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HYDROGEN PICKUP DURING CORROSION OF ZIRCONIUM ALLOYS 

W a r r e n E . B e r r y , Dale A. Vaughan, and E a r l L . White 

Several factors suck as alloy composition, hydrogen content of the alloy, 
surface hydrides, and hydrogen content of the water have been investigated for 
their effect upon the amount of hydrogen picked up by zirconium alloys during corro­
sion in 680 F water. Metallic additions of nickel increase hydrogen pickup, anti­
mony, chromium, and iron appear to decrease the hydrogen pickup, while the addition 
of tin has little or no effect. The hydrogen content of the metal (50 to 400 ppm) or 
of the water (0 to 2 atm of hydrogen pressure) does not appreciably change the amount 
of hydrogen picked up by the alloys studied. It is proposed that certain intermetallic 
compounds provide cathodic areas which aid in the concentration of hydrogen at the 
compound. The amount of corrosion-produced hydrogen entering the metal is controlled 
by the reaction of hydrogen with the particular compound. 

The hydriding of Zircaloy-2 by gaseous hydrogen is stopped when small 
quantities of water vapor are added to the hydrogen. 

INTRODUCTION 

During the pas t 2 y e a r s , some fuel -e lement fa i lures which have been observed in 
p r e s s u r i z e d - w a t e r r e a c t o r s have been a t t r ibuted to l a rge quantit ies of hydride observed 
in the Zi rca loy-Z cladding. Descr ip t ions of these incidents have been sum.inarized in 
WAPD-PWR-PMM-1453. (1) In s eve ra l of these f a i l u r e s , the amount of hydrogen ab­
sorbed exceeded that which was genera ted f rom nearby co r ro s ion of the co re m a t e r i a l 
or of Z i rca loy . 

An explanation given by Bet t is appeared to co r r e l a t e these r e s u l t s . This explana­
tion is given in the Bet t is r epo r t and wil l not be repea ted h e r e . 

However , t he re appeared to be a l te rnat ive explanations for the Bet t i s r e s u l t s , and 
in view of the impor tance of the subject , it s eemed des i r ab le that t hese be studied 
br ief ly . These a l te rna t ive explanations included the following: 

(1) The oxide film over z i rcon ium hydride might be pe rmeab le to molecular 
hydrogen so that hydrogen dissolved in the wate r might be absorbed . 

(Z) Nickel might be p r e sen t as meta l l ic nickel in the oxide film over 
z i rcon ium-n icke l a l l oys , and be capable of catalyzing the dissocia t ion 
of molecular to a tomic hydrogen, permi t t ing solution. Poisons for 
the ca ta lys is might then have an effect on hydrogen pickup. 

(1) References ate at end of report. 
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A p r o g r a m was under taken at Bat te l le to invest igate s e v e r a l of the var iab les 
which miight influence hydrogen pickup in Z i r ca loy -2 and z i rconium a l loys , if these 
m e c h a n i s m s w e r e ope rab le . The effect of alloying additions was studied since one of 
the observed fa i lures o c c u r r e d where e lec t rop la ted nickel had diffused into Zircaloy-Z 
dur ing p r e s s u r e bonding at e levated t e m p e r a t u r e s . This por t ion of the p r o g r a m con­
s i s ted of examining for hydrogen absorpt ion a s e r i e s of b inary alloys f rom a recent ly 
completed co r ro s ion p r o g r a m . The r e su l t s of this study w e r e then used as a bas i s for 
se lect ing alloy addit ions to evaluate hydrogen pickup. 

The role of surface hydr ides and the hydrogen content of the bulk me ta l and of the 
wa te r in promot ing hydrogen absorpt ion a lso was inves t iga ted , a s was the co r ros ion 
r e s i s t a n c e of z i rcon ium hydr ide . 

EXPERIMENTAL WORK AND RESULTS 

Alloy Additions to Sponge Z i rcon ium 

The effect of alloying addit ions on hydrogen pickup was studied on a b inary-a l loy 
s e r i e s of sponge-base z i r con ium containing c h r o m i u m , i r on , n icke l , and tin which had 
been exposed in s ta t ic 680 F degassed wate r for t i m e s ranging up to 575 days . 
Z i r ca loy -2 and an antimony alloy s e r i e s a lso w e r e invest igated. All spec imens had 
been exposed well beyond the t r ans i t i on in co r ro s ion r a t e s and exhibited total weight 
gains of approximate ly 125 mg per dm^. The c o r r o s i o n fi lms appeared to be adherent 
on a l l s p e c i m e n s . Only on a 1. 8 w / o nickel alloy was t h e r e an indication of any spec i ­
men losing weight. All spec imens had been analyzed for the major alloy addition while 
a complete ana lys is was obtained on the s ta r t ing sponge z i rcon ium. Hydrogen analyses 
before co r ro s ion tes t ing had not been secu red for the a l loys , but were p r e s u m e d to be 
about equal to the 20-ppm content of the sponge b a s e . 

The weight gains and hydrogen pickup after co r ros ion tes t ing a r e p re sen ted in 
Table 1 for the alloy s e r i e s . The co r ro s ion r e s u l t s indicate that the b inary alloys con­
taining up to 0 .85 w / o nickel were the mos t co r ro s ion r e s i s t a n t , followed in o r d e r by 
Z i r c a l o y - 2 , the i ron and the antimony a l loys . The chromiiuin and t in alloys were l e s s 
r e s i s t a n t than the b a s e . 

The amount of hydrogen pickup compared with that l i be ra ted during co r ro s ion also 
is shown in Table 1. Assuming that a l l of the hydrogen pickup by an individual s p e c i ­
men is a r e su l t of co r ro s ion of that pa r t i cu l a r spec imen , it i s quite apparent that the 
nickel al loys absorb a higher percen tage of co r ro s ion hydrogen than the o ther al loys 
and that z i rcon ium sponge and Z i r c a l o y - 2 abso rb as much as 50 pe r cent of the theo­
r e t i ca l hydrogen. 

The per cent theore t i ca l hydrogen v e r s u s alloy content is plotted in F igure 1. It 
can be seen that even the 0. 06 w / o nickel alloy absorbs approximate ly 75 pe r cent of 
the hydrogen f rom c o r r o s i o n . The t in al loys behave much like the sponge z i r con ium, 
while ant imony, c h r o m i u m , and i ron alloys exhibit a min imum in theore t i ca l hydrogen 
pickup at ve ry low alloy l eve l s . 
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TABLE 1. SPONGE-BASE ZIRCONIUM ALLOYS EXPOSED IN STATIC 680 F WATER 

Hydrogen Absorbed 
Alloy Addit ion, Exposure T i m e , Total Weight Gain , P e r Cent of 

w / o days mg p e r dm^ P P M Mg p e r Dm^ Theore t i ca l 

Unalloyed(a-) 

Zi rca loy-Z 

0.29 Sn 
0 .51 Sn 

0. 16 Fe 
0. 24 Fe 
0.50 Fe 
1.07 Fe 

0 .05 C r 
0.24 Cr 
0 .55 Cr 
1.30 Cr 

0 .06 Ni 
0. 25 Ni 
0.41 Ni 
0 .85 Ni 
1.8 Ni 

0 .03 Sb 
0, 10 Sb 
0. 17 Sb 
1.57 Sb 

168 

406 

126 
112 

532 
392 
392 
392 

126 
112 

70 
168 

574 
574 
574 
518 
168 

308 
364 
210 
364 

146 

112 

118 
147 

118 
113 
117 
127 

134 
111 
153 
136 

113 
139 
109 
118 

Lost weight 

112 
107 
145 
118 

215 

107 

177 
189 

128 
77 
114 
180 

60 
80 
96 
130 

276 
319 
322 
350 
550 

50 
29 
25 
45 

8.6 

8.1 

6.7 
8.4 

5.9 
3.5 
4.3 
7.9 

2.5 
3.8 
3.9 
5.8 

U.l 
14.3 
U.8 
13.9 
21.5 

3.6 
2.1 
1.4 
2.3 

46 

58 

45 
45 

39 
24 
29 
49 

15 
27 
20 
34 

79 
81 
85 
94 

26 
15 
8 
15 

(a)Base alloy contained 0.100 w/o oxygen, 0.045 w/o iron, 0.006 w/o nitrogen, 0.005 w/o nickel, 0.005 w/o tin, 0.004 w/o 
chromium, and 0.002 w/o hydrogen. 
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Alloy Content, w/o 
A - 3 2 2 5 7 

FIGURE 1. SPONGE-BASE ZIRCONIUM ALLOYS EXPOSED UP TO 575 DAYS 
IN STATIC 680 F WATER 
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Examples of the m i c r o s t r u c t u r e s of the c o r r o s i o n - t e s t e d al loys a r e shown in 
F igu re 2. The m i c r o s t r u c t u r e s of the sponge-base and the ch romium and low-antimtony 
al loys a r e s imi l a r to those of the t in a l loys . The d a r k e r hydr ide needles appear to be 
uniformly d i spe r sed throughout the spec imens and, in mos t i n s t a n c e s , a r e located at 
gra in bounda r i e s . All of the alloys studied except the t in alloys exhibited inc reas ing 
compound formation with i nc reas ing alloy content , and the compound pa r t i c l e s tended 
to fo rm along gra in boundar i e s . T h u s , it appeared that t h e r e might be a re la t ionship 
between the compounds and hydriding suscept ib i l i ty . 

Alloy Additions to Zi rca loy 

The high hydrogen pickup by nickel a l loys suggested the poss ibi l i ty that nickel was 
act ing as a cata lys t to p romote hydrogen absorpt ion in z i r con ium. T r a c e s of antimony 
and s i m i l a r e l e m e n t s , such as b i smuth , se l en ium, sulfur , and t e l l u r i um a r e well known 
for the i r abili ty to poison the catalyt ic effects of n icke l . Since i t has been demons t ra ted 
that antimony additions r e t a r d hydrogen absorpt ion in sponge z i r con ium, it s eemed p o s ­
sible that i t might have a s imi l a r inhibiting effect in Z i r ca loy -2 which contains n icke l , 
in addition to other alloying e l emen t s . 

Exper imen t s were conducted to t e s t the above line of r eason ing . They cons is ted 
of compar ing the behavior of Z i r c a l o y - 2 , Z i r ca loy -2 containing 0 .5 w / o n icke l , and the 
l a t t e r alloy containing a lso an addition of 1 w / o ant imony. Two addit ional Z i r ca loy -2 
h e a t s , p r e p a r e d by Bet t is for thei r hydrogen-z i r con ium s tud ies , we re included in this 
s e r i e s . These Z i r ca loy -2 hea ts contained no nickel addi t ions . In one hea t , an equiva­
lent weight of i ron was added to rep lace the nickel while nothing was added to r ep lace 
the nickel in the second hea t . 

Co r ros ion studies w e r e conducted in 680 F water under (1) low hydrogen p r e s ­
su re and (2) 2 a t m of hydrogen to study whether molecu la r hydrogen in the wa te r 
affected hydrogen pickup. Pa l l ad ium valves were employed to control the hydrogen 
content. Valves on l o w - p r e s s u r e units w e r e connected to vacuum pumps while those 
on the higher p r e s s u r e units w e r e connected to tank hydrogen through a reducing va lve . 
An additional va r i ab le studied was the effect of in i t ia l hydrogen content of the m e t a l on 
subsequent hydrogen absorpt ion during c o r r o s i o n . One set of spec imens was degassed 
at 1000 C, while a second set was r eac t ed with molecu la r hydrogen at 600 C and then 
homogenized at 1000 C to give an ini t ia l hydrogen content of approximate ly 400 ppm. 

The co r ros ion r e s u l t s after 107 days ' exposure a r e p resen ted in Table 2. The 
weight gains of n o r m a l Z i r ca loy -2 and the n icke l - f ree Z i r ca loy -2 alloys w e r e low, 
while those of the Z i r c a l o y - 2 - 0 . 5 w/o nickel a l loys were h igh . The weight changes in 
h igh-hydrogen wate r appeared to be lower than those in degassed w a t e r . 

P o s t c o r r o s i o n hydrogen ana lyses of the alloys containing 400 ppm of hydrogen 
w e r e e r r a t i c . In a number of s p e c i m e n s , the amount of hydrogen in the alloys after 
co r ro s ion was l e s s than the ini t ial hydrogen content. It is suspected that the gaseous 
hydriding p r o c e s s did not r e su l t in a uniform hydrogen dis t r ibut ion in these a l loys , 
and not that hydrogen was lost during co r ros ion t e s t ing . Hydrogen pickup in degassed 
Zi rca loy was lowest in the n icke l - f ree al loys containing 0. 2 w / o i r on , and i n c r e a s e d 
with inc reas ing nickel content. Con t ra ry to expec ta t ions , the 1 w/o antimony addit ion 
did not r e t a r d hydrogen pickup in Z i r c a l o y - 2 containing 0. 57 w/o nickel . 
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lOOX C494 
a. Zitcaloy-2 After 406 Days' Exposure 

Hydrogen pickup was 127 ppm. 

lOOX €495 
b. 0. 29 w/o Tin After 126 Days' Exposure 

Hydrogen pickup was 197 ppm. 

lOOX C501 
c. 0.50 w/o Iron After 392 Days' Exposure 

Hydrogen pickup was 134 ppm. 

• % , - - . - ; . . , > * 

lOOX C511 
d. 1. 8 w/o Nickel After 168 Days' Exposure 

Hydrogen pickup was 570 ppm. 

FIGURE 2. APPEARANCE OF HYDMDES IN SPONGE-BASE ZIRCONIUM ALLOYS EXPOSED IN STATIC 
680 F DEGASSED WATER 

Etchant: 30 parts lactic acid, 30 parts nitric acid, 1 part hydrofluoric acid. 



TABLE 2, HYDROGEN PICKUP IN ZIRCONIUM ALLOYS EXPOSED 107 DAYS IN STATIC 680 F WATER 

A l l o y 

Z i r c a l o y - 2 

Z i r c a l o y - 2 -
0 . 57 w / o Ni 

Z i r c a l o y - 2 -
0 . 4 5 w / o N i - 1 

N i c k e l - f r e e Z i r 

N i c k e l - f r e e Z i r 
0. 2 w / o F e 

, o w / c 

c a l o y -

c a l o y -

Sb 

2 

2 -

H y d r o g e n 
C o n t e n t 

of Water(a-) 

Low 
H i g h 

L o w 
H i g h 

Low 
H i g h 

L o w 
H i g h 

L o w 
H i g h 

De 

W e i g h t 
G a i n , 

m g p e r d m 

53 
20 

109 
74 

93 
89 

30 
11 

31 
24 

".gassed A l l o y 
P i c k u p of 

T h e o r e t i c a l l y 
A v a i l a b l e H y d r o g e n , 

p e r cen t 

15 
50 

77 
84 

72 
67 

11 
26 

9 
8 

A l l o y Wi th 400 P P M H y d r o g e n 

W e i g h t 
G a i n , 2 

m g p e r d m 

36 
25 

92 
80 

136<^^ 
143 

26 
24 

32 
16 

P i c k u p of 
T h e o r e t i c a l l y 

A v a i l a b l e H y d r o g e n ^ 
p e r c e n t 

L o s s ( b ) 
L o s s ( b ) 

51 
58 

118^^) 
62 

57 
Loss^'^^ 

10 
Loss^b) 

(a) Low hydrogen, degassed; high hydrogen, 2 atm. 
(b) Possible variations in hydrogen content within starting material. 
(c) Possible loss of corrosion product. 
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Hydrogen ana lyses a lso were obtained for r ep l i ca te alloys exposed 14 days in 
680 F w a t e r . These data plus those after 107 days ' exposure for the degassed alloys 
a r e plotted in F igu re 3 as a function of to ta l co r ros ion . A l inear re la t ionship is found 
between hydrogen pickup and tota l co r ro s ion . As ant ic ipated, the s lopes of these l ines 
a r e not equal for the s e v e r a l al loys and i n c r e a s e with inc reas ing nickel content. The 
s lopes a r e ra t ios of the hydrogen pickup to total co r ro s ion and can be converted to 
ii ^ - 1 ^ 1- J. -J- i- n n e / ' w e i g h t of two hydrogen a t o m s \ , ,^. 
t heore t i ca l pe rcen tages by dividing by 0, 1Z5 " , ^— -^ ° • and multi-

\ weight of one oxygen atom J 
plying by 100, In the Z i r ca loy -2 spec imens the hydrogen pickup doubles with a fifteen-
fold i nc rea se in nickel content. (The n icke l - f ree m a t e r i a l contained 0.002 w / o n ickel , 
the n o r m a l Z i r ca loy -2 contained 0 .03 w / o , while tlie high-nickel alloy contained 
0. 57 w / o . The s lopes of the curves f rom F igu re 3 for these alloys were 0. 02, 0. 04, 
and 0 ,088 , r e spec t ive ly . ) 

Effect of Hydride Surface Laye r s 

The effect of a p rehydr ided surface on hydrogen pickup during co r ros ion was 
studied with the Z i r c a l o y - 2 and Z i r c a l o y - 2 - 0 , 57 w/o nickel al loys f rom the alloy p r o ­
g r a m . Specimens w e r e cathodically charged in dilute sulfuric acid to produce a surface 
hydride l a y e r . One-half of each spec imen was then heated 14 days in evacuated cap­
sules at 680 F to s imula te the h e a t - t r e a t e d condition of a sur face hydride on a c o r r o d ­
ing s amp le . As - fab r i ca ted alloy spec imens with and without the 14-day 680 F heat 
t r e a t m e n t were included in the t e s t s for r e f e rence p u r p o s e s . 

Resu l t s after 25 days ' exposure in s ta t ic 680 F water with 2 a t m of hydrogen a r e 
shown in Table 3 . The hydr ided h igh-n icke l spec imens co r roded at higher r a t e s than 
the a s - f ab r i ca t ed ones . The f ract ion of hydrogen produced in co r ros ion that is picked 
up by the samples va r i ed considerably in the n o r m a l Z i r c a l o y - 2 , but t he re w e r e no 
definite indications that a surface hydride l ayer affected hydrogen absorpt ion during 
co r ro s ion . 

Another type of exper iment was made to de te rmine whether the oxide film on 
Zi rca loy was pe rmeab l e to molecu la r hydrogen. This was done by establ ishing the con­
ditions for hydriding Zi rca loy in pure hydrogen, then introducing sma l l quanti t ies of 
wate r vapor to de te rmine whether or not hydriding stopped comple te ly . 

In the f i r s t exper iment Z i r ca loy -2 was ini t ial ly r eac t ed with hydrogen at 662 F 
and then water vapor was int roduced into the s ta t ic s y s t e m . A m a r k e d change in the 
reac t ion r a t e was obse rved , but it was not poss ib le to be su re that hydriding stopped 
complete ly . T h e r e f o r e , a dynamic s y s t e m was cons t ruc ted in which the in le t -gas m i x ­
tu re was held constant at a flow r a t e of 1. 0 to 1,5 cm-^ p e r min (STP) for a second t e s t . 
The spec imen (0 .752 g, 1.43 cm^) of Z i r ca loy -2 was suspended by a fine plat inum wire 
f rom the b e a m of a Sar to r ius vacuum mic roba l ance . The sys t em was evacuated and the 
spec imen heated to 147 2 F for 1 hr to clean the surface and then it was cooled to 662 F . 
Hydride was produced on the spec imen at the lower t e m p e r a t u r e in flowing dry hydrogen 
at 76 m m of m e r c u r y p r e s s u r e . Water vapor was then added to the hydrogen and the 
reac t ion extended for 1205 h r . The r eac t ion r a t e s obtained in the second t e s t s for the 
hydrogen and the hydrogen plus water a t m o s p h e r e s a r e given in Table 4. Again the 
reac t ion r a t e d e c r e a s e d marked ly when water vapor was introduced into the hydrogen 
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CJ 

u> 

m 

XI 

X 

I 

30 

28 

26 

24 

S 22 

20 

18 

S 16 

14 

12 

10 

8 

6 

4 

2 r t= 

1 1 1 1 1 1 1 1 1 1 

Degassed Metal 

• Nickel-free Zircaloy-2 -0 .2 w/o Fe 
• Nickel-free Zircaioy-2 (0.002w/o Ni) 
A Zircaioy-2 (0.03 w/o Ni) 
o Zircaloy-2 - 0.45 w/o Ni -1.0 w/o Sb 
a Zircaloy-2 -0.57 w/o Ni 

^ J a 

- - ^ 

. ^ 
^ ^ i _ 

^ 

- - • 

A 

^ 
> ^ 

• ™^ ® * 

D ^ 

^ 

^^ ^ 

- ^ 

o 

, - -

_—. -

C 

^ ^ ' 

• ^ ^ 

, — -

^ - ^ 
. - ' 

^ ^̂  

, - - ^ -

^ - ' 

. - " 

9 ^ ^ 

- — 

Slope 

0.088 
0.078 

0.040 

0.020 
O.OIP 

20 40 60 80 100 

Weight Gain, mg per dm^ 

120 140 160 

A-32258 

FIGURE 3. MODIFIED ZIRCALOY-2 EXPOSED UP TO 107 DAYS IN STATIC 
DEGASSED AND HYDROGENATED 680 F WATER 
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T A B L E 3. Z I R C A L O Y - 2 E X P O S E D 25 DAYS IN S T A T I C 
680 F W A T E R (2 A T M O F HYDROGEN) 

A l l o y 

Z i r c a l o y - 2 

Z i r c a l o y - 2 -
0 . 5 7 w / o Ni 

C o n d i t i o n 

A s f a b r i c a t e d 
14 d a y s a t 680 F in v a c u u m 
A s h y d r i d e d 
H y d r i d e d p l u s 14 d a y s a t 

680 F in v a c u u m 

A s f a b r i c a t e d 

We igh t 
m g p e r 

23 
11 
29 

28 

24 

G a i n , 
d m 2 

H y d o r g e n 

Mg p e r 

0 . 5 1 
0. 12 
0. 90 

- 0 . 4 5 

2 . 4 1 

Dm 2 

A b s o r 
P e r 
The 

p t i on 
C e n t of 

o r e t i c a l 

18 
5 

25 

__ 

80 
14 d a y s a t 680 F in v a c u m n 14 2. 00 114 
A s h y d r i d e d b8 5. 99 70 
H y d r i d e d p l u s 14 d a y s a t 

680 F in v a c u u m 42 4 . 18 79 

T A B L E 4 . R E A C T I O N R A T E S O F Z I R C A L O Y - 2 IN DRY H Y D R O G E N AND 
O F T H E H Y D R I D E D S U R F A C E IN W E T H Y D R O G E N A T 662 F 

G a s P r e s s u r e , m m of 
m e r c u r y R a t e C o n s t a n t s , 

S u r f a c e C o n d i t i o n ' ^ ' H y d r o g e n O x y g e n jig p e r c m , h r 

C l e a n Z i r c a l o y - 2 76 - - 4600 

H y d r i d e d Z i r c a l o y - 2 7 3 . 3 2 . 7 0, 14(b) 

(a) The specimen was first hydrided in dry hydrogen for 0.09 hr. Water was added after the weight gain indicated that = 500 ppm 
of hydrogen had been absorbed. The final analysis showed that 620 ppm had been picked up during the total run of 1205 hr. 

(b) This rate is based upon the linear portion of the curve shown in Figure 5 after the film is no longer protective. 
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a t m o s p h e r e . The ini t ia l change in reac t ion r a t e is shown by the weight g a i n - v e r s u s -
t ime plot in F igure 4. Subsequent reac t ion was somewhat erratic,^ as shown by the 
points in F igu re 5^ but suggests the growth of a pro tec t ive fi lm after wate r vapor is 
added to the hydrogen. This fi lm eventually b r e a k s down as in the case of Zircaloy-2(2) 
with a final l inear r eac t ion r a t e of 0. 14 jLig/(cm2)(hr). 

Essent ia l ly^ a l l of the weight gain which o c c u r r e d after water vapor was added to 
the a tmosphe re was a r e su l t of oxidation^ a s shown by the fact that the hydrogen content 
i n c r e a s e d only f rom 500 to 620 ppm during the second s tage of the t e s t , Thus^ the total 
weight gain owing to oxidation was 200 jig per cm^ . The to ta l amount of oxidation in the 
dilute s t e a m a tmosphe re is comparab le to that which occu r s in wa te r at the same 
t e m p e r a t u r e . '^) 

Metal lographic examinat ion of the above spec imen after reac t ing with hydrogen 
and then with hydrogen plus water revea led a thick hydr ide layer coated with a thin 
oxide l a y e r . Pho tomic rographs of the surface of the r eac t ed spec imen a r e shown in 
F igu re 6, The oxidation of the hydrided surface i s seen to r e su l t in a continuous l aye r . 
This f i lm appea r s to have stopped the hydrogen reac t ion as desc r ibed above. 

The above r e su l t s and those of previous work r epor t ed in BMI-llZOl-^' on hydrided 
sur faces indicate that the ini t ial r eac t ion r a t e between hydr ide and water is higher than 
that between Z i r ca loy -2 and w a t e r . Since this surface effect may be due to lat t ice 
s t ra ins5 the co r ro s ion behavior of z i rcon ium hydr ide spec imens containing 50, 60, and 
65 a /o hydrogen was invest igated in the p r e sen t p r o g r a m . The r e s u l t s a r e p resen ted 
in F igu re 7. All of the spec imens were coated with adherent shiny black films after the 
c o r r o s i o n t e s t . The ini t ia l weight gains for these al loys a r e high and may be somewhat 
in e r r o r because of sma l l spec imen s i z e . However , this high ini t ia l r a t e confi rms the 
previous studies on hydr ided su r f aces . It is in te res t ing to no te , however , that the high 
ini t ia l r a t e is followed by a v e r y low r a t e dur ing extended exposure to 680 F w a t e r . 

F r o m these s tudies on hydr ide and hydrided sur faces it appears that hydride 
p a r t i c l e s produced during co r ro s ion do not offer a path for molecu la r hydrogen to enter 
the base m e t a l , provided a sufficient amount of wate r vapor is p r e s e n t to form a p r o ­
tect ive oxide f i lm. F u r t h e r m o r e , the amount of co r ros ion on hydride does not appear 
to be excess ive and would not be e3q>ected to introduce l a rge quantit ies of a tomic 
hydrogen. 

DISCUSSION OF RESULTS 

This study has shown that the oxide fi lm over z i rcon ium hydride appea r s to be 
jus t a s pro tec t ive against the pickup of molecu la r hydrogen as that over z i rcon ium 
itself. The study has discounted the suggest ion that the ca ta ly t ic effect of nickel i s the 
cause of the high hydrogen pickup of nickel a l loys . No evidence was found which con­
flicts with the explanations proposed by BAPD for the high hydrogen pickup in the i r 
s tud ies . 

However , the r e su l t s of this study have not defined the m e c h a n i s m by which 
hydrogen is absorbed in z i r con ium during co r ro s ion in h i g h - t e m p e r a t u r e w a t e r . There 
is cons iderab le ev idence , however , that the source of hydrogen is that produced f rom 
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1 per cent hydrofluoric acid on polishing wheel. 
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the c o r r o s i o n reac t ion . Since s m a l l quanti t ies of wate r vapor introduced into molecular 
hydrogen appear to stop the hydriding reac t ion by the format ion of a continuous oxide 
filnij the hydrogen absorbed by z i r con ium during c o r r o s i o n i s probably in the a tomic 
or ionic s t a t e . Z i rcon ium al loys a r e known to r eac t rapidly with a tomic hydrogen 
( e . g . , cathodic charging) to f o r m hydr ides . However , in the co r ros ion of hydr ides a 
protect ive oxide film is formed. This would indicate that the p r e s e n c e of hydride as 
a minor phase in Z i r ca loy -2 would not be respons ib le for ca tas t rophic co r ros ion . 
F u r t h e r m o r e ^ the p r e s e n t study shows that the hydrogen content of the me ta l has l i t t le 
or no effect upon the amount of co r ros ion-p roduced hydrogen that en t e r s the base me ta l . 

In the case of meta l l i c additions^ however , t he re appea r s to be a pronounced r e ­
lat ionship between the amount of the addition and the amount of hydrogen picked up 
during c o r r o s i o n . While ant imony, c h r o m i u m , and i ron d e c r e a s e the hydrogen 
pickup, nickel i n c r e a s e s the amount of co r ro s ion -p roduced hydrogen that is picked up 
by the ba se m e t a l . It i s known that a l l of these e lements forin in t e rme ta l l i c compounds. 
These a re bel ieved to act as cathode r e g i o n s , upon which hydrogen is deposited in the 
co r ros ion reac t ion . F r o m the r e s u l t s obtained in this invest igat ion on the amount of 
hydrogen absorbed by the meta l with different alloy addi t ions , it appear s that the nickel 
compound may dissolve hydrogen and provide the diffusion path into the m e t a l while the 
ant imony, c h r o m i u m , and i ron compounds tend to r e l e a s e the hydrogen to the w a t e r . 
P r ev ious studies on h igh-pur i ty c r y s t a l - b a r z i r con ium, which is re la t ive ly free of 
compounds , have shown that hydrogen genera ted during c o r r o s i o n tends to fo rm a hy­
dr ide case at the meta l -ox ide in te r face . In o r d e r to fully unders tand the mechan i sm 
of hydrogen pickup during c o r r o s i o n , it would be n e c e s s a r y to de te rmine the compos i ­
tion and s t ruc tu re of the in t e rme ta l l i c compounds in va r ious alloys and to obtain h y d r o ­
gen r e a c t i o n - r a t e , co r ro s ion r a t e , and solubil i ty data for these compounds. 

In addition to the studies on the react ion of hydrogen with the var ious conapounds, 
the fac tors which affect the hydrogen pe rmea t ion through the 03dde filna need further 
study. These include: (1) poss ib le modification of the Z r 0 2 by the alloying e lements 
such as c h r o m i u m , i r on , and nickel; (2) changes in the e l e c t r i c a l conductivity of the 
oxide formed over the in t e rme ta l l i c compound; and (3) whether the hydrogen which 
p e r m e a t e s the oxide film is a t o m i c , ion ic , or in the fo rm of hydroxyl ions . These and 
other quest ions need to be answered before the m e c h a n i s m of hydrogen pickup by z i r c o ­
nium alloys during exposure to h igh - t empera tu re water can be fully unders tood . 

CONCLUSIONS 

The r e s u l t s of this study have indicated the following conclusions with r e s pec t to 
hydrogen absorp t ion in z i r con ium alloys during co r ro s ion in h igh- t e inpera tu re wa te r , 

(1) Increas ing nickel content i n c r e a s e s hydrogen absorpt ion in z i rcon ium 
a l loys . As l i t t le as 0,06 w / o nickel i n c r e a s e s hydrogen pickup by 50 
per cent in sponge z i rcon ium. In Z i rca Ioy-2 containing up to 0 ,5 w/o 
n icke l , the amount of hydrogen abso rbed doubles with each fifteenfold 
i n c r e a s e in nickel content. 
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(2) Additions of up through 1 w / o of ch romium or i ron reduce the hydrogen 
absorpt ion in sponge z i r con ium, while t in has a neu t ra l effect. 

(3) Antimony additions ranging up through 1.5 w/o significantly lower 
hydrogen absorp t ion in sponge zirconiuna. However , 1 w/o antimony 
in Zircaloy-2 with 0.57 w/o nickel alloy does not significantly r e t a r d 
hydrogen pickup. 

(4) Two a t m o s p h e r e s of molecu la r hydrogen in the wa te r does not affect 
hydrogen pickup by z i rcon ium a l loys . 

(5) High hydrogen content at the surface o r in the bulk alloy does not in­
fluence hydrogen absorpt ion during co r ro s ion . 

(6) Wate r -vapor addition to a hydrogen a tmosphe re stops the hydriding 
reac t ion , 

(7) The z i r con ium hydr ide i tself i s c o r r o s i o n r e s i s t an t in 680 F water 
after the init ial r eac t ion which fo rms an oxide f i lm. 
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