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ABSTRACT

Examination of the processes occurring during the
oxidation of Zr-l% AI, Zr-3% AI, and Zr-l.5% Al-O.5% Mo alloys
has shown that in stearn rapid oxidation occurs predominantly
around the Zr3Al particles, which at low temperatures appear
to be relatively unattacked. The unoxidised particles become
incorporated in the oxide, and become fully oxidised as the film
thickens. This rapid localised oxidation is preceded by a short
period of uniform film growth, during which the oxide film thick
ness does not exceed ~200~. Thus the high oxidation rates can
probably be ascribed to aluminum in solution in the zirconium
matrix, although its precise mode of operation has not been
determined. Once the solubility limit of aluminum is exceeded,
the size, distribution and number of intermetallic particles
affects the oxidation rate merely by altering the distribution
of regions of metal giving high oxidation rates. The controlling
process during the early stages of oxidation is electron transport
and not ionic transport. Thus, the aluminum in the oxide film
is presumably increasing the ionic conductivity more than the
electronic.

The oxidation rates in atmospheric pressure stearn are very
high and their irregular temperature dependence suggests that the
oxidation rate will be pressure dependent. This was confirmed,
in part, by a comparison with oxidation in moist air. It was
found that the rate of development of white oxide around inter
metallic particles was considerably reduced by the decrease in
the partial pressure of H2 0; the incubation period was not much
different, however.

Chalk River, Ontario
October, 1967

AECL-2776



Oxidation of Zirconium-Aluminum Alloys

B. Cox

1. Introduction

The search for high strength zirconium alloys for
reactor service has shown that alloys based on the Zr-Al system
are superior to any other known group of zirconium alloys, in
terms of strength at temperatures above 400°C(1,2). However, it
has been known from the very early days of zirconium technology(3,4)
that the presence of aluminum as an impurity decreased the oxidation
resistance of zirconium in most environments (5) a-nd that deliberate
additions of aluminum, of sufficient magnitude to improve the
mechanical ~roperties, resulted in catastrophic oxidation in steam
or water (6 , ).

As a result of the poor corrosion resistance of these
alloys recent interest in them has been small(8,9) and studies
have not been sufficiently detailed to produce an understanding
of the manner in which aluminum causes such an enormous decrease
in oxidation resistance. Oxidation rates of Zr-Al alloys may be
ten thousand times higher than the best zirconium alloys, under
some conditions.

The incentive to develop higher strength zirconium
alloys has increased with the advent of power reactors containing
zirconium alloy pressure tubes. Schemes for cladding a Zr-Al
alloy with an oxidation resistant sheath have been proposed(lO).
However, detailed studies of the oxidation process in Zr-Al alloys
were lacking, and it appeared to be important to carry out such an
examination before abandoning the possibility of producing an
oxidation resistant Zr-Al alloy. The results of such a study are
presented here.

2. Experimental

Three Zr-Al alloys were available which had been
fabricated for an earlier study of their mechanical properties (10).
These had compositions of Zr-l wt.% AI, Zr-3 wt.% AI, and
Zr-l.5 wt.% Al - 0.5 wt.% Mo. Earlier experiments in 360°C water
had shown gross weight losses within 7 days, and it was clear that
very short exposure times would be needed if the oxidation process
was to be studied in detail. As short exposures could not be
satisfactorily performed in the high pressure autoclaves, it was
decided to oxidise the specimens in 1 atm. steam. The low steam
pressure would also help to minimise the catastrophic nature of
the oxidation process if these alloys showed pressure dependent
oxidation such as that shown by unalloyed zirconium(ll).
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Surface preparation and pickling followed normal
procedures. Oxidation was carried out at 300, 400, 500, 600 and
650°C in flowing atmospheric pressure steam or moist air (s.v.p.
20°C). The shortest exposure time was 2 minutes, plus an allowance
of 1 minute for the heating process. Specimens were examined by
weight gain, visually at up to xlOOO with an optical microscope,
and by two-stage formvar-carbon replica techniques in an HU-IIA
electron microscope. Potentials were measured on specimens
immersed in fused KN03/NaN03/NaN02 eutectic at 300°C using a
Keithley electrometer. Hydrogen analyses, metallography and
electron microprobe analysis were performed by standard techniques.

3. Results and Discussion

The weight gain curves for each of the alloys are
shown in Figures 1-3. The linear oxidation rates calculated
from these curves are shown in Figure 4 and Table 1. The alloy
microstructures are shown in Figure 5.

Visual examination at low magnification of specimens
oxidised at above 400°C showed the presence of white oxide spots
even after the first exposure. At the highest temperatures,
specimens were covered with gray or white oxide after the first
exposure. The white oxide spots visible at low magnification were
much more widely separated than the intermetallic particles. At
higher magnification with crossed polaroids an array of less
prominent white oxide spots became visible, apparently corresponding
to the distribution of the intermetallic particles.

At 300°C no visible change in the appearance of the
specimens occurred during the first ~150 minutes of exposure (or
during the first 10 minutes at 400°C). Weight gains were small
and could not be determined accurately during this period. Beyond
this point weight gains increased rapidly and the appearance of
white oxide at the sites of intermetallic particles was noted
(Table 2). No continuous interference colour film was visible
between the white oxide particles, which appeared to nucleate
directly from the initial air-formed film without any visible
film growth (Figure 6). At the highest magnifications available
on the optical microscope it appeared that the white oxide was being
formed from the matrix surrounding the intermetallic particle,
rather than the oxidation of the intermetallic particle itself.

It was thought that preforming a thick continuous
film, under conditions where rapid oxidation at the sites of
intermetallic particles would not occur, might delay the nucleation
of white oxide in high temperature steam. Accordingly, a series
of specimens was anodised in IM.KOH, saturated ammonium borate,
and lM.KN02 to give bands of anodic oxide film of differing thickness
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along the specimen. Interference colours were produced which
corresponded approximately with those expected on crystal-bar
zirconium at the same voltage. There was one exception to this,
a specimen of Zr-l% Al which had a large irregular patch which
apparently anodised at a higher A/volt ratio than the remainder
of the specimen. This feature was thought to be metallurgical in
origin but was not identified.

To reduce the rate of nucleation and propagation on
these specimens the water vapour pressure was reduced further, and
oxidation was carried out in moist air (s.v.p. 20°C). Changes were
followed by visual estimation of the interference colour, and
examination under crossed polarisers for light scattering by cracked
areas ("white oxide") of the film. The weight gain results for
these specimens are shown in Figure 7.

Visual examination showed that nucleation Of white
oxide spots was essentially unaffected by either the change in
water vapour pressure, or the presence of anodic films. The rate
of propagation of the white oxide was considerably reduced by the
reduction in water vapour pressure. The rate of propagation varied
with the thickness of the pre-formed anodic oxide film; the ~reatest

reduction in" propagation rate being given by films 200 - 500A. This
reduction was apparently not more than a factor of 2-3 below the
rate on the pickled areas. During the oxidation the interference
colour films increased regularly in thickness (Figure 7), and
because of the reduction in the formation of white oxide at the low
water vapour pressure it was possible to measure the growth of the
interference colour film on the initially unanodised areas of the
specimens.

At long exposure times the effect of the prior anodic
film became small. It was not possible to obtain a detailed comparison
from weight gain measurements due to the variations from band to band;
however, the average weight gain remained less than for unanodised
specimens for only a short time after the anodised specimens were
transferred to 1 atm. steam (Figure 8). No obvious difference was
found between anodic films formed in any of the three electrolytes
used.

Electron microscopy confirmed the indication from
optical microscopy that the white oxide was forming initially on the
areas surrounding the intermetallic particles, which remained
"unoxidised" for a considerable time (Figures 9, 10). Whether they
had a thin film on them, or were still sites for metallic contact
wi.th the underlying metal could not be determined. Potential
measurements suggested that they must be insulated by a thin oxide
film since the slower process was apparently electron transport.
Less frequent, but grosser, white oxide spots were also observed
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with the electron microscope, but their origin was not clear.
Cracking of the oxide film between the intermetallic particles
was prominent as early as 10 mg/dm2 weight gain.

Further evidence that the second phase particles
(Figure 5) were not rapidly attacked resulted from optical metal
lography of sections of specimens carrying thick oxide films
(Figure 11). These showed the incorporation of metallic particles
in the oxide film at the metal/oxide interface. These particles
oxidised slowly during subsequent film growth, at rates which were
temperature dependent. Thus at the highest temperatures the
metallic particles soon disappeared, whereas at 300°C they persisted
throughout the oxide film.

Attempts to identify these particles were unsuccessful.
The electron microprobe was able to demonstrate only that they
contained more aluminum than the surrounding matrix, but was unable
to determine their composition sufficiently accurately for a full
identification. It could not be decided, therefore, whether after
the "disappearance" of the metallic particles the aluminum contained
in them remained localised in a volume of oxide similar to that of
the original particle, or whether it diffused away from this region
of the oxide.

The potentials across the oxide film in specimens
oxidised in the fused nitrate/nitrite bath at 300°C were measured
with a Keithley electrometer. The results shown in Figure 12
indicate that the most difficult oxidation process was electron
transport through the film, since the voltage never fell below
~-0.5 V(12). Oxidation rates in the fused salt bath lay between
those in moist air and steam at the same temperature (Figure 8).
Specimens which had been oxidised in steam were also immersed in
the fused salt at 300°C for times sufficient to obtain a steady
potential (usually 15 - 60 minutes). The potentials measured were
invariably high, with the metal negative (Table 3). However, the
significance of these measurements is not clear since the immersion
in the fused salt often induced oxide spallation.

The high negative potentials measured on these alloys
were surprising when compared with those observed on zirconium
~0.6 V) and Zircaloy-2 00.2 V) at the same temperature and oxide
film thickness. The low potentials on Zircaloy-2 have been ascribed
to the effect of the intermetallic particles which reduce the
electronic resistance of the oxide more than the ionic resistance.
In some instances (thin films) they represent an effective short
circuit for electrons. Despite the large number and volume fraction
of second phase particles in some of the zirconium-aluminum alloys,
they do not apparently produce the same effect relative to the ionic
resistance. This possibly results from a difference in the chemical
nature of the second phase in the two instances.
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Both Zr Al and Zr 2Fe (Cr,Ni) contain higher percentages
of alloying element fhan would be soluble in ZrO (13). There must,
therefore, be crystallites of A1 20 3 and Fe(Cr,Nif Ox produced along
with Zr02 crystallites when these particles oxidise. It may be that
the oxide formed on these intermetallics consists predominantly (or
entirely) of A1 20 3 and/or Fe(Cr,Ni) spinel. Evidence for the presence
of Fe(Ni)O on the surface of oxidised zircaloy-2 has been obtained
by glancing angle electron diffraction on oxidised specimens which
had been chemically polished so that the intermetallic particles
were left in relief(14). Were this the case, then a relatively thin
A1 20 3 film would insulate the second phase particl~s in zirconium
aluminum alloys, whereas the oxide (if any) formed on the Fe(Cr,Ni)
containing second-phase in Zircaloy-2 would be a relatively good
conductor.

Thus, the small difference between a.c. resistivit6measurements on oxide films on Zr-Al alloys and on Zircaloy-2(2 )
is not unreasonable (Table 4), despite the high volume fraction of
second-phase particles in the Zr-Al alloys. However, if the oxidation
rate of a Zr-Al alloy is controlled by electron flow, then the d.c.
electronic conductivity should be higher than that of the oxide on
crystal bar zirconium by approximately the ratio of the oxidation
rates. Thus a.c. resistivity measurements at room temperature do
not appear to give a good indication of the relative magnitudes of
the d.c. electron transport properties of oxide films at the oxidation
temperature. Measurements of the a.c. resistivity were possible on
only a few specimens since most oxide films were not wetted by the
liquid alloy contact.

The ionic conductivity must also have been increased
by at least the same ratio as the increase in oxidation rate since
oxygen ion and electron fluxes must be equal during oxidation. A
smaller accele+ation of the ionic transport process would have
resulted in a change to ionic control of the oxidation. Optical and
electron optical evidence showed that oxygen transport through the
film was non-uniform, and was greater around second phase particles.
than over the rest of the surface. possible mechanisms by which
this could occur are accelerated lattice diffusion, accelerated line
diffusion, or surface diffusion down cracks adjacent to an
intermetallic particle. Acceleration of the oxidation rate by flow
of molecular species down cracks adjacent to an intermetallic particle
would not necessitate a corresponding increase in the electronic
conductivity of the films when compared with films on crystal bar
zirconium. This is a likely explanation for the small difference
between the a.c. resistivities of the oxide films on these alloys
and those on zirconium and Zircaloy-2, despite the large difference
in oxidation rate, since all the oxides measured were effectively
"pos-t-transi tion".
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The incorporation of aluminum ions in the zirconia
lattice would probably increase the lattice diffusion of oxygen.
However, the lattice diffusion process is not considered to be a
major contributor to the ionic flux at low temperatures in an
oxide film with a very small crystallite size (50 - 250A) (15,18)
A change in the nucleation and growth of crystallites in the oxide
film as a result of doping with aluminum which cpuld lead to a
smaller average crystallite size in the film and subsequently to a
higher ·porosity than for films on Zircaloy-2 appears to be a more
plausible cause of enhanced ionic transport. This is not readily
amenable to confirmation for oxides which are thick compared with
those which can be studied by transmission electron microscopy
(100 keV).

The electron micrographs of Zr-l% Al specimens
(Figs. 9 and 10) show that cracks are present in these oxide films
from an early stage in the oxidation; on the other alloys, however,
no unusual concentration of these cracks around the second phase
particles was seen. Measurements of oxide capacitance were made
during immersion in an electrolyte (19) to determine whether high
densities of small pores or cracks were present during this phase
of oxidation. Results showed that there were small pores or cracks
present and that the film behaved similarly to post-transition oxide
films on Zircaloy-2(19).

Hydrogen uptake was measured after completion of the
oxidation experiments and the results are shown in Table 5. A
general trend for increasing percentage uptakes with increasing
oxidation temperature is to be noted. Thus at 500 and 600°C
virtually all the hydrogen released by the oxidation reaction was
absorbed by the Zr-l% Al and Zr-l.5% Al - 0.5% Mo alloys (values
>100% are thought to be the result of analytical errors). At 300°C
the absorbed fraction of the hydrogen from the oxidation reaction
was small. For the two binary alloys this fraction decreased with
increasing aluminum content, whereas the oxidation rate generally
increased (Table 1). The addition of molybdenum effects a small
reduction in the fractional uptake at 300 and 400°C but has little
influence above this temperature.

4. Conclusions

The oxidation of zirconium-aluminum alloys in steam
or moist air has two main periods. In the first period ("incubation")
the thin air-formed film grows in thickness, but is often insufficiently
thick at the end of this period to give a visible interference colour.
Thus there appears to be no change in the specimen during the incubation
period. Formation of thicker oxide which will scatter light in a dark field
optical micrograph commences on the matrix around the second phase
particles and increases rapidly both in thickness and extent until the
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whole surface is covered with white oxide.
approximately linear oxidation rate.

This gives a rapid and

Throughout this period electron transport is apparently
the most difficult process, although as the film becomes thick the
ratio of electronic to ionic resistivity becomes relatively small.
Thus both electronic and ionic transport processes were accelerated
by factors of >10 3 on adding aluminum to zirconium. One can only
speculate about the manner in which this acceleration is produced,
but for electron transport the order of magnitude of the increase
in conductivity is thought to be due to the presence of second phase
particles which provide conducting paths, and for ion transport to a
change in the morphology (e.g. crystallite size) of the initial oxide
film adjacent to a second-phase particle. The fact that the overall
electron transport process is more difficult than the ionic one (unlike
zircaloy-2) may result from the presence of a thin insulating oxide
on the Zr-Al intermetallics.

The second-phase particles do not oxidise preferentially
and were often incorporated in the oxide film in metallic formi
subsequently they oxidised as the oxide thickened, but the aluminum
contained in them probably remained localised.

The oxidation rate was dependent on the partial pressure
of water vapour in the atmosphere and in high pressure steam it is
likely that even higher oxidation rates would be observed. An increase
in water vapour pressure accelerated the growth of the white oxide
but did not significantly affect the incubation period.

The oxide films formed are very porous and direct
access of molecular species to the oxide/metal interface may be
possible. In this instance the interpretation of the potential
measurements would need reappraisal. ELectron microscopy did not
provide any evidence for extensive porosity or cracking, but this
was indicated by impedance measurements during immersion in an

o
electrolyte. Small pores «lOOA dia) indicated by similar tests in
post-transition oxide films on Zircaloy-2 could not be identified in the
electron microscope(19), but the weight of the other evidence strongly
suggests their presence.

Anodisation of specimens prior to oxidation did not
significantly reduce the oxidation rate. Hopes of reducing the
oxidation rate to acceptable levels, while at the same time
maintaining the aluminum content at a value high enough to give good
strength, seem to be slight, due to the appar~nt association of high
oxidation rates with aluminum in solution in the matrix.
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Table 1

Linear Oxidation Rates of Zr-Al Alloys

2
Oxidation Rate (mg!dm !day)

300°C 400°C 500°C 600°C 650°C

Zr-l% Al 320 1150 1440 6330 6900

Zr-3% Al 236 1410 12900 8600 5200

Zr-l.5% Al - 0.5% Mo 120* 980 4460 9100

Zircaloy-2 "",0.03 0.6-1.0 20-30 250-300 "",750

* may not be ultimate linear rate

Table 2

Nucleation Times for Formation of White Oxide

in 1 atm. steam

1st appearance of white oxide (minutes)

300°C 400°C 500°C 600°C

Zr-l wt. % Al 120 -8 -3 <2

Zr-3 wt. % Al 120 10 "'5 «5

Zr-1. 5 wt. % Al 90 -8 -3 <2
- 0.5 wt. % Mo



Table 3

Potentials Measured on Specimens Preoxidised in Steam

Preoxidation Temperature

300°C 400°C 500°C 600°C

Alloy Potential 6W 2 Potential 6W 2 Potential 6W 2 Potential 6W 2
v. mg/dm v. mg/dm v. mg/dm v. mg/dm

Zr-l% Al 1. 425 295 1.46 850* 1. 45 198 1. 75 403.5

Zr-3% Al 1. 525 245 1.44 108 1. 46 964 1. 40 558

Zr-l.5% Al 1. 00 86 0.825 66* 1. 06 587 1. 20 664
-0.5% Mo

* Oxide spalled during measurement

I-'
I-'
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Table 4

Resistivity of OXide Films on Zr-Al Alloys

Alloy Specimen b:.W 2 a.c. Resistivi ty*
mgLdm (I cm

5
Zr-l wt.% Al R24 167.2 2.32 x 10

" " " " " " 1. 82 x 10
5

" " " " R25 32.96 5.15 x 10
8

" " " " " " 6.63 x
8

10

" " " " II " 6.60 x 10
8

" " " " R28 40.82 6.62 x 10
8

" " " II " " 5.60 x 10
8

" " " II " " 5.37 x 10
8

8
Zr-l.5 wt.% AI-0.5 wt.% Mo AV13 71. 40 5.75 x 10

" II " " II " " " II 10.50 x 10
8

Zircaloy-2 Mean of results by same 14.3 x 10
8

technique (ref. 20)

Zirconium " 17.2 x 10
9

* Measured with blobs of Viking alloy LS232 as a contact,
at 1 kc/s with GR1680 Impedance Bridge
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Table 5

Hydrogen Uptake by Zr-Al Alloys in Atmospheric Pressure steam

Alloy Specimen

Zr-l% Al R20

Oxidation
Temperature

(DC)

300

Weight
Gain 2

(mg/dm )

296

ppm

131

Hydrogen
Uptake*
(mg/dm2 )

6.5

%
Theoretical

18

II II II

II If It

fI II II

Zr-3'Yo Al

It II II

II II "

II II II

R15

R 9

R 3

Qll

Q10

Q 5

Q 2

400

500

600

300

400

500

600

867

211

395

241

982

982

839

923

436

736

85

756

986

806

47

24

36

3.3

31

52

38

46

103

78

11

26

45

38

Zr-1. 5% Al
-0.5% Mo AV8 300 86.7 33 0.51 4.7

II II II Av6 400 723 201 9.7 11

II II II AV4 500 621 1011 50.5 71

II II II AV2 600 648 1631 81. 5 115

* Initial hydrogen concentrations: R: 44 ppm; Q: 34 ppm; AV: 19 ppm.
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Figure 5

Structure of Zr-Al Alloys
(Bright field optical
micrographs)
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Nucleation of white oxide during oxidation of

Zr-Al alloys in 1 atm. steam at 300 0 C

(a) Zr-l wt.% Al

x400

(b) Zr-3 wt.% Al

x400

(c) Zr-l.S wt.% Al-O.S wt.% Mo

x400

White oxide areas appear "black" in bright field micrographs
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Figure 8. Oxidation rates of anodized specimens at 300°C.
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Figure 10. Intermetallic particles in thin oxide films on
Zr-Al alloys (formvar-carbon replicas)
Average film thickness 1-2 ~m.
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Figure 11. Incorporation of intermetallic particles in the
oxide formed on Zr-3 wt.% Al (Q) in 1 atm. steam.
(Bright field optical micrographs).
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Figure 12. Potentials measured in fused nitrate/nitrite at 300°C.
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