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CHARACTERISTICS OF ANODIC AND CORROSION 
FILMS ON ZIRCONIUM 

R. D, Misch 

I. ABSTRACT 

Zirconium anodizes s imi l a r ly to tungsten in respec t 
to the change of in ter ference colors with applied voltage. 
However, the oxide layer on tungsten cannot reach as grea t 
a th ickness . Hafnium does not anodize in the same way as 
z i rconium but is s imi la r to tantalum. By measur ing the 
in te r ference color and capacitat ive th icknesses on z i r co ­
nium (Grades I and III) and a 2.5 w / o t in alloy, the film was 
found to grow l e s s rapidly in t e r m s of capacitance than in 
t e r m s of in ter ference co lo r s . This was i n t e rp r e t ed to mean 
that c r acks develop in the oxide as it th ickens. The effect 
was mos t pronounced on Grade III z i rconium and leas t p r o ­
nounced on the tin alloy. The reduction in capacitat ive 
th ickness was especia l ly noticeable when white oxide ap­
pea red . Comparat ive m e a s u r e m e n t s on Grade I z i rconium 
and 2.5 w / o tin alloy indicated that the thickness of the oxide 
film on the tin alloy (after 16 hours in water) inc reased 
more rapidly with t e m p e r a t u r e than the film on zirconium. 
Tin is believed to act in two distinct ways: 1) to counteract 
the tendency of the oxide to form c r a c k s , and 2) to produce 
vacancies which pronriote ionic diffusion. 

II. INTRODUCTION 

The oxide film which forms on z i rconium has many features in com­
mon with the films on other m e t a l s . The oxide will formi as a resu l t of 
heating in oxygen or wate r , or can be grown by anodizing. Various e l ec ­
t r i ca l m e a s u r e m e n t s a re poss ible on the cor ros ion film produced by 
anodizing or by cor ros ion . Such studies a re useful in understanding the 
p rope r t i e s of the film which control the cor ros ion r a t e . 

In recent yea r s a number of inves t iga tors , notably A. Char lesby, '^) 
L, Youngl°) and J. N. Wanklyn,wJ have made valuable contributions to the 
understanding of the oxide films produced on zirconium by anodizing and 
by cor ros ion . In pa r t i cu l a r , "Wanklyn's capacitance work showed that the 
cor ros ion product forming on z i rconium of low cor ros ion r e s i s t ance was 
pe rmeab le to a l a rge extent to the e lectrolyte used in capacitance m e a s ­
u r e m e n t s . A number of s i m i l a r studies were naade at Argonne severa l 



y e a r s ago and these data a re p r e sen t ed he re for what additional insight 
they offer into c o r r o s i o n m e c h a n i s m s . The min imum weight gain studied 
by Wanklyn was 47 m g / d m . The in terference color films which a r e 
l a rge ly the topic of this r epo r t r e p r e s e n t max imum weight gains of approx­
imate ly 50 ing /dm . Because of the var ie ty of subject miatter, each section 
will be t r ea t ed as a unit, with appropr ia te d iscuss ion. 

Among the many techniques which can be applied to thin fi lms a r e 
the use of in te r ference colors or m e a s u r e m e n t s of e l ec t r i c a l capaci tance. 
The f i r s t method has been reviewed by Kubaschewski. (l) The s imples t 
technique is to compare the co lors with a s tandard scale of re fe rence . A 
m o r e exact p rocedure is to de te rmine ref lectance min ima by means of a 
spect rophotometer . (^) In the p r e s e n t case , a Genera l E l e c t r i c step gauge 
was used, supplemiented by the table of colors p r e p a r e d by Rollett(^) (cf. 
Appendix). The GE gauge cons is t s of l aye r s of b a r i u m s t ea ra t e built in 
s teps which a r e 2 to 1 6 mic ro inches thick. By matching co lo r s , the oxide 
th ickness may be e x p r e s s e d in t e r m s of th ickness of b a r i u m s t ea ra t e or 
converted to th ickness of an a i r film where the ref rac t ive index is unity, 
by multiplying by the ref ract ive index of b a r i u m s t ea r a t e (n = 1.491)-
The thickness has been e x p r e s s e d in t e r m s of an a i r fi lm when it was 
des i r ed to make a compar i son with film th ickness de te rmined from a 
capaci tance m e a s u r e m e n t . The b a r i u m s t ea ra t e gauge is compensa ted 
for a slight phase shift of the l ight upon ref lec t ion from the glass support . 
This effect occurs at many in te r faces , including that between Zr and 
ZrOj . There fore , while the optical thickn.ess of the Zr02 film is obtained 
by color matching., the geomet r ic film thickness is equal to the th ickness 
of an optically equivalent a i r f i lm divided by the re f rac t ive index of ZrOg 
plus the phase change. The phase change may be posi t ive or negat ive. 

The capaci tance method is d i scussed in Section IV of this r epor t . 

III. ANODIC BEHAVIOR OF ZIRCONIUM IN RELATION TO 
OTHER FILM-FORMING METALS 

Zirconium, as well as other t rans i t ion m e t a l s , can be anodized in 
var ious e l ec t ro ly tes . With seve ra l exceptions the anodic film growth is 
cha rac t e r i zed by a dependence on the cell voltage applied to the anode 
meta l and the iner t cathode If anodizing is done at s eve ra l vol t s , a ref­
e rence cell is des i rab le because the potential of the auxi l iary e lec t rode 
is not fixed. However, above 10 volts and with low c u r r e n t s the contr ibu­
tion of polar iza t ion and IR drop become negligible. The anodizing re su l t s 
given he re a r e repor ted in t e r m s of cel l voltage with pla t inum used as the 
cathode. 



7 

Oxide films were produced on zirconium as well as t i tanium, n io­
bium, hafnium, tantalum and tungsten. When these metals were anodized 
at a constant voltage, the oxide grew to a thickness proport ional to the 
potential of the anode. Above severa l vol ts , this potential was equivalent 
to the voltage applied to the cell . At constant voltage, the f i lm-forming 
cur ren t was high initially, but dropped exponentially until a small res id­
ual cur ren t was reached. F o r p rac t ica l purposes the film was completely 
formed after severa l minutes at voltage, but small additional growth was 
still observed after severa l hours and days. 

Anodizing for ten minutes was sufficient to pe rmi t a comparison 
between zirconium and other f i lm-forming meta ls . The specimens con­
s is ted of rods or sheet of commerc ia l puri ty except for the zirconium and 
hafnium, which were c rys ta l ba r made by the iodide p roces s . All meta ls 
were wet-ground and etched to produce a bright surface. The etchant 
consisted of 100 ml 70% ni t r ic acid, 100 ml distil led water , and sufficient 
hydrofluoric acid to produce a vigorous etch. 

By anodizing in IN H2SO4 at room tempera tu re , a range of in ter­
ference colors could be produced by ra is ing the cell voltage. The voltage 
was ra i sed in s teps , held constant for ten minutes , and the result ing color 
was matched with the bariuin s teara te stepgauge. Three o rders of colors 
were visible on the gauge. 

The resu l t s of color matching are shown in F igure 1 for t i tanium, 
niobiuin and tungsten, and in F igure 2 for zirconium, hafnium, tantalum 
and tungsten. Zirconium and tungsten had s imi lar curves , and hafnium 
and tantalum were identical as far as could be judged. The lengths of the 
curves were determined by the maximum voltage which could be applied 

20 30 40 50 60 
APPLIED POTENTIAL, voUs 

40 60 80 100 
APPLIED POTENTIAL, volts 

Figure 1 Figure 2 

F i lm thickness vs . anodizing voltage 
for t i tanium, niobium and tungsten, 
held 10 minutes at each voltage in 
IN H2SO4 at room t empera tu re . 

F i lm thickness vs . anodizing voltage 
for zirconium, hafnium and tantalum, 
held 10 minutes at each voltage in 
IN H2SO4 at room tempera ture 
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without breaking down the filin. In this respec t , t i tanium was leas t s table, 
and hafnium and tantalum were the most s table . It was in teres t ing to note 
that z i rconium differed from hafnium despite the close chemical s imi la r i ty 
of these e lements . 

In additioii, two g rades* of zirconium (designated I and III) were 
compared with a 2.5 w /o tin alloy. The zirconium was differentiated by 
cor ros ion testing in water at 315°C for two weeks. The f i r s t grade formed 
a thin black oxide layer ; the second fornaed a flaky white layer . The tin 
alloy formed a dark protect ive oxide s imi la r to that forined by the naore 
res i s tan t sample of zirconium. The anodic fi lms on these three ma te r i a l s 
were identical in respec t to the curve of in terference colors vs . applied 
voltage (cf. F igure 3). Consequently, the anodic film thicknesses appear 
to be relat ively insensi t ive to composit ional differences that a re important 
in corrosion. 

F igure 3 

Variat ions of film thickness for zir-
coniuiTi from different sources 

40 60 80 
CELL VOLTAGE, volts 

A comparison of the data for z irconium from this work and that of 
other invest igators is given in Figure 4. Except for the Argonne data, the 
film thicknesses were es t imated from tables of interference colors as a 
function of the width of an a i r space between glass p la tes . (4.5) xhe top 
curve is incor rec t because it is based on Newton's colors as compiled by 
Quincke(6) for light reflected from an air wedge. Light reflected from an 
air film produces the so-ca l led "bright" in terference s e r i e s , whereas an 
oxide film produces the "dark" series.C^) The "bright" s e r i e s resul ts 
from phase r e v e r s a l at both boundaries or at nei ther boundary. Minima 
occur at th icknesses X/4n, 3 A/4n, 5 X/4n The dark s e r i e s resu l t s from 

•Zirconium crys ta l bar was classified at one timie upon the bas is of 
appearance after cor ros ion test ing in water at SIS'C for two weeks. 
Crysta l bar with a uniform black or i r idescent oxide film was called 
Grade I. Crys ta l bar with a white film (sometimes powdery or flaking) 
was called Grade III. Grade II c rys ta l ba r had a black film but was 
cut from b a r s which were par t ia l ly covered with white oxide. In this 
study Grade III r e fe r s to a r c -me l t ed sponge zirconium instead of 
arc-mielted crys ta l bar . 
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phase r e v e r s a l at one boundary with minima at thicknesses 0, X/2n, A./n ... 
The color scale of the ba r ium s tea ra te gauge is complemientary to Quincke's 
scale used by Guntherschulze and Charlesby. The complementary colors 
(which are t ransmi t ted) give the c o r r e c t order for thin films on meta l s , 
and these were plotted by Char lesby using Rollet t ' s table. (^) The differ­
ence between Char lesby ' s data and the Argonne data is not se r ious . 
Char lesby did not state the t ime used in anodizing. If his t imes had been 
shor te r than the ten minutes used at Argonne, his films would have been 
thinner. There is no agreement on what constitutes a "standard" film 
thickness-vol tage curve . 

8000 

7000 

4000 

19 

® y 

•/• y 
-̂  y 
y^ /v/ 

/ o VA' 
r-y^ / j A ° GUNTHERSCHULZE 
/ ? ^ X : • CHARLESBY (Quincke) 

£^ % CHARLESBY (Rollett) 

e ANL (Step-gayge) 

7^^ 
^ 1 

1 

50 100 
VOLTAGE OF FORMATION, volts 

Figure 4 

Argonne data on interference color 
thickness compared with those of 
other invest igators 

150 

Independent cor re la t ions of optical thickness with the absolute thick­
ness of the oxide on zi rconium are complicated by the lack of knowledge of 
the t rue a rea of the surface and the density of the oxide. Consequently, 
weight gains cannot be t rans la ted direct ly into film thickness . The film 
th icknesses for anodic ZrOz given in ANL-4966, pg. 54, were based on an 
unjustified assumption and were in e r r o r . The presen t repor t does not 
t r ea t the problem of absolute film th icknesses . 

Color matching of oxide films can be very accura te if done with 
s imi la r m a t e r i a l s . This is i l lus t ra ted by Figure 5, where colors were 
matched on ti tanium and zirconium without reference to the bar ium s teara te 
s tandard. The zirconium was anodized f i rs t , and the titanium was then 
anodized to m.atch the colors on the zirconium. This procedure probably 
el iminated cer ta in dis t ract ing factors in comparing an oxide with a bar ium 
s tea ra te film. 
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Figure 5 

Compar ison of anodizing voltages re­
quired to give identical colors on 
zirconium and t i tanium 

2 4 6 8 10 12 14 16 18 20 22 24 
VOLTAGE APPLIED TO TITANIUM, volts 

IV. MEASUREMENTS OF FILM THICKNESS ON ZIRCONIUM 
DURING CORROSION 

The cor ros ion films which form on zirconium in the initial s tages 
of film growth in h igh- tempera ture water exhibit in terference colors 
identical in appearance to those of the anodic fi lms. Changes in thickness 
of the thin films can be followed by compar ison with the GE stepgauge. 

A. Capacitance as a Measure of F i l m Thickness 

P re l im ina ry tes ts a lso indicated that capacitance measu remen t s 
could be readi ly made with zirconium. The capacitance method is appli­
cable when the oxide is a good d ie lec t r ic , as it is in this case . When an 
oxidized specimen is i m m e r s e d in an e lec t ro ly te , the meta l and e l ec t ro ­
lyte serve as the plates of a condenser . The auxil iary electrode such as 
platinum is chosen to have a l a rge r capacitance which has a negligibly 
small impedance. 

If C is the capacitance of 1 cm of the surface and e is the d ie lec­
t r ic constant of the layer having a thickness 6, then 

; / 4 7 T 6 (1) 

or 

6 / £= l/4TrC cm (electrosta t ic units) (2) 

The relat ion of capacitance to film thickness can be demonst ra ted by using 
anodic films whose thickness is proport ional to the anodizing voltage. 
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Some resu l t s a re given in F igure 6 for various conditions. Young(^) an­
odized at 1 0 ma /cm^ in 0.2 N H2SO4 and stopped when he reached the de­
s i r e d voltage. Char lesby '^ / s tated that the specimens were brought to 
the des i red voltage, but t imes or cur ren t densities were not given. He 
used an ammonium borate solution. The two upper curves were obtained 
at Argonne by bringing the specimen to voltage in 5 to 1 0 minutes and 
holding constant for one-half hour. The anodizing electrolyte was a satu­
ra ted bor ic acid solution which was carefully purified by repeatedly an­
odizing aluminum st r ip to 600 v. Impuri t ies were presumably t rapped in 
the porous anodic layer . Such t rea tment was neces sa ry to reach 500 volts 
on the zirconium. In one case the capacitance was measured in dilute 
acetic acid and in the other case a dry measurement was made using m e r ­
cury. The capacitance measu remen t s were made with a General Radio 
Company impedance bridge type 650-A using a frequency of 1 kilocycle. 
The difference between the curves might be related to the existence of 
c racks which the acetic acid penet ra ted but the mercu ry did not. The 
lower curves of Young and Char lesby a re believed to represen t less coxn-
plete stages of anodizing than were obtained at Argonne. 

60 

4 0 

30 — 

20 

— 

— A 
(me 

-J 

ML / 
rcury) / 

/m/ A 

/ Y O U N G 

1 

A 
0/ 

/ C H A R L E 

/ 
i 

SBY 

e 
e 

5 / 

y ANL 
) (acetic 

acid) 

0 » GRADE 1 Zr 

e ZIRCALOY-1 

1 i i i 

Figure 6 

The rec iproca l of capacitance of 
anodic films as a function of the 
voltage of anodizing of zirconium 
and Z i rca loy-1 , anodized in boric 
acid, measu red in IN acetic acid 
and mercury . The short lines 
represen t the data of other authors . 

100 2 0 0 3 0 0 4 0 0 5 0 0 
FORMATION VOLTAGE OF OXIDE FILM,(volts) 

B. Measurements of F i lm Thickness during Corrosion 

The following ma te r i a l s were used in the corros ion study: z i r co ­
nium incited from sponge in a graphite crucible (Grade III), zirconium 
a rc -me l t ed from crys ta l bar (Grade I), and a zirconium alloy (Zircaloy 1) 
containing 2.5 w/o tin. The available analyses are given in Table I. 



TABLE I 

COMPOSITION OF ZIRCONIUM ALLOYS USED 
IN CORROSION STUDY (wt. pe r cent) 

E lement 

C 
Sn 
F e 
T i 
Hf 
As, Ba, Ca, 
Mo, P , V, 
Zn 

All other 

Grade III 
Zi rconium 

0.17** 
<0.01 

0.02 
<0.1 

0.7 

<0.1 
<0.01 

Grade I 
Zi rconium 

0.01* 
<0.01 

0.04 
<0.01 
<0.1 

<0.1 
<0.01 

2.5 w / o 
Tin Alloy 

0.01* 
2.47** 

<0,01 
<0.01 
< 0 . 1 

<0.1 
<0.01 

*Typical ana lys i s for a r c - m e l t e d c ry s t a l ba r . 

**Grav imet r ic , r ema inde r spec t roscopic . 

NOTE: In addition to carbon, other de le te r ious e l e ­
ment s were undoubtedly higher in the Grade III 
m e t a l , e.g. , Al and N. 

The Grade I me ta l was in the form of extruded rod, while the other 
me ta l s were rol led p la te . The extruded rod was machined to a smooth s u r ­
face and cut to 1-in. lengths . The plates were a l so cut to convenient s ize 
for inser t ion into autoc laves . Each piece was dr i l led and tapped for ease 
of handling. Severa l spec imens of each type were available and all were 
used m o r e than once. 

The meta l was e i ther wet polished or vapor b las ted and etched in 
HF-HNO3 solution. The spec imens were then p laced in autoclaves contain­
ing dist i l led water at room t e m p e r a t u r e . The water was not boiled or g a s -
sa tu ra ted p r i o r to seal ing. The autoclaves were placed in an oven at 315°C 
and removed at 15-minute or longer in te rva l s . The r epor t ed t ime of ex­
posure is based on a single unin ter rupted tes t . Approximately one hour 
was requ i red to a r r i v e at t e m p e r a t u r e , as de te rmined by a thermocouple 
taped on an autoclave in u se . 

The optical th ickness of the oxide was e s t ima ted f rom the color of 
the spec imens after r emova l , and the e l ec t r i ca l capaci tance was m e a s u r e d 
by inser t ing the spec imen into an e lec t ro ly t ic ce l l with plat inum gauze as 
the second e lec t rode . Each piece was fully i m m e r s e d except for the top, 
and all m e a s u r e m e n t s were made at room t e m p e r a t u r e . The m e a s u r e d 
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The thickness was m e a s u r e d f i r s t by the step gauge to make an 
approximate color match. Rol le t t ' s data were then used to pe rmi t more 
exact identification. A Zr02 step gauge was also made by anodizing in 
increments of 5 v and was helpful in supplementing Rol le t t ' s descr ip t ions . 
In general , the colors did not develop uniformly over the ent i re surface, 
and some judgment was n e c e s s a r y to select the one which was p redom­
inant. Accurate es t imat ion was not possible beyond 6 hours , since the 
colors darkened as they reached the th i rd and fourth o r d e r s . In the case 
of the Grade III z i rconium, each point r ep resen t s an average from two 
specimens . In the remaining f igures , each point r ep re sen t s a single 
specimen. Some white oxide appeared on the surface of the Grade III 
zirconium at 2.2 hours and developed steadily until at 6 hours the surface 
was grey with only a slight underlying blue tint. In the per iod from 2 to 
5 hours the color of the specimen continued to change, indicating i n c r e a s ­
ing oxide thickness . At the same t ime , the fraction of the surface covered 
by white oxide also inc reased steadily until in 1 6 hours the surface was 
ent i rely white. The Grade I and tin alloy showed a steady color change 
without the appearance of white oxide. The rate of film growth was grea t ­
est for Zircaloy I, as seen from Figure 9, where the curves a re compared. 

2. Capacitance changes m e a s u r e d in IN H2SO4 

The data were obtained as specific capacitance in mic ro fa rads / 
cm^ for each specimen. The capacitative thickness was then calculated 
using formula (2). Converting from prac t i ca l to e lec t ros ta t ic units , 

o / e = 1/113 X 10^ ( l / c ) (3) 

where 1 microfa rad = 9 x 1 0 e lec t ros ta t ic cgs units or s ta t farads . 

The resu l t s were plotted as 6 / s , since e, the die lectr ic con­
stant was not known. The data a re p resen ted in F igu re s 10, 11, and 12. 
In cont ras t to the optical th ickness , a definite miaximium was observed in 
F igures 10 and 11 and possibly in 12. The three curves a re compared in 
Figure 12. 

The curve for Grade III z i rconium began to level off at just the 
point (2.2 hours) where the white oxide f i r s t made its appearance . The 
drop in capacitative thickness para l l e led the steady covering of the surface 
by white oxide. An indication of the relat ive capacitative th icknesses 
reached at 6 hours is given by the compar ison in F igure 12. 
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Capacitative thickness of the oxide 
layer on Grade III z i rconium as a 
function of time of exposure to 
315°C water 

Capacitative thickness of the oxide 
layer on Grade I zirconium as a 
function of time of exposure to 
315°C water 
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Figure 12 

Capacitative thickness of the oxide 
layer on Zircaloy-1 as a function of 
t ime of exposure to 315°C water 

The relat ionship between the preceding sets of data is shown in 
F igures 13, 14, and 15. Optical thickness is plotted vs capacitative thick­
ness for each ma te r i a l , and all th ree curves are compared in Figure 15 
Straight lines would resu l t if both methods were measur ing the thickness 
of films of uniform p rope r t i e s . The tendency upward is most likely due 
to a leveling off in capacitative th ickness . 

The slopes of the s t ra ight - l ine portions for Grade I zirconium 
and Zi rca loy-1 should be equal to the corresponding values of the product 
of the die lect r ic constant and refract ive index n. For the two m a t e r i a l s , 
these products were about 48 and 64. It is interest ing that the value for 
z irconium is close to that deduced by Charlesby, w/ who repor ted n = 2.2 
and e —20 for anodic f i lms, with the product equal t o ~ ' 4 4 . Apparently 
the oxide p roper t i es for the tin alloy are different. 

The intercepts of these curves on the ordinate a re a m e a s u r e 
of the phase shift when light is reflected from the metal- f i lm interface. 
This constant is of the order of 60 m|i and is smal le r than the 205 m/i 
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Optical vs . capacitat ive thickness for 
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Optical vs. capacitative thickness Optical vs . capacitative thickness 
for oxide l aye r s produced on Grade I for oxide l aye r s produced on 
zirconium by exposure to 315°C Zirca loy-1 by exposure to 315°C 
water water 

which Charlesby found for anodic films.(^/ The curve for Zircaloy-1 gave 
the longest l inear re la t ionship. One may assume that the leveling-off in 
capacitative thickness r ep re sen t s the maximum thickness of a diffusion 
b a r r i e r layer at the metal-oxide interface. On the bas i s that e = 20, as 
determined by Char lesby for anodic fi lms,1^/ the b a r r i e r layer thickness 
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becomes : Grade III, 54 iri/i; Grade I, 135 m/i , and Z i rca loy-1 , 238 m/i . 
Str ict ly speaking, the sanae die lect r ic constant should not be used for 
Zircaloy-1 as for z irconium because of the tin content of the alloy. The 
suggested b a r r i e r layer thickness is probably a reasonable approximation. 

The same specimens were next exposed for 16 hours at 100, 
150, 200, 250, and 300°C. The surfaces were freshly cleaned for each test . 
Autoclaves were used except for the lowest t empera tu re , where beakers 
were employed. The total t ime was chosen sufficiently long that the time 
to a r r i ve at t empera tu re would not be a significant factor. 

The data a re p resen ted in F igures 16, 17, and 18. Three spec­
imens were exposed at each t empera tu re , and each point represen t s a 
single specimen. The capacitat ive thickness is proportional to the r ec ip ­
rocal of these values. All three ma te r i a l s showed a l inear relationship 
between capacitance and t empera tu re in the range between 100 and 250°C. 
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Figure 16 Figure 1 7 

E lec t r i ca l capacitance of the oxide 
layer on Grade III z i rconium after 
16-hour exposure to water at t em­
pe ra tu re s from 100 to 300°C 

Elec t r ica l capacitance of the oxide 
layer on Grade I zirconium after 
1 6-hour exposure to water at t em­
pera tu res from 100 to 300°C 
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Figure 18 

Elec t r ica l capacitance of the oxide 
layer on Zircaloy-1 after 16-hour 
exposure to water at t empera tu res 
from 100 to 300°C 
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The slope of the line for the tin alloy was g rea t e r than those for Grades I 
and III z i rconium, which were s imi la r . The capaci tance then leveled off 
for the Grade I z i rconium and tin alloy but i nc reased for the Grade III 
z i rconium. The l a t t e r was covered with white oxide. 

These data may be cons idered in the light of a logar i thmic -
type growth law in which the oxide grows rapidly init ially and then slows 
to a ve ry low r a t e . The effect of such a growth law is that the oxide thick­
ness r eaches a pla teau or "l imit ing th ickness" which is t e m p e r a t u r e 
dependent. At 350°C the oxide on z i rconium is approaching the p la teau 
at 1 6 hou r s , but 50 hours a r e requ i red before the weight gains level off. 
However, the change of capaci tance at 1 6 hours is a good indication of the 
re la t ive var ia t ion of the " l imit ing thiclcness" with t e m p e r a t u r e . 

Apart f rom theore t ica l cons idera t ions , these data indicate that 
the cor ros ion of z i rconium is measurab le at t e m p e r a t u r e s as low as 150°C5 
where the oxide is s t i l l invis ible , and that the p r e s e n c e of tin changes this 
cor ros ion ra t e . More p r e c i s e m e a s u r e m e n t s of this type may pe rmi t 
derivation of a useful t e m p e r a t u r e coefficient. 

An in teres t ing technique was employed by Charlesby,!^) who 
m e a s u r e d the capaci tances of z i rconium spec imens which had been anodized 
at a constant voltage at 20 and 85°C in an e lec t ro ly te of ammonium bora te . 
The f i lms were formed for six h o u r s , and the capaci tance was m e a s u r e d at 
room t e m p e r a t u r e . Extrapola t ion from these two t e m p e r a t u r e s to ze ro 
capacitance (infinite film thickness) gave an in tercept of 250°C. According 
to Charlesby^ this t e m p e r a t u r e r ep resen ted the upper l imit of applicabili ty 
of the Mot t -Cab re r a theory,'•'•-I-) which s ta tes that co r ros ion films under 
cer ta in conditions will grow only to a well-defined th ickness . 

This technique was extended to higher t e m p e r a t u r e s at ANL by 
using a p r e s s u r e autoclave with insulated leads . Capaci tance and color 
changes were both used to m e a s u r e film th ickness . E lec t rodes of Grade I 
z i rconium crys ta l ba r or 2.5 w /o tin alloy were inse r t ed into the e l e c t r o ­
lyte consist ing of 0.5 w/o sodium t e t r abo ra t e (Na2B407'l OHgO). The auto­
clave was quickly brought to the des i red t e m p e r a t u r e . The zi rconium was 
then miade 10.2 volts anodic to a surrounding e lec t rode of 347 s ta in less 
s tee l . The voltage was mainta ined for 30 minutes and then disconnected. 
After cooling the autoclave rapidly to rooin t e m p e r a t u r e , capaci tance 
m e a s u r e m e n t s were made with the br idge at 1 kc using a plat inum gauze 
e lect rode and the same sodium bora te solution. The color of the specimen 
was then compared with a color gauge p r e p a r e d by anodizing a z i rconium 
rod to different voltages at room t e m p e r a t u r e . These voltages a re des ig­
nated as a r b i t r a r y units on F igu re s 19 and 20. 
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Capacitance and interference color 
th icknesses of the oxide on Grade I 
c rys ta l bar zirconium after anodiz-
ingat 10. 2 V vs . s ta inless steel in 
0.5 w/o sodium borate solution for 
30 minutes 
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Capacitance and interference color 
thicknesses of the oxide on zirconium 
after anodizing at 10.2 v vs . s ta inless 
steel in 0.5 w/o sodium borate solu­
tion for 30 minutes 

The capac i tance- tempera ture curve for Grade I crysta l ba r 
cannot be extrapolated to zero capacitance because of the curvature . The 
curve for the tin alloy seems to extrapolate to zero capacitance at 315°C, 
but this curve probably changes as zero capacitance is approached. It is 
apparent from the interference colors that the film on the tin alloy grew 
more rapidly with t empera tu re than did the film on the zirconium. Higher 
t empera tu re s were desirable but not feasible because of the p resence of 
Teflon sea l s . 

C. Measurements on Thicker Corros ion F i lms 

1. Spectrophotometr ic Examinat ion 

It is theoret ical ly possible to c a r r y the interference method 
beyond the point where the eye can distinguish distinct colors by using a 
spectrophotometer . Some measu remen t s of this type were made by using 
the reflection attachment of a Beckman spectrophotometer and looking for 
absorpt ion maxima. The method has been used for thin films on tantalum.!'^/ 
Three zirconium specimens which had been exposed to high tempera ture 
water (cf. Table II) were obtained. The f irst specimen was a lus t rous 
black with a slight pink and green cast . The lower-grade zirconium had a 
graying coat with slight coloration and small white a r e a s . The 2.5 w/o tin 
alloy was completely black. Each specimen was compared for intensity of 
reflection with a metal lographical ly polished piece of Grade I zirconium 
which had been etched to a bright surface in HF-HNO3. No absorption 



maxima could be dis t inguished over the range f rom 400 to 800 m/ i . As seen 
from Table II, the second specimen ref lected significantly m o r e light (120 
to 180%) than did the s tandard . This was at t r ibuted to the p re sence of white 
oxide, because the ref lected intensity of the pol ished z i rconium should have 
been a max imum as compared to the coated sur faces . However, po la r i za ­
tion upon reflect ion from severa l m i r r o r surfaces may have reduced the 
intensity as compared to a nonpolarizing mat te sur face . 

TABLE II 

REFLECTIVITY AND CAPACITANCE FOR 
ZIRCONIUM WITH THICK FILMS 

Specimen 

Grade I Z r , 
336 h r at 315°C 

L o w e r - g r a d e 
a r c - m e l t e d 
c rys ta l b a r , 
112 hr at 260°C 

2.5% Tin alloy, 
324 h r at 315°C 

P e r cent 
Reflectivity* 

54 to 64 

120 to 180 

56 to 69 

Capaci tance , 
jJ. f/cm^ 

IN H2SO4 

3.7 

0.00023 

0.048 

Evapora ted 
Gold 

0.00065 

indefinite 

0.0043 

•Based on 100% reflect ion for pol ished and etched zi rconium. 

F o r compar i son , two types of capaci tance m e a s u r e m e n t s were 
a l so made . The f i r s t method was s imi l a r to that a l ready used except that 
a Lucite cel l was used with an O-r ing gasket which fitted against the meta l 
surface . The exposed a r e a was 0.71 cm^. It was a l so found that a sha rpe r 
null was obtained when the z i rconium was made 1.0 volt posi t ive to the 
plat inum. This voltage was too low to have any percep t ib le effect on the 
coating. The second method used a film of evaporated gold, 10"^ cm thick 
and 1 cm^ in a r e a . Contact was made by a gold w i r e . The values in the 
table a r e ave rages for two spots . The higher capaci ty in IN H2SO4 probably 
r e p r e s e n t s the penet ra t ion of c r acks in the coating. 

The fai lure of these techniques to give meaningful r esu l t s is 
a t t r ibuted to the thickness and nonhomogeneity of the c o r r o s i o n film. 
Wanklyn's technique,^") where capaci tances (as m e a s u r e d in aqueous e l e c t r o ­
lytes) were co r r e l a t ed with co r ro s ion r e s i s t a n c e , is probably the best 
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approach to evaluating thicker co r ros ion films It is obvious f rom Table II 
that the capaci tances m e a s u r e d with gold had no relat ionship to the capac­
i tances m e a s u r e d in IN H2SO4, 

V„ DISCUSSION 

The p r e s e n t study was confined to the thin film region where the 
oxide layer exhibited in te r ference co lo rs . These thin films are general ly 
a s sumed to be homogeneous with no significant changes until the b reak ­
away thickness is reached. This assumpt ion is incor rec t because the capac­
itative thickness begins to deviate from the optical thickness after re la t ively 
shor t t i m e s . This deviation suggests that the oxide is becoming permeable 
to e lec t ro ly te , perhaps by means of c r acks perpendicular to the surface. 
Such c racks would not change the light reflection until they became very 
numerous . The surface probably becomes white when the density of c racks 
is high. A res idua l b a r r i e r l ayer is a s sumed to r ema in at the meta l -oxide 
interface. The ra t e of oxide growth i s higher on 2.5 w /o tin alloy than on 
the Grade III z i rconium, but m o r e of the film degenera tes to a pe rmeab le 
layer in the la t te r case . 

F o r fi lms having th icknesses beyond the in terference color range , 
Wanklyn(9) showed that the co r ros ion r e s i s t a n c e of z i rconium could be ex­
p r e s s e d by combining weight gain and capacitance data. He proposed the 
factor l /CW, where C is the capaci tance in | i f /cm and W is the weight 
gain in m g / c m . A good alloy such as Zi rca loy-2 was found to have low 
C and low W while a poor alloy had high C and high W. Tin alloy was found 
to be an exception, with low C but high W. The Argonne data given in this 
r epor t show that these phenomena extend to the thin-fi lm range where 
Wanklyn's technique has not been applied. 

The changes r epor t ed he re indicate an important difference between 
film growth during anodizing and during cor ros ion . A considerat ion of the 
method of formation of these f i lms indicates why this is so. The growth of 
anodic films occurs because a high eJectr ic field in the oxide produces 
e lec t ro ly t ic migra t ion of oxygen anions. In addition, the high field s t rength 
during anodizing (approximately 10^ v / c m ) will tend to compres s the anodic 
film in i ts direct ion of growth. By con t ras t , the growth of the cor ros ion 
film occurs because of diffusion caused by the rma l activation of diffusing 
oxygen and a concentra t ion gradient in the film. The formation of c racks 
in the anodic and co r ros ion f i lms will doubtless be different as a consequence 
of the different influences of these f ac to r s . 

Another cons idera t ion is that the ZrOj film in water is subjected to 
hydrolys is which will cause the decomposit ion of Z rC , ZrN and other in te r -
meta l l ic compounds. The convers ion of these compounds to ZrOg may cause 
c racks in the pro tec t ive filmj which lead to the format ion of white oxide. 



This is probably one r eason why Grade III z i rconium develops white oxide 
so rapidly in h igh - t empera tu re water , while the anodic films at room tem­
pe ra tu r e have the same th icknesses as Grade I z i rconium. To be acceptable 
this mechan i sm mus t a lso be able to explain the ability of tin to compensate 
for the p r e s e n c e of n i t rogen. It is poss ible that these e lements compensate 
in some other way to reduce s t r e s s e s in the oxide a r i s ing f rom ni t rogen 
alone. Tin by itself is not des i rab le , as evidenced by the higher co r ros ion 
ra te of the b inary alloys in h igh- t empera tu re water as compared with pure 
zirconium.(10) A specific mechan i sm of compensat ion has been suggested 
by Thoinas,!-'-") who proposed that tin and ni t rogen ions assoc ia ted in the 
Zr02 lat t ice to tie up anion vacanc ies . 

At l eas t two dist inct types of dele ter ious addit ives can be envisaged. 
The f i r s t is an impur i ty which is in solid solution in both the z i rconium and 
the cor ros ion oxide. This type of impur i ty is a s sumed to c rea t e defects in 
the film which promote ionic diffusion. The second is an impur i ty which is 
la rge ly p re sen t in a second phase . Second-phase impur i t i e s may be de le te r ­
ious because they promote mechanica l breakdown of the f i lm. It may be 
possible to dist inguish these two c a s e s by means of an anodizing technique. 

Using homogeneous al loys it may be poss ib le to m e a s u r e anodic 
c u r r e n t s in such a way that the data a r e indicative of point defects in the 
oxide. Such m e a s u r e m e n t s should be nnade at a number of t e m p e r a t u r e s 
to obtain the t e m p e r a t u r e coefficient of these c u r r e n t s . A useful evaluation 
of homogeneous alloys might be possible on the bas i s of such m e a s u r e m e n t s . 

The second type of impur i ty will depend on compatibi l i ty with the 
Zr02 la t t ice and stabi l i ty to at tack by h igh - t empera tu re water . Anodizing 
techniques will not be applicable h e r e . F u r t h e r s tudies a r e des i rab le to 
delineate the specific role of var ious e lements on the conductivity and 
s t ruc tu re of the oxide. 
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APPENDIX 1 

Thicknesses of Co lo r -p roduc ing Air F i l m s According to Rol le t t* 

Color -
o rde r 

I 

II 

III 

IV 

V 

VI 

Color in 
ref lec ted 

light 

b lack 
dark l a v e n d e r - g r a y 
b r igh t e r l a v e n d e r - g r a y 
ve ry br ight l a v e n d e r - g r a y 
bluish white 
greenish white 
yel lowish white 
pale straw--yello\v 
brown-yel low 
orange 
red 

purple 
violet 
indigo 
sky-blue 
b r igh t e r sky blue 
v e r y br ight b l u e - g r e e n 
br ight g reen 
ye l low-green 
yellow 
br ight orange 
r e d 

purple 
violet 
blue 
s e a - g r e e n 
green 
pale ye l low-green 
pale yellow 
red 

purp le , then faint purple 
grey-blue 
s e a - g r e e n 
green and g r e y - g r e e n 
grey red , red , faint r ed 

blue g reen , faint ini t ial ly 
and finally 

f l e sh - r ed , faint ini t ial ly 

and finally 
blue green , faint ini t ial ly 

Color in 
t r a n s m i t t e d 

light 

white 
brownish white 
br ight brown 
dark brown 
r e d - b r o w n 
dark purple 
dark violet 
dark blue 
b r igh te r blue into g reen i sh 
s t i l l b r igh te r blue 
pale b lue -g r een 

pale g reen 
br ight ye l low-green 
br igh t yellow 
golden-yellow 
orange 
r e d 
deep purple 
violet 
blue 
b r i g h t e r blue 
b lu ish green 

g reen 
br igh t ye l low-green 
yellow 
f l e s h - r e d 
purp le 
grey-b lue 
g rey-b lue 
sea green 

green , then ye l low-green 
faint yellow 
f l e s h - r e d 
g r e y - r e d 
g rey green , then g reen and 
g reen i sh white 

f l e s h - r e d 

s e a - g r e e n 

f l e s h - r e d 

Thickness of 
a i r f i lm, 

m m 

0.000000 
0.000100 
0.000107 
0.000116 
0.000124 
0.000129 
0.000135 
0.000140 
0.000164 
0.000235 
0.000245 

0.000257 
0.000272 
0.000282 
0.000300 
0.000352 
0.000372 
0.000387 
0.000409 
0.000435 
0.000465 
0.000490 

0.000520 
0.000550 
0.000570 
0.000600 
0.000650 
0.000680 
0.000726 
0.000750 

0.000780 
0.000852 
0.000870 
0.000912 

0.000996 

0.001168 

0.001264 

0.001450 

*A. Rollet t , Si tzber . Akad. Wiss . Wien. Math . -na tu rw. KL, 77^ Abt. Ill , 
pg. 229 (1878). 



APPENDIX 2 

Thicknesses of Air F i lms Corresponding to 
Microinches of Bar ium Stearate 

(Index of refract ion = 1.491) 

Color-
Order 

I 

II 

III 

Microinches of 
Bar ium Stearate 

2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 

14 
15 
16 

Mil l imeters 
of Air 

0.000072 
0.000109 
0.000145 
0.000182 
0.000218 

0.000255 
0.000291 
0.000328 
0.000364 
0.000400 
0.000437 
0.000472 

0.000510 
0.000546 
0.000581 




