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At temperatures above the (a  + p)/p transformation temperature for zirconium alloys, steam reacts with 0-Zr to  form a 
superficial layer of zirconium oxide (Zr02) and an intermediate layer of oxygen-stabilized a-Zr. Reaction kinetics and the 
rate of growth of the combined (Zr02  + a-Zr) layer for Zircaloy-2 and Zircaloy4 oxidation in steam were measured over the 
temperature range 1050-1850°C. The reaction rates for both alloys were similar, obeyed parabolic kinetics and were not 
limited by gas phase diffusion. The parabolic rate constants were consistently less than those given by the Baker and Just 
correlation for zirconium oxidation in steam. A discontinuity was found in the temperature dependence of both the reaction 
rate and the rate of growth of the combined (Zr02 + a-Zr) layer. The discontinuity is attributed t o  a change in the oxide 
microstructure at  the discontinuity temperature, an observation which is consistent with the zirconium-oxygen phase dia- 
gram. 

Aux tempkratures supkrieures i la transformation (a  + P)/P des alliages de zirconium, la vapeur reagit avec le zirconium or 
pour former une couche superficielle d'oxyde de zirconium Z r 0 2  et' une couche intermediaire de zirconium a stabilise par 
I'oxygine. La cinktique de reaction e t  la vitesse de croissance de la couche combinee (ZrOZ + Zrir) dans le cas de l'oxydation 
du zircaloy 2 e t  du zircaloy 4 dans la vapeur ont  kt6 mesurkes sur I'intervalle de temperature 1050-1850°C. Les vitesse de 
rkaction pour les 2 alliages ktaient similaires, obkissant i une loi cinktique parabolique e t  n'etaient pas limitees par la diffusion 
de la phase gazeuse. Les constantes de vitesse parabolique 6taient nettement inferieures i celles donnees par la correlation de 
Baker et Just pour I'oxydation du zirconium dans la vapeur. La courbe de variation i la fois de la vitesse d e  reaction e t  de la 
vitcsse de croissance de la couche combinke (Zr02  + Zrir) en fonction de la temperature presentait une discontinuitk. Celle-ci 
a kt6 attribuke i une modification de la microstructure de l'oxyde i la tempkrature correspondant i la discontinuitk, observa- 
tion qui est conforme au diagramme de phase Zirconium-oxygBne. 

Oberhalb der a + PIP-Umwandlungstemperatur von ~ r - ~ e g i e r u n ~ e n  reagiert Wasserdampf mit a-Zr unter Bildung einer 
Zr02-Deckschicht und einer sauerstoffstabilisierten a-Zr-Zwischenschicht. Die Reaktionskinetik und die Wachstumsge- 
schwindigkeit der zusammengesetzten Zr02-or-Zr-Schicht wurden bei der Zry-2- und Zry-4-Oxidation in Wasserdampf 
zwischen 1050 und 1850°C bestimmt. Die Reaktionsgeschwindigkeit beider Phasen ist ahnlich, die parabolische Kintetik ist 
erfiillt, sie ist durch Gasphasendiffusion nicht eingeschiankt. Die Konstanten fiir die parabolische Kinetik sind durchweg 
geringer als die, die durch die Baker-Just-Korrelation fiir die Zr-Oxidation angegeben werden. Eine Unstetigkeit wurde bei 
der Temperaturabh'angignkeit der Reaktions- und der Wachstumsgeschwindigkeit der zusammengesetzten Zr02-or-Zr-Schicht 
beobachtet. Diese Unstetigkeit beruht auf einer .4nderung im Oxidgefiige bei der Ubergangstemperature, eine Beobachtung, 
die mit dem Phasendiagramm Zr--0 iibereinstimmt. 

1 .  Introduction At temperatures above the alp allotropic transforma- 
tion temperature of zirconium [above the (a + @)/P 

The reaction of zirconium and its alloys with steam transformation temperature for zirconium alloys], 
can be described by steam reacts with 0-Zr to form a superficial layer of 
Zr + 2 H 2 0 + Z r 0 2  + 2 H 2  +hea t .  (1) ZrOz and an intermediate layer of oxygen-stabilized 
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a-Zr. It is generally accepted that the mechanism which 
governs this reaction is the diffusion of oxygen anions 
through the anion-deficient Zr02 lattice. In this respect 
the reaction rate can be described by a parabolic expres- 
sion of the form 

where w is a measure of the extent of reaction, t is the 
reaction time, and Kp is the parabolic reaction rate 
constant. The extent of reaction, w, can be measured 
as the weight (mg) of zirconium or oxygen reacted per 
unit area (cm2) (i.e. gravimetric method) or as the vol- 
ume (cm3) of hydrogen evolved per unit area (cm2) (i.e. 
hydrogen evolution method). The parabolic rate con- 
stant, K p ,  is related to temperature by an expression of 
the form 

Kp = A  exp -- ( A) 
Several investigations have been made to determine 

Kp as a function of temperature. Bostrum [ l ]  induc- 
tively heated specimens of Zircaloy-2 in water (with a 
steam bubble enveloping the specimen) under isother- 
mal conditions and determined Kp in the temperature 
range 1 300-1860°C by the hydrogen evolution meth- 
od. Lemmon [2] measured the rates of reaction 
between Zircaloy-2 and steam in the temperature 
range 1000-1700°C by inductively heating specimens 
in steam at 50 psia and measuring the rate of hydrogen 
evolution. Baker and Just [3] made a large number of 
observations on electrically heated zirconium wires in 
water. The extent of reaction was determined by hy- 
drogen evolution. Analysis of the results involved 
assunlptions concerning the reaction mechanism and 
necessitated a computer program for interpretation. 
White [4-61 established the parabolic rate constants 
for the reaction of Zircaloy-2,Zircaloy-4 and Zr-2.0 at% 
Cr-0.16 at% Fe (Valoy) with steam in the temperature 
range 1200--181O0C using the gravimetric method. 
There was no significant difference in the reaction rates 
of the three alloys. At temperatures above 1600°C the 
reaction appeared to be controlled by a higher activa- 
tion energy process than at temperatures below 1600°C. 
Pemsler [7] observed a change in the activation energy 
for oxidation of zirconium in oxygen at 890°C and 
attributed this to the allotropic transformation of mo- 
noclinic Zr02 to tetragonal Zr02.  Another change 
would then be expected at -1577°C due to the allo- 

tropic transformation of tetragonal Zr02 to cubic Zr02 
[8]. Replotting Baker and Just's data at the melting 
point and Lemmon's data over the temperature range 
1000-1700"~ and anticiplating changes in slope of 
the Kp vs. 1ITplot at the allotropic transformation 
temperatures, Ianni [9] reports three separate expres- 
sions to describe the Zircaloy-2/steam reaction from 
room temperature to the melting point of Zircaloy-2. 
Bentley and Mowat [ lo]  determined the parabolic rate 
constants for the Zircaloy-2/steam reaction over the 
temperature range 1000-1350°C using the gravimetric 
method. Ballinger et al. [ l  I ]  calculated the parabolic 
rate constants for the Zircaloy-4/steam reaction over 
the temperature range 871-1482°C from metallogra- 
phic measurements of a-Zr and Zr02 thickness. 

The relationships between Kp and temperature 
derived from the investigations described are summar- 
ized in table 1. 

It is not valid to calcuhte the amount of zirconium 
reacted by using the Kp data with eq. (1) since some of 
the oxygen diffuses into the 0-Zr matrix stabilizing a 
layer of a-Zr adjacent to the Zr02 layer. Such calcula- 
tions assume that all of the oxygen reacts to form ZrOz 
and overestimate the amount of Zr02 actually formed 
and overestimate the amount of P-Zr remaining since 
the a-Zr layer is not considered. The thicknesses of the 
Zr02 and a-Zr layers are only attainable by experimen- 
tal measurement. 

In the currently described work, measurements of 
the thickness of the Zr02 layer (gZr02), the a-Zr layer 

or the combined Zr02 + a-Zr layer (lT) were 
made after exposure at a particular temperature. These 

Table 1 
Factors A and E for the parabolic rate constant Kp = 
A exp(-~/l?T) for zircaloy oxidation in steam 
-- -- - - - -- 

Temperature A E Ref. 
range (" C) (rngi,/cm4 . s) (kcallmole) 

1300-1750 
1000-1700 
1000-1850 
1000-1600 
1600-1850 
Room temp. - 
890-1577 
1577-1850 
1050-1300 
871-1482 
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are linearly related to the square root of the time, t ,  by 

where 6 = constant. 'The differential form of eq. (4) is 

which is the basic formulation of the parabolic rate 
law. Here F2 is the equivalent of the reaction rate con- 
stant, although in this case it applies to the rate of 
thickening of the layers. The temperature variation of 
both F and F2/2 can be expressed in Arrhenius form. 

The growth rates of gT were measured by Hobson 
and Rittenhouse [12] in the temperature range 
927-1370°C. Their data can be expressed in Arrhenius 
form by 

FcT = 0.841 exp 
lo:O1 

The data of Ballinger et al. [ l l ]  are in good agreement 
with those of Hobson and Rittenhouse [12] up to 
13 16°C. 

K ,  data for the Zircaloy/steam reaction are particu- 
larly useful for determining energy and hydrogen 
release. Although a considerable amount of data exists, 
there is still some controversy as to the validity of more 
recent data compared to the most commonly used Baker 
and Just formulation for Kp as a function of tempera- 
ture [3]. The Zircaloy/steam reaction is generally 
believed to be limited by oxygen diffusion through the 
oxide film and underlying metal. However, a large 
amount of hydrogen is liberated at the surface which 
could influence the reaction rate by limiting the avail- 
ability of steam for oxidation by hydrogen blanketing. 
In addition there is little data in the literature on the 
growth rates of individual ZrOz and a-Zr layers during 
oxidation in steam. Most experiments have been per- 
formed at temperatures over a limited range, and extra- 
polation to higher or lower temperatures may not be 
valid. To remove uncertainties in the published data, 
oxidation experiments in steam were done on Zircaloy 
in the temperature range 1050-1850°c. 

V A L V E  *- VENT 

G R A D U A T ~ O  
G L A S S  COLUMN 

THERMOMETERS 

. A T I O N  

R E C R Y S T A L L I Z E D  A I , 0 3  
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O P T I C A L  PYROMETER 
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VYCOR R E A C T I O N  COLUMN 
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Fig. 1. Apparatus for measuring high temperature oxidation 
rates by the hydrogen evolution method. 

from both methods would increase confidence in the 
results. Both Zircaloy-2 and Zircaloy-4 were investigated. 

2.1. Hydrogen evolution method 

The hydrogen evolution method involved exposing 
heated Zircaloy specimens to steam and measuring the 
hydrogen evolution rate as a function of time. Thls 
method is attractive in that a complete kinetic curve 
can be obtained from a single exposure. The apparatus 
is shown schematically in fig. 1. Zircaloy * specimens 
(2.54 cm long X 1.27 cm diameter were machined 

2:Method 

* Zircaloy-2: ~ r - ( 1 . 2 0  to 1.70) wt%Sn -(0.07 to 0.20) wt% The and the weight gain method 
P~- (O .O~  to O.lS)wt%Cr - (0.03 to 0.08) wt% Ni, 

were both used to study the Zircaloylsteam, reaction. ZircaIoy4: Zr-(1.20 to 1.70) wt%Sn-(0.18 to 0.24) wt% 
It was expected that good agreement between the data Fe-(0.07 to  0.13)wt% Cr. 
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from commercially produced bar stock, pickled in a 
H F - H N 0 3 H 2  0 solution and supported inside the 
Vycor glass column by a recrystallized alumina tube 
closed at one end. A Pt-PtlO%Rh thermocouple inside 
this alumina tube was used to control the specimen 
temperature which was continuously monitored on a 
strip chart recorder. Specimens were inductively 
heated using a 30 kW Lepel induction heating unit. The 
surface temperature of a specimen was measured using 
an optical pyrometer which had been calibrated against 
the known melting points of various metals. Tempera- 
ture measurements were within +2S°C of the reported 
temperature. 

Experiments were carried out by inserting a speci- 
men inside the Vycor tube and carefully centering it 
within the induction coil. The entire column was fdled 
with distilled deionized water from a resevoir prior to 
start-up. The specimen was then rapidly heated to the 
desired temperature producing a steam blanket around 
the specimen. The rate of hydrogen production from 
the Zircaloy/steam reaction was determined by mea- 
suring the times it took to displace successive 250 cm3 
volumes of water from the graduated column at the 
top of the apparatus. After correcting the gas volumes 
to standard temperature and pressure, eq. (1) was used 
to convert the quantities of collected hydrogen to the 
equivalent amounts of reacted Zircaloy. This was 
checked by weighing the samples after each exposure. 
The parabolic rate constant, K,, was calculated from 
the slope of the linear portion of the data plotted as 
u2 VS. t ,  where o = weight of Zircaloy reacted 
jmgz,/cm2) and t = time (s). The specimens were sec- 
tioned and polished for metallography using the proce- 
dure outlined in table 2. The Zr02 and a-Zr layer 
thicknesses were measured, and growth rates were 

GAS 
INLET 

Table 2 
Outline of the procedure used for attack polishing oxidized 
samples * 

1. Grind with 600 grit SiC abrasive paper 
2. Polish with 6 pm diamond paste 
3. Polish with 3 pm diamond paste 
4. Polish with 1 pm diamond paste 
5 .  Final polish with ignited ammonium dichromate as 

the polishing media with a 0.5% HF (48%) in water 
solution followed by a straight water solution 

* J.F.R. Ambler, in: Proceedings of the Third Annual Techni- 
cal Meeting of the International Metallographic Society (IMS: 
Cleveland, Ohio (nov. 1970). 

determined from thickness and exposure time using 
eq. (4). Oxides were examined with X-rays to deter- 
mine the oxide structure. 

2.2. Weight gain methdd 

The weight gain method involved heating several 
specimens for various lengths of time at a fixed tem- 
perature, in a flowing superheated steam environment. 
This method allowed investigation of the possibility of 
the reaction being limited by hydrogen blanketing (gas 
phase diffusion limited reaction). 

Fig. 2 shows a schematic diagram of the experimen- 
tal facility used to study the metallsteam reaction. The 
test specimens were 1.27 cm diameter Zircaloy-4 cylin- 
ders about 2.54 cm long, which sat on top of a 22 cm 
long ceramic cylinder of the same diameter. This cylin- 
der was enclosed by a 2.54 cm diameter Vycor tube. 

To investigate the solid phase, diffusion controlled 
reaction, steam was generated in the small boiler, super- 
heated, and passed over the sample. There was not 

CONDENSER 

CUUM 

H E A T I N G  
E L E M E N T S  

Fig. 2. Apparatus for measuring high temperature oxidation rates by the gravimetric method. 
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enough hydrogen produced over the short sample length 
to cause any gas phase diffusion limiting of the reaction. 
The experimental procedure was as follows. 

(1) The test section was bypassed and the steam 
brought up to a temperature of about 650 '~ .  

(2) The valves were then opened, steam flowed over 
the sample, and the test section was deaerated. 

(3) The induction heater was then turned on with 
the power level set at a predetermined value. 

(4) The specimen was allowed to come to tempera- 
ture and a test run for a fixed interval of time. The 
amount of hydrogen produced, and the specimen tem- 
perature were monitored continuously. 

(5) The heater was turned off, the sample cooled, 
and the weight gain determined. 

(6) The weight of zirconium consumed, o, was then 
determined from the weight gain, using eq. (1). 

Several specimens were run at fixed temperatures 
for various intervals of time and the parabolic rate con- 
stant, K p ,  was calculated from the slope of the linear 
portion of the data plotted as 02 vs. t. 

To determine if the reaction could be gas phase-dif- 
fusion limited several tests were run using low concen- 

trations of steam. These were obtained by bubbling 
helium through the boiler until it was saturated with 
water vapour and then passing this gas mixture over the 
hot Zircaloy4 sample. The diffusivities of steam in 
helium and steam in hydrogen are almost identical and 
hence these tests simulated a hydrogenlsteam reaction. 
Helium has the advantage that it is inert and thus much 
safer to handle than hydrogen. Using this procedure, 
concentrations of about 3% water vapour and 97% 
helium (by volume) are obtained. 

3. Results 

3.1. Kinetics 
The kinetic data obtained by the hydrogen evolution 

method and by the gravimetric method are plotted in 
figs. 3 and 4. The total amount of Zircaloy reacted cal- 
culated by hydrogen evolution agrees with that deter- 
mined from final weight gain checks (fig. 3). The linear 
relationship between the amount of Zircaloy reacted 
and the square root of the time illustrates that the Zir- 
caloy/steam reaction obeys parabolic kinetics. Devia- 

S O L I D  P O I i i T S  I N D l  CASE AMOUNT 
OF Z l  RCALOY REACTED CALCULATED 
FROM THE WEIGHT G A I J  

Fig. 3.  Reaction of Zircaloy-2 and Zircaloy-4 with steam (hydrogen evolution method). 
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4. Reaction of Zircaloy4 with steam (gravimetric method). 

tions from linearity can be seen in fig. 3 in the early 
stages of oxidation, particularly at the higher tempera- 
tures. The parabolic rate constants, K p ,  were obtained 

I l l 1  I I I 1 I I 
1 9 0 0  1 7 0 0  1 5 0 0  1 3 0 0  1 2 0 0  1 1 W  laX, 

- Z I R C O N I U M  BAKER AND JUST I A N N l  
C, Z I RCALOY-2 

o ZIRCALOY-2 
zIRCALOY-4 H 2  EVOLUTION M T H O D  

Z I R C A L O Y - 4  GRAVIMETRIC METHOD 

Fig. 5. Reaction rate of zirconium, Zircaloy-2 and Zircaloy4 
in steam. 

from the slopes of the plots in figs. 3 and 4. The tem- 
perature dependence of K p  is shown in the Arrhenius 
plot in fig. 5. A discontinuity in the temperature depen- 
dence is seen at about 1580°C. At oxidation tempera- 
tures below 1580°C, K p  = 2.96 X 10%xp(-168201~) 
and at oxidation temperatures above 1 580°C, K ,  = 
8.79 X lo5 exp(-16610/T). 

Table 3 summarizes the oxidation results of samples 
exposed to a flowing steamlhelium mixture. In the tem- 
perature range 1250-1275°C the average oxidation 
rate constant, K p ,  is 4.5 mg2 mg2/cm4 . s. 

3.2. Metaliography 

3.2.1. Oxidation temperature >1580°c 
All specimens had a layer of ZrOz and a layer of 

oxygen-stabilized a-Zr overlying a transformed 0-Zr 
matrix. An inner and outer oxide layer was well defined 
by either the presence of a plane of voids or complete 
separation of the two layers [fig. 6(a)]. The voids are 
likely the result of tin-rich precipitates lost during 
polishing. The inner oxide layer had a fine columnar 
morphology and careful polishing and etching revealed 
well defined a-Zr stringers at the Zr02 grain boundaries 
[fig. 6(b)] and globules and platelets of a-Zr in the 
oxide matrix [fig. 6(c)]. The a-Zr platelets preferentially 
formed along certain crystallographic planes within the 
Zr02 matrix. The volume fraction of a-Zr in the inner 
oxide layer was about 10%. The oxygen-stabilized 
a-Zr layer had a large equiaxed grain structure. 

3.2.2. Oxidation temperature < 1.580"~ 
Specimens oxidized below 1580°C had features sim- 

ilar to those oxidized above 1 5 8 0 ' ~  (i.e. an inner and 
outer Zr02 layer, an oxygen-stabilized a-Zr layer and 
a-Zr present in the inner Zr02 layer). Although there 
were stringers and globules of a-Zr in the inner layer 
of oxide they were smaller and much less well defined 
[fig. 6(d)], the volume fraction being only about 1-2% 
a-Zr. The oxygen-stabilized a-Zr layer had a large equi- 
axed grain structure. 

3.3. X-ray analysis 

Oxides from specimens oxidized above and below 
1580°C were examined at room temperature using 
both a Debye-Scherrer powder camera and a Philips 
diffractometer. All oxides were identified as monoclinic 
Zr02. 
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4.1. Kinetics 

The linear rdationship between the square of the 
amount of Urcaloy reacted and time (figs- 3 and 4) 
illustrates that the Zircaloy/steam reaction obeys pats- 
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bolic kinetics indicating a diffusion controlled reaction 
mechanism. Deviations from linearity which occurred 
during the initial stages of oxidation are due to the 
heat-up period required for the samples to reach the 
desired temperature. The parabolic rate constant, Kp 
(fig. 5) up to 1470°C is in close agreement with that of 
lanni. Above about 1580°C the data more closely fol- 
lows the Baker and Just correlation. It will be shown 
late]. that the discontinuous change in the temperature 
dependence of K p  is related to the change in the oxide 
crystal structure which is reported to occur at 1 ~ 7 7 ~ ~ .  

There is no signif cant difference in the reaction rate 
constants for Zircaloy-2 and Zircaloy-4, which is in 
agreement with White's observations [4]. 

,Excellent agreement between the data illustrates 
that both methods are valid for determining oxidation 
rate constants. In addition it increases our confidence 
in the validity of the expressions describing the reac- 
tion rate constant, Kp, as a function of temperature. 

The rate of reaction can be seen to be independent 
of the gas flow rate (table 2). Also, the average rate 

O X Y G E N  ( w t . % )  

0 10 20 30 40 5 0  60 70 

O X Y G E N  ( a t  % )  

Fig. 9. Zirconium-oxygen system (from ref. 13). 
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Fig. 10. Zirconium-oxygen phase diagram predictions of the 
structure of Zircaloy oxidized at high temperature. 

constant, K p  = 4.5 mg2/cm4 . s, is the same as that 
obtained with 100% steam flow (see fig. 5). Thus, the 
reaction was not gas phase diffusion limited. 

4.2. Metallography 

The presence of a-Zr in the oxide is consistent with 
the Zr-0 phase diagram (fig. 9). Above 1577 '~ ,  the 
phase diagram indicates that P-Zr reacts with oxygen to 
form a layer of tetragonal Zr02,  a layer of cubic Zr02 
and a layer of oxygen stabilized a-Zr. When cooled 
through 1 5 7 7 " ~  the cubic Zr02 undergoes a eutectoid 
decomposition to  tetragonal Zr02 + a-Zr. The volume 
fraction of a-Zr resulting from the decomposition is 
about 10%. When further cooled through 1 0 0 0 " ~  the 
tetragonal Zr02 undergoes another eutectoid decom- 
position to stable monoclinic Zr02 + a-Zr. The volume 
fraction resulting from this decomposition is only 
about 1-2%. 

The observed microstructures (fig. 6) are consistent 
in that layer amounts of a-Zr were observed in struc- 
tures formed at oxidation temperatures above the dis- 
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continuity temperature than below it. These events are 
schematically illustrated in fig. 10. This suggests that 
the increase in oxidation rate at high temperatures is 
due to a change in oxide structure from predominantly 
tetragonal Zr02 to tetragonal Zr02 t cubic Zr02.  
Ianni's correlation only indicates a change in slope at 
this temperature. The present work indicates a signifi- 
cant change in the pre-exponential term of the correla- 
tion. 

The orientation of a-Zr along certain crystallographic 
planes within the oxide was also observed by Gebhardt 
et al. [8] when studying the Zr-Zr02 system at tem- 
peratures greater than 1 5 7 7 " ~ .  

4.3. X-ray analysis 

All oxides examined were identified as monoclinic 
Zr02.  Since all analyses were carried out at room tem- 
perature it is not surprising that tetragonal or cubic 
Zr02 was not detected. 

4.4. Growth of ZrOz and cr-Zr layers 

The Arrhenius plot of 6 vs. 1 /T  in fig. 7 illustrates 
that the oxide layer and the oxygen stabilized cr-Zr 
layer grew at different rates. It is generally accepted 
that at these temperatures their growth is controlled 
by the diffusion of oxygen through the oxide and 
a-Zr layers. The activation energy associated with the 
growth of the oxide and a-Zr layers can be determined 
from expressions describing ti2/2 a function of temper- 
ature. 

in the temperature range 1050-1 850°C. The activation 
energy of 39402 cal/mole is in good agreement with the 
activation energy of 41000 cal/mole reported by Mallett 
et al. [I41 for oxygen diffusion in aZircaloy-2 in the 
range 1000-1 500°C. 

= 6.48 X exp 

in the temperature range 1050-1580°c, and 

in the temperature range 1580-1850"~. Although there 

are no published data for oxygen diffusion in Zr02 
above 1 2 0 0 " ~  with which to make a direct comparison, 
the activation energies associated with the observed 
oxide growth (26 996 cal/mole below 1580°C and 
31 820 cal/mole above 1580°C) are similar to the 
reported values (ranging from 28 400 to 33 600 call 
mole) for oxygen diffusion in Zr02 in the range 
875-1200°C [15]. This evidence supports the suppo- 
sition that the growth of the Zr02 and a-Zr layers is 
diffusion controlled. 

Zr02 exists in three allotropic forms: monoclinic, 
tetragonal and cubic. Pemsler [7] observed a change in 
the activation energy for oxide growth on zirconium at 
about 900°C. The change was attributed to the mono- 
clinic/tetragonal transformation of Zr02. Another 
change in the activation energy would be expected for 
the tetragonal/cubic transformation of Zr02.  

The observed discontinuity in 6 2 at 1 580°C 
'Oa 

coincides with the temperature (1577 C) at which cubic 
Zr02 becomes stable. Although cubic Zr02 cannot be 
detected by X-ray analysis at room temperature, the 
existence of a-Zr stringers in the inner Zr02 layer 
strongly indicates that decomposition of cubic Zr02 
to tetragonal Zr02 + a-Zr, as previously discussed, has 
occurred. It is postulated that the higher oxide growth 
rates above 1580°C are a result of the formation of 
cubic Zr02.  

The Arrhenius plot of tiE for the combined Zr02 + 
a-Zr layer vs. 1 /Tin  fig. 8 is in good agreement with 
Hobson and Rittenhouse's data in this temperature 
range. 

5. Conclusions 

(1) The reaction rates given by the Baker and Just 
correlation describing the zirconium/steam reaction are 
higher than those measured for Zircaloy-2 and Zircaloy- 
4. A new correlation defining Kp for the Zircaloy/steam 
reaction over the temperature range 1050-1850"~ is 
proposed. 

(2) There is no significant difference between the 
reaction rate constants, Kp, fortzircaloy-2 and Zircaloy-4. 

(3) The Zircaloy/steam reaction rate is not limited 
by gas phase diffusion. 

(4) The growth rates of the individual Zr02 and 
a-Zr layers have been determined over the temperature 
range 1050-1850°C. 

(5) The activation energies associated with the growth 
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of ZrOz and a-Zr layers compare favourably with the 
reported activation energies for oxygen diffusion in 
Z r 0 2  and a-Zr indicating diffusion controlled oxida- 
tion kinetics. 

(6) A discontinuity in tlie temperature dependence 
of both K p  and S zro, occurs at about 1580"~ .  The 
discontinuity is attnbuted to the formation of cubic 
Zr02  at  temperatures greater than 1577°C. 
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Note added in proof 

Table 3 which was mistakenly omitted from p. 256 
is given below. 
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Tablc 3 
Weight gain data of samples oxidized in 3% H20,  97% He (by 
volume) mixture 

Sample 
no. 

- -- 
He- 1 
He-2 
IIe-3 
He-4 
He-5 
He-6 

Specimen 
tempera- 
ture 
(" C) 

1275 
1250 
1265 
1265 
1275 
1275 

Time 
(min) 

Gas 
flow 
rate 
(11s) 

m g ~ r l c m ~  
(from wt. 
gain) 




