

5. Methods of Measuring Resistance

Either ac or dc could be employed to measure resistance. In
the ac method a bridge imposed 30 mv at 1 kc across the oxide scale. In
the dc method a series of known resistances were shunted in across the
electrometer, and the scale resistance was calculated from the IR drop.
The ac and dc methods agreed within experimental error, but the ac method
was preferred for several reasons. Among these were the following:

When the oxide resistance was high, the dc measurement re-
quired more time and the results were more variable than was the case
when ac was used. When the scale resistance was low and the dc method
was used, the drain on the corrosion cell in the scale produced a resistance
increase in the corrosion film. This effect could be circumvented by
applying a back EMF which lowered the net EMF to the order of 10 mv.
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D. Results
1. General

When oxidizing zirconium and titanium at 500°C in oxygen at
1 atm for times up to 24 hr, an EMF appeared with zirconium but not with
titanium. The resistance of the oxide could be measured for zirconium
but remained negligible for titanium.

The EMF of the oxide on zirconium sometimes rose rapidly
and sometimes slowly. Some erratic characteristics were always ob-
served, which were associated with the thinness of the oxide film.

In a typical case, the EMF with pure zirconium was less than
0.3 mv for approximately 15 hr and then began to rise. Up to 15 hr the
resistance rose from less than 1 ohm to 60 ohms. The EMF and resist-
ance then rose more rapidly, but varied erratically for a period up to
approximately 24 hr. In the erratic period, a high EMF was always ac-
companied by a high resistance. By taking numerous readings in this
interval, a plot of E and R, was made and is given in Figure 9. The slope
of this curve is E/Rm where

E/Rm = Eo/Ry

Because E, = 2.56 v, Rj = 1.35 x 10°% ohms.
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After the erratic period, both E and R, remained high for
approximately 32 hr. Then E decreased slowly to 0.85 v at the end of the
experiment at 47 hr. After 24 hr, R was relatively constant at 6 x 10° to
7 x 10° ohms. The specimen had a uniform black film whenthe experiment

was concluded.
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In general, oxide growth on both titanium and zirconium was
too slow at 500°C to make the pure metals suitable for study at this tem-
perature. Oxide growth on the
alloys was much more rapid, and
changes in EMF and resistance were
o readily observed.

2.1a/0

06
In the course of meas-

urements on the 3.75 and 15.0 a/o
Ti alloys, one of the original ob-

B jectives of determining both EMF
M and resistance for the same speci-
men could not be realized. The
larger changes in these variables

EMF IN VOLTS
(o] o
b w
T T

o
w
T

02+ % o -
were rapid, and switching from one

measurement to another did not
provide satisfactory results. Con-
sequently, separate determinations

[¢] 100 200 300

TIME IN MINUTES were necessary. The data of Fig-
ures 10, 11, 12, 13 and 14 for EMF
Fig. 10 and resistance represent individual
measurements.

Changes of EMF of the growing oxide
scale on specimens of 2.1 a/o Ti and
3.75 a/o Ti-Zr alloys in ]l atm oxygen
at 500°C. Three experiments are
shown for the 3.75 a/o Ti alloys.

2. 3.75 a/o Ti Alloy

The 3.75 a/o Ti alloy
developed an EMF rapidly. The
data are given in Figures 10 and 11.
From Figure 10 it is apparent that the observed EMF's diminished as the
concentration of titanium increased. A 2.1 a/o Ti alloy was included in
Figure 10 for comparison. Whereas pure zirconium reached 1.3 v, the
2.1 a/o alloy reached 0.7 v and the 3.75 a/o alloys did not exceed 0.45 v.
Comparison with Figure 11 indicates that a large increase in resistance
accompanied the rapid increase in EMF. Below 10% ohms the EMF was
no more than several millivolts. Above 102 ohms the resistance often
increased in jumps and each jump was accompanied by an increase in
EMF. The curves do not show these jumps well because the change in re-
sistance covered a wide range and the resistance often rose and dropped
erratically before stabilizing at the high resistance. This behavior was
illustrated in Figure 9. As a consequence, stable readings were not easy
to obtain in the region where the resistance rose rapidly. Direct observa-
tion indicated that the abrupt increase in resistance was usually by a fac-
tor of 102 to 10>. Above 10° ohms the resistance increased more slowly,
rising to a maximum between 107 and 10® ohms.
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Changes of EMF of the growing
oxide scale on specimens of 15 a/o
Ti-Zr alloy in 1 atm oxygen at
500°C
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There were no changes in EMF and R which could be related
to the change in rate law from cubic to linear at 15 min. The oxide was
shiny black initially, but white oxide developed at scattered spots and
grew until the entire specimen was white upon removal at 120 min. It is
believed that the large increase in resistance coincided with the change
from black to white oxide, because other specimens removed within the
40- to 80-min period were in various stages of transition. As seen in
Figure 10, the EMF dropped in two cases after reaching a maximum. No
reason for these changes could be determined.
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RESISTANCE IN OHMS

largest increase taking place between 70 and 100 min.
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Changes of resistance of the growing
oxide scale on specimens of 15 a/o
Ti-Zr alloy in 1 atm oxygen at 500°C.
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Fig. 14

Changes of resistance of the growing oxide scale on
specimens of 50 a/o Ti-Zr alloy in 1 atm O,, 500°C

15.0 a/o Ti Alloy

The 15 a/o Ti alloy showed a slow increase of EMF, with the

The change in re-

sistance was more uniform than in the case of the 3.75 a/o alloy. Jumps

in resistance were still observed, but were usually not greater than a
factor of 10.

Erratic periods were almost completely absent.

The break-

away time for this alloy was so short (cf. Table I) that it was not covered

by the data for EMF and resistance.

The maximum EMF (0.13 to 0.16 v)



was much less than for the 3.75 a/o alloy, indicating that the oxide was a
better conductor at 500°C. The oxide scale was much thicker than the
scale on the 3.75 a/o alloy after the same period of time. Specimens of
the 15 a/o alloy were found to change from a shiny black to a cream color
more rapidly than the 3.75 a/o alloy. Again the oxide is believed to have
changed from black to white in the region of rapid rise in EMF,

4. 50.0 a/o Ti Alloy

In the case of the 50 a/o Ti-Zr alloy, the EMF during film
growth was close to the limit of the thermal EMF. The EMF did not
exceed 2-3 mv during three experiments conducted for 120 min. The
resistance was 10-30 ohms initially and seemed to increase very slowly
with time. The resistances are plotted in Figure 14. Assuming that the
EMF was constant as well as small, the corrosion current would be ex-
pected todiminishvery slowly with time.

The breakaway time (52-56 min) was conveniently observable,
as seen from Table II, but no change in EMF or resistance was observed.
The oxide remained dull black during the course of oxidation.

VII. DISCUSSION

On pure zirconium the oxide formed slowly and had a high resist-
ance. The maximum EMF was approximately half of E;,. Consequently,
R; and Re must have been of the same order of magnitude, as seen from
the equation

Ri E;-E

Re E

In the oxidation of pure titanium, Re was very small and Rj must have
been rate controlling.

In the case of the 3.75 a/o and 15 a/o Ti alloys the transition to
a linear rate law did not influence the EMF and resistance. The sharp
rise in EMF, accompanied by an increase in resistance, could have re-
sulted from the same changes that gave rise to white oxide. On the
15 a/o T1 alloy the oxide formed rapidly and maintained a low resistance
until the thickness was many times larger than on zirconium in the same
period of time. Cracking then set in, and the film developed a high

resistance.

In the case of the 50 a/o alloy, an increase in resistance at the
transition point (after approximately 54 min) would have been easy to
recognize. The EMF and resistance both remained low throughout this

interval.



After transition the resistance must represent a composite of the
resistances of two or more layers. This conclusion is based on the inter-
pretation of the linear oxidation law as resulting from a barrier layer of
constant thickness. It was also confirmed by work on the capacitance of
oxide layers.(zz)

Because the resistance did not reflect the transition, it must be
concluded that the changes were not in the overall structure or stoichi-
ometry of the oxide. A possible explanation is the formation of vertical
cracks penetrating part of the way to the metal oxide interface. This
cracked layer then changed further at the time when the rapid rise in
EMF and resistance occurred. It is suggested that the stoichiometry of
the outer layer is changing as a result of oxygen penetrating along the
initial cracks. As the oxide thickens, the outer layer will break up more
and more until the typical white oxide appears. These conclusions may
not be applicable to the oxidation of other zirconium alloys where sep-
arate phases may appear in the oxide scale. The situation in such cases
could become very complicated.

The change in EMF provides an explanation for the peak in oxida-
tion rate at 15 a/o Ti. The substitution of titanium for zirconium in the
Zr0O, lattice is presumed to form Ti*! ions which can participate in elec-
tron exchange and thereby enhance the electronic conductivity. The
presence of Ti*" will also form anion vacancies which will increase the
ionic conductivity. Consequently, both Re and Rj will diminish and the
oxidation rate will rise. The drop in rate at higher titanium concentra-
tions can be explained by structural changes, contraction of the ZrO,
lattice, or the formation of increasing amounts of TiZrO,. Korobkov(2)
also suggested that Ti>* explained the increased oxidation rate of Ti-Zr
alloys. The ionic radii and ionization potentials of titanium and zirconium
are favorable to this possibility, as shown in Table IV.

Table IV

IONIC RADII AND IONIZATION POTENTIALS FOR
TITANIUM AND ZIRCONIUM

Ionization
Ionic radius(23) potential(24)
Element of M*" (A) (ev) M¥T —=M*T 1 e
Ti 0.64-0.68 43.24
Zr 0.80-0.89 33.97

The sn_':aller size of Ti*' provides more room in the lattice to form
the larger Ti’", and more energy is required to form Ti*! than zr?t,



The effect of titanium upon the oxidation rate of zirconium in water
1s even greater than the effect in oxygen. Therefore, some explanation is
required beyond the explanation for oxygen alone. The hydrogen damage
mechanism of Draley and Ruther(25) may be the critical factor. It is also
possible that the dissolution of hydrogen in the mixed ZrO,-TiO, lattice
may have specific effects. As shown by Heckelsberg,(26) the solution of
hydrogen in n-conductors has the effect of increasing the electronic con-
ductivity. P-conductors showed a decrease. In any case, the changes in

conductivity of the oxide scale undoubtedly play an important role in the
oxidation process.
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