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Oxidation Kinetics and Oxide Film Break-away of Zirconium

and Its Alloys at High Temperatures

Summary

The oxidation of Zr, Zircaloy-2, Zr binary alloys with Cu, Ni, Sn and Nb was studied
with a particular emphasis on the mechanism of the rate transition in 600 to 850°C dry oxygen.

The results obtained from the continuous gravimetric measurements were compared with
the oxide morphology involving hot-stage microscopy, X-ray and electron diffraction data,
and electron beam micro probe analysis of the oxide-metal interfaces. No close relationship was
found between the rate transition and either cracking or transformation of the oxide. A
mechanism involving the recrystallization of the oxide is discussed based on a consistent
relationship between the kinetic behavior and the behavior of the alloying elements during
the oxidation. Stability of anion vacancies in ZrO, was pointed out as an important factor

determining the rate transition,
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1. Introduction

Numbers of works!~® on high temperature oxidation of Zr and its binary alloys have been
published. The oxidation kinetics, however, are not perfectly understood yet. In particular,

the mechanism of the so-called break-away phenomenon generally referred to as oxidation
ratetransition has not been established yet, although several theories have been proposed.

Extending the early work by PortTE et all); MiscH and DRUNEN?Z have classified pure

Zr and 21 Zr binary alloys into 3 groups based on their kinetic behavior in high temperature
oxidation. BAQUE et al® tested various kinds of Zr and its binary and ternary alloys in high
temperature COz In reviewing the results reported by those 3 groups the following facts may
be extracted.

i) Addition of a certain percent Cu to Zr gave the best oxidation resistance.

ii) Addition of Ni and Fe gave oxidation resistance equivalent to or better than that of
pure Zr.

ili) Zr-certain % Cu and Zr-4% Ni alloys did not show the oxidation rate transition
during 300, 000 minute tests in 700°C oxygen?®.

iv) Zr-Al, Zi-Sn and Zr-Nb alloys tended to have the rate transitions at comparatively
early stages of oxidation and their oxidation resistance was much lower than that of
pure ZrL237,

The present authors have studied primarily on the mechanism of the oxidation rate tran-

sition using techniques of continuous weight gain measurements, hot stage microsopy, and
X-ray and electron diffraction.

2. Expreimental methods

2. 1 Materials

Unalloyed Zr, Three kinds of unalloyed Zr were prepared; namely, arc-melt (reactor
grade), electron-beam-melt (reactor grade), and arc-melt (commercial grade) Zr. The Zr
specimens were furnished in the form of rolled sheet with the thickness of 1 mm. The specimens
were chemically polished in a solution containing nitric acid and hydrofluoric acid after an-
nealing at 750°C for 1.5 hrs. and subsequent abrading with 800 grid emery paper.

All other alloy specimens described below received the same surface treatment.

Zr—Cu dlloys. After being prepared through electron-beam melting, the specimens were
shaped in the form of 1 mm thick sheets by cold rolling. In order to remove the segregation
of Cu-rich phases, water quenching was applied after f-annealing for 15 hrs.

Zr-2 wt. % Ni alloy. An ingot was made by consumable electrode arc melting. The
specimens were hot and cold rolled to 1 mm thick sheets and a-annealed at 700°C for 1.5 hr.

Zr-Sn alloys and Zircaloy-2. Zr-Sn alloy ingots were prepared through eletron-beam
melting. 1mm thick sheets, being formed by hot and cold rolling, were a-annealed at
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750°C for 1.5hr. Zircaloy-2 was obtained from the market. They were arc-melted and rolled
to 1 mm thick sheets. The subsequent treatments were the same as those for Zr-Sn alloys.
Zr-2.5 wt. % Nb alloy. An ingot was prepared by a double-melting method with consu-
mable electrodes. The material was shaped in the form of a bar with 10 mm dia. by forging
and the subsequent hot extrusion, and sliced to 1.5 mm thick disc. These specimens were
annealed at 500°C for 1.5hr. Taste 1 summarizes the chemical compositions of the

specimens used in the present study.

TaBLE 1. Chemical composition of zirconium and its alloys (ppm)

Fe | C | Ni « Al | C | Si | Hf | N O | H | Cu| Sn | Nb
Unalloyed | 2,710 52 30| 140| -| 50| 90| 18| 810 42| -| -| -
Zr No. 1*
» No. 2+ |1,7200 7711 30! 50| 40| 35| 82| 31| 630 -| 40| -| -
# No, 3++4 1,060, - -| 490| 55| 15|2.50% 502030 57| -| ~-| -
Sponge Zr 5177 99| 30| 44| -| so| 8| 15| 92 -| -| -| -
Zr-1% Cu 3200 4 | -| 40| -| 7| 12| 560 -|o66Y | -
Zr-29% Cu 2800 4 -| | 20| -] 70| 10| 710 -|L56¥ -| -
Zr-49% Cu ag00 4 - —| 30| | 77| 18| 70| -|3804 -| -
Zr-29% Ni 4 Jresy - | - | - - -] - - -
Zr-0.3% Sn| 900, 32| 30| 65| 30| 64| 98| 34| 750 -| 40[0.25% -
7r-0.5% Sn| 430 30| 30| 55| 40| 24| 95| 26| 80 -| 40|o0.37% -
Zr-19 Sn 5000 18 30| 40| 30| 34| 96| 24| 4100 -| 40|0.81% -
Zr-2.5% Nb - - - - - - - - - - - ~ | 2.47*
Zircaloy-2 | 1,700, 60, 60| 56| 40| 60| 70| 28| 770, 21| -|L39¥ -
Fe | Co| Ni | Al| C | Si | Ti | N | S | TI| Cu Nb
(ND) 70{ 3,300 Bal | 100| 40| 100{ 100| -| 700 -| 10| -| -
aby M 4 - -| 100|100 300| s00| %3 - Bal.

Key ; * weight percent (%) ; ** SiO,; * arc-melted reactor grade Zr; ** electron-beam melted
reactor grade Zr; *** arc-melted commercial grade Zr; Zr-2% Ni and Zr-2.5% Nb
were prepared from sponge Zr.

2. 2 Experimental Procedure

Kinetic measurements. An ORK autorecording thermo-balance (Oyo Rika Co.) was used
for the continuous gravimetric measurements on 15X 30X 1 mm specimens.

Commercially pure oxygen was used as the oxidation environment being supplied from a
tank via a P2Os desicator train. Air was used in a limited number of runs. The system was
maintained at atmospheric pressure throughout the tests.

Microscopic observation. The surfaces and cross sections of oxidized specimens were
examined with an optical microscope at various stages of oxidation. A hot-stage microscope
(HUM Union Optics Co.) was used in observing dynamically the oxide growth and the formation
and propagation of cracks.

Oxygen was continuously replenished through the hot stage at 700°C.

The surfaces of specimens were examined at various stages with an electron microscope
for which the standard plastic-replica technique was used.

Electron and X-ray diffraction analysis Surface oxide films were removed by dissolving the
underlying metal according to EvAN’s method®. Both sides of the isolated oxide film were
examined by surface electron diffraction. The same oxide specimens were examined by X-ray
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diffraction to obtain their bulk crystal structures.

Electron beam micro probe analysis. The surfaces and cross sections of the specimens were
analyzed before and after oxidation tests by means of an XMA (X-ray Micro Analyzer, NDK
Co.). Line scanning and characteristic X-ray images were obtained for those elements which

were alloyed with Zr.

3. Results

3. 1 Kinetic Measurements

Two measurements were made for each type of specimen in the temperature range 600 to

850°C. Fig. 1 (a)~(h) shows some of the typical measurements. TAsLe 2 is a summary of

TasLe 2 Kinetic constants of Zr and its alloys during oxidation

1/n at pre-transition Time to rate transition l Weight gain at transition
Materials Atﬁgz
p 850°C| 800°C| 700°C| 600°C| 850°C| 800°C! 700°C{ 600°C 850°C‘ 800°C| 700°C| 600°C

Unalloyed 0O, 0.41]10.40 | 0.37 | 0.36 | 450 | 550 * * 420 | 350 * *
Zr No. 1 Air - - |0.40 - - - - - - - - -
Zr No. 2 O, 0.3810.4010.35}0.38 * * * * * % % *
Zr No. 3 O, - 10.46 | 0.45 | 0.44 - 570 | 820 | 910 - 11020 | 1000 | 800
Zr-1% Cu O, - | 0.46|0.39 | 0.36 - * * % - * *
Zr-2% Cu 0O, 0.49 | 0.49 | 0.40 | 0.36 * % * * * *
Zr-49% Cu O, - |10.50|0.45|0.39 - * * * * *
Zr-29% Ni O, - 10.41(10.32]0.34 - % * *® - * * *
Zr-2.5% Sn| O, - | 0.5310.44 | 0.44 - 150 | 520 | 1300 - 920 | 780 ( 410
7r-0.5% Sn 0O, - 10,41 |0.4110.42 - 600 | 450 | 1050 - 400 | 190 | 132

Air - 10.42]0.46 | 0.45 - 430 | 660 | 1230 - 385 | 245 | 105
Zr-1% Sn 0O, - |1 0.46 | 0.43 | 0.50 - 330 | 490 | 710 - 400 | 240 90

Air - | 0.45|0.43]0.49 - 375 | 540 | 610 - 350 | 250 94

. (OR 0.3810.5110.41|0.33| 140 | 147 | 110 | 690 | 430 | 265 85 90

Zircaloy-2

Air - 10.50|0.34]|0.33 - 180 | 120 | 590 - 240 | 107 85
Key ; # transition did not occur, - : not measured ; time to transition (min.) ; weight gain (mg/dm?)

the obtained kinetic data involving the weight gains, the times to transition and the values of
“n” assuming that the weight gain (W, mg/dm?) is expressed as a function of time, namely

W=kt?, where k and n are the rate constant and the exponent index respectively.
3. 2 Correlation between the Kinetic Behavior and the Oxide Morphology

Fig. 2 shows the kinetic behavior of pure Zr (No. 1) and zircaloy-2 and their corresponding
surface appearance.

Optical micrographs of the cross sections of these specimens taken under polarized illumination
are shown in Fig. 3. It is seen in these figures that the pure Zr specimen does not suffer a
rate transition and its protective black oxide grows steadily ; while in the zircaloy-2 specimen,

the black oxide turns white abruptly at the rate transition point, leaving a thin layer of the
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black oxide at the oxide-metal interface. This thin black layer stays at an almost constant
thickness during the subsequent period of oxidation.

Assuming that the oxidation process is controlled by the inward diffusion of O—2 through
this black layer, the observed transition may be interpreted in terms of the change of the value
n from n=1/2 to n=1. The behavior of Zr-Cu and Zr-Ni alloys were basically similar to
‘that of the pure Zr specimen while Zr-Sn and Zr-Nb alloys behaved similarly to the zircaloy-2

specimen.
3. 3 Hot Stage Microscopy of Oxidizing Surfaces

Fig. 4 shows micrographs of the surfaces of Zr-2 wt2% Cu, pure Zr (No. 1), zircaloy-2,
and Zr-2.5 wt% Nb specimens taken during the high temperature oxidation process. In these
pictures, the progression and propagation of oxide cracks are readily visible.

Electron microscopic observation revealed a number of micro fissures along the grain
boundaries of all the specimens tested even at very early stages of oxidation. These fissures
are not detected with optical microscopes. A similar observation has been reported by Cox.
These micro fissures do not grow appreciably in Zr-Cu alloys in the subsequent oxidation. On
the other hand the fissures grow substantially in the pure Zr specimen to form a network of
cracks extended over the entire surface of the oxide after 2000 min., and the oxide tended to
spall at a later stage. The micro fissures in the zircaloy-2 specimens did not show any sub-
stantial growth in the stages before and after the rate transition point, but they extended
abruptly to form crack-networks well after the transition point (1000 min.).

In Zr-2.5 wt2% Nb alloy specimens, the growth of cracks became pronounced (200 min.)
before the rate transition. Crack-networks were subsequently formed.

No consistent correlation between the rate transition and the oxide film cracking was
observed in the hot-stage microscopic study. Therefore it would not be proper to attribute

these two phenomena to the same cause.
3. 4 Structural Study of the Oxide Film

Oxide films were isolated in their descrete form by dissolving the underlying metal. Both
sides of these films were then examined by surface electron diffraction.  TasLe 3 summarizes
the surface diffraction data and the bulk X-ray diffraction data.

No strict correlation between the oxide structure and the rate transition could be detected

in these data. Consequently, the mechanism!® which attributes the rate transition to the cubic-

TaBLe 3 Crystal structures of oxides formed on zirconium and its alloys

Unalloyed| Zr-2% Zr-2% Zircaloy-2 Zr-2.5% Nb
Zr Cu Ni Pre-trans. | Post-trans.| Pre-trans. |Post-trans.
X-ray diffraction M M M | M M M M
Surface electron (D C c c C C C C
diffraction (n C C p M v G i)

Key ; M : Monoclinic structure ; C: Cubic or tetragonal structure.
(1) : Inner surface of oxide (metal-oxide interface).
(II) : Outer surface of oxide (oxide-gas interface).
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monoclinic transformation of ZrO2 would not be strictly realistic.

3. 5 Electron Beam Micro Probe Analysis

The results of line scanning and characteristic X-ray images (K« or La) of the cross
sections of oxidized specimens are summarized in Fig. 5. Two features are distinguished in Zr
—Cu and Zr-Ni alloys, (1) neither Cu nor Ni dissolves appreciably in the oxide, and accordingly
(2) a Cu- or Ni-rich layer is formed at the metal side of the oxide-metal interface. On the
other hand, Sn and Nb, in zircaloy-2 and Zr-2.5 wt. % Nb alloy, respectively, occurred in the
ZrO2 phase in the same concentrations equivalent as those present in the unoxidized materials.
The same was true for Zr-Sn and Zr-Al alloys.

A couple of micro hardness indentations (Vickers) served as markers on the specimen
surfaces to locate the positions of line scannings before and after the oxidation. The positions

were approximately the same. Typical results are illustrated in Fig. 6.

Fig. 6 indicates that the oxide film on Zr-2 wt.% Cu alloy contains Cu-rich regions locally,
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Fig. 6 Characteristic X-ray line scanning of alloy surface.

even though the bulk oxide does not dissolve Cu appreciably. In contrast, Nb is uniformly
dissolved in the oxide film on Zr-2.5 wt.25 Nb alloy.

Within the ranges of compositions used in the present study the Zr-Ni alloy behaved
similarly to the Zr-Cu alloys while Zr-Sn alloys and zircaloy-2 closely resembled to the Zr-Nb
alloy. These two typical tendencies are substantially consistent with the two categories of
classification for the kinetic behavior of these alloys. It is therefore suggested that in the
range of the present study those elements that fail to dissolve in the ZrOgz film and thus tend
to accumulate at the oxide-metal interfaces delay the oxidation rate transition of Zr in dry

oxygen, while those with higher solubilities in the oxide tend instead to induce the transition.

4. Discussion

Fig. 1 (a) indicates that the oxidation resistance of unalloyed Zr is enhanced by increased
purity. Below 850°C the two reactor-grade pure Zr specimens did not differ appreciably in
oxidation resistance. The difference became appreciable when the test temperature was shifted

to 850°C. Although the difference in oxidation resistance may be attributed partly to the purity
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of the metal, the second phase distribution, as seen in Fig. 7, is more likely to play a principal
role. It has been found by Cox® and the authors!!) that a fine distribution of the second phase
gives an improved oxidation resistance and retards oxide film break-away on zircaloy. A
similar effect has been recognized by BOYD!? on unalloyed Zr.

The three currently proposed mechanisms of the oxidation rate transition (generally referred
to as the oxide film break-away) have been classified by Cox® as follows :

1) The first group proposes that the transition of the nonstoichiometric black oxide into
the stoichiometric white oxide is not a result but the cause of the oxide fracturing. The
change of stoichiometry is explained in terms of the saturation of the oxide film!3!4 or of the
underlying metal phase! with oxygen. Embrittlement of the underlying metal phase®:1®) is
also pointed out.

This group considers oxygen diffusion through the oxide layer and/or the underlying metal ;
accordingly the time to rate transition (will call #r hereafter) would be determined only by
oxygen diffusion. There would be expected to be longer #r as the thickness of the specimen
sheet is increased. However, the authors’ results!” showed that the 0.4 mm thick specimens
always had a longer ¢r than the 0.1, 0.2, 0.8, and 1.5mm thick specimens in 600, 700 and
800°C oxygen. TAkAMURA!® reported similar results.

The authors have measured the hardnesses of the cross sections of various types of specimens
to justify their concept that the rate transition is induced when the underlying metal phase in
the immediate vicinity of the oxide-metal interface reaches a critical stage where the embrittlement
of the metal causes cracking. Those specimens which had already experienced break-away
showed somewhat lower hardnesses near the oxide-metal interface than those alloy or pure
metal specimens in the state without break-away. This seems to suggest that attention should
be focused on a change of the oxide film itself.

That the oxide visibly turns white during the rate transition provides experimental evidence
that the nonstoichiometric black oxide turns abruptly into the stoichiometric white oxide.
Therefore an explanation of the rate transition only in terms of oxygen diffusion may not be
adequate.

2) The second group attributes the transition to a crystallographic change in the oxide,
namely the transformation of cubic or tetragonal ZrO: into the more stable monoclinic form.
The results shown in Taste 3 do not support this idea. CoOx% also disagrees.

3) The third group considers the rate transition in terms either of (a) a mechanical
fracturing of the oxide film or (b) a change of the properties of the oxide due to recrystalliz-
ation. The former, (a), is not substantiated, since the result in Fig. 4 indicates no correlation
between the cracking of the oxide film and the commencement of the rate transition.

WALLWORK et all®, studying Zr oxidation at 850°C and 950°C, observed a correlation
between the rate transition and the formation of cracks due to stresses around the interface
between the two phases, namely, oxide and metal-oxygen solid solution. They also observed
the formation of voids at the oxide-metal interface and the recrystallization of the metal in
the immediate vicinity of the interface.

It might be expected that the stress raised at the oxide-metal interface would play an
important role in the rate transition ; however, neither voids formation nor recrystallization of
underlying metal was observed in any of the specimens at the temperatures used in the
present study.

Bise and Fascia? and Haycock?? report changes in the properties of the oxide due to
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its recrystallization. The former proposed a mechanism of the rate transition on the basis of
their results of aquaous corrosion tests on Zr single crystals at 360°C. They think that a
strain induced recrystallization or fragmentation of oxide accompanies the change from a protective
black oxide to a nonprotective white oxide. Haycock?! also stresses the relationship between
the recrystallization of the oxide and a change in the kinetics, The present authors also consider
that oxide recrystallization is the most likely cause of the rate transition.

The mode of occurrence resembles that of recrystallization in such a way that the abrupt
change commences after a pre-transition (incubation) period, and this period becomes shorter
as the temperature is increased, although the nature of recrystallization in ceramic materials
such as oxide is not well defined?®. Nevertheless no known phenomenon is inconsistent with
the oxide recrystallization mechanism.

Assuming that recrystallization of oxide is a major cause of the rate transition and that
temperature, strain and impurity content are the principal factors affecting the recrystallization,
as is the case for most metals, the following argument is proposed.

Consider the interfacial stress as one of the principal factors. A compressive stress is raised
in ZrOz since it has a larger specific volume than Zr. Since the growth of Zr-oxide film
is known as a oxygen inner-diffusion mechanism in this system, the compressive stress will be
greatest at the place closest to the oxide-metal interface. If a number of stable vacancies exist
in the oxide, particularly in the vincinity of the oxide-metal interface, these vacancies may act
as stress relievers which retard the rate transition. On the other hand, these vacancies will be
favorable to the stability of the black nonstoichiometric oxide. As long as the black nonstoic-
hiometric oxide remains stable, the rate transition does not take place. In other words the
stability of the black oxide is favored by large number of stable oxygen anion vacancies in the
oxide, and the resultant stress relief, then, tends to retard the rate transition.

O’ DriscoLL et al.¥ found that nitrogen-rich Zr has a retarded rate transition.

The fact that pure Zr has a comparatively good resistance to the rate transition despite
its high oxidation rate at higher temperatures may be explained reasonably in terms of its
tendency to form more anion vacancies.

According to C. WAGNER's THEORY?, alloying elements that have lower valences than
Zr*+% would favor the formation of anion vacancies, since ZrQz is an anion deficient n-type
semiconductor. By this theory the retardation of the rate transition may be expected in
Cut2or+l and Ni+2o0r+3 alloys, while Al*3 and Sn+3 alloys contradict it. The contradiction seen
in the latter case suggests that not only the number of anion vacancies but also their stability,
ionic radii and solubilities in the ZrO2 matrix must be taken into account if the interfacial
stress is a major factor. -

PoRTE et al.l pointed out that the difference in the ionic radii between an alloying element
and Zr plays a major role in determing the length of 7. The above statement, indeed, agrees
with the fact that Sn, Nb and Al differ from Zr more in ionic radii than Ni and Cu. Furthermore,
the elements in the former group have high solubilities (Fig. 5) in ZrO2* Hence, a larger stress
can be raised in the former group alloys. This induces recrystallization, i.e., the rate transition.

PorRTE used GoLpscHMIDT'S ionic radii in his discussion. Using PAULING'S ionic radii, the
radii of Cu* and Zr** would differ more than Sn+3 and Zr+% An additional difficulty arises
when one considers why Zr-Cu alloys are superior to all others in spite of the fact that the

ionic radius of Ni*2 is closer to Zr+* than is that of Cu*. The preceding indicates that ionic

* Recent work has found a large amount of Al dissolved in the oxide film,
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radius may not be so important as Porte stresses.

Fig. 5, 6 indicate that Cu (and Ni) do not dissolve much in the oxide, and that their
distribution is not uniform. Some regions are extremely concentrated with these elements
(perhaps as Zr2Cu or ZrCu). A Ni- or Cu-rich layer is formed at the metal side of the oxide-
metal interface, where the stress is greatest.

Although the argument is still speculative, the combination of ZrOz and Cu20 (or NiO)
such as that in Fig. 8 (B) is considered more likely than that in Fig. 8 (A).* Since Cu20 and
NiO are metal deficient p-type semiconductors, they will form more stable Shottky type defects
when combined with n-type anion deficiet ZrO2. Another type of stable vacancies, such as in
Fig. 8 (c), is also conceivable if there is evlectr'on exchange between ZrOz and Cuz0. In such
a case, Zrt3—e—Zrt1—0.8eV, Cut2+e—Cut+12.6eV and Ni+2+e—Ni++10.6eV. Thus,
Zrt34Cut2—Zr+44Cut+2.8eV and Zr+34+Nit2—Zr+4+Ni+t!+0.8eV are obtained res-
pectively., This means that this type of reaction is fairly probable.

0" 0" 0" 0 o 0 0 o0 O o
0" 0" 0" o VAN A A S A3 .
Zr* Zr* Cu*t Zr* o 0 D 0" 0O
00 o [J o 000 0 0 0o
00 00 0 o0 o [0 co* O v e !
or o0 0 o0 o
000 o0 0 o Cu™ Cu* Cu” Cu' Cu* Cy
00 0 [ o (8B)
Ze*Zr* Cut 2 l
00 o [ o o0 0 0 o o

'l +4

00 0 0 0 0 zr™ 7zt 7et Zet
(A) o o [ o
0" 0 O O

O cu [J cu ¢

0" 0 0 o
Cu* Cu" G ¢y
(©)

(A) Wagner type
(B) Combination of both oxides
(€) Modification of (B)

Fig. 8 Schematic representation of

vacancies in oxide of
Zr-Cu alloy.

A suggested distribution of CuO or Cuz0 in ZrO: film is shown in Fig. 9. A suitable
distribution of strongly anchored vacancies in the Zr-Cu (or Zr-Ni) alloys may account for the
fact that the black oxide does not easily turn white, and stable vacancies are formed particularly
at the Cu rich metal-oxide interface through the stress relaxation mechanism described above.

The fact that the oxide-metal volume ratios for Cu and Ni (Cu20/Cu=1. 64, NiO/Ni=1. 65)
are close to that for Zr (ZrO2/Zr=1.56) may also contribute to the retardation of the rate

transition, because stress concentration will be not much at the boundary between ZrO2 and

* If the model in Fig. 8 (A) were more likely, Cu would dissolve in the oxide more uniformly and would show the
characteristic X-ray image as Sn and Nb do. Hence we would expect a much reduced difference in the oxidation
resistance between Zr-Cu and Zr-Sn alloys.
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------ ZrO; layer
Oxide
- CuQ layer

l Metal
Fig. 9 Suggested distribution of Cu oxide layer

in Zr oxide film,

Cu20 (orNiO) layers.

In view of the above discussion those alloying elements which may contribute to the
retardation of the rate transition of Zr must satisfy the following conditions :

(1) They should have a lower valency than Zr+4

(2) They should have ionic radii close to that of Zr

(3) They should be less soluble in ZrO2

(4) They should form metal deficient semiconductors

TasLle 4. Comparison of properties of alloying elements with those of Zr

a-solubility Type of oxide Metal/oxide sp.

3 51
Valency Tonic radii in Zr metal? | semiconductor®* | volume ratio®

Cu*
Cu+2
Ni+2
Co*
Cr+3
W+4
Hf+l
Fe+2
Fe+3
Be+2
U+4
M0+4
Ta+2
V+4
Ti+4
Nb+s
Sn+4
Pb+4
A1+3

PO EOETEOWE FEEEE PP
O QWE PR T>»>P>w
OO0 QO % P E @ PP P> PP
000000 EOOPOPE»PWP
SPWWOoOWOO0OPO0RP00WR P>

1) by AHRENS (1952), 2) LusTMAN & KERZE “Metallurgy of Zr,”
3) KUBASCHEWSKI & HOPKINS “ Oxidation of Metals and Alloys,”
4) KAWAGUCHI “Chemistry of semi-conductor ”
Foot Note:
A B C
Valency <4 4 >4
Ionic radii 0.68-0.92A(15%) 0.63-0.67A <0.63A
0.93-0.97A >0.97A
a-Solubility* 0.5% 0.5~3% 3% *Solid solution
Type of oxide
semi-conductor Metal-deficit Amphoteric Metal-excess
Oxide/metal ratio 1. 40-1.72 (10%) 1. 25-1. 39 (20%) <1.25
1. 73-1. 87 (20%) >1.87
+ Solubility of an alloying element in Zr oxide can be generally dealt similarly to its a-solubility in
Zr metal.
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(5) They should have oxide-metal volume ratios close to or less than 1.56

TasLe 4 compares various alloying elements with respect to the above five requirements. These
elements are arranged in the order of the length of the pretransition period (¢r.), based on
the experimental results by Miscu® and PorteD. For W, Mo, and Cr the resistance is largely
dependent on the alloy concentration, and these elements are only effective at lower concentrations ;
therefore, the data were taken conveniently from alloys containing around 19 of these elements.
From Tase 4 it is clear that conditions (1) to (5), particularly (3) and (4), are better
satisfied by the elements with longer time to the rate transition.

5. Conclusions

From the experimental results and the above discussions the following conclusions can be
stated :

1.  Those specimens of which nonstoichiometric black oxide is stable are resistant to the
rate transition. The thickness of the black oxide determines the oxidation rate.

2. The oxide film cracking does not have a strict relation to the rate transition.

3. No correlation between the rate transition and the transformation of ZrO2 was observed.

4. The materials tested in the present study can be classified in two groups with respect
to their kinetic behavior 'and the distribution of alloying elements in the metal and oxide
phases. Those elements which have low solubilities in ZrO2 delay the rate transition and tend
to accumulate in the metal side of the oxide metal interfaces.

5. A mechanism of the rate transition, which involves strain induced recrystallization of
ZrO2 and the resultant change in the oxide properties, is shown to be the most likely one.

6. The stability of the nonstoichiometric black oxide was interpreted in terms of the
stability and distribution of anion vacancies in ZrOgz phase. These defects are considered to act
as the stress relievers of oxide-metal interface regions.

7. The effect of alloying elements were explained in terms not of the impurity effect in
semiconductors but of stabilization of defects in ZrOs.

8. The 5 factors affecting the effect of alloying elements on the oxidation rate transition
of Zr are pointed out : they are valency, ionic radius, solubility in ZrOz, types of their oxide-
semiconductors and oxide-metal volume ratios for the elements to be added to Zr.
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10 min 30 min

820 min ’ 3840 min

(a)

Fig. 3 Cross section of oxide on unalloyed zirconium No 1

and zircaloy-2 (polarized light)
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(b)

(a) Unalloyed zirconium No. 1 (700°C, in air)

(b) Zircaloy-2 (700°C, in air)
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Fig. 5 Charactaristic X-ray graphs and images of cross section of oxidized alloys.
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(d) Zr-2.5 wt/o Nb at 700°C, 1500 min (e) Zry-2 as 800°C, 1000 min
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