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ABSTRACT

THre oxidation at elevated temperatures of Zr-Th, Zr-Y, Hf-Y,
Hf-W, Hf-W-Re, Al-Cr-Sn, and Al-La-Sn alloys, as well as ZrN, HIN
and ZrN-ThN combinations has-been studied in order to clarify specific
aspects of the problem of protecting tungefen against oxidation at high
temperatures. Experimental results showed that there was much less
tendency for ZrO,, ThO; and HfO—?j scales to crack during growth at high
than at low temperatures. Furthermeore, multiphased scales were more
resistant to spalling than single-phased scales, and protective oxides eould -
be grown-emrmany alloys. Hov%ever, even in sound and coherent scales
composgtf:l'of these oxides, oxygen diffused so rapidly that it is doubtful
that these-uxides could form the basis of a protective system at 20007C,

The sequence of layers at the metal-air interface of the Zr-Th and Zr-Y
alloys formed by diffusion controlled oxidation was governed by a simple
rule; namely, that the diffusion path in the appropriate isothermal section
of the ternary equilibriu.r&diagram is a straight line connecting the alloy
composition with the exygen corner. This rule is expected to apply to all
ternary sys
diffusion6f o
ogcurs

€rs. If significant migration of cations
€ rule is not applicable.

vl e
) (SB/;ervat.ions have heen made of the rate of formation, nature and mor-
phology of scales formed on the brittle refractory compounds W, Hf, ZrNi,
HfN and ZrN-ThN, and those formed on liquid Zr-Y, Al-Cr-Sn and Al-La-Sn
alloys. ese obervations are discussed in terms of their implications for
the develdpment of oxidation protection systems for tungsten at high
tempepatures.

This technical documentary report has been reviewed

and is approved. E QQMW

I. Perlmutter, Chief,
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1. INTRODUCTION

The object of this program is to improve our knowledge and
understanding of the factors controlling the efficacy of oxidation-resistant
coatings for tungsten at temperatures of 2000°C and above, An analysis
of the beshavior of existing high-temperature coatings, conducted by these
Laboratories under Contract AF 33(616)-8175, 1:2 led to the selection of
five processes as being of major importance in determining the protec-
tiveness of a coating system:

1. 'Breakaway, or the change from ''parabolic' to ''linear"
oxide film growth. This phenomenon is accompanied by
destruction of the protective character of the oxide film.

2, Multicomponent diffusion-controlled reactions leading
to a specific sequence and morphology of oxide and other
phases at the air-coating interface. In many practical
systems two metal components as well as oxygen are in-
volved, and this process is referred to, for convenience,
as ''ternary diffusion,"

3. Loss of material by evaporation of the coating or substrate
or by the formation of volatile oxidation products.

4, Interactions between the coating and the protected substrate.

5. Diffusion through the oxide film, When the film is protec-
tive, the rates of cation and/or anion diffusion control the
progress of the oxidation reaction,

The first of these five processes, breakaway, is believed to be the most
important, since no coating is really protective unless it forms a coherent
outer oxide film. Previous work in these Laboratories under Contract
AF 33(616)-8175 showed that the mechanical properties of the substrate
influence breakaway and, in particular, that the use of a liguid substrate
delays its onset during the growth of HfO,, ZrO, and ThO, films. One
objective of the present program is to extend this preliminary study by
evaluating (1) the influence of liquid substrates on the growth of complex
refractory oxides, and (2) the effect of solid substrate mechanical proper-
ties on the growth of simple refractory oxides,

A second objective of the program is to increase our understanding of
the rules governing the sequence and morphology of phases formed at the
air-coating interface by reaction of the coating with oxygen, i,e., of the
"ternary diffusion' process, The success of a coating depends primarily

-1 -




upon its ability to form a particular surface oxide of the siev§ral that
might be produced. As explained in the previous reports "'~ the sequence
of oxide and other layers at the surface depends upon complex diffusional,
as well as thermodynamic, factors, the details of which are not yet com-
pletely understood. Some progress has been made in rationalizing the
influence of multicomponent diffusion on the sequence _and morphology of
phases in ternary metal systems by Clark and Rhines > and by Kirkaldy.

It is our objective to apply and extend this knowledge to representative
ternary metal-oxygen systems of potential significance for ultra-high
temperature coatings,

From a fundamental research standpoint, the ideal system for study is
one in which {1) the metal(s)-oxygen phase diagrams are completely
known, (2) the structures and properties of all of the oxides occurring

in the system are known, and (3) the oxidation behavior of the component
metals is understood. For this program, however, it was also necessary
to choose systems of potential value as high-ternperature coatings for
tungsten; consequently the primary criterion for selection was that the
oxides produced should be refractory. In addition, it was considered
desirable, although not essential, that the component metals also have

a high melting temperature. Within this limitation, systems were chosen
which were classified sufficiently to suggest that the fundamental objec-
tives might be attained to some degree, but which, at the least, would
permit the collection of considerable information about the behavior of
potential coating materials for tungsten at high temperatures. The
following systems were selected for study:

1. Zr-Th-O

2, Zr-Y-O and Hf-Y-O

3. W-Hf-O and modifications containing rhenium
4. ZrN-O, HIN-O, and ZrN-ThN-O

5. Sn-Al-Cr-O and Sn-Al-La-O

The experimental approach consisted of preparing samples of the metal
alloys, oxidizing these at several temperatures, primarily in air, meas-
uring weight changes upon oxidation, and studying the structures by
microscopic, chemical, X-ray diffraction, X-ray fluorescence and
microprobe analyses., In the following sections, details of experimental
procedure and results for each system will be presented in the order
indicated. In Section 7 the information obtained on all five systems is
analyzed and interpreted in terms of the factors governing protective
behavior at high temperatures.




2, THE Zr-Th-O SYSTEM

The Zr-Th-O system was selected for a study of the applica-
bility of Clark and Rhines rules3 governing the sequence of phases formed
by diffusion in a ternary system to oxidation of a binary alloy. The Th-
Zr-O system appeared to be one of the best systems for satisfying both
the practical and the fundamental criteria for this study. Both ThO, and
ZrO, are among the most refractory oxides known, and all mixtures of
these two oxides are refractory. Although the melting points of Th-Zr
alloys are below 1800°C, and mostly below 1600°C, this is not necessarily
a drawback with respect to their coating potential since the use of liquid
substrates has been shown to delay the onset of breakaway. 2 The Zr-Th, 5
Zr0O,-ThO 6 and zZr-07 binary equilibrium diagrams are fairly well known,
and therefore some attempt at estimating the Th-Zr-O diagram can be
made. The Zr-O and ThO,-ZrO, phase diagrams are given in Figs.

II-1 and II-2 in Appendix II, and éne Th-Zr phase diagram is given in
Fig. 1. Finally, information is available about the oxidation behavior
of elemental Zr and Th.

2.1 EXPERIMENTAL PROCEDURE

Alloys containing 30, 55, 70 and 85%Th* (14, 31, 48 and 69
al/o, respectively) were arc melted in the form of buttons and forged
and rolled at room temperature to strip 0. 075-in. thick, with inter-
mediate and final vacuum anneals of 5 hours at 1200°C. The compositions
and test temperatures are indicated by the circles in Fig. 1. Strips were
cut into 1/2 in., x 1/4 in, coupons and 1/16-in, -diameter holes were drilled
near one end. Coupons so produced were oxidized in a platinum-rhodium
wound furnace by suspending the sample on a platinum-rhodium wire,
Specimens were oxidized in flowing air at 7502, 1200°, and 1600°C for
several times to define the kinetics of oxidation by weight-gain measure-
ments, Both sequential-oxidation tests on a single specimen and noncyclic
tests for a single time interval were used, Melted buttons in a ZrO
crucible were used for oxidation studies at 1600°C, since the alloys at that
temperature are liquid. A number of samples were oxidized in a mixture
of argon-20% oxygen and pure oxygen using procedures essentially the
same as for oxidation in air.

Metallographic specimens were prepared, and the thicknesses of the
layers formed during oxidation were measured. Specific samples were
selected on the basis of metallographic examinations for microprobe and
X-ray diffraction analysis of the structure and composition of the layers

Both weight and atomic percent are used and are designated by % and
a/o, respectively, throughout the report,

-3 -
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formed. These analyses were performed at the Battelle Memorial
Institute. The experimental procedure is given in Appendix 1. Samples
of Zr-30%, Zr-55% and Zr-85% alloys oxidized at 1200°C, and one
sample of the Zr-30%Th alloy oxidized at 1400°C, were examined in
sufficient detail to characterize the composition and structure of the
layers formed for interpretation in terms of ternary diffusion processes,

2.2 RESULTS

2,2.1 Rate of Oxidation

The rate of oxidation was determined by measuring the weight
gain of the specimens after exposure at 750, 1000, 1200, 1400 and 1600°C.
The results for each alloy are shown in Figs. 2 through 5, and the type of
test used is indicated. In these figures, the log of the specific weight
gain is plotted as a function of the log of time; the slope of the resulting
curve is the reciprocal of the index of reaction, n, in the following
equation:

aw \"
(T) = Kt. (1)

In almost all cases, the data for both noncyclic and cyclic tests for a
given temperature and composition are well described by a straight

line with a slope of 1 or 1/2, indicating nonprotective (linear) or protec-
tive {(parabolic) film growth, respectively. The rate constants presented
in Table I were determined from the straight lines of log (2W/A) vs log t
plots by assuming that either linear (n=1) or parabolic (n=2) growth best
describes the kinetics of the oxidation reaction.

At 750 and 1000°C linear oxidation was observed on all compositions
tested, and the oxide formed was externally cracked. The tests were
sequential cyclic runs on one sample, but cracking apparently occurred
even on the first run; this was indicated by the fact that for the alloys
containing 70-85%Th, the weight gained at 1000°C in the initial run is
greater than that gained at 1200°C in the same time.

At 1200°C individual specimens were used for each test, and the plotted
data followed a line with a slope of 1/2, indicating parabolic growth. The
scales were sound and dense, and the edges and corners were intact in
most cases; a sharp corner was retained on the oxide,

At 1400°C both cyclic and individual tests were run. In the Zr-30Th
and Zr-55Th alloy, a line with a slope of 1/2 describes the results of
both types of tests. In the Zr-70%Th alloy at 1400°C, the weight gains
for individual specimen tests indicate a slope of 1/2 (Fig. 3), but in

-5 -
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sequential tests beyond 0.25 hours the slope changes toward a linear
rate, indicating breakaway. In the Zr-85%Th alloy only the individual
tests fit a line with a slope of 1/2; the cyclic results indicate breakaway
oxidation.

At 1600°C only the Zr-30%Th alloy is solid at temperature. In the
noncyclic tests, the rate of weight gain on the liquid Zr-(70-85%)Th
alloys is parabolic, but slopes of 0.68 were obtained for cyclic tests.
In the solid Zr-30%Th alloy only cyclic tests were run, and a slope of
one was observed (Fig. 2). The results of oxidation of the Zr-55%Th
alloy can be described by a curve with an initial slope of 1/2 (Fig. 3),
and a slope of 1 for times greater than 0.25 hr. The oxides formed at
1600°C appeared to be dense and sound, but on standing at room tem-
perature, the oxides formed on the liquid alloys disintegrated in the
atmosphere to form a very fine powder.

2.2.2 Structure of the Surface Zone

2.2.2.1 Metallographic Studies

Metallographic examination revealed that at 750 and 1000°C,
oxidation of all alloys proceeded by linear nonprotective growth, and the
oxide formed contained many cracks parallel to the surface of the speci-
men, as indicated in Fig. 6. Examination of the metallic substrate of
specimens oxidized at 750°C indicated no change in substrate structure,
and microhardness tests showed no increase in hardness of the metal
adjacent to the metal-oxide interface. Thus the amount of oxygen which
penetrates or dissolves in the substrate must be relatively small, At
750 and 1000°C, breakaway due to fracture of the oxide is evidently the
controlling process in the rate of oxidation. Oxygen permeates through
the cracks to the metal-oxide interface, forming new oxide which, in
turn, spalls and does not protect the substrate. Under these conditions,
the substrate is oxidized essentially in situ and solid-state diffusion
processes do not control the composition of the oxide layer.

Cross sections through the surface layers of samples that exhibited
parabolic growth at 1200 and 1400°C were studied. The thicknesses of
the layers formed are given in Table II. The microstructures of the
samples oxidized in air at 1200°C, and 1400°C are given in Fig. 7.

In general, the structures in Fig. 7 indicate that the layers formed

during oxidation were quite dependent on thorium content at 1200 and
1400°C. At these temperatures the rate of growth is apparently diffusion-
controlled in all compositions, and compact adherent oxides are formed;
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Fig. 6. Surface of a 70 w/o Th-Zr alloy exposed to air
for 3 hours at 750°C. (250X)
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however, the layers and structures observed in the Zr-30%Th and
Zr-55%Th alloys (thorium lean) differ from those in the Zr-70Th and
Zr-85%Th (thorium rich) alloys. In the thorium lean alloys several
layers which thicken with time are observed as follows:

1. An external two-phased oxide;

2. An internally oxidized layer consisting of a single-phase
metal matrix containing oxide particles;

3. A two-phased metal matrix containing oxides formed by
internal oxidation. The two-phased structure appears to

have formed on cooling and was apparently single-phased
1200°C.

Hardness traverses of the single-phase metallic layer beneath the oxide
were made on alloys oxidized at 1200 and 1400°C. The results given for
the Zr-30%Th alloy in Fig. 8 are typical of the hardness traverses for
both the Zr-30%Th and Zr-55%Th alloys. This layer has a hardness
above 1000 VHN near the oxide-metal interface, and in its entirety, is
harder than the substrate from which it is formed. The hardness of the
metal in layer 3 is also greater than that of the substrate.

All of the layers thicken with time, and in the Zr-30%Th alloy, which
was oxidized 30 minutes at 1400°C, the internally oxidized zone (layer 3)
penetrated almost to the centerline of the specimen. In this sample large
fissures in layer 2 and in the corners of the outer oxide layer were ob-
served., The oxide was grossly distorted by growth, but cracks were
observed only at corners and in the regions of the support hole in the
specimen., In specimens oxidized at shorter times at 1400°C or equiva-
lently shorter time at 1200°C, the corners were essentially intact and
the corner angle of 90° was sharply outlined.

In the Zr-70%Th and Zr-85%Th alloys, the external oxide is the only
layer that grows appreciably with time, and the rate of growth is con-
siderably less than the rate in the thorium-lean alloys. Some indication
of a small amount of internal oxidation at 1200°C may be present in the
Zr-70%Th alloy structure shown in Fig. 7; however, internal oxidation
and the solution of oxygen in the metallic matrix do not occur to any
large degree in the thorium-rich alloys. Although no growing two-phased
region at the metal-oxide interface was observed by GT&E Laboratories,
and hardness immediately adjacent to the metal-oxide interface indicated
no hardening from oxygen solution, the Battelle investigators report the
presence of a thin layer containing a high proportion of ¢-Zr (see Third
Quarterly Progress Report).
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At 1600°C observations were complicated by the fact that only the
Zr-30%Th alloy was solid at temperature. In addition, the scales that
formed on the liquid alloys were initially sound and nonporous but rapidly
disintegrated at room temperature; as a result, microstructure observa-
tions could not be made. However, the disintegrated scales were analyzed
by X-ray diffraction techniques with the following results:

Alloy Scale Composition

Zr-55%Th ThOZ + 10%ZrO, + (ZrN detected - 5%)
Zr-70%Th ThO, + -5% (ZrN, possibly ZrOz detected <5%)
Zr-85%Th ThO, + < 5% (ZrN + several unidentified lines

- trace ZrOZ?)

The scale is identified as primarily ThO,, but the odd behavior at room
temperature suggests the possibility that the scale formed at 1600°C on
the liquid alloys contained ThN which later reacted to form ThO,, pro-
ducing the observed disintegration at room temperature. The ZrOZ
observed in the Zr-55%Th alloy may have formed after the composition
being oxidized was partially solid, These results indicate that thermo-
dynamic considerations rather than diffusion processes are overriding
in the oxidation of the liquid Zr-Th alloys. Chemical analysis of the
residual metal of Zr-55%Th samples oxidized for 15 and 30 minutes at
1600°C indicated thorium contents of 45 and 46. 7%, respectively. An
alloy containing 45% thorium would be partly solid at 1600°C. Micro-
scopic examination revealed localized areas where an oxygen-saturated
zone had formed and internal oxidation had occurred similar to that
observed in the oxidation of the solid alloy.

2.2.2,2 Microprobe and X-ray Diffraction Studies

The results of microprobe, X-ray diffraction and X-ray
fluorescence analysis of the Zr-30, Zr-55 and Zr-85Th alloys oxidized
at 1200°C for 1/2 and 2 hours and the Zr-30%Th alloy oxidized at 1400°C
for 20 minutes are given in Section 4.1 of AppendixI. These results may
be summarized as follows:

1. The major constituents of the oxide layers on all samples
oxidized in air were ThO, and monoclinic ZrQO,. Appreciable quantities
of cubic ZrO, were observed in the scale of the Zr-30Th alloys oxidized
at 1200°C, and small amounts were formed in other specimens, In addi-
tion, small quantities of ZrN were detected in most samples, usually
near the oxide-metal interface. Monoclinic ZrO, is the stable phase at
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room temperature (Fig. II-2), while cubic ZrOz may have existed as a
metastable phase at the oxidation temperature in conjunction with, or
instead of, the stable tetragonal phase,

2. Although a precise determination could not be carried out
{(owing to the existence of preferred orientation in the oxide layer), the
relative intensities of X-ray diffraction lines indicated that the proportion
of ZrO, and ThO,, in the scale on all alloys was approximately that cor-
responding to the base metal composition. X-ray fluorescence analysis
confirmed this result for the Zr-30Th alloy, but indicated a slight excess
of Th in the scale of the Zr-85Th alloy.

3. Microprobe analysis showed a relatively low solubility of
Zr in ThOZ and Th in ZrOZ. However the solubility limits could not be
precisely defined because of the small size of the particles in the struc-
ture. Indications of as much as 15w/o0Zr in ThOZ were considered to be
untrustworthy, X-ray lattice parameter measurements indicated a
solubility of less than 5% Zr in ThOZ and vice-versa. These solubility
limits were verified by equilibrating a powder mixture of 75 mole percent
ThO,, 20 mole percent ZrO, and 5 mole percent Zr at 1600°C for 16
hours in the GT&E Laboratories and determining the lattice parameters
of the phases after cooling to room temperature,

4. ThO, was identified but ZrO, was not detected in the zones
of internal oxidation, below the metal-oxide interface. The single-phase
metal matrix in the Th-lean alloys just below the scale (white zone) was
identified by X-ray diffraction analysis as @-Zr with an expanded lattice
parameter, presumably stabilized at temperature by the presence of O
and N in solution. Microprobe data indicated that <0.6% Th was soluble
in this phase. The layer below this consisted of p + ThO, at temperature,
but upon cooling, the matrix separated into a-Zr + @a-Th. Microprobe
analysis showed a variation of the Th content of this layer from <0.6% at
the @ - P interface to a value typical of the unaffected substrate at the
base metal -p + ThO2 interface.

5. No significant metal-concentration gradients existed in the
substrates of the 30 and 55% Th alloys below the zone of internal oxidation,
but a concentration gradient in the substrate of the Zr-85Th alloy was
detected beneath the oxide layer. These data indicate, again, that
virtually no diffusion of the metallic constituents between layers took
place in the low-Th alloys, while a slight migration of Th to the oxide
layer occurred in the Zr-85Th alloy.
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Additional GT&E Laboratories' analyses of the oxide layers made by

wet chemical and X-ray fluorescence techniques are presented in Table
III. These data confirm that only slight diffusion of metal atoms occurs
between layers in the high-Th alloys, since the Zr/Th ratio was almost
the same in the alloys oxidized at 1000°C, where breakaway occurred,
and those oxidized at 1200°C where diffusion-controlled growth occurred.
On the other hand, the oxide on the Zr-85Th alloy oxidized at 1400°C was
almost pure 'I‘hOZ since the alloy was apparently liquid at this tempera-
ture. Finally, the nitrogen content of the scale in the 85Th alloy was
low, except at the metal-oxide interface.

TABLE 11

Chemical Analyses of Sections of Oxided Zr-Th Alloys

Description of Weight Ratio Nitrogen
Alloy Sample Zr/Th Content

Zr-70%Th | Zr/Th ratio of oxide
formed at 1000°C in 0.42
2 hours

Zr-70%Th Zr/Th ratio of oxide
formed at 1200°C in 0.45
3 hours

Zr-85%Th Zr/Th ratio of oxide
formed at 1000°C in 0.19
1 hour

Zr-85%Th Zr/Th ratio of oxide
formed at 1200°C in 0. 20
1-1/2 hours

Zr-85%Th Zr/Th ratio of oxide
formed at 1400°C in Zr/Th = 0,01
1/4 hour (substrate
is liquid)
Zr-85%Th | Nitrogen content in
sample oxidized at
800°C

External oxide 0. 28%

Metal-oxide interface 4,13%

Metal 0.004%
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By combining the microprobe, X-ray, chemical, metallographic, and
microhardness results, it is possible to describe the phases present in
each layer with greater precision, to assign Zr/Th ratios to the phases
observed, and to estimate the oxygen gradient in the various layers. For
example, in the Zr-30%Th alloy and the Zr-55%Th alloys (14 a/o and 31
a/o Th respectively), the sequence of layers that existed at 1200°C is as

follows:

1.

ZrOZ (less than 4 a/o Th) and ThO, (less than 5 a/o Zr).
Only tetragonal ZrOz should have existed at 1200°C, accord-
ing to the equilibrium diagram (Fig. II1-2) transforming to
monoclinic ZrO2 upon cooling, but cubic ZrO_ may have
also been present as a metastable phase. ZrN was present
as a discrete phase near the metal-oxide interface. The
bulk concentration of Th in the oxide was uniform throughout
and not significantly greater than that of the substrate.

ThO, (less than 5 a/o Zr) + a-Zr (less than 0.6 a/o Th).
The oxygen content of the a-Zr is high, probably between
30 and 10 a/o.

ThO, (less than 5 a/o Zr) + B-2Zr (from 0.6 a/o Th to 30
a/o Th). The oxygen content of the metal matrix varies
from the saturation concentration {(~3 a/o) to that of the
original alloy. The ratio of Th to Zr in the metal increases
from 5 a/o and 14 a/o to the original alloy compositions of
14 and 31 a/o Th, respectively. Although the Th/Zr ratio
in the metal matrix varies with distance, when ThO, is
included, the overall ratio of Th/Zr is constant and does
not vary with distance. The gradient in the matrix there-
for does not represent mass transport of Th from the
substrate to the oxide.

In the Zr-85%Th (69 a/o Th) alloy, the sequence of layers or phases,
and the approximate compositions at 12000C, were as follows:

1.

An external two-phased oxide (ZrO2 + ThOZ) similar in
composition to that formed on the Th-lean alloys, but
with a considerably higher ratio of ThO, to ZrO,. The
bulk concentration of Th in the oxide is slightly greater
than that of the original alloy.

An extremely thin layer which contains particles of a-Zr
4+ p-Zr at temperature (see Fig. 3(a) and (d) of Appendix I)
and presumably some absorbed oxygen at the metal-oxide
interface.
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3. A Th-depleted zone in which the Th content increases from
approximately 24 a/o Th at the metal-oxide interface to the
matrix composition of 60 a/o Th. This layer does not con-
tain oxygen in amounts greater than that of the original
substrate. The Th gradient beneath the oxide-containing
zones shows mass transport of Th to the oxide.

2.2.3 Oxidation of Th-Zr Alloys in Nitrogen-Free Atmospheres

The occurrence of nitrogen and nitrides in the scale complicates
the interpretation of the oxidation of Zr-Th alloys in air due to the addition
of a fourth component. It appeared that only small amounts of nitrogen
were present, suggesting that this element did not strongly influence the
oxidation process, However, a study of the oxidation process in a
nitrogen-free atmosphere was necessary to determine the validity of this
assumption. Accordingly, samples of the Zr-55, Zr-70 and Zr-85%Th
alloys were oxidized in a flowing atmosphere of argon-20% oxygen for
times of 1/2 to 8 hours.

In addition, samples of the alloys were oxidized in pure flowing oxygen

at 4 hours, Finally, a group of samples which were preoxidized in argon-
20% oxygen to produce a weight gain of about 5 mg/cmZ on the Zr-70 and
Zr-85%Th alloy were further oxidized in flowing air from 1 and 4 hours at
1200°C. The resulting weight gains for the three experiments are com-
pared with the results for oxidation of the same alloys in air in Figs. 9,
10 and 11,

The rate of oxidation of all three alloys is decreased if argon is substituted
for nitrogen in the oxidizing atmosphere. The ratio of weight gain for a
given time in air to that in argon-oxygen is greater for the Zr-85%Th alloy
and less for the Zr-55%Th alloy, but the difference in rate is consistent
and significant for all alloys. The weight gains after 4 hours in pure
oxygen are slightly but consistently greater than that in a mixture of argon
and oxygen for all three alloys, indicating that a change in oxygen partial
pressure from 0.2 atmosphere to 1 atmosphere results in a slight increase
in the rate of oxidation. However, the weight gains in pure oxygen are
less than those in air for all three compositions. The oxide formed during
preoxidation on the Zr-70 and 85%Th alloys apparently does not serve as

a barrier to nitrogen diffusion since the subsequent weight gains of pre-
oxidized samples after 1 hour and 4 hours in air were greater than those
observed when the samples were oxidized in air during the entire test.

In these tests, the atmosphere was changed without intermittent cooling

so that the change in rate results only from a change in the nitrogen
content during the test,
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The microstructures of samples which were metallographically examined
are given in Fig, 12, and the layers are thinner than those formed in air
as expected. In the Zr-55% Th alloy both oxide and internally oxidized
layers are formed, and the thickness of each layer for a given weight
gain is essentially the same as that observed on samples oxidized in air,
In the Zr-70%Th alloy, however, a definite layer of alpha Zr and a layer
which contains ThO, particles in contact with both the alpha and the beta
Zr layer is observed. The external oxide appears to be two-phased ZrO,
+ ThO,. In the Zr-85%Th alloy the oxide appears to be single phased and
some of the ThO, particles in beta-Zr near the metal-oxide interface may
have formed during oxidation.

A sample of the Zr-85%Th alloy which was oxidized 8 hours at 1200°C

in argon-20% oxygen was submitted for microprobe and X-ray diffraction
analyses; the results are shown in Fig. I-3 of Appendix I. Microprobe
analysis of the external oxide indicated only 82% ThO,, but X-ray diffrac-
tion analysis did not detect ZrO, in the outer oxide. icroprobe indica-
tions of Zr equivalent to about 18% ZrOz in the scale were obtained, which
is much more than the 4% ZrO;, in solution at temperature indicated by
the equilibrium diagram. Metallographic examination at the GT&E
Laboratories revealed two phases in the microstructure; the reason for
the discrepancy remains unexplained, The Th content of the matrix at
the metal-oxide interface is 30%, compared with 40% for the same alloy
oxidized 2 hours at 1200°C in air. The results suggest that the decrease
in the rate of diffusion of oxygen in the absence of nitrogen only slightly
altered the diffusion path in this alloy.

2.3 DISCUSSION OF RESULTS

2.3.1 Rate of Oxidation

The rates of oxidation at 1200, 1400 and 1600°C of the Zr-Th
alloys are compared with previously determined rates of formation of
ZrO; on liquid Zr-Sn alloys and ThO, on Th-Sn alloys in Fig. 13. At
1600°C the parabolic rate constant for the alloys is located directly
between the rate constants for the oxidation of Zr and Th in Sn alloys,
At 1200° and 1400°C the rates observed for the Zr-30Th and Zr-55Th
alloys are considerably higher than a straight-line average of the rates
for Th and Zr in Sn., This suggests that the occurrence of internal
oxidation is important in determining the overall rate constant for these
alloys. The rate constants for the Zr-70%Th alloy at 1200 and 1400°C,
and for the Zr-85%Th alloy at 1200°C in which little or no internal
oxidation occurred are between the rate constants for the oxidation of
pure Th and Zr.
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In terms of the formation of a protective barrier against oxidation of
tungsten above ZOOOOC. the formation of refractory oxides of Th and Zr
alloys (and as well, the pure oxides) has little to offer in a practical
coating system, even though the growth process is diffusion-controlled
at high temperatures and the oxides are solid. The rate of growth of all
oxides formed from this system is too great at 1200 to 1600°C to be
considered practicable, and the growth rates above 2000°C should be even
more rapid unless some totally unexpected and unpredictable rate-
controlling process is involved. Thus, even though a high melting point
and the prevention of breakaway in the growth of refractory oxides is
required for protection, these two requirements are not sufficient to
ensure protection,

Internal oxidation eventually does lead to failure by breakaway in the
Zr-30Th and Zr-55%Th alloys. In the Zr-30%Th alloy, oxidized for

30 minutes at 1400°C, considerable spalling of the oxygen-saturated Zr
had caused cracks in the oxide at the corners of the specimens; these
cracks were apparently responsible for the increase in the rate of growth
at longer times at 1400°C, and for shorter times at 1600°C. The most
surprising fact is that the oxide does not spall in most of the alloys, even
though the oxidation process causes a 10% or more increase in the thick-
ness of the specimen, Even the corners after 10% increase in thickness
retained a sharp 90° angle and are essentially sound, with no indication
of cracking in spite of the fact that the oxide is apparently being formed
by anion diffusion to the metal-oxide interface.

The fact that the oxide can undergo such distortion without cracking
indicates that the two-phased structure of thoria surrounded by a mixutre
of zirconia or zirconia plus thoria has considerable ductility at tempera-
tures of 1200°C and above. Breakaway oxidation does occur by spalling
and cracking at temperatures of 1000°C and below where the oxide is
apparently less plastic.

However, growth stresses are not the only stresses that cause spalling
in the oxide. There are indications, in the Zr-Th-O system, that the
two-phased oxides that grow protectively at 1200°C and above differ

in their resistance to thermal shock stresses with composition. For
example, the oxides form protective layers on the Zr-14 and Zr-31 a/o
Th alloys at 1200°C, and the rate of growth is parabolic for both cyclic
and individual oxidation tests. The ZrO, matrix two-phased oxide formed
at 1200 to 1400°C on these alloys is evidently resistant to thermal shock.
However, for the Zr-48 and 69 a/o Th alloys, linear growth was observed
at 1200 to 1400°C in cyclic tests, while parabolic growth was observed
when individual specimens were used for each test. The ThO_, matrix

in the oxides formed on these alloys is less resistant to thermal shock.
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If the growth of each layer observed after oxidation at 1200 to 1400°C

is truly diffusion-controlled, then all layers should thicken with time,
according to Eq. (1) where n = 2 and k is a different constant for each
layer. The weight gain should be dircctly related to the rate of thicken-
ing of each zone and to the total thickness. In Fig. 14, the weight gain
versus the thickness of the oxide layer, and the thickness of the oxide
layer plus internally oxidized zone, are plotted for the Zr-30%Th alloy
tested at 1200 and 1400°C. A linear relationship is obtained for both
cases. Two conclusions are possible from these curves, First the
thickness of the oxide layer for a given weight gain is independent of
temperature, indicating that the oxide density (and probably composition)
does not change with temperature., Seccond, the thickness of the internally
oxidized zone does change with tempecrature, the layer being thicker for
a given weight gain at 1200°C than at 1400°C. In the thorium-rich alloys,
only the oxide layer grows with time, and the thickness of the oxide for

a given weight gain is greater than that shown for the oxide layer in Fig.
14. This is not unexpected, since hardness and microstructure results
indicate that almost all of the oxygen is in the oxide layer in the thorium-
rich alloys,

The results of testing in argon-20% oxygen atmosphere suggest that
oxygen diffuses more slowly through a nitrogen-free zirconium or
thorium oxide than through one containing nitrogen. These results are
consistent with the previously reported influence of both nitrogen diffusion
and oxygen’ content on the oxidation rate of pure or slightly alloyed zir-
conium. The mechanism by which nitrogen influences the rate of oxidation
is not known, since exacting experiments needed to define such a factor
have not been made. However, the influence of nitrogen on the rate of
oxygen diffusion alone could be an important consideration since a change
in the rate of diffusion of one component could alter the composition path,

8

The influence of nitrogen on the oxidation rate of an alloy with a previously
formed nitrogen-free scale is of particular interest since the oxide formed
should serve as a barrier against nitridization unless the nitrogen dissolves
and diffuses through the oxide. The increase in oxidation rate and change
in kinetics that resulted from the introduction of nitrogen after preoxidation
confirm the fact that nitrogen does diffuse through the oxide and is there-
fore soluble in the oxides.

2.3.2 Structure of Surface Zone

In order to discuss the sequence of phases at the air-coating
interface in terms of the ''ternary-diffusion' concept, it is first necessary
to construct a tentative phase diagram for the Th-Zr-O ternary system,
The Zr-Th and Zr-O binary diagrams are known and the quasibinary
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oxide + internal oxidized layer for a Zr-30%Th alloy oxidized
at 1200 and 1400°C.
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ZrOz-ThO diagram is also known. The Th-O diagram is not known,
but the existence of oxide particles in a melted button containing 1500 ppm
O, suggests that the solubility of oxygen in thorium is low.

The metallographic, hardness,X-ray diffraction and microprobe results
of alloys oxidized at 1200°C define the zirconium-thorium ratio of the
phases observed, the structure at temperature or structures which result
from transformation on cooling, and permit an estimate of the oxygen
gradient in the substrate. These results have been used to construct the
tentative 1200°C isotherm shown in Fig. 15. The cubic zirconia found

in the oxide of the Zr-30%Th alloy has not been included in this diagram
since Roy and Mumpton have shown that cubic zirconia observed in ThO,-
ZrO2 mixtures is a metastable rather than stable phase."” It is not known
whether the metastable phase is formed at temperature or on cooling, but
a three-phased region should not be observed in the diffusion zone if the
structure is at equilibrium, The low solubility of Th (0.60 a/o) in the
oxygen-rich internally oxidized zone of the Zr-14 a/o Th and Zr-31 a/o
Th alloys indicates that the oxygen content of the Zr-O phases at the

limit of solubility of Th in these phases should not differ greatly from that
in the Zr-O binary diagram.

The identification of the internal oxide as ThO, in these zones suggests
that the two-phase regions containing ThO, exist at very low Th and O
contents, Finally, the Zr contents of the ThO; in the oxide and o + ThOZ
layers in the Th-lean alloys was defined as about 5 w/o; thus the ThO
single-phase region is defined with the additional assumption that this
region is only slightly oxygen-lean. Three-phase regions were evident

in the couples as boundaries between layers consisting of o + ThO2 + ZrOZ,
and o + 8 + ThOZ. Using these facts and assumptions in conjunction with
the known binary diagrams, the 1200°C isotherm presented in Fig. 15 was
constructed.

The diffusion paths of the Zr-14 a/o Th, Zr-31 a/o Th and Zr-60 a/o Th
alloys at <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>