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OXIDATION OF ZIRCONIUM AND ZIRCONIUM ALLOYS 

by 

H. A. Por t e , J. G. Schnizlein, R. C Vogel, and D. F . F i scher 

I. ABSTRACT 

The oxidation of z i rconium was investigated in the t empera tu re 
range 400 to 900 C at oxygen p r e s s u r e s of 50, 200, and 800 m m . The 
reac t ion ra te of mass ive (paral lelepiped) samples was best expres sed by 
the cubic r a t e law. At an oxygen p r e s s u r e of 200 m m the activation energy 
was calculated to be 42.7 kcal per mole , and the cubic ra te constant in 
(MS p s r sq cm) '^) per minute can be exp res sed as 

1 

= ( 5 . 9 4 x l O " ) e - * ^ ' ' ° ° / ' ^ T ^ 

The oxidation ra te was found to be re la t ive ly insensi t ive to var ious types 
of surface p repa ra t ions in the t e m p e r a t u r e range 400 to 700 C- No depend­
ence of reac t ion ra t e on oxygen p r e s s u r e was observed. The cubic r a t e 
law also was obeyed by foil spec imens at 700 C; however, the r a t e constants 
were slightly l a rge r than values obtained from paral le lepiped s a m p l e s . 

The oxidations of z i rconium binary alloys containing nominally 
one, two, and four a tom per cent addit ives of aluminum, beryl l ium, carbon, 
chromium, cobalt, copper , hafnium, i ron , lead, molybdenum, nickel , 
niobium, plat inum, si l icon, tanta lum, t in, t i tanium, tungsten, uranium, and 
vanadium were studied at 700 C and 200 m m oxygen. The alloys were 
grouped according to four types of oxidation behavior . Two groups con­
s is ted of al loys which oxidized according to the cubic ra te law (Group l) 
or parabol ic r a t e law (Group II) and did not exhibit breakaway phenomena. 
The other groups were al loys which ini t ial ly oxidized according to the cubic 
r a t e law (Group III) or parabol ic r a t e law (Group IV) but l a te r exhibited 
breakaway oxidation phenomena. For alloys of those additives which a r e 
soluble in z i rconium the ini t ial oxidation r a t e s a r e explained according to 
a valency effect in t e r m s of the Wagner-Hauffe theory of alloy oxidation. 
For addit ives insoluble in z i rconium, no single theory is felt to be adequate. 
The breakaway phenomena observed for many of the alloys is explained in 
t e r m s of a 1 5 per cent deviation of the additive ionic rad ius from the ionic 
rad ius of Zr . Some X- ray and e lec t ron diffraction s tudies , which indicate 
that for z i rconium and some of i ts al loys the breakaway occurs as a r e su l t 
of a polymorphic t r ans fo rma t ion in the z i rconium dioxide film, were made . 
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II. INTRODUCTION 

The reac t ion of z i rconium with oxygen at high t empera tu re s has 
been studied by seve ra l inves t iga tors .'^'"^^ A compar ison of the r e su l t s 
shows d i sc repanc ies concerning which r a t e law, cubic or parabol ic , best 
de sc r ibes the oxidation k ine t ics . For example, Gulbransen and Andrew^ ' 
studied the react ion on foil spec imens between 200 and 425 C and repor ted 
that the parabol ic r a t e law fitted the i r data. But Belle and Mallett '^) 
showed by replot t ing the same data in a different fashion that the cubic 
ra te law was obeyed - - implying that the in te rpre ta t ion of data can be 
somewhat a r b i t r a r y in some c a s e s . 

In another study(^) between 400 and 800 C, Gulbransen and Andrew 
foxind that the method of surface p repa ra t ion influenced the react ion kinetics 
Foil spec imens which were mechanical ly polished obeyed the cubic r a t e law 
whereas chemical ly polished specimens obeyed the parabol ic r a t e law. 

There is some reason to suspect that the s izes and shapes of 
samples may influence the reac t ion k ine t ics . Belle and Mallettv^) studied 
the oxidation reac t ion on rod specimens between 5 75 and 95 0 C and found 
that the cubic r a t e law fit the data. On foil specimens in approximate ly the 
same t e m p e r a t u r e range , Cubicciotti,^"*' Fassell ,^^^ and Garibot t i , Green 
and Baldwin^ ' observed the parabol ic r a t e law. 

There is even some evidence that the par t i cu la r r a t e law which is 
followed depends upon the t e m p e r a t u r e r ange . In a recent study by 
Kofstad,*'''' z i rconium was oxidized under conditions of l inear ly increas ing 
t e m p e r a t u r e . It was shown that between 65 0 and 95 0 C the cubic ra te law 
was obeyed and between 950 and 1100 C the parabol ic r a t e law fit the data. 

Some invest igatores^ ' ' '' have studied the effect of p r e s s u r e . The 
concensus was that p r e s s u r e has l i t t le or no effect on the reac t ion of z i r ­
conium with oxygen. 

The r epo r t ed work on the reac t ion of z i rconium alloys with oxygen 
has been confined previously to z i rcon ium- t in alloys for which important 
uses have been found in the field of nuclear r eac to r engineer ing. Mallett 
and Albrecht '^ ) have studied the oxidation of 1 .5 and 2.5 weight per cent 
tin alloys at high t e m p e r a t u r e s . Gulbransen and Andrew^"'' studied the 
reac t ion of the Z i rca loy-2 and -3a with oxygen. In both invest igat ions tin 
was found to i nc r ea se the r a t e of oxidation. 

Nitrogen also r e a c t s with z i rconium, but at a much slower r a t e than 
has been found for the react ion with oxygen. Several s tudies '^ .". 1 0-1 2j 
have been made and mos t inves t iga tors ag ree that the parabol ic r a t e law is 
obeyed. The product of the reac t ion at all t e m p e r a t u r e s has been identified 
as golden-yellow z i rconium n i t r ide . There is some ev idence^ J that the 
p r e sence of smal l t r a c e s of oxygen in the ni t rogen noticeably a c c e l e r a t e s 
the r a t e of the reac t ion . 
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Some work has also been done on the reaction of z i rconi -
uj-nlD,l U,I 3,14; ^^^ z i rconium alloys^^-^'^ ^'-^ ^) with a i r . In general , the 
react ion ra te is higher in a i r than in either nitrogen or oxygen alone. 
Both z i rconium dioxide and z i rconium nitr ide have been identified as 
products of the air react ion. The data on alloy oxidation indicate that 
in most cases additives to the metal do not improve the res i s tance of 
zirconium to oxidation in a i r . 

The purpose of this study was to investigate the fundamental 
p r o c e s s e s involved in the oxidation mechanism. One phase of the p r o ­
g ram was concerned with the effects of surface prepara t ion, sample 
shape, t empe ra tu re , and oxygen p r e s s u r e on the react ion r a t e . However, 
the major effort was devoted to determining the effect of various addi­
t ives on the oxidation of z i rconium. This was accomplished by studying 
the kinetics of the react ion of numerous zirconium alloys with oxygen 
at 700 C. Simultaneously a study was made of the s t ruc ture of the oxide 
films produced during the oxidations. 

III. EXPERIMENTAL 

A. Method 

The reac t ions of z i rconium and zirconium alloys with oxygen were 
m e a s u r e d by a volumetr ic method. Essent ia l ly the apparatus consisted 
of a react ion chamber which was connected through stopcocks to a 

p r e s s u r e regulator , a gas buret , 

Figure 1 

APPARATUS FOR VOLUMETRIC DETERMINATION 

OF METAL OXIDATION 

To Vacuum Monifold, 
Miller Gouge, Manometer, etc 

to Helipot ond Recorder 

V Thermocouple 
^ to 

Recorder 

and a vacuum system (Figure l ) . 
With the exception of the react ion 
tube, which was made of quartz, 
the apparatus was made entirely 
of Pyrex. The sys tem was evac­
uated by a two-stage glass mercury-
diffusion punnp backed by a 
mechanical pump. 

The react ion tube, which 
was supported in a ver t ical ly 
mounted res i s tance furnace, con­
sisted of two par t s which were 
joined by a means of a greased 
ball joint (below the furnace and 
cooled by a jet of a i r ) . Sealed to 
the lower section was an evacu­
ated inner tube which extended 
well into the furnace hot zone and 
filled most of the c ross - sec t iona l 
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a rea of the r eac to r , thus minimizing the volxime of gas exposed to the t em­
pe ra tu re gradient at the lower end of the furnace. The meta l sample res ted 
on top of a long thermocouple well which passed through the center of the 
inner tube of the r e a c t o r . 

The r eac to r was joined by a greased , ground glass joint to a 2 -mm 
capi l lary line leading to the p r e s s u r e regulator and the gas bure t . The 
water - jacketed gas buret was connected with a flexible tube to a s imi la r 
bure t which served as a m e r c u r y r e s e r v o i r . As the sample consumed 
oxygen, the p r e s s u r e in the r eac to r dec reased slightly, causing the m e r c u r y 
in the p r e s s u r e regula tor to make contact with a sea led- in tungsten wi re . 
A z e r o - c u r r e n t re lay closed the power c i rcui t to a motor ized rod runner 
which ra i sed the m e r c u r y r e s e r v o i r . Mercury flowed into the gas buret , 
inc reased the p r e s s u r e in the sys tem, and the e lec t r i ca l contact in the 
p r e s s u r e regula tor w^as opened. 

Coupled with the rod runner was a prec is ion , helical ly woxind poten­
t iometer (Helipot) which t rans la ted the position of the r e s e r v o i r into an 
e lec t r i ca l potential . Changes of this potential , r ecorded on a s t r ip char t 
p o t e n t i o m e t e r - r e c o r d e r , were propor t ional to the movement of the r e s e r ­
voir , and thus were propor t ional to the volume of oxygen consumed by the 
sample . By application of the gas laws and from the measu red sample a r ea 
the consumption could be expressed in m i c r o g r a m s of oxygen per square 
cen t imeter of sur face . After cal ibrat ion, sensi t iv i t ies from 0.05 to 12 jj.g 
per sq cm were de te rmined , depending on oxygen p r e s s u r e and the choice 
of bure t d i a m e t e r . 

The volumet r ica l ly m e a s u r e d total oxygen consumed has been ex­
actly verified on severa l occasions by weighing the sample on an analytical 
balance before and after oxidation. 

The operat ion of the volximetric appara tus was checked by the use 
of a cons tan t - r a t e leak connected to a vacuum pump in place of an oxygen-
consuming sample . The leak was constructed by sealing a 19-gage copper 
wire , about 5 cm in length, inside a section of Py rex tubing. On cooling, 
the difference in coefficients of expansion of copper and Py rex produced a 
very smal l annular space between the wire and the collapsed tube. The r e ­
producible observed l inear ra te indicated that the appara tus was functioning 
sa t i s fac tor i ly . 

A hinged-type Hevi-duty combustion tube furnace was used for runs 
at 700 C and below, while a platinum-wound Marsha l l furnace was used for 
runs above 700 C. The furnace t e m p e r a t u r e was controlled to ± 3 deg rees C 
by a propor t ional cont ro l le r operated by the output f rom a thermocouple 
located at sample level outs ide, but near , the r e a c t o r . 
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Before the s t a r t of the run the specimen and react ion tube were 
evacuated at room t empera tu re for 16 hours at p r e s s u r e s of less than 
10"^ m m to min imize the react ion of z i rconium with gases present in the 
vacuum sys tem during the heat -up per iod. After establishing the rmal 
equi l ibr ium at the des i r ed t e m p e r a t u r e , the run was s tar ted by closing off 
the high-vacuum line and admitting the oxygen to the react ion chamber . 
P r e s s u r e equil ibriura was establ ished within 30 seconds, thus allowing the 
f i r s t data point to be obtained. By subtract ing the volume of oxygen n e c e s ­
s a ry to fill the react ion tube, obtained in e a r l i e r blank runs, it was possible 
to calculate the amount of oxygen consumed by the sample from zero t ime . 

Unless o therwise specifically indicated, all runs were made on 
spec imens which were machined para l le lep ipeds , 1 x 1 j x 2 cm. F r e s h l y 
polished spec imens were used for each run. 

The X- r ay diffraction invest igat ions* of the oxide films were c a r ­
r ied out by means of a Norelco X- r ay diffraction powder camera (l 14.59 m m 
in d i a m e t e r ) . Fo r e lec t ron diffraction investigations** an RCA elect ron 
diffraction unit Model EMU-2 was used. 

B, Mate r ia l s 

Table I shows the pr incipal impur i t i e s in the a r c -me l t ed Grade I 
c rys ta l bar z i rconium used in the oxidation studies on pure z i rconium. 
These studies included the effects of surface prepara t ion , t empe ra tu re , 
p r e s s u r e , and sample shape. 

To study the effect of impur i t i e s on the oxidation p roper t i e s of z i r ­
conium a s e r i e s of b inary alloys with addit ives at three nominal concent ra ­
tion levels - 1 , 2 , and 4 atom per cent - was obtained.*** The actual 
analyzed alloy composi t ions a r e given in Table II. Arc -me l t ed Grade I 
c rys ta l bar z i rconium having the analys is also given in Table I was used in 
p repara t ion of these a l loys . 

The oxygen used in these exper iments was taken d i rec t ly from the 
tank without fur ther purif icat ion. Mass spec t rographic and dew-point 
analyses showed the following typical impur i t i e s (in volume per cent): 
a rgon 0 .1 ; carbon dioxide 0,06; ni t rogen 0.2; and water 0.005. 

* Pe r fo rmed by D, S. F l ikkema, 
** Pe r fo rmed by H. Knott and M. Mueller 
** Z i rconium binary alloys were p repa red by Oregon Metal lurgical 

Corporat ion, Albany, Oregon 



TABLE I 

Analysis of Zirconium 

Chemical analyses for C, H, N, O; all other 
elements determined by spectrographic analyses 

E l 

Alloy 
Addi t ive 

C o p p e r 
Nicke l 
B e r y l l i u m 
Hafn ium 
C h r o m i u m 
Coba l t 
I r o n 
T u n g s t e n 
T a n t a l u m 
U r a n i u m 
P l a t i n u m 

emei 

Ag 
A l 

B 

C 
C r 

C u 

F e 

H 

Hf 

Mg 
M n 

N 

N i 

O 
P b 

S i 

M o l y b d e n u m 
T i n 
L e a d 
A l u m i n u m 
Si l i con 
V a n a d i u m 
C a r b o n 
N i o b i u m 
T i t a n i u m 

Z i r c o n i u m Used in 
Oxida t ion S tud ie s 

a t (ppm) 

< 1 
10 

< 0. 
79 

1 
5 

8 0 0 

- -
< 1 0 0 0 

< 1 
1 

2 3 

100 

1 8 5 
4 

50 

1 

Z i r c o n i u m 

FABLE 11 

Used a s B a s e 
M e t a l for Al loys 

(ppm) 

< 

] 

1 
10 

0 . 5 

19 
5 

LOO 
80 

0 . 6 
<500 

< 

< 

15 

1 

11 
50 

77 

15 
50 

C o m p o s i t i o n of Z i r c o n i u m B i n a r y Al loys 

N o m i n a l 

Ana lyzed 

a / o • 1 

a / o 

1.08 
0.91 
0.90 
1.03 
0.77 
0.86 
1.09 
0.68 
1.04 
0.89 
1.08 
1.03 
0.96 
0.58 
1.42 
0.80 
1.01 
0.65 
0.60 
1.08 

w / o 

0.75 
0.59 
0.09 
2.00 
0.44 
0.55 
0.67 
1.34 
2.05 
2.30 
2.28 
1.08 
1.25 
1.29 
0.42 
0.25 
0.56 
0.086 
0.61 
0.57 

Compo 

2 

a / o 

1.84 
2.48 
2 09 
2.22 
1.63 
2.49 
1.98 
1.96 
1.78 
1.76 
2.04 
2.34 
1.68 
1.62 
2.15 
1.94 
1.84 
1.64 
1.82 
2.12 

ts i t ion 

w / o 

1.28 
1.61 
0.21 
4 .25 
0 .93 
1.62 
1.22 
3.87 
3.47 
4 .48 
4.27 
2.45 
2 .18 
3.61 
0.65 
0.60 
1.04 
0.22 
1.85 
1.11 

a / o 

3 60 
4.22 
4 .23 
4 .08 
3.61 
3.72 
3.95 
- -

3.54 
3.52 
4.22 
3.65 
3.60 
4.00 
3.62 
3.60 
3.88 
3.72 
3.82 
4 .16 

4 

w / o 

2.53 
2.75 
0.44 
7 65 
2.05 
2.44 
2.46 
- -

6.70 
8.71 
8.61 
3.83 
4 .63 
8.64 
1.10 
1.14 
2.20 
0.50 
3.89 
2 .14 
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IV. RESULTS 

The exper imental approach in these studies was as follows. F i r s t , 
p re l iminary work was done to de termine the influence of such var iables as 
surface prepara t ion and sample form. Next, t empera tu re - and p r e s s u r e -
dependence studies covering the t empera tu re range from 400 to 900 C at 
three p r e s s u r e s - 50, 200, and 800 mm - were undertaken. Finally, a study 
was made concerning the effect of addit ives. 

A._ Effect of Surface Prepara t ion 

To de termine the effect of surface prepara t ion on reaction ra te a 
number of runs, using samples polished by different techniques, were made . 
This study was originally done at 700 C but when, during the course of this 
work, a r epor t by Gulbransen and Andrewll) gave some evidence for a de ­
pendence of react ion ra te on surface prepara t ion in the 400 to 600 C t em­
pera tu re range, the study was extended to lower t empera tu re s . According 
to the resu l t s of Gulbransen and Andrew, 0.127-mm (5-mil), chemically 
polished samples obeyed the parabol ic ra te law, whereas mechanically 
abraded samples obeyed the cubic ra te law. 

Table III p resen t s a summary of the data from the present study, 
comparing runs with different polishing techniques. For each method of 
polishing at every t empera tu re from two to four runs were performed, and 
the average resu l t s a r e l is ted. 

TABLE III 

Effect of Surface P r e p a r a t i o n on the 
Reac t ion of Z i r con ium with Oxygen 

(Oxygen P r e s s u r e , 200 mm) 

T e m p e r a t u r e 
(C) 

400 
400 

500 
500 

600 
600 

700 
700 
700 
700 

Surface P r e p a r a t i o n 

Mechanica l Po l i sh - 600 g r i t 
Chemica l Po l i sh^ 

Mechanica l Po l i sh - 600 g r i t 
Chemica l Po l i sh 

Mechanica l Po l i sh - 600 g r i t 
Chemica l Po l i sh 

Mechanica l Po l i sh - 600 g r i t 
Mechanica l Po l i sh - 0.5 /Lt 
At tack Polisht" 
Chemica l Po l i sh 

Slope 
L o s -

of 
Log 

Plot (l/n) [( 

0.29 ± 
0.36 ± 

0.31 ± 
0.33 + 

0.33 ± 
0.37 ± 

0.34 ± 
0.36 ± 
0.36 + 
0.35 ± 

0.00 
0.01 

0.01 
0.01 

0.01 
0.01 

0.02 
0.01 
0.02 
0.01 

Cubic Rate 
C o n 

Mg/ 

11 
.5.9 

3.5 
2 .1 

1.2 
1.1 

1.6 
1.5 
1.3 
1.5 

sq 

+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 
+ 
+ 

stant, k 
c m 

5.2 
2.0 

0 .1 
0 .3 

0 .4 
0 .3 

0.2 
0 .1 
0 .1 
0.2 

)ymin] 

X 10^ 
X 10^ 

X 10* 
X 10* 

X lO' 
X 10^ 

X 10^ 
X 10^ 
X 10^ 
X 10'' 

Composi t ion of chemica l pol ish solution: 45 p a r t s H2O, 45 p a r t s HNO3 
(cone), and 10 p a r t s HF (48%) 

Mechanica l pol i sh through 0.5 ji m which 1 ml HF (48%) and 0.5 ml HNO3 
(cone) a r e added to 98.5 m l of Lmde A a b r a s i v e 
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The 600-gri t mechanical polish was accomplished by grinding the 
zirconium with different g rades of silicon carbide paper and finally finish­
ing with the 600-gr i t paper . The lubr icant used was water . 

The 0 .5 -micron mechanical polish was simply an extension of the 
600-gr i t polish with Linde A aluminum oxide abras ive on a Miracloth lap. 
The polishing was continued until all of the visible 600-gri t s c ra t ches were 
removed. 

The at tack polishing technique was a var ia t ion of the 0 .5 -micron 
mechanical polishing method in which 1 ml of hydrofluoric acid (48%) and 
0.5 ml of n i t r ic acid (cone) a r e added to 98.5 ml of the Linde A ab ra s ive . 

The p repara t ion utilizing a chemical polish consis ted of grinding 
the z i rconium to a 600-gr i t finish and subsequently immers ing the meta l 
in a solution of 10 p a r t s hydrofluoric acid (48%), 45 p a r t s n i t r ic acid (cone), 
and 45 p a r t s water by volume. After a few seconds the metal was removed 
from the solution, dipped into water , and finally r insed with alcohol. 

-All methods of polishing gave reproducible data which were bes t 
expressed in t e r m s of the cubic ra te law. F o r the range from 400 to 
600 C, the log-log slopes obtained from chemical ly polished samples were 
slightly h igher , and the cubic ra te constants were slightly lower, than those 
obtained from mechanica l ly polished s ample s . At 700 C both log-log slopes 
and cubic ra te constants were insens i t ive to sample p r e t r ea tmen t . 

Thus, it was concluded that for mass ive samples (1 x 1 j x 2-cm 
para l le lepipeds) the ra te of the oxidation react ion in the t e m p e r a t u r e range 
from 400 to 700 C is p rac t i ca l ly independent of surface p repa ra t ion . T h e r e ­
fore , since the 600-gr i t mechanica l pol ish was found to be the quickest and 
s imples t p rocedure , it was used in all of the pure z i rconium runs and in the 
alloy s tudies . 

This work does not n e c e s s a r i l y contradict that of Gulbransen and 
Andrew^, since the i r exper iments were made on 5-mil sheet, whereas these 
exper iments were c a r r i e d out on 1 x 1-^x 2-cm para l l e lep ipeds . However, 
it does indicate that the dependence of react ion ra te kinet ics upon surface 
p repara t ion which they found for 5-mil sheet cannot be extrapolated freely 
to th icker spec imens . 

B. Effect of Sample Shape 

In going from m a s s i v e meta l to foil the surface a r e a per unit weight 
is i nc reased . At the same t ime severa l other fac tors which may poss ibly 
influence the ra te a r e affected. The meta l lu rg ica l conditions of the meta l , 
i .e . , gra in s ize , c rys t a l or ienta t ion, s t r a i n s , e tc . , a r e changed. Also, c e r ­
tain impur i t i e s may be introduced during the rolling opera t ions . It would be 
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n e c e s s a r y to s e p a r a t e and s tudy e a c h of t h e s e v a r i a b l e s to i n v e s t i g a t e t h o r ­
oughly the effect of foil s a m p l e s on r e a c t i o n r a t e . Such a s tudy w a s beyond 
the s cope of t h i s i n v e s t i g a t i o n . 

H o w e v e r , two r u n s w e r e m a d e on 0 . 2 5 - m m ( lO-mi l ) foi ls which had 
b e e n cold r o l l e d f r o m sponge z i r c o n i u m . The foil s a m p l e s w e r e po l i shed 
t h r o u g h 600 g r i t and r u n at 700 C and 200 m m oxygen p r e s s u r e . The s l o p e s 
of the l o g - l o g p lo t s w e r e 0.35 in bo th c a s e s , in good a g r e e m e n t wi th p a r a l ­
l e l e p i p e d s a m p l e s . The cubic r a t e c o n s t a n t s w e r e found to be 2.3 x 10 and 
2.8 X 10^ (Mg p e r sq cm)^ p e r m i n , s o m e w h a t l a r g e r than v a l u e s ob ta ined 
f r o m p a r a l l e l e p i p e d s a m p l e s . The r e s u l t s would ind ica t e tha t at the t e m ­
p e r a t u r e s tud ied (700 C) the r a t e l aw i s not affected by a change in s a m p l e 
s h a p e , but t ha t foil s a m p l e s ox id ize s o m e w h a t f a s t e r than p a r a l l e l e p i p e d 
s a m p l e s . E x a m i n a t i o n of the p r o d u c t i m m e d i a t e l y a f te r one of the foil r u n s 
r e v e a l e d an a d h e r e n t b l a c k oxide f i lm s i m i l a r to t h o s e f o r m e d on the 
p a r a l l e l e p i p e d s a m p l e s . 

C. Effect of T e m p e r a t u r e 

Oxidat ion r a t e s w e r e m e a s u r e d a t v a r i o u s t e m p e r a t u r e s in the 
r a n g e f r o m 400 to 900 C at an oxygen p r e s s u r e of 200 m m . P l o t s of the log 
of the weight ga in v e r s u s the log of t i m e for t yp i ca l r u n s at t h e s e t e m p e r a ­
t u r e s a r e g iven in F i g u r e 2. The s t r a i g h t l i n e s i nd i ca t e a g r e e m e n t with the 
g e n e r a l r a t e e x p r e s s i o n W^ = k t . The v a l u e s of n can r e a d i l y be ob ta ined 
s ince the s lope of the l ine on t h i s type of plot i s l / n . 

F i g u r e 2 

EFFECT OF TEMPERATURE 
ON THE REACTION OF ZIRCONIUM WITH OXYGEN 
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F r o m the v a l u e s of l / n l i s t e d in Tab le IV it i s s e e n tha t the r e a c t i o n 
r a t e i s b e s t e x p r e s s e d by the cubic r a t e l aw, W - k t . The va lue of l / n 
i n c r e a s e d s l igh t ly on r a i s i n g the t e m p e r a t u r e f r o m 400 to 800 C and then 
d r o p p e d a b i t at 900 C. T h e r e i s no a p p a r e n t r e a s o n for the i n c r e a s i n g 
t r e n d in the va lue of l / n ; h o w e v e r , t he d r o p f r o m 800 to 900 C m a y be 
a t t r i b u t e d to the t r a n s f o r m a t i o n f r o m a to ^ z i r c o n i u m , which o c c u r s at 
862 C. The cubic r a t e l aw c o n s t a n t s l i s t e d in Tab le IV w e r e ob ta ined f r o m 
p lo t s of W v e r s u s t '^ . Typ i ca l r u n s at d i f f e ren t t e m p e r a t u r e s a r e shown 
p lo t t ed in t h i s m a n n e r in F i g u r e 3. 

T A B L E IV 

Cubic R a t e C o n s t a n t s for the 
R e a c t i o n of Z i r c o n i u m with Oxygen 

(Oxygen P r e s s u r e , 200 m m ) 

Slope of Cubic Ra te 
Tempera tu re 

(c) 

400 
400 

500 
500 

600 
600 

700 
700 
700 
700 
700 
700 
700 
700 

800 
800 
800 
800 

900 
900 

L e n g t h of Run 
(min) 

3235 
4275 

4238 
2860 

1660 
4250 

1415 
1400 
1400 
1400 
1323 

400 
1345 
1408 

5645 
400 
413 
415 

400 
418 

L o g - L o g 
P l o t , l / n 

0.29 
0.29 

0.30 
0.32 

0.33 
0 .34 

0.29 
0.31 
0.33 
0.33 
0.35 
0.36 
0.36 
0.36 

0.36 
0.37 
0.38 
0.39 

0.32 
0.34 

Cons t an t , k 
[(,Ug sq 

1.6 
5.6 

3.5 
3.6 

1.6 
8.9 

1.5 
1.8 
1.5 
2.0 
1.7 
1.6 
1.3 
1.4 

1.3 
1.3 
1.3 
1.3 

5.3 
5.3 

c 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

m)Ymin] 

10^ 
10^ 

10* 
10* 

10^ 
10^ 

10^ 
10^ 
10^ 
10^ 
10^ 
10^ 
10^ 
10^ 

10^ 
108 
10^ 
10^ 

10« 
10^ 

6lH 
•A . - ) 
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Figure 4 r ep re sen t s a plot of the log of the cubic rate constants 
ve r sus 1 / T for t e m p e r a t u r e s in the range from 400 to 900 C. The position 
of the best straight line through these points was determined by the method 
of least squares . The activation energy, obtained using the Arrhenius- type 
equation, k = A e ' ^ ^ / ^ " ^ , was 42.7 ± 0.7 kcal per mole. The corresponding 
ra te constant for the react ion in (jUg per sq cm)'' per min was 

k = ( 5 . 9 4 x l 0 ^ ^ ) e - ^ ^ ' ^ ° ° / ^ ^ , 

a6 where the constant A is 5.94 x 10 . This shows good agreement with the 
resu l t s of Belle and Mallett^^) who also observed the cubic ra te law and 
obtained an activation energy of 47.2 kcal per mole. 

F i g u r e 3 F i g u r e 4 

EFFECT OF TEMPERATURE ON THE REACTION 

OF ZIRCONIUM WITH OXYGEN 
REACTION OF ZIRCONIUM WITH OXYGEN 
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The lengths of the runs , as indicated in Table IV, var ied from a 
minimum of 400 minutes to severa l thousand minutes in some cases ; how­
ever , the run length had no effect on either the log-log slopes or the cubic 
ra te constants . No breakaway phenomena were observed in any of the runs , 
even at the higher t e m p e r a t u r e s . One run at 800 C was ca r r i ed out for 
longer than 5600 minutes without giving any sign of a breakaway. 



The react ion produced a shiny blue-black oxide at all t e m p e r a t u r e s , 
A few white specks were observed on the surface of the oxide at 900 C. 

Because of the high solubility of oxygen in zirconium (29 atom per 
cent), the react ion is somewhat complicated, A sample which had been run 
at 900 C was mounted in Bakeli te , polished, and then photomicrographed 
(see F igure 5). The thickness of zirconium dioxide, as measu red from the 
photomicrograph, was 22 mic rons ; the thickness calculated from the amount 
of oxygen consumed was 41 m i c r o n s , based on the assumptions that (1) the 
ratio of the rea l to measured surface a r ea was one and (2) the only product 
formed was zirconium dioxide having a density of 5,73 g rams per cc. Evi­
dently an appreciable solution of zirconium dioxide in zirconium takes place 
at 900 C. 

Figure 5 
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AFTER REACTION WITH OXYGEN AT 900 C 
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D. Effect of P r e s s u r e 

The effect of v a r i a t i o n in p r e s s u r e on the r e a c t i o n r a t e k i n e t i c s w a s 
d e t e r m i n e d . Runs w e r e m a d e at oxygen p r e s s u r e s of 50, 200, and 800 m m 
in t e m p e r a t u r e r a n g e f r o m 400 to 900 C. At 400 and 500 C, no r u n s w e r e 
m a d e at 800 m m , s ince the a p p a r a t u s w a s r e l a t i v e l y i n s e n s i t i v e to the slow 
r a t e s of ox ida t ion e n c o u n t e r e d at t h e s e t e m p e r a t u r e s . The a v e r a g e d da t a 
p r e s e n t e d in T a b l e V show tha t the ox ida t ion r a t e i s r e l a t i v e l y i n s e n s i t i v e to 
p r e s s u r e . The v a l u e s of the l o g - l o g s l o p e s i nd i ca t ed the cubic r a t e law at 
a l l p r e s s u r e s . The cub ic r a t e c o n s t a n t s a g r e e d v e r y wel l at the d i f ferent 
p r e s s u r e s and no a p p a r e n t t r e n d could be s e e n at any t e m p e r a t u r e . T h e s e 
r e s u l t s c o n f i r m the w o r k of o t h e r i n v e s t i g a t o r s who found no p r e s s u r e effect . 

TABLE V 

Effect of P r e s s u r e on the Reac t ion 
of Z i r c o n i u m with Oxygen 

Temperature 
(C) 

400 
400 

500 
500 

600 
600 
600 

700 
700 
700 

800 
800 
800 

900 
900 
900 

Oxygen 
Pressure 
(mm) 

50 
200 

50 
200 

50 
200 
800 

50 
200 
800 

50 
200 
800 

50 
200 
800 

Slope 
Log 
Plol 

0.32 
0.29 

0.31 
0.31 

0.31 
0.33 
0.32 

0.32 
0.34 
0.34 

0.34 
0.37 
0.31 

0.36 
0.33 
0.35 

of 
-Log 

+ 
+ 

+ 
+ 

t 
+ 
+ 

+ 
+ 

± 

± 
± 
+ 

+ 
+ 
+ 

l/n) 

0.03 

0.00 

0.01 

0.01 

0.01 

0.01 

0.00 

0.05 
0.02 

0.02 

0.01 

0.01 

0.06 

0.01 

0.01 

0.02 

E . Effect of A d d i t i v e s to Z i r c o n i u m 

The s tudy of the effect of s m a l l a m o u n t s of i m p u r i t i e s on the ox ida ­
t ion k i n e t i c s of z i r c o n i u m w a s c a r r i e d out u s ing the s e r i e s of b i n a r y z i r c o ­
n i u m a l l oys d e s c r i b e d e a r l i e r . T h e s e w e r e a l loys of z i r c o n i u m with 
a l u m i n u m , b e r y l l i u m , c a r b o n , c h r o m i u m , coba l t , c o p p e r , ha fn ium, i r o n , 
l e a d , m o l y b d e n u m , n i c k e l , n i o b i u m , p l a t i n u m , s i l i con , t a n t a l u m , t in , t i t a n i ­
u m , t u n g s t e n , u r a n i u m , and v a n a d i u m . E a c h b i n a r y s y s t e m inc luded t h r e e 
n o m i n a l c o m p o s i t i o n s - 1 , 2 , and 4 a t o m p e r cen t - excep t tha t t he four 
a t o m p e r cent t u n g s t e n a l loy w a s i m p o s s i b l e to f a b r i c a t e . 

Cubic Rate 
Constant , k 

[(Mg/sq c m ) y m i n ] 

(12 

(11 

2.6 
3.5 

6.0 
1.2 
1.0 

1.4 
1.6 
1.8 

1.1 
1.3 
1.3 

7.6 
5.3 
6.0 

+ 
+ 

± 
+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 

+ 
± 

6.8 
5.2 

0.1 
0.1 

0.8 
0.4 
0.1 

0.1 
0.2 
0.2 

0.0 
0.0 
0.2 

1.2 
0.0 
1.6 

X 10^ 

X 10^ 

X 10* 

X 10* 

X 10= 

X lO' 

X 10^ 

X lO'' 
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X 10* 

O . ' . '•r It) 



The exper imental conditions used were 700 C and 200 m m of oxygen. 
The choice of a pa r t i cu la r t empera tu re and p r e s s u r e was somewhat a rb i ­
t r a r y , but was dictated by cer ta in important considera t ions . It was d e s i r ­
able to work at some high t empera tu re in the a lpha-zirconium region, so 
that the oxidation would take place at a conveniently measurab le ra te at 
reasonable p r e s s u r e s . This l imited the t empera tu re range from approxi­
mately 600 C to the a lpha- to-beta t ransformat ion t empera tu re , 862 C. Ce r ­
tain me ta l s , e.g., cobalt, copper, chromium, i ron, molybdenum, nickel , 
niobium, platinum, tantalum, t i tanium, tungsten, uranium, and vanadium, 
could be expected to lower the t ransformat ion t empera tu re . ( lo ) Therefore , 
it was decided to work at 700 C, which was far enough below 862 C to be 
sure that beta zirconium was not p resen t in any of the al loys. Another fac­
tor in favor of choosing 700 C as the t empera tu re at which to make the 
study was that in a recent studyV^) on the h igh- tempera tu re oxidation of 
two z i rconium-t in alloys it was repor ted that the minimum t i m e s for b reak ­
down of the protect ive p roper t i e s of the fi lms occur red at 700 C. 

The kinetic data for the oxidation of the alloys were measu red and 
compared with those of pure z i rconium. In most cases duplicate runs were 
made with each alloy coinposition and the resu l t s averaged. While a number 
of the alloys showed a behavior s imi lar to that of pure zirconium, cer ta in 
ones, such as those containing tin, were found to behave quite differently. 
The runs s tar ted by following the usual cubic ra te law, i .e . , an initial rapid 
react ion took place and, as the oxidation continued, the ra te of react ion de ­
c reased . But after a period of t ime a t ransi t ion (breakaway) to an acce l e r ­
ating oxidation occurred . The accelera t ing oxidation continued for a short 
while and then leveled off to an essent ia l ly l inear r a t e . 

The breakaway phenomenon is a general cha rac te r i s t i c of the high-
t empera tu re cor ros ion and 

Figure 6 
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oxidation of z i rconium. It has 
been observed to occur in high-
t empera tu re water , '1° ) in a i r , 
(6,13,14) and in oxygen.(6.8,9) 

When the data were 
plotted in the usual fashion, 
log oxygen consumed ve r sus 
log t ime , it was found that 
after the initial s traight line 
portion of the plot, an upward 
curva ture , which eventually 
leveled off into another s traight 
line portion, took place . A r e p ­
resentat ive curve of this type is 
i l lus t ra ted by the oxidation of 
the 1.68 atom per cent tin alloy 
(Figure 6). The "breakaway 



t ime" and "breakaway weight" a r e defined as the time and oxygen consumed 
at the las t point on the initial s t ra ight line portion of the oxidation curve. 
The sharpness of the breakaway oxidation in the different tin alloys is i l lus­
t ra ted in F igure 7. For comparison the data from a run on pure zirconium 
a re included in this f igure. It can be seen that the breakaway weight de ­
creased with increas ing tin content and also that the slope of the curve after 
the breakaway is s teeper for the 3.60 atom per cent tin alloy than for the 
other tin a l loys. 

Figure 7 
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An examination of the resu l t s obtained for the various alloys in the 
se r i e s revealed that the alloys fall into four groups, each represent ing a 
different type of react ion behavior: 

Group I - those alloys which oxidized according to the cubic rate 
law and did not exhibit breakaway oxidation phenomena; 

Group II - those alloys which oxidized according to the parabolic 
ra te law and did not exhibit breakaway oxidation 
phenomena; 

Group III - those alloys which oxidized initially according to the 
cubic rate law but la ter exhibited breakaway oxidation 
phenomena; and 
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Group IV - t h o s e a l l oys which ox id ized in i t i a l l y a c c o r d i n g to the 
p a r a b o l i c r a t e law but l a t e r exh ib i ted b r e a k a w a y oxida­
t ion p h e n o m e n a . 

Figure 8 

OXIDATION OF VARIOUS ZIRCONIUM ALLOYS 
AT 700C AND 200 mm OXYGEN PRESSURE, 
GENERAL OXIDATION CHARACTERISTICS 

The g e n e r a l c h a r a c t e r i s t i c s of 
ox ida t ion of the a l l oys a r e i nd i ­
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o b s e r v e d in a t l e a s t one c o n c e n ­
t r a t i o n . 

Many of the a l l oys and 
p u r e z i r c o n i u m (Group I, 
F i g u r e 8) showed no b r e a k a w a y 
p h e n o m e n a and ox id ized for a s 
long a s 1400 m i n u t e s a c c o r d i n g 
to the cubic r a t e law, hav ing 
s l o p e s of log weight gain v e r s u s 
log t i m e p lo t s in the r a n g e f r o m 

.28 to 0 .40 . The cubic r a t e c o n s t a n t s r a n g e d f r o m 0.78 x lO'' to 3.5 x lO'' 
jUg p e r sq cm) p e r m i n . 
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The one and two a t o m p e r cen t t a n t a l u m and the four a t o m p e r cen t 
v a n a d i u m a l l oys (Group II, F i g u r e 8) showed no b r e a k a w a y p h e n o m e n a up 
to 500 m i n u t e s and ox id ized a c c o r d i n g to the p a r a b o l i c r a t e law, having l o g -
log s l o p e s in the r a n g e f r o m 0.41 to 0 .66 . The p a r a b o l i c r a t e c o n s t a n t s w e r e 
39.5 X 10'*, 30.5 X 10*, and 29.0 x 10* (jLig p e r sq cm)^ p e r m i n , r e s p e c t i v e l y . 

A n o t h e r l a r g e g r o u p of a l l o y s (Group III, F i g u r e 8) showed b r e a k ­
away p h e n o m e n a a f t e r ox id iz ing i n i t i a l l y a c c o r d i n g to the cubic r a t e l aw. 
The cubic r a t e c o n s t a n t s r anged f r o m 0.81 x 10^ to 251 x lO ' (/ig p e r s q c m ) ^ 
p e r m i n . B r e a k a w a y t i m e s r a n g e d f r o m 6 to 655 m i n u t e s , and b r e a k a w a y 
we igh t s r a n g e d f r o m 439 to 9468 jUg p e r sq c m . After the b r e a k a w a y s , 
f a s t e r l i n e a r r a t e s , r ang ing f r o m 1.7 to 292 \xg p e r sq c m p e r m i n , w e r e 
followed for the d u r a t i o n of the r u n s . 
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TABLE VI 

Oxidat ion of Zirconium Alloys Which Follow the Cubic Rate Law With No Breakaway 

(700 C and 200 mm O x y g e n ) 

Alloy 
Composition 

(Atom Per Cent) 

Pure 

1.08 
1.84 
3.60 

0.91 
2.48 
4.22 

0.90 
2.09 
4.23 

1.03 
2.22 
4.08 

0.77 
1.63 
3.61 

0.86 
2.49 
3.72 

1.09 
1.98 
3.95 

0.68 
1.96 

Zr 

Cu 
Cu 
Cu 

Ni 
Ni 
Ni 

Be 
Be 
Be 

Hf 
Hf 
Hf 

Cr 
Cr 
Cr 

Co 
Co 
Co 

Fe 
Fe 
Fe 

W 
W 

Slope of 
Log-Log Plot 

(l/n) 

0.33 

0.34 
0.33 
0.33 

0.35 
0.34 
0.32 

0.29 
0.34 
0.30 

0.34 
0.34 
0.35 

0.33 
0.34 
0.33 

0.34 
0.34 
0.33 

0.34 
0.35 
0.33 

0.35 
0.35 

Cubic Rate Constant 
[(/u.g/sq cm)3/min x 10 - ' ] 

1.6 

1.1 
0.90 
0.78 

1.5 
1.1 
1.0 

1.2 
1.3 
1.1 

1.4 
1.4 
1.4 

1.7 
1.9 
1.7 

1.6 
1.7 
2.2 

3.0 
2.7 
2.4 

1.9 

3.5 

Length 
of Run 
(min) 

1400 

1400 
1400 
1400 

1400 
1400 
1400 

1400 
1400 
1400 

1400 
1400 
1400 

1400 
1400 
1400 

1285 
1400 
1400 

1300 
1400 
1400 

1400 
1400 

Total 
Weight 
Gain 

(/xg/sq cm) 

2845 

2458 
2347 
2385 

2715 
2484 
2436 

2513 
2542 
2400 

2673 
2648 
2529 

2850 
2987 
2923 

2725 
2884 
3118 

3400 
3335 
3200 

2980 
3570 

Color and Character of Oxide Film 

Blue-gray; adherent 

Black; adherent 
Black; adherent 
Black; adherent 

Black; adherent 
Black; adherent 
Gray (gold tinge); adherent 

Blue (gold tinge); adherent 
Black (blue tinge); adherent 
Black with white raised edges; adherent 

Black with raised edges; adherent 
Gray-black with raised edges; adherent 
Black with raised edges; adherent 

Black; adherent 
Blue-gray; adherent 
Black; adherent 

Gray-black; adherent 
Gray; adherent 
Gray (gold tinge); adherent 

Gold-gray; adherent 
Blue-gray; adherent 
Grey; adherent 

Black; adherent 

Black with yellow adherent oxide at 
flaws in metal; adherent 
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TABLE VII 

Oxidation of Zirconium Alloys Which Show Breakaway 

AIIc >y 
Composi t ion 

(Atom Pei 

1.04 
1.78 
3 .54 

0 .89 
1.76 
3.52 

1.08 
2 .04 
4 .22 

1.03 
2 .34 
3.65 

0 .96 
1.68 
3.60 

0 .58 
1.62 
4.00 

1.42 
2 .15 
3 .62 

0.80 
1.94 
3.60 

1.01 
1.84 
3 .88 

0 .65 
1.64 
3.72 

0.60 
1.82 
3.82 

1.08 
2.12 
4 .16 

- Cent ) 

Ta 
Ta 
Ta 

U 
U 

u 
Pt 
P t 
P t 

Mo 
Mo 
Mo 

Sn 
Sn 
Sn 

Pb 
Pb 
Pb 

Al 
Al 
Al 

Si 
Si 
Si 

V 
V 
V 

C 
C 

c 
Nb 
Nb 
Nb 

Ti 
Ti 
Ti 

Slope of 
Log-Log 

P l o t * 
( l / n ) 

0 .60 
0 .66 
0.60 

0 .36 
0 .36 
0 .35 

0 .34 
0 .32 
0 . 3 1 

0 .36 
0 .35 
0 .36 

0 .28 
0 .32 
0 . 3 1 

0 .28 
0.30 
0 .28 

0 .36 
0 . 3 3 
0.29 

0.40 
0 . 4 3 
0.39 

0 .35 
0 . 4 1 
0 .42 

0.36 
0 . 4 1 
0 .46 

0 .36 
0 .46 
0 .35 

0.37 
0.39 
0 . 4 3 

Ra te 
C o n s t a n t " 

P 
P 
P 

P 

P 
P 

P 
P 

P 

P 

39 .5 
30 .5 
26.9 

3 .2 
4 . 1 
3.5 

1.5 
0 . 9 1 
0 . 8 1 

2 .5 
7 .0 
3 .5 

0 .92 
1.1 
2 .2 

1.1 
1.6 
0 . 8 5 

14.0 
12.0 

8.0 

3 .4 
2 .2 
1.7 

4 .5 
4 . 3 

29 .0 

2 .5 
2 .7 
4 . 8 

5.9 
6.2 
6 .7 

69.7 
251 
9 0 . 8 

Breakaway 
Time 
(mm) 

270 

530 

630 
655 

40 
64 

235 
111 

20 

273 
34 

7 

25 
24 

7 

115 
6 

530 
120 

48 
23 

365 
500 

49 

370 
385 
275 

Breakaway 
Weight 

(Mg/sq cm) 

7830 

2645 

1815 
1763 

1368 
1248 

1345 
1098 

521 

1465 
835 
460 

1467 
1401 
948 

1650 
439 

2810 
2363 

1225 
1076 

2680 
5625 
1550 

6215 
9468 

15975 

Breakaway 
Ra te 

[/J.g/(sq cm) (min)] 

2 6 . 1 

1.7 

2 .9 
1.8 

13 .1 
11.9 

12.8 
12.9 

292 

9.7 
15.9 
9 .7 

58.9 
4 9 . 3 
8 4 . 2 

12.7 
97 .0 

3.9 
6.8 

15 .3 
2 5 . 4 

5.0 
7 .7 

16 .3 

9 .3 
13.0 
3 3 . 1 

Length 
of Run 
(min) 

500 
500 
500 

1400 
1400 
1400 

1400 
1400 
1400 

1400 
850 
850 

650 
650 
117 

890 
580 
895 

280 
280 
198 

1400 
600 
165 

1285 
1175 
615 

1400 
600 
600 

875 
875 
680 

930 
790 
590 

T o t a l 
Weight 

Gain 
(Mg/sq cm) 

13200 
11600 
13000 

3535 
3938 
4078 

2684 
3225 
2980 

3492 
10300 
10200 

4450 
7100 

13071 

5938 
9123 

11165 

14100 
13683 
16232 

3396 
5921 

12046 

5292 
9195 

14272 

3256 
7400 

17500 

5717 
8500 

10519 

11134 
14770 
24917 

Color and Character of Oxide Film 

Blue-black with raised edges, adherent 
Black with raised edges, adherent 
Silver-white with raised edges, adherent 

Black with raised edges, 2 faces gold flaky oxide 
Black with raised yellow edges, adherent 
Black with raised yellow edges, adherent 

Black, adherent 
Black with blisters, adherent 
Black with raised edges, adherent 

Black with raised edges and white spots, adherent 
Silver-gray with raised edges, adherent 
Silver-gray with raised edges, adherent 

Tan with black spots, adherent 
Coral, adherent 
White, flakes off 

Black with raised edges, adherent 
Black with raised edges, adherent 
Silver-gray with raised edges, adherent 

Ivory with raised edges, adherent 
Ivory with raised edges, adherent 
Black, adherent 

Gray with white specks on faces, adherent 
Tan with rough surface, flakes off 
Tan with rough surface, flakes off 

1 face black and 5 faces yellow and black, adherent 
Black with raised edges and yellow-green spots, adherent 
Dark yellow with raised edges, flakes off 

Silver-gold with white edges and spots, adherent 
Gold with rough surface, flakes off 
Gray cinder-like oxide, some flakes off 

Black with raised edges, adherent 
Silver with raised edges, adherent 
Sliver-black with raised edges, adherent 

Black With raised edges and blisters, adherent 
Black with raised edges and blisters, adherent 
Black (gold tinge) with raised edges, edges flake off, 

faces adherent 

®This term applies only to the portion of run before breakaway. 

Cubic rate law constants [10 (̂ g/sq cm) /min] unless preceded by p which signifies parabolic rate law constant [10 (;Ug/sq cm) /min]. Both apply 
only to the portion before breakaway. 



The l a s t g r o u p of a l l oys (Group IV, F i g u r e 8), showed b r e a k a w a y 
p h e n o m e n a a f t e r i n i t i a l p a r a b o l i c o x i d a t i o n s . The p a r a b o l i c r a t e c o n s t a n t s 
r a n g e d f r o m 2.Z x 10 to 90.8 x 10 (/ig p e r sq cm) p e r m i n . B r e a k a w a y 
t i m e s r a n g e d f r o m 23 to 500 m i n u t e s , and b r e a k a w a y weights v a r i e d f r o m 
1076 to 15,975 /ig p e r sq c m . The f a s t e r l i n e a r r a t e s a f t e r b r e a k a w a y s 
r a n g e d f r o m 6.8 to 33.1 /i g p e r sq c m p e r m m . 

The s u b d i v i s i o n of a l l o y s into g r o u p s is s o m e w h a t d a n g e r o u s s ince 
i t t e n d s to m a s k out ind iv idua l d i f f e r e n c e s tha t e x i s t . It i s only jus t i f i ed on 
the b a s i s tha t i t p r o v i d e s a c o n v e n i e n t m e t h o d of c l a s s i fy ing the oxida t ion 
b e h a v i o r s of the d i f fe ren t a l l o y s . In addi t ion , the d i f f e r e n c e s b e t w e e n the 
g r o u p s a r e p a r t l y a r t i f i c i a l . It i s p r o b a b l e tha t m a n y of the a l l oys in 
G r o u p s I and II would exh ib i t b r e a k a w a y p h e n o m e n a if the r u n s w e r e c a r ­
r i e d out for long enough p e r i o d s of t i m e . A l so , in s o m e c a s e s the c l a s s i ­
f i ca t ion of r e a c t i o n a s cubic o r p a r a b o l i c i s s o m e w h a t a r b i t r a r y , s ince 
s e v e r a l a l l oys had l o g - l o g s l o p e s v e r y c l o s e to 0.40 (the d iv id ing s lope 
b e t w e e n p a r a b o l i c and c u b i c ) . 

Many of the a l l oys p r o d u c e d oxide f i l m s of u n u s u a l c h a r a c t e r . A 
d e s c r i p t i o n of the oxide f i l m s f o r m e d on e a c h of the a l loys s tudied has 
b e e n inc luded in T a b l e s VI and VII. 

The b e h a v i o r s of r e p r e s e n t a t i v e a l loys of Groups I and II a r e p r e ­
s e n t e d g r a p h i c a l l y in F i g u r e 9. The p l o t s , l i n e a r in the v a r i a b l e s , i l l u s ­
t r a t e the u s u a l c u b i c - t y p e b e h a v i o r . In a l og - log plot s t r a i g h t l i nes a r e 
ob ta ined th roughou t the l eng th of the r u n s . 

Figure 9 
REACTION OF ZIRCONIUM ALLOYS WITH OXYGEN AT 700 C AND 

200 mm OXYGEN PRESSURE 

500 600 700 

TIME, mm 

O . : • 
9 ' 



REACTION OF ZIRCONIUM ALLOYS WITH OXYGEN AT 700 C AND 

2 0 0 MM OXYGEN PRESSURE 

In F igures 10 and 11 a r e presented data for alloys of Group III, which 
showed considerably less res i s t ance to oxidation than did pure z i rconium. 

The 3.60 atom per cent tin 
Figure 10 and 2.15 atom per cent a lum­

inum alloys, in par t icu lar , 
had very short breakaway 
t imes and then exhibited 
ex t remely fast r a t e s of oxi­
dation after the breakaway. 
The 1.08 atom per cent t i ta­
nium showed a very rapid 
initial r a t e . 

F igure 12 i l lus t ra tes 
the oxidation behaviors of 
some other alloys which ex­
hibited breakaways. The 
1.84 atom per cent vanadium 
alloy followed a near ly pa ra ­
bolic ra te before it had a 
breakaway. The 2.04 atom 
per cent platinum and the 
3.52 atom per cent uranium 
alloys oxidized for relat ively 
long t imes before b reak­
aways were observed. 

In general , it can be 
said that most alloys obey 
the cubic ra te law. Even 
most of those alloys which 
exhibited a breakaway 
obeyed the cubic ra te law 
during the initial s tages of 

the oxidation. Those alloys which do not obey the cubic ra te law s t r ic t ly 
deviate toward the parabolic ra te law. 

Tables VI and VII serve to summar ize the data in a convenient and 
compact manner . For a more d iscerning study of the oxidation c h a r a c t e r ­
i s t ics of individual al loys, reference should be made to F igures 13 through 
32. Each figure is for a different binary alloy sys tem and i l lus t ra tes r e p ­
resenta t ive runs of the nominal one, two, and four atom per cent concentra­
tions as compared with the behavior of pure z i rconium. Among other things, 
these figures allow a d i rec t comparison of alloys which, on the bas i s of the 
log-log s lopes, oxidized according to different ra te laws. In the z i rconium-
silicon sys tem (Figure 28), for example, the one and four atom per cent 
alloys oxidized in accordance with the cubic ra te law, but the two atom per 
cent alloy was classified as oxidizing according to the parabolic r a t e . 
Since d i rec t compar isons of cubic and parabolic ra te constants a r e not pos­
sible, f igures with the kinetic data a r e n e c e s s a r y . 
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F i g u r e 11 

REACTION OF ZIRCONIUM ALLOYS WITH OXYGEN AT 700C AND 

200 mm OXYGEN PRESSURE 
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Figure 12 

REACTION OF ZIRCONIUM ALLOYS WITH OXYGEN AT 7 0 0 C AND 
2 0 0 mm OXYGEN PRESSURE 

-

-

-

-

- ^ 

1 

1 84 0/0 V ^ ^ 

1 1 1 

^ 

^ 

1 1 1 1 1 1 

yy 

^ - • ' y n e e 0/0Sn 

^ / 3 52 o / o U ^ 

^ ' ^ ^ ^ ^ ^ 
^"""^— 2 04 0/0 Pt 

1 1 1 1 1 1 1 

/ 

^ / 

^ ̂ 1 
Pure Zr 

1 1 
100 

TIME , min 

G l - 23 



Figure 13 Figure 14 

OXIDATION OF ZIRCONIUM-COPPER ALLOYS 
AT 700 C IN 200 mm OXYGEN 
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OXIDATION OF Z IRCONIUM-N ICKEL ALLOYS 

AT 700 C IN 200 mm OXYGEN 
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Figure 15 Figure 16 

OXIDATION OF ZIRCONIUM-BERYLLIUM ALLOYS 
AT 700 C IN 200 mm OXYGEN 
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OXIDATION OF ZIRCONIUM-HAFNIUM ALLOYS 
AT 700C IN 200mm OXYGEN 
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Figure 17 F igure 18 

OXIDATION OF ZIRCONIUM-CHROMIUM ALLOYS 
AT 7 0 0 0 IN 2 0 0 mm OXYGEN 

OXIDATION OF ZIRCONIUM-COBALT ALLOYS 
AT 7 0 0 0 IN 2 0 0 mm OXYGEN 

3,000 

2,500 

2,000 

1,500 

1,000 

5 0 0 

J L J L 
° 100 3 0 0 5 0 0 7 0 0 9 0 0 1100 1300 

T IME ,mm 

3,500 

3,000 

2 ,500 

S 2 ,000 

1,500 

1,000 

5 0 0 

J I \ \ L 
100 3 0 0 5 0 0 7 0 0 9 0 0 MOO 1300 

T IME, mm 

Figure 19 Figure 20 

OXIDATION OF ZIRCONIUM-IRON ALLOYS 
AT 7 0 0 0 IN 2 0 0 mm OXYGEN 

OXIDATION OF ZIRCONIUM - TUNGSTEN ALLOYS 

AT 700 C IN 2 0 0 mm OXYGEN 
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Figure 21 Figure 22 

OXIDATION OF ZIRCONIUM-TANTALUM ALLOYS 
AT 700C IN 200mm OXYGEN 
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OXIDATION OF ZIRCONIUM-URANIUM ALLOYS 
AT 700C IN 200 mm OXYGEN 
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Figure 24 

OXIDATION OF ZIRCONIUM-PLATINUM ALLOYS 
AT 700 0 IN 200mm OXYGEN 
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OXIDATION OF ZIRCONIUM-MOLYBDENUM ALLOYS 
AT 7000 IN 200 mm OXYGEN 
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Figure 25 F igure 26 

OXIDATION OF ZIRCONIUM - TIN ALLOYS 
AT 7 0 0 C IN 2 0 0 mm OXYGEN 
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OXIDATION OF ZIRCONIUM-LEAD ALLOYS 
AT 7 0 0 0 IN 2 0 0 mm OXYGEN 
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F i g u r e 27 Figure 28 

OXIDATION OF ZIRCONIUM-ALUMINUM ALLOYS 
AT 7 0 0 0 IN 2 0 0 m m OXYGEN 

OXIDATION OF ZIRCONIUM-SI LICON ALLOYS 
AT 7 0 0 C IN 2 0 0 mm OXYGEN 
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Figure 29 Figure 30 

OXIDATION OF ZIRCONIUM-VANADIUM ALLOYS 
AT 700 C IN 200 mm OXYGEN 
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OXIDATION OF ZIRCONIUM-CARBON ALLOYS 
AT 7000 IN 200 mm OXYGEN 
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Figure 31 Figure 32 

OXIDATION OF ZIRCONIUM-NIOBIUM ALLOYS 
AT 700C IN 200 mm OXYGEN 
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These figures also dis t inguish between the var ious degrees of b reak­
away phenomena, since this cannot be done in a table . For instance, in the 
z i rconium- t in sys tem (Figure 25) the breakaways a r e dist inct and obvious, 
while in the z i rconium-t i tan ium sys tem (Figure 32) the breakaways r e p r e ­
sent l i t t le m o r e than gradual i n c r e a s e s of the react ion r a t e s . 

The breakaway evidently takes place when the oxide film loses its 
protect ive cha rac t e r , but it does not appear to be related to any par t icu la r 
weight gain, since breakaway weights ranging from 439 to 15,975 /ug per sq 
cm have been observed. The weight at w^hich a par t icular alloy will show a 
breakaway is probably a complicated function of severa l fac tors , which will 
be d i scussed in the next sect ion. 

The color and cha rac t e r of the oxide films of alloys that had under ­
gone breakaways (see Table VII) were definitely different from those of the 
protect ive oxide films on other alloys (see Table VI). For alloys where no 
breakaway occur red , the oxide f i lms were usually gray or black and very 
adherent . In contras t , the oxide films for the majori ty of alloys where 
breakaway had occur red were light colored and some readily flaked off. 

Of the twenty binary alloy sys tems investigated only the copper, 
nickel , beryl l ium, and hafnium alloys showed any increased res i s tance to 
oxidation as compared with pure z i rconium. 

V. DISCUSSION 

A. L i t e r a tu re and Theore t ica l Considerat ions 

The genera l c h a r a c t e r i s t i c s of the oxidation of zirconium and 
z i r con ium-base alloys were (I) an init ial stage in which the ra te qi oxygen 
consumption dec rea sed with t ime, and (2) a cer ta in thickness of oxide at 
which the film loses i ts protect ive p rope r t i e s , leading to a fas ter , e s sen t i a l ­
ly l inear ra te of oxidation. Fo r pure z i rconium and most of the alloys the 
init ial r a t e was cubic, although a few of the alloys showed an initial p a r a ­
bolic r a t e . 

Severa l studies have been made to de te rmine the mechan ism of 
forraation of the oxide film on z i rconium. By employing iner t m a r k e r s it 
has been observed^"' '^^/ that the oxidation proceeds by oxygen (anion) m i g r a ­
tion through the oxide film toward the m e t a l - m e t a l oxide boundary. In an­
other study^ •'•/ it was repor ted that anodic oxidation of z irconium at room 
t e m p e r a t u r e under low e lec t r i c fields a l so proceeds by anion migra t ion 
through the z i rconium dioxide. 

Considerat ion of the size of oxygen ions shows that they a r e too 
l a rge to occupy in te r s t i t i a l posit ions in t^e z i rconium oxide la t t ice . The re ­
fore, it may be concluded, at leas t in thin films without c racks , that anion 
diffusion takes place by lat t ice defects or ho les . 

1 . fc. ' W 



Measurements of the rmoe lec t r i c power* on films of pure z i rconium 
and z i rconium-t in alloys gave negative va lues . ^^ Thus, it may further be 
concluded that these films were anion-deficit semiconductors (n-type). 

According to the Wagner-Hauffe semiconductor approach to alloy 
oxidation, foreign ions of lower valency than that of z i rconium should in­
c r e a s e the ra te of oxidation, since they c rea te more lat t ice defects . Con­
ve r se ly , ions of valency higher than that of z i rconium should reduce the 
concentrat ion of oxygen ion defects and thus d e c r e a s e the oxidation r a t e . 
Although this theory was derived for oxidation obeying the parabolic r a t e 
law, it is not n e c e s s a r i l y l imited to this , since it has been found to apply 
to the case of zinc, which followed a logar i thmic ra te law.v'^'^/ 

A few at tempts have been made to provide a theore t ica l bas is for 
the cubic ra te equation. Mott^ ' ^ der ived a cubic ra te equation based on 
the p r e m i s e that diffusion of cation vacancies is ra te controlling, where the 
number of vacancies is propor t ional to the number of negative ions per unit 
surface a r ea and to a l inear field set up by the ions. Engellj Hauffe, and 
Ilschner' '^^/ der ived a s imi la r equat ion based on migra t ion of positive holes 
and diffusion of lat t ice vacanc ies . Both of these der ivat ions were based on 
p-type oxide f i lms. A different approach has been taken by Uhlig,v'^"/ who 
recent ly derived a cubic ra te equation based on e lec t ron flow from the 
meta l as the controlling step in the oxidation p r o c e s s . This equation would 
be applicable for films of thickness up to severa l thousand Angstrom unitSj 
in which case the space charge in the oxide is impor tant . 

An at tempt to explain the cubic oxidation of t i tanium has been made 
by Kofstad and Hauffe.i^^/ They suggested that, in view of the high solubility 
of oxygen in titaniums the cubic ra te law could be in terpre ted in t e r m s of 
diffusion of oxygen through the outer layer of oxygen-enriched titaniinm. 
Since z i rconium also has a high oxygen solubility, it is probable that the 
cubic oxidations of z i rconium and t i tanium follow a s imi la r mechan i sm. 

Thus, it is not al together su rp r i s ing that the oxidation of z i rconium, 
which ostensibly proceeds by inward oxygen diffusion, does not obey the sim= 
pie parabol ic ra te law because the oxidation kinet ics a r e complicated by 
oxygen dissolution in the outer layer of z i rconium meta l . 

To de te rmine the type of (electr ical) conduction in a semiconductor 
it is n e c e s s a r y to make m e a s u r e m e n t s of the rmoe lec t r i c power. If 
the cu r ren t is c a r r i ed exclusively by e lec t rons , then the t h e r m o ­
e lec t r ic power will be negative, whereas the the rmoe lec t r i c power 
mus t be positive if the cu r ren t is c a r r i ed by the posit ive holes . 
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B. Corre la t ion of I so thermal Rate Data with Theory 

A condition which mus t be met for the Wagner-Hauffe theory to apply 
is that the meta l which is added to the z i rconium must share in the film for­
mat ion but mus t not give r i s e to the formation of a new phase . This condition 
has on occasion been expressed in t e r m s of the solubility of the oxide of the 
added meta l in z i rconium dioxide. However, it is thought that a more appro­
pr ia te way of express ing this condition is in t e r m s of the original state of the 
me ta l added to alpha zirconiiim before oxidation. Thus, if the added metal i s 
in t rue solution in the meta l l ic s ta te , it is unlikely that segregat ion into two 
dis t inct oxide phases will occur on oxidation, even if the oxide of the added 
meta l is insoluble in z i rconium dioxide. This s tatement should be t rue for 
reasonably dilute alloys and for t e m p e r a t u r e s sufficiently low that the m o ­
bi l i t ies of the meta l ions in the oxide phase a r e low. For the problem under 
i inmediate considerat ion both of these conditions a r e t rue . 

In the case of a meta l insoluble in alpha zirconium, the situation that 
probably exis ts in the alloy is that agg lomera tes of the second meta l a r e 
randomly situated throughout the z i rconium. Then, when oxidation occurs , 
these is lands of alloying meta l produce agglomera tes of alloying metal ox­
ide which tend to r ema in as a separa te oxide phase . Since solubility equi­
l ib r ium does not have an opportunity to be established in the oxide phase in 
exper iments with the conditions of this study, it is believed that solubility 
data for the oxide sys tems a r e not ge rmane . 

In Table VIII a r e presen ted data for the alloy sys tems which were 
studied in this p r o g r a m and which a r e in the category of the additive metal 
being reasonably soluble (grea te r than 1 atom per cent). The Wagner-Hauffe 
theory should be applicable to these s y s t e m s . In columns 2, 3, and 4 of 
Table VIII a r e presented the ra t ios of cubic ra te constants for the alloys to 
that for z i rconium. In column 7 the effects of the additives as predic ted 
by the theory of Wagner-Hauffe a r e indicated and column 8 shows the ob­
served effects. The las t column indicates whether or not there is a g r e e ­
ment with the predict ion. Only for the case of lead does the predict ion of 
the theory d i sag ree with the exper imenta l data . Lead is an exceptional 
additive in that its Goldschmidt ionic radius is 52 per cent g rea te r than 
that of z i rconium. All of the other addit ives considered in this table have 
ionic radi i l e s s than that of z i rconium. The oxide of lead most likely 
formed, PbO, is a lso the thermodynamical ly mos t unstable additive oxide 
of the s e r i e s by many k i loca lo r i e s . Therefore , for these two reasons lead 
can be considered unique. 

The ag reemen t of exper imenta l r e su l t s with predicted resu l t s is 
actually be t ter than indicated by six examples out of seven. The phase dia­
g r a m s in the l i t e r a tu re indicate that copper, beryl l ium, cobalt, nickel, iron, 
chromium, sil icon, plat inum, vanadium, r^olybdenum, tungsten, uranium, 
and carbon a r e re la t ively insoluble in alpha zi rconium at 700 C. These 
addi t ives , therefore , should not n e c e s s a r i l y follow the predict ions of the 
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TABLE VIII 

Prediction of Initial Oxidation Behavior of Zirconium Alloys 

Consideration restricted to (a) initial rate of oxidation at 700 C in 200 mm oxygen and 
(b) experimental zirconium alloys where the solubility of the additive metal in alpha 
zirconium at 700 C is greater than 1 a/o. 

Effect of Additive 
on Initial Oxidation Rate 

Alloy 
Additive 

Al 

Hf 

Ti 

Sn 

Pb 

Nb 

Ta 

Ri 

1 a/o^ 

8.8 B 

0.88 

4.4 

0.58 

0.69 

3.7 

P 

B 

B 

B 

B 

ate Constant 
Ratio^'t-

2 a/o' 

7.5 

0.88 

157 

0.69 

1.0 

P 

P 

c 

B 

B 

B 

B 

B 

4 a/o^ 

5.0 B 

0.88 

P 

0.75 

0.50 

4.3 

P 

B 

B 

B 

B 

B 

Solubility in 
Alpha Zr at 
700 C (a/o) 

1.6 

miscible 

mi scible 

2 

3 

3 

5 

Most Likely 
Oxidation 
Numb e r 

in Oxide*^ 

3 

4 

2 

4 

2 

2 

2« 

Predicted by 
Wagner-Hauffe 

Theory 

Increase 

No change 

Increase 

No change 

Increase 

Increase 

Increase 

Observed 

Increase 

Essentially 
change 

Increase 

Essentially 
change 

Essentially 
change 

Increase 

Increase 

n,o 

no 

no 

Ag 

Pre 

reement 
with 
;diction 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

^Ratio of cubic rate constant of alloy to that for pure zirconium except where symbol "P" indicates 
oxidation followed parabolic rate law rather than cubic; in the latter cases the oxygen consumed per 
unit time is greater than that for pure zirconium for the period of the experiment. 

Symbol "B" indicates breakaway phenomenon during period of observation. 

*^Nominal concentrations. For exact concentrations see Table II. 

Predicted from free energy of formation at 973 K per gram-atom of oxygen from data compiled by 
Glassner, A., ANL-5750 (1957). 

^Experimentally demonstrated that TaO formed when Ta reacts with ZrOo at 1700 C [Chupka, W. A., 
Berkowitz, J., and Ingram, M. G. , J. Phys. Chem. 26, 207 (1957)]. 



valence effect of Wagner-Hauffe theory. In the th i r teen cases cited, eleven 
do not follow the predict ion and only two (vanadium and iron) follow the p r e ­
diction. However, the oxide of vanadium, V2O5, has a low melting point 
(675 C) and thus is not typical . The other additive (iron) shows a slightly 
inc reased ra te of oxidation which follows the predict ion despite the very low 
solubility in z i rconium. 

Among,the addit ives studied which were soluble in zirconium, none 
inc reased the oxidation r e s i s t ance as the theory would predict , because 
none had oxidation numbers higher than four. Five additives which were 
not studied - technetium, rhenium, ruthenium, osmium, and i r id ium - have 
oxidation numbers g r ea t e r than four, but of these only ruthenium has been 
found to have an appreciable solubility in alpha zirconiiim. The solubilit ies 
of the other four a r e unknown. 

It therefore seems appropr ia te to look among the meta l additives 
not soluble in z i rconium, for which the Wagner-Haiiffe theory does not apply, 
for the addit ives which might significantly inc rease oxidation r e s i s t ance . 
However, among the insoluble addit ives studied, none showed a significant 
i nc r ea se in oxidation r e s i s t ance and only the copper, nickel, and beryl l ium 
additives showed even a slight i n c r e a s e . In seeking to explain the effects of 
addit ives which do not follow the Wagner-Haiiffe theory on the oxidation ra t e , 
it is n e c e s s a r y to consider the p rope r t i e s of the individual oxides concerned. 
These p rope r t i e s might be preferen t ia l oxidation relat ive to zirconium, 
protect ive nature of the oxides, diffusion ra t e s of ions in the oxides, and 
e lec t r i ca l conductivit ies of the oxides . 

C. Breakaway Phenomenon 

After a period of t ime many of the alloys studied have exhibited an 
acce le ra t ion in the oxidation k ine t ics . This so-cal led "breakaway" or 
" t ransi t ion" previously has been observedW'°>9,13,28) |-Q occur during the 
oxidation of z i rconium and z i rconium a l loys . The in terpre ta t ion given to 
the breakaway has been that, since the volume rat io of zirconium dioxide to 
z i rconium is 1.5, the oxide grows under compress ive s t ra in and, at a c e r ­
tain film th ickness , c r a c k s to r e l e a s e the compress ion , thus leading to the 
breakaway. 

In one study^'^^^ concerned with the growth of oxide films on z i r co ­
nium in h igh - t empera tu re water , it was repor ted that an initial film of 
te t ragonal z i rconium dioxide t rans formed to the monoclinic oxide after 
which the cor ros ion proceeded at an acce le ra ted r a t e . 

In a recent e lect ron-dif f ract ion and kinetic studyv^°/ of the oxidation 
of z i rconium and some of its al loys with aluminum, tin, and t i tanium in air 
it was proposed that the breakaway is assoc ia ted with a phase t r ans fo rma­
tion in the film of z i rconium dioxide. According to the theory advanced, 
the init ial film formed on z i rconium is the cubic polymorph of z irconium 
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dioxide. As the oxidation p r o g r e s s e s the film t rans forms to the tetragonal 
and finally to the monoclinic (stable) form of zirconium dioxide. The b reak­
away, it was repor ted , takes place when the last t ransfoi 'mation is observed. 

To tes t this hypothesis and to obtain a bet ter understanding of the 
mechan i sm of oxide film grow^th on z i rconium alloys, e lec t ron and X-ray 
diffraction analyses have been obtained on oxidized zi rconium alloy samples . 

The oxide s t ruc tu re s observed on 16 different alloys after oxidation 
to selected extents a r e presented with the oxidation data in Table IX. Typi­
cal e lec t ron diffraction pa t te rns a r e presented in F igure 33 for five cases , 
all oxidized l e s s than the breakaway weight (A, face-centered cubic s t r u c ­
ture on 2.12 a /o t i tanium alloy; B, face-cente red cubic s t ruc tu re plus an 
unknown phase on 3.60 a /o copper alloy; C, unknown body-centered cubic 
s t ruc tu re on 3.52 a /o u ran ium alloy; D, unknown body-centered cubic s t r uc ­
ture plus unknown phase on 1.82 a /o niobium alloy; and E, monoclinic s t r uc ­
ture on 3.88 a /o vanadium alloy). 

Of the 14 samples examined after l e s s oxidation than the breakaway 
weight, 9 showed the face-cente red cubic s t ruc tu re s ( three of which had an­
other unknown phase), two showed an unknown body-centered cubic s t ruc ture , 
and th ree showed the monoclinic s t ruc tu r e . 

Of the ten samples oxidized beyond breakaway, four showed the face-
centered cubic s t ruc tu re (two of which had another unknown phase) and six 
showed the monoclinic s t r u c t u r e . 

Although a major i ty of the alloys showed a re la t ionship between the 
oxidation kinet ics and the change of s t ruc tu re of the oxide film, careful con­
s idera t ion of the data show enough exceptions to the predicted sequence of 
polymorphic t ransformat ions to make it c lear that the re is no rule which is 
applicable a p r io r i to all z i rconium alloy systenns. Some of the unidentified 
phases found may be secondary or t e rna ry compounds with the alloying e le ­
ment . To identify the unknown phases would involve an extended r e s e a r c h 
p r o g r a m beyond the scope of this invest igation. 

These r e su l t s show that the predicted sequence of phase t r ans fo rma­
tions in the z i rconium dioxide film and the re la t ionship to the oxidation kin­
et ics as outlined above is probably an oversimplif ied explanation which may 
be applicable for pure z i rconium and some zi rconium alloys but cannot be 
extended to include all z i rconium al loys . 

Undoubtedly, these polymorphic t rans format ions a r e brought about 
by severa l in te r re la ted effects which change in re la t ive impor tance with 
different impur i t ies in the me ta l . For pure z i rconium the following ove r ­
simplified p r o c e s s may take p lace . Initially, a thermodynamical ly unstable 
film of cubic z i rconium dioxide is formed. The film grows tmder la rge 
compress ive s t r a in and, s ince it is ex t remely adherent to the meta l 
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TABLE IX 

Oxide Phases on Oxidized Zirconium Alloys 

(Oxidized at 700 C in 200 mm oxygen for extent 
tabulated; evacuated, cooled, and examined) 

Extent of Breakaway 
Alloy Oxidation Weight* Observed Oxide 

(Atom Per Cent) (/xg/sq cm) (/U,g/sq cm) Phase 

_c 
_c 

1763 
1467 
1076 
9468 
15975 

_ c 
_ c 
_c 
_c 
-

2645 
5625 

P 

P 

P 
P 
P 

P 

fee 
fee 
fee 
fee 
fee 
fcc^ 
fee plus unknown 
fee plus unknown 
fee plus unknown 
monoclinic'i 
monoclinic^ 
monoclinic 
unknown bee 
unknown bee plus 

Oxidation Terminated Prior to Breakaway 

Pure Zr 2832 
1.96 W 5787 
4.22 Pt 1128 
1.42 Al 1071 
3.72 C 783 
2.12 Ti 2508 
4.16 Ti 3957 
3.60 Cu 2385 
1.78 Ta 11688 
3.88 V 3392 

14392 
4.08 Hf 2634 
3.52 U 1398 
1.82 Nb 1894 

Alloys Oxidized Beyond Breakaway 

4.22 Pt 
2.12 Ti 
4.16 Ti 
3.60 Sn 

n 

3.52 U 
1.94 Si 
1.64 C 
1.42 Al 
3.54 Ta 

^Determined in previous oxidation studies at 700 C in 200 mm oxygen (see 
Table VII). Initial oxidation follows cubic rate law unless indicated as 
parabolic by letter p. 

fee = face-centered cubic structure; a^ between 5.37 and 5.61 A 
(BQ for fee Zr02 = 5.07 A) 

bee = body-centered cubic structure; a^ - 3.16 A (ag for bcc /8 Zr = 3.62 A) 
Electron diffraction by glancing from oxidized parallelepiped surface; 
interpretation by H. Knott and M. Mueller, Metallurgy Division. 

^No breakaway observed for 1400-min oxidation. 

Electron diffraction patterns presented in Figure 10, 

^Determined by X-ray diffraction of powder removed from surface. Interpreta­
tion by D. S. Flikkema, Chemical Engineering Division. 

3292 
14770 
23402 
1343 
13404 
4139 
22435 
10845 
24780 
15727 

1763 
9468 
15975 
521 
n 

2645 
1650 
1225 
1467 
7830 

P 

P 

fee 
fee plus unknown 
fee plus unknown 
fee 
monoclinic^ 
monoclinic^ 
monoclinic 
monoclinic^ 
monoclinic^ 
monoclinic^ 



FIGURE 33 

ELECTRON DIFFRACTION PATTERNS FROM SELECTED 
OXIDES ON ZIRCONIUM ALLOYS 

E - Monoclinic 
structure 
(3.88 a/o V) 

D - Unknown body-
centered cubic 
structure plus 
unknown 
(1.82 a/o Nb) 

Face-centered 
cubic structure 
(112 a/o Ti) 

Facexentered 
cubic structure 
plus X unknown 
(3.60 a/o Cu) 

C - Unknown body-centered 
cubic structure 
(3.52 a/o U) 



subs t ra te , it is protect ive in na ture . At a c r i t ica l thickness the c o m p r e s ­
sive s t ra ins become too grea t and mus t be rel ieved by the t ransformat ion 
of the oxide film to the te t ragonal and, finally, to the monoclinic form. 
Coincident with the las t t ransformat ion , the film loses its protect ive prop­
e r t i e s and a faster r a t e of oxidation ensues . 

When cer ta in meta l l ic impur i t i es which a r e soluble in zirconium a re 
added, the oxidation p r o c e s s produces a film which consis ts of the additive 
me ta l oxide d i spe r sed in cubic z i rconium dioxide. If the ionic radius of the 
additive ion is sufficiently different from the ionic radius of zirconium, the 
lat t ice of z i rconium dioxide will be dis tor ted. This will dec rease the s ta ­
bility of the cubic form, thereby causing the polymorphic t ransformat ion to 
occur at a lower thickness of film than is the case with pure zirconium. 

As an extension of this reasoning, a genera l rule , which appears 
useful in predict ing the occur rence of the breakaway phenomenonj was 
formulated. This ru le is that a breakaway will occur when the Goldschmidt 
ionic rad ius of the additive element differs by 15 per cent or m o r e from the 
ionic rad ius of z i rconium. 

In the case of additives for which it is predicted that the Wagner-
Hauffe theory is followed, al l seven addit ives (l9 out of 2 1 alloy composi­
tions) follow the ru le . These a r e alloys of aluminum, hafnium, t i tanium, 
tin, lead, niobium, and tantalum (see Table X). Tantalum, which is predicted 
to show a breakaway phenomenon, does so only in the highest concentration. 
It is quite likely, however, that the 1 and 2 atom per cent runs were not 
c a r r i e d out long enough to observe the breakaway phenomenon. If b reak­
away can be a s sumed to occur la te r , then the agreement is shown for al l 
of these 21 al loys. 

When meta l l ic impur i t i es which a r e insoluble in zirconium a r e added, 
the oxidation film consis ts of cubic zirconium dioxide and separa te agglom­
e ra t e s of the additive me ta l oxide. Under cer ta in conditions the separa te 
oxide agglomera tes may in ter fere with the adherency of the film to the meta l ; 
this would in turn cause polymorphic t ransformat ion in the zirconium dioxide 
film and thus bring about faster oxidation r a t e s . The additives which a r e 
insoluble in alpha z i rconium do not follow the Wagner-Hauffe theory for oxi­
dation of a l loys. However, these insoluble additives show good agreement 
with the rule relat ing the occur rence of breakaway with additive ionic rad ius . 
Of the th i r teen insoluble addit ives, ten follow the rule: four in al l th ree con­
cent ra t ions , four in the 2 and 4 atom per cent concentrat ions, one in the 1 and 
2 atom per cent concentrat ion, and one in the 4 atom per cent concentration 
(see Table X). F r o m the t r end of breakaway t ime ve r sus additive concentra­
tion in the case of uran ium and sil icon (see Table VIl), it is possible that the 
runs on the lower concentra t ions of these additives were not ca r r i ed out long 
enough to observe a breakaway. This agreement with the rule predicting 
breakaway is pa r t i cu la r ly r ema rka b l e since the factors causing breakaway 
a r e probably different for the insoluble and soluble additive sys tems . 
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TABLE X 

Prediction of Breakaway Phenomena of Zirconium Alloys from Ionic Radii of Additives 

Breakaway predicted if ionic radius of additive in the oxide 

is more than 15% different from zirconium ionic radius 

Solubility* % Difference 
(a/o of Additive Breakaway Phenomena j^^^^^ Radius of 

O^^^^^^** Additive from 

Zr'̂ '*' Radius'^ Element 

Al 

Hf 

Ti 
Sn 
Pb 
Nb 
Ta 

Cu 
Be 
Co 
Ni 

Fe 
Cr 

Si 
Pt 

V 
Mo 
W 

U 

c 

at 700 C) 

1.6 
miscible 

miscible 
2 
3 
3 
5 

<0.26 
<0.4 
<1 
<1 

<0.02 
<0.5 
<0.3 
<1 

<1 

<0.2 
<0.25 
<0.3 

Carbide 

1 a/o^ 

Yes 
No 

Yes 
Yes 
Yes 

Yes 
No 

No 
No 
No 
No 

No 
No 
No 
No 
Yes 

No 
No 

No 
No 

2 a/o^ 

Yes 

No 
Yes 
Yes 
Yes 
Yes 
No 

No 
No 
No 
No 

No 
No 

Yes 
Yes 
Yes 
Yes 
No 
No 
Yes 

4 a/o^ 

Yes 
No 
Yes 

Yes 
Yes 
Yes 
Yes 

No 
No 
No 
No 

No 
No 
Yes 
Yes 
No 
Yes 

Yes 
Yes 

-34 
- 3.4 
-21 
-15 
+52 
-21 
-22 

+ 10 
-61 

- 5.8 
-10 

- 4.6 
-26 
-55 
-40 
-25 
-22 
-22 
+ 21 
-77 

*It is assumed that the metals soluble in alpha zirconium (i.e., Al, Hf, Ti, Sn, Pb, Nb, 
and Ta) will follow the Wagner-Hauffe Theory. 

Nominal concentration; for exact concentrations see Table II. 

''Goldschmidt ionic radii used for additive oxide ion most likely to form from thermo­
dynamic considerations. Ionic radius of zirconium taken as 0.87 A. 

For these cases the breakaway phenomena occurs for alloys of higher concentrations only. 
From the trend of break time vs additive concentration in the case of uranium, tantalum, 
and silicon, it is possible that the runs were not carried out long enough to observe 
a breakaway. 

Breakaway 
Phenomena 
Predicted 
from Ionic 

Size 

Yes 

No 
Yes 
Yes 
Yes 

Yes 
Yes 

No 
Yes 
No 
No 

No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 

Agreement 
with 

Prediction 

Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes** 

Yes 
No 
Yes 
Yes 
Yes 
No 
Yes'* 
Yesd 
Yes 
Yes<* 
No 
Yesd 

Yes'* 
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In o rder to unders tand bet ter the mechanism of oxide film growth 
on zirconium, more information concerning the nature of the film must be 
obtained. The most promis ing way of accomplishing this appears to be 
through further e lec t ron diffraction studies of oxide f i lms. 

VI. SUMMARY 

The oxidation of z i rconium was investigated in the t empera ture 
range f rom 400 to 900 C at oxygen p r e s s u r e s of 50, 200, and 800 mm. The 
zirconium specimens were machined para l le lepipeds , 1 x I j x 2 cm. The 
react ion ra t e s under all conditions were best expressed by the cubic ra te 
law, W = kt, where W is the weight gain, t is the t ime , and k the rate 
constant. 

At an oxygen p r e s s u r e of 200 m m the activation energy was calculat ­
ed to be 42.7 i 0.7 kcal per mole , and the cubic ra te constant in {jSg per 
sq cm) per minute could be expressed as 

k = (5 .94xl0^^)e-42 .700/RT 

The effect of surface p repara t ion on the reaction ra te was invest i­
gated in the t e m p e r a t u r e range from 400 to 700 C. The s tandard method of 
p repara t ion of samples was wet polishing through 600-gri t silicon carbide 
paper . When the samples were chemical ly polished, the react ion rate in 
the t empera tu re range from 400 to 600 C was still best expressed by the 
cubic ra te law. However, the ra te constants obtained from chemically 
polished samples were slightly lower than those obtained from mechani­
cally polished samples . The react ion ra te at 700 C was found to be even 
l e s s sensit ive to sample p re t r ea tmen t . 

The effect of p r e s s u r e was de termined by investigating the react ion 
at oxygen p r e s s u r e s of 50, 200, and 800 mm. It was found that the oxidation 
ra te was independent of p r e s s u r e . 

To study the effect of sample shape the oxidation of 0 .25-mm (lO-mil) 
foil specimens was studied at 700 C. The cubic rate law was obeyed. How­
ever , the ra te constants were slightly l a rge r than vadues obtained from 
paral le lepiped samples . 

A study was made of the effect of additives on the oxidation of z i r ­
conium at 700 C in 200 m m oxygen. The oxidation kinetics of a s e r i e s of 
alloys of z irconium with aluminum, beryl l ium, carbon, chromium, cobalt, 
copper, hafnium, iron, lead, molybdenum, nickel, niobium, platinum, silicon, 
tantalum, tin, t i tanium, tungsten, u ran ium, and vanadium in the nominal con­
centrat ions of 1, 2, and 4 atom per cent were investigated. The alloys were 
classif ied into the following four groups , according to the type of oxidation 
behavior shown: 



Group I - those alloys which oxidized according to the cubic ra te 
law and did not exhibit breakaway oxidation phenomena 
(pure z i rconium oxidized in this manner) ; 

Group II - those alloys which oxidized according to the parabolic 
ra te law cind did not exhibit breakaway oxidation 
phenomena; 

Group III - those alloys which oxidized initially according to the 
cubic ra te law but l a te r exhibited breakaway oxidation 
phenomena; and 

Group IV - those alloys which initially oxidized according to the 
parabol ic ra te law but la ter exhibited breakaway oxida­
tion phenomena. 

The initial r a t e s of oxidation of alloys of those additives which a re 
soluble in alpha zi rconium could be in te rpre ted in t e r m s of the Wagner-
Hauffe theory of alloy oxidation. Fo r these al loys, it was postulated that 
the oxidation product consis ted of a single phase. The oxidation number of 
the additive element in the oxide affects the concentrat ion of anion vacan­
c ies , which is d i rect ly re la ted to the oxidation ra t e . This followed since 
the oxidation proceeded by anion diffusion through vacancies in the oxide 
la t t ice . In the case of additives insoluble in alpha zi rconium, it was postu­
lated that the oxidation produced agglomera tes of alloying meta l oxide which 
tend to r emain as a separa te oxide phase . For these alloys the Wagner-
Hauffe theory did not apply. 

The breakaway phenomenon may be predicted by the rule that a 
breakaway will occur when the ionic radius of the additive element in the 
oxide differs by 15 per cent or more from the ionic radius of z i rconium. 
This rule was followed by all seven of the alloys which obeyed the Wagner-
Hauffe theory. Even though the factors causing breakaway a r e probably 
different for the insoluble and soluble additive s y s t e m s , the rule also was 
followed by ten of the th i r teen insoluble addit ives. 

Some X-ray and e lec t ron diffraction studies were made which indi­
cate that for z irconium and some of its al loys the breakaway occurs as a 
resul t of the transfornnation from cubic to monoclinic z i rconium dioxide. 
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