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E F F E C T OF ADDITIONS TO ZIRCALOY ON HYDROGEN 
PICKUP DURING AQUEOUS CORROSION 

W a r r e n E . B e r r y , E a r l L, White , and F r e d e r i c k W. Fink 

An investigation has been conducted into the possibility of alloy additions 
to 7drcaloy-2 to diminish hydrogen absorption during aqueous corrosion. The nickel 
in Zircaloy-2 is believed to be the major constituent responsible for the relatively 
high hydrogen absorption. Additions of up to 0.5 w/o antimony, arsenic, bismuth, 
or tellurium ii'ere selected on the basis of their known ability to poison the catalytic 
effects of nickel in hydrogenation reactions of other systems. 

Results of tests conducted for a total of 224 days in 600 and 680 F water 
and 750 ¥ steam revealed no decrease in hydrogen absorption in modified Zircaloy-2 
containing the aforementioned alloy additions. Hydrogen absorption increased when 
these alloying elements were present in the range of 0.1 to 0.2 w/o. Corrosion 
resistance also decreased with alloy additions in these ranges. 

A 2-atm partial pressure of hydrogen in the steam or above the water did 
not affect hydrogen absorption in the alloys appreciably. The hydrogen partial 
pressure did not affect time to transition in corrosion rates, but did appear to 
produce higher weight gains than degassed water. 

INTRODUCTION 

In recen t y e a r s the re have been r epor t s of fuel -e lement fa i lures in p r e s s u r i z e d -
water r e a c t o r s in which cons iderable quantit ies of hydride were p r e s e n t in the 
Z i rca loy-2 cladding. ^ ' " In s eve ra l ins tances the re were indications that the hydriding 
may have occu r r ed before the fuel -e lement rup tu re . This suggested that t he re a r e 
sources of the hydrogen other than the co r ros ion reac t ion . 

In a r e a c t o r operat ing under no rma l conditions the re a r e s eve ra l potential sources 
of hydrogen. They include: 

(1) Molecular hydrogen from (a) the hydrogen o v e r p r e s s u r e employed to 
min imize co r ros ion -p roduc t (crud) deposit ion from fe r rous compo­
n e n t s , (b^ co r ros ion of r eac to r components , (c) radiolyt ic decompo­
sit ion of water , 

(2) Atomic or ionic hydrogen produced (a) at the oxide film during the 
co r ros ion of Zi rca loy or (b) f rom the radiolyt ic decomposi t ion of 
water . 

A theory has been proposed to explain the hydriding of Zi rca loy cladding on PWR-
type fuel e lements during r eac to r operat ion. ^^) The explanation a s s u m e s that a defect 
occurs in the cladding, and, because of the p r e s s u r e different ia l , water is forced into 
the space between the cladding and the UO2 c o r e s . The water then f lashes to s t eam and 
its p r e s s u r e equi l ibra tes with that of the coolant wa te r . The s t eam then oxidize'! the 

* References at end of text. 
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in te rna l s u r f a c e s , and hydrogen is produced f rom the reac t ion . The hydrogen does not 
escape readi ly because of the snaall opening in the defect through which it mus t p a s s . 
The hydrogen concentra t ion builds u p , par t icxdarly in a r e a s which a r e remote from the 
defect. The hydrogen concentra t ion eventually becomes sufficiently high (hydrogen 
10^ t i ines g r e a t e r than s team) to cause hydrogen pickup at hot in te r io r surface of the 
Z i r ca loy -2 . Because of the t h e r m a l gradient which e x i s t s , the hydrogen then diffuses to 
the cold ex te rna l surface of the cladding. It exceeds its solubility l imi t in the colder 
por t ion , p rec ip i t a tes as n e e d l e s , and embr i t t l e s the cladding. The embr i t t l ed a r e a 
finally fails by cracking a n d / o r co r ro s ion . 

P r o g r a m s to study the factors which influence hydrogen absorpt ion during c o r r o ­
sion a re being conducted at Argonne National L a b o r a t o r y , Bat te l le Memor ia l Ins t i tu te , 
Bett is Atomic Power Division of Westinghouse E l e c t r i c Corpora t ion , Hanford Atomic 
Produc t s Operat ion and Knolls Atomic Power Labora to ry of the Genera l E l e c t r i c Com­
pany, and Oak Ridge National Labo ra to ry . Among other things these studies have 
included the following fac to r s : 

(1) The re la t ionship of the following to hydrogen pickup: 
(a) Length of exposure 
(b) pH 
(c) I r r ad ia t ion and proton reco i l 
(d) S t r e s s and s t r a i n 
(e) Alloy additions 
(f) Hydrogen content of the Zi rca loy 
(g) Surface hydr ides 
(h) Dissolved hydrogen in the water 
(i) S team in molecu la r hydrogen 

(2) The re la t ionship of the following to hydrogen red is t r ibu t ion : 
(a) Heat of t r a n s p o r t 
(b) I so the rma l diffusion coefficients 
(c) S t r e s s and s t r a i n 

(3) The habit planes of z i rconium hydride in z i rconium 

(4) The effects of hydrogen on the mechan ica l p r o p e r t i e s of Z i rca loy-2 . 

A previous study at Bat te l le has indica ted , tha t , under i so the rma l conditions in the 
absence of i r r a d i a t i o n , (1) hydrogen is absorbed from the co r ro s ion reac t ion on the s u r ­
face of z i r con ium, (2) nickel contents as low as 0. 06 w/o i n c r e a s e hydrogen absorpt ion 
significantly, and (3) antimony additions in sponge z i rconium reduce hydrogen absorpt ion 
during co r ros ion . (^) Thus it appears tha t , to reduce hydrogen absorpt ion in Z i rca loy-2 
during c o r r o s i o n , (1) the nickel (about 0.05 w/o) should be removed from the a l loy , or 
(2) a suitable alloying agent should be added which would neu t ra l ize the effect of nickel . 
A p r o g r a m to remove the nickel from Zi rca loy-2 is well along at the Bett is L a b o r a ­
t o r y . ''*?5) The second approach , that of alloying to overcome the adve r se effects of 
n icke l , is the subject of the p r e sen t r e s e a r c h . 

The effect of nickel on hydrogen absorpt ion in z i rconium may be re la ted to the low 
hydrogen overvoltage of nickel . It is known that during the e lec t ro ly t ic decomposi t ion of 
an aqueous solution ve ry l i t t le polar iza t ion occurs with nickel e l ec t rodes . The voltage 
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r equ i red to d i scharge hydrogen is only slightly higher than the theore t i ca l voltage r e ­
qui red for decomposi t ion of the solution. Nickel , and the plat inum e l e m e n t s , which 
p o s s e s s low hydrogen overvo l tage , a l so a r e capable of the r e v e r s e reac t ion of breaking 
down molect i lar hydrogen to atoiTiic hydrogen. In this r e s pec t they a r e well known for 
t he i r use as ca ta lys t s in hydrogenat ion r eac t i ons . It is poss ib le that the nickel com­
pounds in z i rconium a l so may be acting as ca ta lys ts to promote hydrogen absorpt ion. 
On the other hand , antimony compounds in z i rconium probably have high overvol tage and 
do not act as ca ta lys t s . 

Sulfur and s i m i l a r e lements such as a r s e n i c , an t imony, b i smu th , and t e l lu r ium 
a r e known to poison the catalyt ic effects of nickel in chemica l r eac t ions . The p re sence 
of these e lements a lso tends to affect hydrogen deposit ion at the cathodes of co r ro s ion 
ce l l s . A s imi l a r poisoning effect might be expected if nickel were act ing as a ca ta lys t 
in promoting hydrogen pickup during the co r ro s ion of Z i r ca loy -2 . Based on this line of 
r ea son ing , and the observed beneficial effects of anitmony in sponge z i r con ium, alloys 
were p r e p a r e d containing ant imony, a r s e n i c , b i smuth , or t e l l u r ium additions to 
Z i r ca loy -2 . Antimony additions a lso were made to two niodified Z i rca loy-2 a l l oys , 
those containing only 1.0 and 0. 25 w/o t in , respec t ive ly . Hydrogen absorpt ion as a 
function of total co r ro s ion was studied in exposures to h igh - t empe ra tu r e water and s team 
under (1) degassed conditions and (2) a smal l hydrogen o v e r p r e s s u r e . 

EXPERIMENTAL WORK 

T e s t P r o c e d u r e s 

Melting and Fab r i ca t ion 

Alloys were p r e p a r e d by consumable -e lec t rode a rc -n ie l t i ng techniques . A single 
ingot of Z i rca loy-2 se rved as mel t ing stock for the s e r i e s of Z i rca loy-2 a l loys . The 
modified Zi rca loys were p r e p a r e d by adding the p r e s c r i b e d e lements to sponge z i r c o ­
nium. All al loys w e r e mel ted twice . The e lec t rodes for tlie f i r s t m e l t were p r e s s e d 
compacts of the de s i r ed composi t ion. The ingot from the f i r s t me l t was then qua r t e red 
lengthwise , and the q u a r t e r s were welded end to end to provide the e lec t rode for the 
second m e l t . 

Nominal additions of 0 , 0. 07 , 0. 20, and 0. 50 w/o antimony were made to the 
s tandard Z i rca loy-2 and to modified Z i r c a l o y - 2 - b a s e alloys containing only 1.0 or 
0. 25 w/o t in. Additions of 0. 15 w/o a r s e n i c , b i smuth , and t e l lu r ium also were made 
to Z i r ca loy -2 , Analyses of the base heats and the major addition for other hea ts a r e 
p re sen ted in Table 1. AH analyses were close to the nominal composi t ions except for 
the high i ron in the low-t in Z i rca loy-2 alloy s e r i e s and the low a r s e n i c in the Z i r c a l o y - 2 -
a r s e n i c alloy. 

Alloys were upset forged at 1650 F and rol led to 0. 075 in, in th ickness at 1600 F , 
The a r s e n i c alloy c racked during forging. Seve ra l p ieces were machined f rom the 
cracked ingot and were ro l led at 1400 F with no difficulty. 
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TABLE 1. ANALYSES OF ZIRCALOY HEATS PREPARED FOR PROGRAM 

Nominal 
Addi t ions , 

Base Mate r ia l w /o 
Analysis (Balance Z i r con ium) , w/o 

Sn F e Cr Ni As Sb Bi Te 

1.60 0.17 0.10 0.05 <0.001 <0.001 <0,0001 <0. 02 
0.05 
0.20 
0.41 

0.03 
0. 14 

0.11 

1.05 0.12 0.10 0.03 <0.001 <0.001 <0.000i <0. 02 
0.05 
0.14 
0.46 

0.31 0.24 0 .11 0.04 <0.001 <0. 001 <0.0001 <0, 02 
0.06 
0. 17 
0 .51 

Z i rca loy-2 

Modified 
Z i rca loy-2 
(1 w/o Sn) 

Modified 
Z i rca loy-2 
(0. 25 w/o Sn) 

None 
0. 07 Sb 
0.20 Sb 
0.50 Sb 

0. 15 As 
0. 15 Bi 
0. 15 Te 

None 
0.07 Sb 
0.20 Sb 
0.50 Sb 

None 
0. 07 Sb 
0. 20 Sb 
0.50 Sb 

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

Cor ros ion coupons were cut f rom the ho t - ro l l ed s t r i p and were shaper finished to 
a rec tangula r c r o s s sect ion. F in i shed dimensions were approximate ly 2 .0 by 1.0 by 
0. 05 in. A support hole 0. 070 in, in d iamete r was dr i l led nea r the end of each spec i ­
men . Sample number s were s tamped with s tee l f igures . 

The spec imens were deg reased and then picMed 4 min in a r o o m - t e m p e r a t u r e 
45 volume p e r cent n i t r i c acid (70 w/o acid) -5 volume per cent hydrofluoric acid (50 w/o 
acid) -50 volume pe r cent dis t i l led water solution. After pickl ing, the specimens were 
t r a n s f e r r e d immedia te ly to cold flowing tap water and were r insed overnight . They 
were then r insed in dis t i l led w a t e r , d r i e d , m e a s u r e d , r insed in ace tone , d r i e d , and 
weighed p r e p a r a t o r y to co r ro s ion tes t ing . 

Exposure Conditions 

The autoclaves and fittings used in the co r ro s ion t e s t s were made of AISI Type 316 
s ta in less s tee l . A nonagitated 1-liter autoclave design was employed. Individual spec i ­
mens were supported from Chromel A (80 w/o nickel -20 w/o chromium) wire hooks . 
Palladiixm "va lves" for control l ing hydrogen content were in se r t ed in the headspace of 
the autoc laves . The valves were pa t te rned after Bet t is models and consis ted of 10 ft of 
0. 040-in. -OD by 0. 020-in. -ID tubing which was sea l -welded at one end and wrapped into 
a coil . The open end of the pal ladium tubing extended out of the autoclave through a tub­
inglike fitting. A sea l was made by braz ing the tubing into the fitting at some dis tance 
f rom the heated port ion of the autoclave. 
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Cor ros ion studies were conducted in 600 and 680 F water and 750 F 1500-psi 
s t e am under degassed conditions and under an external ly applied pa r t i a l p r e s s u r e of 
2 a tm hydrogen. In the water t e s t s , deionized water (specific r e s i s t iv i ty g r e a t e r than 
1 megohm-cm) was boiled at l e a s t 1 h r to r emove dissolved g a s e s . It then was t r a n s ­
f e r r e d to the t e s t autoclave which was quickly sea led . A quantity of water sufficient to 
provide a 10 per cent vapor headspace at t e m p e r a t u r e was bled off at 250 F . The auto­
clave was then brought to the operat ing t e m p e r a t u r e . Cold deionized water in the amount 
of 10 pe r cent of the tota l volume was added to the autoclaves for the 750 F s t eam t e s t s . 
The autoclaves were opened to vacuum pumps for 3 to 5-min per iods with 5-min in te rva ls 
between pumping. The autoclaves then were hea ted , and the excess water was bled off 
to give 1500-psi s t e a m at 750 F . 

Under degassed condi t ions , the exit of the pa l ladium valve was connected to a 
vacuum pum.p which r a n continuously. The 2 a tm of hydrogen (absolute) was added by 
connecting the pal ladium valve to a reducing valve on a tank of hydrogen by means of 
copper tubing and compres s ion f i t t ings. Spot-check ana lys is of the 680 F water indi­
cated 130 m l hydrogen per kg w a t e r , or about one - th i rd that calculated for a pa r t i a l 
p r e s s u r e of 2 a tm. (^) The hydrogen analys is under degassed conditions was l e s s than 
5 m l pe r k g , the l imi t of sensi t ivi ty of the miethod employed. 

In the 600 F water t e s t s the autoclaves were opened and the spec imens were exam­
ined after total exposure t imes of 14, 28 , and 56 days and every 28 days the rea f t e r . 
Examinat ions in the 680 F water and 750 F s t eam te s t s were made after to ta l exposure 
t imes of 7 , 14, 28 , and 56 days and every 28 days the rea f t e r . F r e s h water was added 
after each exposure . 

Cor ros ion t e s t s were conducted in quadrupl ica te . A spec imen from each alloy was 
rem.oved f rom t e s t for meta l lographic examinat ion and hydrogen analys is at total weight 
gains of approximate ly 25 , 40 , and 60 mg pe r dm.2 in water exposures and at 2 5 , 4 0 , 
and 70 mg per dm^ in s t eam exposu re s . 

T e s t Resul t s 

Cor ros ion Rates 

Cor ros ion specim.ens were weighed at each examinat ion per iod. C o r r o s i o n r a t e s 
were es tabl i shed f rom the weight changes obtained. Specimens exposed to 600 F wate r 
and 750 F s team with 2 a tm of hydrogen were weighed after 7 , 14, and 224 days of ex­
posure only. T h u s , co r ros ion ra t e s were not de te rmined for these condit ions. The 
co r ros ion behavior of the alloy specimens exposed to the other four conditions was typi­
cal of that of Z i r ca loy -2 . Log-log plots of weight gain v e r s u s tim.e r esu l t ed ini t ial ly in 
s t ra ight l ines with slopes approaching 0. 33. The co r ro s ion curves mainta ined this same 
slope during the en t i re 224 days of exposure in 600 F degassed wa te r . In 680 F water 
aiid 750 F s team the usual t r ans i t ion in kinet ics to a l i nea r r a t e was observed after ex ­
posure t imes ranging from 65 to 135 days . Weight-change data that a r e typical of the 
alloys t e s ted a re p resen ted in F igu re 1. 
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FIGURE 1. CORROSION-RATE CURVES FOR ZIRCALOY-2 WITH AN ADDITION OF 
0. 50 w/o ANTIMONY 



7 

The c o r r o s i o n ra te of the spec imens can be desc r ibed by the equation 

w = k t^ , 

where w = total weight gain in mg pe r d m ^ , k is the 1-day in te rcep t from the log- log 
plot of weight gain v e r s u s t i m e , n is the slope of the log- log plot , and t is the exposure 
t ime in days . The constants k and n have been determ.ined for the four t e s t conditions 
where weight-gain data were r eco rded for the en t i re t e s t per iod of 224 days . These a r e 
s u m m a r i z e d in Tables A-1 through A-4 in the Appendix. D i r ec t compar i sons can be 
made between the 2-a tm hydrogen and the degassed conditions in 680 F water only. 
They indicate that t r ans i t ion in kinet ics occurs at about the s a m e t ime (100 to 120 days) 
luider both condit ions. However , in g e n e r a l , the p r e t r ans i t i on r a t e of a t tack was lower 
and the pos t t rans i t ion ra te was higher under 2 a tm of hydrogen. Compar i sons at 14 and 
224 days for the 600 and 750 F conditions revea led that h igher weight gains were ob­
tained with 2 a tm of hydrogen. 

The effect of antimony content on the co r ro s ion behavior of the th ree Zi rca loys is 
shown in F i g u r e s 2 , 3 , and 4. In g e n e r a l , antimony in the range of 0. 05 to 0. 5 w/o had 
l i t t le or no effect on co r ro s ion behavior . A notable exception o c c u r r e d in 750 F s t e a m , 
where i nc rea sed c o r r o s i o n was obse rved with inc reas ing antimony contents at 224 days 
of exposure (after t r ans i t ion) . 

No improvement in co r ros ion r e s i s t a n c e was observed with a r s e n i c , b i smu th , or 
t e l lu r ium additions to the Z i r ca loys . 

Hydrogen Absorpt ion 

The amoixnt of hydrogen absorbed by the alloy spec imens at t h ree s tages of co r ­
ros ion in each of the six t e s t conditions is p re sen ted in Tables A-5 through A-10 in the 
Appendix. Hydrogen analyses were obtained at weight gains of approximate ly 25 , 40 , 
and 60 mg pe r dm^ in an a t tempt to compare the amounts absorbed (1) be fo re , (2) during, 
and (3) after t r ans i t ion in reac t ion r a t e s . As ment ioned e a r l i e r , the alloy spec imens in 
600 F water and 750 F 1500-psi s t e am t e s t s with 2 a tm of hydrogen were examined after 
7 , 14, and 224 days of exposure only. T h u s , a number of ana lyses were not obtained at 
40 mg per dm^ and the analyses of pos t t rans i t ion spec imens in 750 F s t eam were made 
at weight gains that were much higher than 60 to 70 ing pe r dm^. 

In g e n e r a l , the amount of hydrogen absorbed va r i ed l inea r ly with the total amount 
of co r ros ion . However , a sufficient number of plots res\ i l ted in curves to cas t some 
doubt on the l inear re la t ionship . Examples of both types a r e shown in F igu re 5. 

Most often, plots of hydrogen absorpt ion v e r s u s exposure t ime resu l t ed in curves 
s i m i l a r to the c o r r o s i o n curves shown in F i g u r e 1. This was another indicat ion of the 
l inear re la t ionship between total c o r r o s i o n and hydrogen absorpt ion . However , these 
curves were subject to some in te rp re ta t ion since the ana lyses were made at only th ree 
exposure t imes and hence only th ree points were plotted. 

If hydrogen absorpt ion is to be a c r i t e r i o n for the acceptance of a z i rconium a l loy , 
then the amount of hydrogen absorbed pe r unit of timie m u s t be known. In the p r e s e n t 
study a d i r ec t compar i son could not be made at a "^iven exposure t ime because analyses 
were made on the bas i s of total weight gain ra t i ier than total exposure . However , a 
crude compar i son can be made by compar ing hydrogen-absorp t ion r a t e s . These were 
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obtained by dividing the g r e a t e s t amount of hydrogen absorbed by the total exposure t ime 
and assuming that hydrogen absorpt ion is l i nea r with t i m e . These resu l t s a r e p resen ted 
in F i g u r e 6. In g e n e r a l , the r e su l t s indicate no beneficial effect of adding antimony to 
Zi rca loy and a sl ight de t r imen ta l effect in the range of 0. 2 w/o antimony. A siirii lar 
effect was observed with the a r s e n i c , b i smu th , and t e l lu r ium addi t ions. Hydrogen con­
tent of the water in the range invest igated had no pronounced effect on hydrogen-
absorpt ion r a t e . 

The ra t io of hydrogen absorbed to that produced f rom c o r r o s i o n of a given sample 
is e x p r e s s e d as a percen tage of theore t i ca l and plotted as a function of antimony in 
F i g u r e s 7 , 8 , and 9. The curves for pos t t rans i t ion hydrogen absorpt ion a r e general ly 
lower than those for p r e t r ans i t i on . This suggests a nonl inear re la t ionship between 
hydrogen absorpt ion and total co r ros ion . However , the two curves general ly a r e 
pa ra l l e l and indicate that antimony additions in Zi rca loy do not rest i l t in a m a r k e d reduc­
t ion in hydrogen absorpt ion. In fac t , in the range of 0. 1 to 0. 2 w/o ant imony, the p e r ­
centage of theore t i ca l absorpt ion usual ly was higher than that of the base alloy or the 
0. 5 w/o antimony alloy. It is in te res t ing to note f rom F i g u r e s 7 , 8 , and 9 that the 
modified Z i rca loy-2 alloys containing 0. 31 w/o t in exhibit the lowest percen tages of 
tiieoretical absorpt ion . These alloys differed f rom the o ther Z i rca loys in that they were 
low in tin (0. 31 w / o ) , and high in i ron (0. 24 w/o) . 

No reduct ion in percentage of theore t i ca l hydrogen absorpt ion was obtained with 
additions of a r s e n i c , b i smuth , or t e l lu r ium to the Z i r ca loys . 

Metal lography 

Metal lographic examinat ions were made of al l alloys before co r ros ion tes t ing and 
of se lec ted spec imens after co r ros ion tes t ing . The m i c r o s t r u c t u r e s of r ep resen ta t ive 
spec imens a r e shown in F i g u r e s 10 and 11. The addition of antimony to the Zi rca loys 
did not appear to affect the amotmt o r d is t r ibut ion of the second-phase p rec ip i t a te . The 
ve ry smal l needlel ike s t r u c t u r e s in the unexposed spec imens containing about 0. 2 w/o 
antimony a r e bel ieved to be z i rconium hydr ide . The unalloyed Z i rca loy-2 spec imen 
before exposure was vi r tual ly f ree of these sma l l need les . Its hydrogen content was 
28 ppm. At this l e v e l , the hydride which exceeds tlie solubili ty l imi t s apparent ly is 
p r e s e n t as ve ry smal l needles or spheroids and is difficult to dis t inguish from the i n t e r -
meta l l i c compounds. The absence of needles in the unexposed modified Z i rca loy-2 
spec imen was unexpected since i ts hydrogen content was 70 ppm. Hydride needles a re 
vis ible in no rma l Z i rca loy-2 at this hydrogen leve l . Apparent ly the hydrogen solubility 
in this alloy was much h igher than that in Z i r c a l o y - 2 . This effect a l so was noted with 
the c o r r o s i o n - t e s t e d spec imens of this alloy in which the analyzed hydrogen contents 
were h igher than one would p red ic t from the m i c r o s t r u c t u r e . 

F o r a given a l loy , the amount of hydride apparen t in the m i c r o s t r u c t u r e co r r e l a t ed 
well with the analyzed va lues . S imi la r co r re la t ions between alloys were not so con­
s is tent . An example is the sma l l amount of hydride needles in photographs of the m i c r o -
s t r u c t u r e of the modified Z i r ca loy -2 spec imens in F i g u r e 11. 

The l a rge hydride needles observed after co r ro s ion apparent ly a r e a r e su l t of 
growth and joining of the s m a l l e r hydride needles observed before co r ros ion tes t ing . 
The absence of sma l l needles in the c o r r o s i o n - t e s t e d spec imens points to this conclu­
sion. F o r the mos t p a r t , the hydr ide needles were not or ien ted in any pa r t i cu la r d i r e c ­
tion and had the appearance of having formed at g ra in boundar ies . However , the needles 



S;0.05 
o 

T3 

?=; 0.04 
E 

S 0.03 

Zircaloy-2 (1.60 w/o Sn) 
*- , I I . 

Test Media With 2 Atm of 
Hydrogen 

Modified Zircaloy-2 
(1.05 w/o Sn) 

Test Media With 2 Atm of 
Hydrogen 

Modified Zircaloy-2 
(0.31 w/o Sn) 

Test Media With 2 A 
of Hydrogen " 

I 

m 

0 Ql 0.2 0.3 0.4 Q5 06 0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6 
Antimony Content, w/o A34193 

FIGURE 6. RATE OF HYDROGEN ABSORPTION DURING CORROSION A3 A FUNCTION OF ANTIMONY 
CONTENT IN ZIRCALOY 



05 
i -
O 
03 

£1 

o 

o 

Q. 

o 
0) 

100 
600 F Water With 2 Atm 

• of Hydrogen 

• —Before transition 
A—— —-After transition 
__J 1 \ 1 1 L 
680 F Water With 2 Atm 
of Hydrogen -

600 F Water With Negligible 
-Hydrogen 

680 F Water With Negligible 
•Hydrogen 

750 F 1500-PSI Steam 
With 2 Atm of Hydrogen-

750 F 1500-P.SI Steam 
With Negligible 
Hydrogen 

0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 Q6 0 0.1 0.2 0.3 0.4 0.5 0.6 
Antimony Content, w/o A34I94 

FIGURE 7. PERCENTAGE OF THE ORE TIC ALLY AVAILABLE HYDROGEN FROM CORROSION THAT IS ABSORBED 
IN THE METAL AS A FUNCTION OF ANTIMONY CONTENT IN ZIRCALOY-2 



0 0.1 Q2 0.3 0.4 05 0.6 
Antimony Content, w/o 

0.4 0.5 
A34I95 

FIGURE 8. PERCENTAGE OF THEORETICALLY AVAILABLE HYDROGEN FROM CORROSION THAT IS ABSORBED 
IN THE METAL AS A FUNCTION OF ANTIMONY CONTENT IN MODIFIED ZIRCALOY-2 (1 . 05 w/o TIN) 



0) 

o 
0) 

c 
m 
a» 
o 
T3 

03 
O 

03 
Q. 

O 

T3 

-̂  
O ® 
CL -O 

O 
c .— 
0} o 
o> > 

100 

80 

60 

40 

20 

0 

80 

60 

40 

20' 

^6C 
of 

V 
V 

6C 
- H y 

I 
- ^ 

)0 F 
Hyd 

^ . . ^ 

OF 
drog 

— « . 

Wat< 
roge 

Wate 
en 

jr W 
n 

, ^ 

r Wi 

1 

t h 2 

- — 

rh N 

- ^ 

AtlT 

» 

jgiig 

» 

• -

A— 
. _ . 

—before transition 
— After transition 

1 1 1 1 
.-680 F Water With 2 Atm 

of Hydrogen 1 
1 

i—A—..A. 

ble_ 68 
• Hy 

• _ A _ 
i V 

0 F 
drog 

: ^ 

Wat< 
en 

™ ^*°™ 

» ^ ^ M! 

• 

1 1 
if With Neglig 

mas «^Bm • ~ - • 

750 F 1500-PSI 
• With 2 Atm of 

r -̂  
- - ^ j 

ibie 

1 

1 
Steam 
Hydrogen 

^ m^ 

1 1 1 1 
750 F 1500-PSI Stea 
With Negligible 
Hydrogen | 

I 
_,̂ !te 

yC 
' ^ : ^ - . « _ - — - _ 

• 

i. 

m 

i 

4 

o 

0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6 0 
Antimony Content, w/o 

0.1 0.2 Q3 0.4 0.5 0.6 
A 34196 

FIGURE 9. PERCENTAGE OF THEORETICALLY AVAILABLE HYDROGEN FROM CORROSION THAT IS ABSORBED 
IN THE METAL AS A FUNCTION OF ANTIMONY CONTENT IN MODIFIED ZIRCALOY-2 (0. 31 w/o TIN) 



„ - » -

No Alloy 
Addition 

lOOX C745 lOOX 
28 PPM Hydrogeo 86 PPM Hydrogeo 

G746 lOOX 
56 PPM Hydrogen 

C747 

-- / 

' f 

^* 0.20 w/o 
- ^ "" Antimony 

J- -

lOOX 
52 PPM Hydrogen 

Before Exposure 

C748 lOOX 

163 PPM Hydrogen 

Exposed in 
Low-Hydrogen Water 

C749 lOOX C750 
119 PPM Hydrogen 

Exposed in 
High-Hydrogen Water 

FIGURE 10, APPEARANCE OF HYDRIDE NEEDLES IN ZIRCALOY-2 WITH AN ANTIMONY ADDITION AT CORROSION WEIGHT GAINS OF 60 MG PER D M 2 

Etchant. lactic-nitric-hydrofluoric acid. 



• / 
r 

N 

No Alloy 
Addition 

lOOX C754 lOOX 
70 PPM Hydrogen 136 PPM Hydrogen 

C755 lOOX 
108 PPM Hydrogen 

C756 

\ f' 

• * 
:. ^;-n 

0.17 w/o 
Antimony 

lOOX 
69 PPM Hydrogen 

Before Exposure 

C751 lOOX C752 lOOX 
136 PPM Hydrogen 

Low Hydrogen Water 

C753 
120 PPM Hydrogen 

High Hydrogeo Water 

FIGURE 11. APPEARANCE OF HYDRIDE NEEDLES IN MODIFIED ZIRCALOY-2 (0.31 w/o TIN) WITH AN ANTIMONY ADDITION AT 
CORROSION WEIGHT GAINS OF 60 MG PER DM^ 

Etchant: lactic-nitric-hydrofluoric acid. 



19 

in the Z i r ca loy -2 spec imens were or iented m o r e in the d i rec t ion of rol l ing. A s imi l a r 
effect was observed in the Z i rca loy-2 with the 0. 03 w/o antimony addition. Orientat ion 
of needles in the roll ing d i rec t ion was obse rved only at the surface of the alloy spec i ­
mens containing 0. 14 and 0 .51 w/o antimony additions to modified Z i rca loy-2 (1 w/o tin). 

DISCUSSION AND CONCLUSIONS 

The r e su l t s of the study have indicated that the addition of 0. 05 to 0. 50 w/o ant i -
iTiony or 0. 15 w/o a r s e n i c , b i smu th , or t e l lu r ium to Zi rca loys does not r e su l t in a 
m a r k e d d e c r e a s e in hydrogen absorpt ion during the co r ros ion of these alloys in high-
t e m p e r a t u r e wa te r . In fac t , t he re a r e indications that hydrogen absorpt ion i n c r e a s e s 
slightly with additions of these e lements at the level of 0. 1 to 0. 2 w /o . A s imi l a r effect 
was noted on the c o r r o s i o n r e s i s t ance of these a l loys . Those containing about 0. 2 w/o 
of these e lements were l e s s r e s i s t an t . 

Assuming that (1) nickel mainly is respons ib le for hydriding and (2) the a fo remen­
tioned e lements wotild poison the catalyt ic effect of nickel in Z i r c a l o y - 2 , then it follows 
that n ickel does not behave as a ca ta lys t in Z i rca loy to p romote hydrogenat ion as it does 
in many chemica l r eac t ions . 

The hydrogen o v e r p r e s s u r e employed in this study does not i n c r e a s e the amount of 
hydrogen absorbed in Z i r ca loys . This confirms r e su l t s obtained in other s tudies in 
which pa r t i a l p r e s s u r e s as high as 20 a tm of hydrogen were invest igated. 1'-J>3) This lack 
of dependence of absorpt ion on hydrogen o v e r p r e s s u r e fur ther suggests that a tomic or 
ionic hydrogen from the co r ros ion reac t ion is respons ib le for hydriding. 

F o r the m o s t p a r t , the r e su l t s revea l that the hydrogen-absorp t ion ra t e is re la ted 
d i rec t ly to the co r ro s ion r a t e . This indicates tha t , if it is a s s u m e d that all of the ab ­
sorbed hydrogen comes from the co r ros ion r eac t ion , the amount of hydrogen absorbed 
is dependent upon the amount (concentration) of hydrogen formed on the cor roding s u r ­
face. Apparen t ly , the diffusion ra te through the oxide film is sufficiently rapid that it 
does not influence the hydrogen-absorp t ion r a t e . 

It is not known whether the higher weight gains obtained with Z i r ca loy -2 in 
hydro gen-containing water a re an effect of hydrogen or whether they r e p r e s e n t the 
s ca t t e r in r e su l t s from other exper imenta l v a r i a b l e s . If it a s sumed that t h e r e is an ef­
fect of hydrogen in the w a t e r , it may be possible to explain the sca t t e r in c o r r o s i o n r e ­
su l t s . P r e s e n t tes t ing of Z i rca loy-2 is usually done in l a r g e autoclaves containing many 
cor roding su r f aces . The hydrogen genera ted f rom co r ro s ion is allowed to build u p , and 
usual ly no provis ion is made to control its concentra t ion. T h u s , the hydrogen content 
of tes t ing wate rs may vary widely, depending upon the amount of co r ros ion taking place 
and the length of exposure t ime . 

The mechan i sm by which hydrogen en te r s the Zi rca loy is s t i l l unknown. Based on 
this work and that of a previous study(^) , it appear s that the hydrogen is absorbed as 
follows: (1) the hydrogen ions produced during co r ros ion m i g r a t e to the cathodic i n t e r -
meta l l i c compounds in the oxide on the Z i r c a l o y , (2) the hydrogen is d i scharged on i ron -
c h r o m i u m - r i c h compounds and escapes into the w a t e r , or is absorbed in n i cke l - r i ch 
compounds , and (3) the l a t t e r then s e rve as diffusion paths for the hydrogen to m i g r a t e 
throughout the rae ta l . It has been demons t ra t ed that cathodic polarizat ioj i during 
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c o r r o s i o n in h igh- tempera tu re water r e su l t s in a m a r k e d i n c r e a s e in hydrogen concen­
t r a t ion in z i r c o n i u m - 0 . 5 w/o nickel a l loys . ('' It a l so is known that at l e a s t one of the 
z i rcon ium-n icke l compounds will hydride to a g r e a t e r extent than z i rconium, (o) 

The uniform dis t r ibut ion of hydrogen throughout the cor ros ion- tes ted Zi rca loy 
spec imens can be explained on the following b a s i s . The t e r m i n a l solubility of hydrogen 
in Z i rca loy at the co r ros ion t e m p e r a t u r e s of 300 to 400 C is probably about the same as 
that r epor t ed for alpha z i r con ium, or about 200 to 300 ppm. 1°) xhe amount of hydrogen 
from the c o r r o s i o n reac t ion which en te red the Zi rca loy at any given t ime was sma l l . 
The diffusion ra te of hydrogen was sufficiently rapid to avoid exceeding the solubility 
l imi t at the me ta l su r face . (This accounts for the absence of a hydride l aye r at the 
meta l -ox ide in te r face . ) Because of the long exposure per iods and the fact that the solu­
bil i ty l imi t s were not exceeded , the hydrogen diffused uniformly throughout the spec i ­
men . Upon cooling to room t e m p e r a t u r e , the solubili ty l imi t was exceeded and hydride 
needles p rec ip i ta ted uniformly throughout the spec imen. It is possible that the nickel 
compounds in the Zi rca loy could influence these phenomena. The hydrogen dis t r ibut ion 
would be has tened if hydrogen had a high solubility and a rapid diffusion ra te in these 
compounds. 

To be t te r unders tand the mechan i sm of hydrogen absorpt ion in Z i r c a l o y - 2 , it 
would be n e c e s s a r y to (1) identify the in te rmeta l l i c compound p a r t i c l e s , (2) de te rmine 
the i r suscept ibi l i ty to hydriding f rom molec t i l a r , cathodically produced , and co r ro s ion -
reac t ion hydrogen , and (3) de te rmine the diffusion ra te in the compounds of hydrogen 
absorbed f rom these s o u r c e s . 
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TABLE A - 1 . CORROSION-RATE CONSTANTS FOR ZIRCALOY EXPOSED TO 600 F DEGASSED \\'ATER 

Corrosion-Rate Constants(^) 

Pretransition Pofttrausinon 

Alloy Base 

Addition, 

w/o 

Transition 

T i m e , days mg per dm2 
n, 

dimensionless 
k. 

mg per d m -
n, 

dmieubionle? 

Zircaloy-2 (1,60 w/o Sn) 

Modified Zircaloy-2 ( 1 . 06 w/o Sn) 

Modified Zircaloy-2 (0 .31 w/o Sn) 

Zircaioy-2 ( 1 . 60 w/o Sn) 

<0,001 Sb 

0 .05 Sb 

0. 20 Sb 

0 .41 Sb 

No transition 

No transition 

No transition 

No transition 

-O.OOJSb Ko transition 

0. 05 Sb No transition 

0.14 Sb No transition 

0.40 Sb No transition 

<0.001 Sb 
O.OG Sb 
0. 17 Sb 
0. 51 Sb 

0. 03 As 
0.14 Bi 
0 .11 Te 

No transition 
No transition 
No transition 
No transition 

No transition 
No transition 
No transition 

4 . 4 

6 .4 

9 .5 

11.2 
12.8 
17.5 

8.0 

10 .5 

9 .5 

27.0 
6.0 

12.0 
r j . 5 
15.0 

0.38 
0.30 
0.24 
0. 2'J 

0.24 
0.24 
u. 10 
0.29 

0 .33 
0 .28 
0.16 
0 .33 

0 .21 
0.17 

0 .22 

(a) For the equation w = k t " where: w = total weight gain in mg per din2, k = extrapolated l " Jay intercept of a log-log plot of 
weight gain versus l ime , n = slope of the log-log plot , and t = t ime in days. 

TABLE A-2 . CORROSION-Ri\TE CONSTANTS FOR ZIRCALOY EXPOSED TO 680 F DEGASSED WATER 

Cortosion-Rate ConstantsC^) 

Alloy Base 

Addition, 
w/o 

<0.001 Sb 

0.05 Sb 

0.20 Sb 

0 .41 Sb 

<0 .001Sb 
0.05 Sb 

0.14 Sb 

0.46 Sb 

<0.001 Sb 
0.06 Sb 

0.17 Sb 

0 .51 Sb 

0.03 As 
0.14 Bi 

0 .11 Te 

Transition 
T i m e , days 

125 

125 

110 

110 

85 
130 

110 

110 

95 
115 

120 

120 

115 
105 

125 

Pretransition 

k. 
mg per dm^ 

14.0 

6.60 

20.0 

12.0 

11,2 
31.0 

42 .0 

17.0 

11.0 
9.0 

15.0 

14 .5 

14.0 
35.0 

35,0 

n . 
dimensionless 

0.20 

0 .44 

0.16 

0.27 

0.28 
0 .12 

O.OJ 

0 . 2 1 

0 .32 
0 .31 

0 .23 

0 , 2 1 

0.27 
0 .08 

0,10 

Posttransiiion 

k, 
mg per dm^ 

0 .85 

2 .9 
0.90 

0 .44 

2 .0 
1.7 

6 .0 

1.8 

3 .4 
1.2 

4 . 2 

0 .7 

0.78 
2 .3 

2.0 

n. 

dimensionless 

0.,)3 

0.63 

0.84 

0.97 

0,67 
0 .71 

0 .51 

O.G.I 

0.58 
0 .73 
0 .51 

0 .83 

U.88 
0.67 

0.70 

Zircaloy-2 (1 ,60 w/o Sn) 

Modified Zi tcaloy-2 (1 .05 w/o Sn) 

Modified Zi tcaloy-2 (0 .31 w/o Sn) 

Zircaloy-2 (1.60 w/o Sn) 

(a) For the equation w = kt"^ where: w = total weight gain in mg pet dm^, k = e.\trapolated 1-day intercept of a log-log plot of 

weight gain versus t ime , n = slope of the log-log plot, and t = t ime in days. 
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TABLE A-3. CORROSION-RATE CONSTANTS FOR ZIRCALOY EXPOSED TO 750 F 1500-PSI DEGASSED STEAM 

Corrosion-Rate Constants(*) 

Alloy Base 
Addition, 

w/o 

<0.001 Sb 

0.05 Sb 
0.20 Sb 

0 .41 Sb 

vO.OOl Sb 

0 . 0 5 S b 
0.14 Sb 

0.46 Sb 

<0.001 Sb 

0.06 Sb 

0.17 Sb 
0 .51 Sb 

0 .03 As 
0 .14 Bi 

0 .11 Te 

Transition 

T i m e , days 

110 

85 

95 

120 

66 
75 

90 

85 

100 

70 
100 

65 

85 
80 

95 

Pretransition 

k. 
mg per dm^ 

10.8 

13.0 
11.6 

10.0 

14.0 
11.0 

12 .5 

11 .5 

12.0 
11.0 
14.0 

11.0 

11 .5 
11.0 
12.0 

n, 

dimensionless 

0 .32 

0.33 
0.36 

0.47 

0.25 
0 .32 

0.30 

0.34 

0.28 
0.29 

0 .25 
0.33 

0.37 
0.36 
0.35 

Posttransiiion 

k, 
mg per dm 2 

0.30 

1.30 
0.40 

0,50 

3 .4 
2 .2 

1.7 

0.45 

1.8 
3 .2 

3 .2 

0.9 

0 .4 
1.7 

1.1 

n, 
dimensionless 

1.09 
0.84 

1.10 

1.20 

0.60 
0.69 

0 .73 

1.08 

0.70 

0.58 
0.58 
0 .93 

1.13 
0.80 

0.88 

Zitcaloy-2 (1.60 w/o Sn) 

Modified Zitcaloy-2 (1.05 w/o Sn) 

Modified Zircaloy-2 (0.31 w/o Sn) 

Zitcaloy-2 (1.60 w/o Sn) 

(a) For the equation w = kt"̂  where: w = total weight gain in mg per dm2, k = extrapolated 1-day intercept of a log-log plot of 
weight gain versus time, n = slope of the log-log plot, and t = time in days. 

TABLE A-4. CORROSION-RATE CONSTANTS FOR ZIRCALOY EXPOSED TO 680 F WATER WITH 2 ATM OF HYDROGEN 

Alloy Base 

Zircaloy-2 (1 ,60 w/o Sn) 

Modified Zircaloy-2 (1 .05 w/o Sn) 

iModified Zircaloy-2 (0 .31 w/o Sn) 

Zircaloy-2 (1.60 w/o Sn) 

Addition, 

w/o 

<0.001 Sb 

0 .05 Sb 
0.20 Sb 

0 .41 Sb 

<0 .001Sb 
0.05 Sb 

0.14 Sb 
0.46 Sb 

<0.001 Sb 

0.06 Sb 
0.17 Sb 
0 .51 Sb 

0.03 As 
0 .14 Bi 
0 .11 Te 

Transition 

T i m e , days 

110 
110 

105 

95 

135 
125 

110 
105 

120 

120 
115 

120 

95 
100 
100 

Corrosion-Rate 
Pretransition 

k. 
mg per dm^ 

14.0 
9.0 

10.2 

11.2 

9.0 
9 .8 

10.0 

9.0 

9.0 

8 .5 
9 .5 
7 ,3 

10 .5 
10 .5 

9 .5 

n, 
dimensionless 

0 .13 
0 .24 

0 .25 

0.22 

0 .24 
0.22 

0 .25 
0 .25 

0 .24 
0.26 
0 ,23 
0 ,31 

0 ,24 
0 , 2 1 
0.57 

ConstantsC^-) 

Posttransition 

k, 
mg per dm^ 

0 . 0 1 
0.03 

0.05 

0.02 

0,007 
0.02 

0.08 
0.10 

0 .01 

0.015 
0 .01 

0.008 

0 .05 

0.07 
0.015 

n, 
dimensionless 

1.63 
1.46 
1.39 

1.63 

1.74 
1.51 

1.27 

1.23 

1.68 

1.59 
1.68 
1.72 

1.39 

1.30 

1.06 

(a) For the equation w = kt^ where: w = total weight gain in mg per dm2, k = extrapolated 1-day intercept of a log-log plot of 
weight gain versus time, n = slope of the log-log plot, and t = time in days. 



TABLE A - 5 . SUMMARY OF CORROSION AND HYDROGEN-ABSORPTION DATA FOR ZIRCALOY EXPOSED TO 600 F DEGASSED WATER 

Alloy Base 

Addition, 

w / o 

- 0 . 0 0 1 Sb 

0 .05 Sb 

0 .20 Sb 

0 .41 Sb 

<0.001 Sb 

0 .05 Sb 
0 . 1 4 S b 

0.46 Sb 

<0.001 Sb 
0 .06 Sb 
0.17 Sb 

0. 51 Sb 

0 .03 As 

0 .14Bi 

0 .11 Te 

Exposure 

T i m e , 
days 

56 

84 

28 

56 

28 

28 
28 

28 

28 

28 

_-
56 

28 

28 
28 

Pretransition 

Total 

Weight Gain, 
mg per dm 2 

24.7 

2 5 . 2 

2 3 . 2 

23.9 

23.6 

25.0 
2 4 . 5 

23.7 

2 5 . 5 

27 .0 

._ 
24.8 

2 6 . 1 

28.0 
27 .4 

Hydrogen 

Absorbed, 
mg pet dm 2 

1,48 

2.18 

1.75 

1.04 

1.58 
1.31 
2.13 

0.78 

0.68 
0.28 

— 
0.75 

0.75 

1.48 
2.09 

Apf 
Exposure 

T ime , 

days 

224 

224 

224 

224 

168 
84 
56 

224 

56 

168 
28 

224 

168 
53 

56 

)roximate Transition 
Total 

Weight Gain, 
mg per dm 2 

3 4 , 2 

33 .8 
3 y . 3 

34 .2 

4 0 . 2 

38 .8 
39 .6 

36 .7 

4 4 . 1 
40 .7 
43 .0 

34 .2 

41 .6 

4 0 . 4 
4 1 . 5 

Hydrogen 

Absorbed, 
mg per dm2 

2.05 

3 .18 

3 .24 

2.04 

2.50 

2 .35 
3.00 

1.13 

1.31 

0.79 
0 .83 

0.97 

1.91 

2.17 
3.19 

Exposure 

T i m e , 
days 

.-
— 
— 
--

224 
224 

--

112 

224 
112 

--

— 
224 
224 

Posttransition 
Total 

Weight Gain, 
mg per dm 2 

. . 
— 
--
— 

4 4 . 3 
50.8 

--

60.0 

4 9 . 4 
60 .6 

— 

— 
4 7 . 5 

51 .8 

Hydrogen 

Absorbed, 
mg per dm^ 

— 
— 
— 
— 

»-
2 .81 
3.80 

--

1.73 

1.31 
1.14 

— 

— 
2.09 

3.84 

> 
1 
LO 

Zxrcaloy-2 (1.60 w/o Sn) 

Modified Zircaloy-2 (1.05 w/o Sn) 

Modified Zircaloy-2 (0.31 w/o Sn) 

Zircaloy-2 (1. 60 w/o Sn) 



TABLE A-6. SUMMARY OF CORROSION AND HYDROGEN-ABSORPTION DATA FOR ZIRCALOY EXPOSED TO 680 F DEGASSED WATER 

Alloy Base 

Zircaloy-2 (1.60 w/o Sn) 

Modified Zircaloy-2 (1.5 w/o Sn) <0.001Sb 14 24,5 2.12 84 40.6 2.92 168 64.8 4.51 ' 

Modified Zircaloy-2 (0.31 w/o Sn) 

Zitcaloy-2 (1.60 w/o Sn) 

Addition, 
w/o 

<0.001Sb 
0.05 Sb 
0.20 Sb 
0,41 Sb 

<0.001Sb 
0.05 Sb 
0.14 Sb 
0.46 Sb 

<0.001Sb 
0,06 Sb 
0,17 Sb 
0.51 Sb 

0.03 As 
0.14 Bi 
0.11 Te 

Exposure 
Time, 
days 

14 

14 

7 
14 

14 
„_ 

_„ 

7 

14 

28 

7 
14 

7 
„_ 

»_ 

Pretransition 
Total 

Weight Gain, 
mg per dm 2 

24.2 
25.0 
28.3 
24.9 

24,5 
__ 
-.„ 

25.3 

24.9 
24,9 
25.6 
23.7 

24.4 
»_ 
__ 

Hydrogen 
Absorbed, 

mg per dm^ 

1.02 
1,57 
2.78 
1.35 

2,12 
__ 
— 

1.08 

1.18 
0.57 
1.05 
1.04 

0.80 
_> 
__ 

Approximate Transition 
Exposure 

Time, 
days 

112 

56 
56 

84 

84 
7 

7 

56 

84 
84 

56 

84 

56 

7 
7 

Total 
Weight Gain, 
mg pec dm2 

39,7 
39.8 
41.5 
39.8 

40.6 
39.0 
40.8 
40.0 

41.7 
38.7 
40.1 
41.7 

42.7 
41.2 
40.3 

Hydrogen 
Absorbed, 

mg per dm 2 

2.04 
2,62 
3.31 
1.48 

2,92 
2.36 
4.33 
1.47 

1.74 
1.23 
1.63 
1.46 

2.32 
3,06 
2.13 

Exposure 
Time, 

days 

196 

140 

140 
140 

168 
112 

112 
140 

140 

196 

168 
196 

140 
140 

112 

Posttransition 
Total 

Weight Gain, 
mg pet dm2 

57.2 
61.7 
57,0 
57.9 

64.8 
58.9 
62.0 
68.3 

58.8 
60.1 
59.9 
59.3 

55.7 
65.4 
59.9 

Hydrogen 
Absorbed, 

mg per dm^ 

3.25 
4.03 
4.50 
1.89 

4.51 
5.09 
5.47 
1.98 

2.47 
2.68 
2.30 
2,49 

3,30 
2.12 
6.29 



TABLE A-7 . SUMMARY OF CORROSION AND HYDROGEN-ABSORPTION DATA FOR ZIRCALOY EXPOSED TO 750 F 1500-PSI DEGASSED STEAM 

Alloy Base 

Addition, 
w/o 

-0.001 Sb 
0.05 Sb 
0.20 Sb 
0.41 Sb 

<0.001 Sb 
0,05 Sb 
0,14 Sb 
0.46 Sb 

<0,001 Sb 
0.06 Sb 
0.17Sb 
0.51Sb 

0,03 As 
0.14Bi 
O . l l T e 

Exposure 
Time, 
days 

14 

7 
7 

7 

7 

28 

7 
7 

7 

28 

7 
7 

7 
7 

7 

Pretransition 
Total 

Weight Gain, 
mg per dm^ 

28,0 
26.2 
24.7 
25.9 

25.7 
27.3 
24.6 
24.4 

24.8 
28.3 
24.0 
25,0 

25,1 
25.1 
25.6 

Hydrogen 
Absorbed, 

mg per dm 2 

1.55 
1,54 
1,30 
1,07 

1.93 
2.74 
2.17 
1.54 

1.43 
1.17 
1.38 
1.48 

0.95 
1.30 
1.90 

Expcsur 
Time, 

days 

42 

28 

28 

28 

42 
42 
42 

42 

42 

42 

28 
42 

28 
28 

28 

Approximate Transition 
e Total 

Weight Gain, 
mg per dm-

38.8 
40.3 
37.7 
41.2 

39.4 
40.2 
42,0 
40.7 

39.7 
40,3 
39.4 
40.8 

39.1 
43.0 
40,5 

Hydrogen 
Absorbed, 

mg per dm^ 

1.74 
2.27 
2.34 
1.87 

3.09 
3.13 
3.64 
2,84 

1,76 
1.58 
2,01 
2.14 

1.64 
2.14 
2.56 

Exposure 
Time, 

days 

140 

112 

112 

— 

168 

140 

196 
112 

196 

168 
168 

112 

112 
112 

112 

Posttransition 
Total 

Weight Gain. 
mg per dm^ 

69.9 
71.6 
72.7 
--

70,1 
71.8 
86.8 
71.8 

70.4 
67.4 
66.8 
69.5 

79.3 
72.8 
73.0 

Hydrogen 
Absorbed, 

mg per dm" 

2.61 
3.69 
3,82 
"-

4.34 > 
4,38 ui 
5,81 
4,14 

3.31 
2.46 
8,01 
2,36 

3,68 
3,58 
4,77 

Zircaloy-2 (1,60 w/o Sn) 

Modified Zitcaloy-2 (1.05 w/o Sn) 

Modified Zitcaloy-2 (0.31 w/o Sn) 

Zircaloy-2 (1,60 w/o Sii) 



TABLE A-8. SUMMARY OF CORROSION AND HYDROGEN-ABSORPTION DATA FOR ZIRCALOY EXPOSED TO 600 F WATER WITH 2 ATM OF HYDROGEN 

Alloy Base 

Zircaloy-2 (1.60 w/o Sn) 

Modified Zircaloy-2 (1.05 w/o Sn) 

Modified Zircaloy-2 (0.31 w/o Sn) 

Zircaloy-2 (1.60 w/o Sn) 

Addition, 
w/o 

<0.001 Sb 
0.05 Sb 
0,20 Sb 
0.41 Sb 

<0.001Sb 
0.05Sb 
0.14 Sb 
0.46 Sb 

<0.001 Sb 
0.06 Sb 
0.17 Sb 
0.51Sb 

0.03 As 
0.14 Bi 
O . l l T e 

Exposure 
Time, 
days 

224 
14 
»-
— 

14 
14 
14 
14 

^ • > 

14 
— 
— 

14 
»« 
„-

Pretransition 
Total 

Weight Gain, 
mg pet dm 2 

33.3 
25.2 
-_ 
— 

26.5 
26.3 
23.3 
24.9 

— 
26.4 
._ 
— 

26.5 
— 
--

Hydrogen 
Absorbed, 

mg pet dm2 

1.32 
1.81 

— 
— 

2.37 
1.61 
2.46 
1.11 

»» 
0.33 
>_ 
— 

0.89 
-_ 
— 

Ai 
Exposure 

Time, 
days 

224 
224 
224 
224 

224 
224 
— 

224 

14 
_-

224 
224 

224 
14 
14 

jproximate Trai 
Total 

Weiglit Gain, 
mg per dm2 

40.2 
44.2 
39.9 
47.8 

49.8 
41.0 

_-
39.8 

41.5 
__ 

35.2 
40.3 

41.9 
38.4 
39.5 

isition 
Hydrogen 
Absorbed, 

mg per dm^ 

2,09 
3.44 
3.12 
2.59 

3.88 
2.56 
-» 

2,72 

1.36 
-_ 

0,82 
1.52 

1.19 
2,33 
3.12 

Exposure 
Time, 
days 

«« 
__ 

224 
224 

224 
224 
224 
— 

224 
224 
224 
— 

„., 

224 
224 

Posttransition 
Total 

Weight Gain, 
mg per dm2 

. . M 

__ 
53.3 
51.2 

59.4 
55.0 
53,6 
— 

65.5 
60.2 
71,4 
— 

55,2 
63.1 

Hydrogen 
Absorbed, 

mg per dm^ 

« m 

— 
3.63 
2.69 

3,88 
2,56 
3,52 
— 

2,10 
1,37 
2.39 
— 

1.99 
4.43 

I 



TABLE A-9, SUMMARY OF CORROSION AND HYDROGEN-ABSORPTION DATA FOR ZIRCALOY EXPOSED TO 680 F WATEP WITH 2 ATM OF HYDROGEN 

Alloy Base 

Addition, 

w/o 

<0 .001Sb 
0 .05 Sb 

0.20 Sb 

0 .41 Sb 

<0 .001Sb 

0 .05 Sb 
0.14 Sb 

0.46 Sb 

<0.001 Sb 

0.06 Sb 

0.17 Sb 
O . S l S b 

0.03 As 

0 .14Bi 

O . U T e 

Exposure 

T ime , 

days 

56 

56 

56 

56 

56 

56 
56 

56 

56 

56 

56 
56 

56 

56 
56 

Pretransition 

Total 
Weight Gain, 
mg per dm2 

2 5 . 1 

2 4 . 4 

24 .7 

25 .6 

2 5 . 1 

2 5 . 1 

2 6 . 1 
24.9 

24 .4 

2 5 . 1 

25 .0 

25.0 

2 5 , 5 

24 ,6 
24 ,9 

Hydrogen 

Absorbed, 
mg per dm^ 

1,02 

1.18 

1.44 

1.24 

1.71 

1.90 

2.05 

1.26 

0.97 
0 .91 

1.13 
0 .93 

1.40 

0,80 
1.71 

Approximate Transition 

Exposure 
T ime , 

days 

--
--

140 

140 

168 
168 

140 
140 

168 
168 

168 

--

140 
140 

140 

Total 
Weight Gain, 
mg per dm2 

--
" 

50.4 

42.9 

3 7 . 4 
4 6 , 6 
38.9 

45 .7 

3 4 . 2 

37.9 

3 6 , 2 

--

50.3 

45 ,0 
4 0 . 1 

Hydrogen 
Absorbed, 

mg per dm2 

--
--

2.08 

1.44 

2.26 

2 .52 

2 .61 
1.87 

1.15 

1.27 

1.76 

— 

1.86 
1.14 

2.40 

Exposure 

T ime , 
days 

168 

168 

140 

140 

168 
168 

168 

168 

168 

168 
168 

168 

168 

168 

168 

Posttransition 

Total 
Weight Gain, 
mg per dm2 

60 .3 
52 .3 

56.0 

57,0 

58 .4 

57 .8 

59.7 
55.6 

62 .6 

66.7 
68 .4 
68 .0 

58 .3 

69.6 

6 8 . 1 

Hydrogen 

Absorbed, 
mg per dm2 

2.17 
2 .32 

2 .08 
1.73 

2 .71 

2 .85 

2 .98 

1.87 

1.38 

1.76 

1.83 
1.86 

2.03 

1.70 
3.50 

Zircaloy-2 (1.60 w/o Sn) 

Modified Zircaloy-2 (1. 05 w/o Sn) 

Modified Zircaloy-2 (0.31 w/o Sn) 

Zircaloy-2 (1.60 w/o Sn) 

> 
I 



TABLE A-10. SUMMARY OF CORROSION AND HYDROGEN-ABSORPTION DATA FOR ZIRCALOY EXPOSED TO 750 F 1500-PSI STEAM WITH 2 ATM OF HYDROGEN 

Alloy Base 
Addition, 

w/o 

<0.001Sb 
0,05 Sb 
0.20 Sb 
0.41 Sb 

<0.001Sb 
0.05 Sb 
0.14Sb 
0.46 Sb 

<0.001Sb 
0.06 Sb 
0,17 Sb 
O.SlSb 

0.03 As 
0,14 Bi 
0 , l l T e 

Exposure 
Time, 

days 

7 
7 

7 

- -

7 
7 

7 
- -

7 
14 

7 
7 

7 
- -

7 

Pretransition 
Total 

Weight Gain, 
mg per dm 2 

25.3 
26.7 
25.7 

- -

27.3 
26.3 
26.1 

- -

24.9 
24.8 
25.8 
26.1 

28.0 
- -

25.9 

Hydrogen 
Absorbed, 

mg per dm2 

0.85 
1.54 
1.19 

- -

2.03 
2.32 
2.81 

- -

1,58 
1.85 
1,73 
1,74 

1,32 
— 

1.73 

Approximate Transition Posttransition 
Exposure Total 

Time, Weight Gain, 
days mg per dm2 

Hydrogen 
Absorbed, 

mg pet dm 2 

Exposure Total 
Time, Weight Gain, 

days mg per dm2 

Hydrogen 
Absorbed, 

mg pet dm 

Zitcaloy-2 (1.60 w/o Sn) 

Modified Zircaloy-2 (1.05 w/o Sn) 

Modified Zircaloy-2 (0.31 w/o Sn) 

Zircaloy-2 (1.60 w/o Sn) 

14 

41.1 

39.7 

1.56 

2.71 

224 
224 
224 
224 

224 
224 
224 
224 

224 
224 
224 
224 

224 

224 

41.5 
158.0 
166.0 
278,0 

98.0 
110.0 
122.0 
161.0 

83,2 
85.9 
92.2 

144.0 

156.0 

147.0 

4.86 
5.92 
5.75 
5.01 

5,34 
5.87 
6.66 
4.67 

3.85 
3.66 
4.60 
4.67 

6.88 

7.09 

> 
I 




