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T H E N I T R I C - H Y D R O F L U O R I C ACID 
P I C K L I N G O F ZIRCALOY 2 

E . B u r t F r i e d l , W a r r e n E . B e r r y , P a u l D . M i l l e r , 
and F r e d e r i c k W. F i n k 

HF-HNOn pickling solutions for Zircaloy 2 were studied. Acid concen­
tration, bath contamination, and temperature were the parameters investigated. 
Pickling rates were found to be linear with time. Pickling rates increased linearly 
with the HF concentration, but variations in the HNOo concentration had little or 
no effect on the rate. Contamination of the bath with metal ions found in Zircaloy 2 
at concentrations below saturation also had little or no effect on the pickling rate. 
Temperature-dependency studies in the range of 40 to 160 F indicated an activation 
energy of 4.95 kcal per mole for the dissolution of Zircaloy 2 in HF-HNO?. The 
surface appearance of the Zircaloy 2 used in the study was found to be dependent 
upon both the HF and HNOq concentrations. 

I N T R O D U C T I O N 

The w o r k - h a r d e n e d s u r f a c e l a y e r f o r m e d on z i r c o n i u m and i t s a l l o y s by m a c h i n i n g 
and o t h e r f a b r i c a t i n g o p e r a t i o n s i s known to be l e s s r e s i s t a n t to c o r r o s i o n by h i g h -
t e m p e r a t u r e w a t e r t han the u n w o r k e d b a s e m e t a l . It h a s b e e n g e n e r a l p r a c t i c e to 
r e m o v e th i s th in l a y e r by p i ck l i ng in a n i t r i c - h y d r o f l u o r i c ac id so lu t i on . The r e s u l t i n g 
s u r f a c e s exh ib i t the high d e g r e e of c o r r o s i o n r e s i s t a n c e r e q u i r e d to ob t a in s a t i s f a c t o r y 
h e a t - t r a n s f e r p r o p e r t i e s in Z i r c a l o y 2 - c l a d fuel e l e m e n t s for p r e s s u r i z e d - w a t e r -
r e a c t o r a p p l i c a t i o n s . 

The u s e of the n i t r i c - h y d r o f l u o r i c a c i d ba th h a s s e v e r a l d i s a d v a n t a g e s . Chief 
a m o n g t h e s e i s a l o s s in h i g h - t e m p e r a t u r e - w a t e r c o r r o s i o n r e s i s t a n c e if the p i c k l e s o l u ­
t ion is not t h o r o u g h l y r i n s e d f r o m the Z i r c a l o y 2. * ' In a d d i t i o n , p i c k l i n g of Z i r c a l o y 2 
a s s e m b l i e s which c o n t a i n n a r r o w c h a n n e l s can c a u s e l o c a l o v e r h e a t i n g , which r e s u l t s in 
e x c e s s i v e p i ck l i ng r a t e s , e v o l u t i o n of NO2, and s t a i n i n g of the a l loy whi le it i s be ing 
t r a n s f e r r e d to the r i n s e w a t e r . T h e s e e f fec t s a r e u n d e s i r a b l e and diff icul t to avo id in 
the p r o d u c t i o n of f u e l - e l e m e n t c l u s t e r s for p r e s s u r i z e d - w a t e r r e a c t o r s . 

B a s e d on p r e s e n t k n o w l e d g e , t h e r e i s not suf f ic ien t i n f o r m a t i o n a v a i l a b l e to p r e ­
d ic t m e t a l - r e m o v a l r a t e and s u r f a c e f in i sh for Z i r c a l o y 2 p i c k l e d in a wide r a n g e of ba th 
c o m p o s i t i o n s , t e m p e r a t u r e s , and c o n t a m i n a n t c o n c e n t r a t i o n s . I n f o r m a t i o n on t h e s e 
v a r i a b l e s could be u s e d to def ine safe l i m i t s for g e n e r a l ba th u s a g e in p r o d u c t i o n . 

A p r o g r a m w a s u n d e r t a k e n for the B e t t i s L a b o r a t o r y o p e r a t e d by W e s t i n g h o u s e 
E l e c t r i c C o r p o r a t i o n to s tudy t h e s e v a r i a b l e s . A c i d c o n c e n t r a t i o n s r a n g i n g f r o m 1 to 
5 v o l u m e p e r cen t of 49 w / o h y d r o f l u o r i c ac id and 20 to 80 v o l u m e p e r cen t of 70 w / o 
n i t r i c a c i d w e r e i n v e s t i g a t e d . The e f fec t s of t e m p e r a t u r e on p i c k l i n g b e h a v i o r w e r e 
s t ud i ed o v e r the r a n g e of 40 to 180 F . C o n t a m i n a t i o n f r o m m e t a l ions found in 
Z i r c a l o y 2 w a s s t u d i e d , in the a m o u n t s tha t would be p r e s e n t , if the p i c k l e ba th c o n t a i n e d 
up to 20 w / o Z i r c a l o y 2. 

(1) References at end. 
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EXPERIMENTAL WORK 

Test P r o c e d u r e s 

Acids 

The acids used in this study were concentrated cp grades normal ly found in the 
labora tory . The hydrofluoric acid was from one lot which analyzed 49. 0 w/o HF. The 
ni t r ic acid was taken from severa l lots which had a nominal concentrat ion of 70 ± 1 w/o 
HNO3. 

Zircaloy 2 

The Zircaloy 2 was furnished by Bettis in the form of 2 by 1 by 0. 140-in. samples 
having a milled finish, and had the following analys is : 

Analysis , w/o Analys is , w/o 

Tin 
Iron 
Nickel 
Chromium 
Cobalt 
Titanium 
Tungsten 

1.45 
0. 133 
0. 044 
0. 080 
0. 001 
0. 002 
0. 002 

Copper 
Magnesium 
Chlorine 
Oxygen 
Hydrogen 
Nitrogen 

0.0022 
0. 001 
0.0029 
0. 1230 
0. 0068 
0.0044 

The Zircaloy 2 ingot was forged at 1800 F to 2-in. - thick stock. It was then rol led 
at 1550 F to approximately 1/8-in. - thick s t r ip . The s t r ip was annealed 15 min at 
1550 F p r io r to machining the cor ros ion coupons. 

The ingot had been co r ros ion tes ted 14 days in 750 F s team at Bet t is , and exhibited 
an average weight gain of 31 mg per dm . The ingot was re jected for p r e s s u r i z e d -
w a t e r - r e a c t o r applications because of s t r inger l ike cor ros ion . 

Apparatus 

A d iagram of the tes t appara tus is shown in Figure 1. The pickle-bath solution 
was placed in a polyethylene container (A). Ten l i t e r s of solution was used in al l t e s t s 
except those containing additional dissolved z i rconium. One l i ter of solution was used 
in the la t ter study because of the large amounts of z i rconium requ i red . F r e s h solutions 
were used in each of the more than 90 exper iments conducted. 

The solution was s t i r r e d by means of a polyethylene p rope l le r attached to a 
motor (B) rotating at approximately 100 rpm. The velocity of the solution past the 
specimens was not de termined. The specimens (C) were a l te rnate ly r a i sed and lowered 
severa l inches in the solution at a ra te of 20 cycles per minute . 
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FIGURE 1. DIAGRAM OF APPARATUS USED IN NITRIC-HYDROFLUORIC 
ACID PICKLING OF ZIRCALOY 2 
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The container of pickle solution was i m m e r s e d in a cons tan t - t empera tu re water 
bath contained in a 20-gal s teel tank (D). Tempera tu re was controlled to ± 1 F by means 
of immers ion hea te r s (E) and cooling coils (F). 

Test Resul ts 

Duplicate specimens of Zircaloy 2 were examined after being pickled a total of 1, 
2, 4, and 8 min under the conditions descr ibed below. Specimens were evaluated on the 
bas is of weight loss per unit a r ea , thickness of metal removed, and surface appearance . 

(1) 20, 40, 60, and 80 volume per cent of 70 w/o ni t r ic acid in 3 volume 
per cent of 49 w/o hydrofluoric acid solution at 100 F 

(2) 1, 2, 3, 4, and 5 volume per cent of hydrofluoric acid in 30 and 80 volume 
per cent of ni t r ic acid at 100 F 

(3) 3. 5 volume per cent of hydrofluoric acid and 39 volume per cent 
of ni t r ic acid at t e m p e r a t u r e s of 40, 60, 80, 90, 100, 110, 120, 140, 
160, and 180 F 

(4) Additions of 1, 2, 3, 5, 10, and 20 w/o zirconium to each of three 
baths maintained at 90 and 150 F : 

(a) 2 volume per cent HF-20 volume per cent HNO3 

(b) 3. 5 volume per cent HF-39 volume per cent HNO3 

(c) 5 volume per cent HF to 60 volume per cent HNO3 

(5) Additions of chromium, iron, nickel, and tin singly and in combination 
to a 100 F 3. 5 volume per cent HF-39 volume per cent HNO3 bath in the 
same rat io as a solution containing 1, 2, 3, 5, 10, and 20 w/o Zircaloy 2. 

Nitric Acid Concentration 

Exper iments conducted with 3 volume pe r cent HF in 20, 40, 60, and 80 volume per 
cent HNO3 at 100 F revealed no marked effect on the pickling ra te of Zircaloy 2 from 
varying the ni t r ic acid content. As can be seen from Figure 2, the ra te of dissolution 
was l inear with time and was slightly higher in 20 and 80 volume per cent than in 40 and 
60 volume per cent HNO3 solutions. Rates of metal removal ranged from 472 to 608 mg/ 
(dm2) (min). 

It is conceivable that the var iance in r e su l t s obtained r e p r e s e n t s exper imenta l 
e r r o r . Work by Smith and Hi l l ( 2 ' has shown that solution velocity has an effect on pick­
ling r a t e . In the p resen t study, it was difficult to pickle the Zircaloy 2 specimens in 
exactly the same position in the container . Thus, slight differences in the velocity of 
the solution past the specimens could have been responsible for the observed differences 
in pickling r a t e s . On the other hand, the minimum in pickling ra te at 60 volume per cent 
HNO3 may have been a r ea l effect. 
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ZIRCALOY 2 
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The l o s s in m e t a l t h i c k n e s s a s m e a s u r e d with a m i c r o m e t e r c l o s e l y p a r a l l e l e d the 
• a l c u l a t e d t h i c k n e s s l o s s e s , wh ich a l s o w e r e p r e s e n t e d in F i g u r e 2. The c a l c u l a t e d 
t h i c k n e s s c h a n g e s a p p e a r e d to be m o r e r e l i a b l e t h a n t h o s e which w e r e m e a s u r e d . The 
l a t t e r w e r e sub j ec t to s o m e e r r o r , s i nce the m e a s u r e d change in t h i c k n e s s r e p r e s e n t e d 
r e a d i n g s on the m i c r o m e t e r which w e r e e s t i m a t e d to the n e a r e s t 0. 0001 in. 

Al though m e t a l - r e m o v a l r a t e s w e r e e s s e n t i a l l y the s a m e o v e r the r a n g e of n i t r i c 
i c i d c o n c e n t r a t i o n s s t ud i ed , the s u r f a c e a p p e a r a n c e of the Z i r c a l o y 2 s p e c i m e n s u s e d in 
t h i s s tudy w a s not the s a m e for a l l n i t r i c ac id c o n t e n t s . Those p i c k l e d in 20 v o l u m e p e r 
cen t H N 0 3 - 3 vo lume p e r cen t H F exh ib i t ed s m o o t h , b r i g h t , and sh iny s u r f a c e s . T h o s e 
p i c k l e d in 40, 60, or 80 vo lume p e r cen t H N O 3 - 3 v o l u m e p e r cen t H F s o l u t i o n s w e r e 
b r i g h t but r o u g h . The r o u g h n e s s a p p e a r e d a s s t r i a t i o n s in the d i r e c t i o n of r o l l i n g . The 
e x a m p l e s shown in F i g u r e 3 i l l u s t r a t e the s u r f a c e a p p e a r a n c e of t y p i c a l s p e c i m e n s . The 
s p e c i m e n on the left i s a s m i l l e d . The c e n t e r s p e c i m e n shows the t y p i c a l s m o o t h , 
b r i g h t s u r f a c e ob ta ined a f t e r p i c k l i n g . The s p e c i m e n on the r i g h t e x h i b i t s the t y p i c a l 
s t r i a t i o n - t y p e r o u g h n e s s a f t e r p i c k l i n g . 

IX N49384 

As Mi l l ed B r i g h t , Smooth S t r i a t e d , R o u g h e n e d 
P i c k l e d Sur face P i c k l e d Sur face 

F I G U R E 3 . T Y P I C A L A P P E A R A N C E O F I N E R T - A T M O S P H E R E - M E L T E D 
ZIRCALOY 2 S P E C I M E N S B E F O R E AND A F T E R PICKLING 
IN N I T R I C - H Y D R O F L U O R I C ACID 

Note h o r i z o n t a l s t r i a t e d r o u g h n e s s on s p e c i m e n at r i g h t . 

The Z i r c a l o y 2 u s e d in t h i s s tudy was m e l t e d m an i n e r t g a s a t m o s p h e r e . It h a s 
b e e n shown tha t i n e r t - a t m o s p h e r e - m e l t e d m a t e r i a l c o n t a i n s both void s t r i n g e r s and 
i n t e r m e t a l l i c s t r i n g e r s . v ' V a c u u m - m e l t e d Z i r c a l o y 2 c o n t a i n s c o n s i d e r a b l y f e w e r 
s t r i n g e r s . In the p r e s e n t s tudy , s e v e r a l s p e c i m e n s of v a c u u m - m e l t e d Z i r c a l o y 2 w e r e 
p i c k l e d u n d e r cond i t i ons which c a u s e d s t r i a t i o n s m the i n e r t - a t m o s p h e r e - m e l t e d 
m a t e r i a l . The r e s u l t i n g s u r f a c e s w e r e v i r t u a l l y f r e e of s t r i a t i o n s . T h u s , in add i t i on 
to ac id c o n c e n t r a t i o n , the p r e s e n c e of s t r i n g e r s in the Z i r c a l o y 2 a p p a r e n t l y i n f l u e n c e s 
the n a t u r e of the s u r f a c e f in i sh in H N O 3 - H F p ick l ing of t h i s m a t e r i a l . 
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H y d r o f l u o r i c Acid C o n c e n t r a t i o n 

E x p e r i m e n t s w e r e conduc ted in which Z i r c a l o y 2 w a s p i c k l e d in 30 and 80 v o l u m e 
p e r cent HNO3 con t a in ing 1, 2 , 3 , 4 , o r 5 v o l u m e p e r cen t H F . The ba th t e m p e r a t u r e 
w a s 100 F The m e t a l l o s s - t i m e c u r v e s and c a l c u l a t e d p e n e t r a t i o n s for t h e s e e x p e r i ­
m e n t s a r e p r e s e n t e d in F i g u r e s 4 and 5. It c a n be s e e n tha t the p i ck l i ng r a t e s w e r e 
l i n e a r wi th t i m e and i n c r e a s e d wi th i n c r e a s i n g H F c o n t e n t The i n c r e a s e s m p i c k l i n g 
r a t e with H F con ten t a l s o w e r e l i n e a r , a s shown in F i g u r e s 6 and 7. The p i c k l i n g r a t e s 
ob ta ined in 80 v o l u m e p e r cen t HNO3 w e r e c o n s i s t e n t l y l o w e r t han t h o s e ob t a ined m 
30 vo lume p e r cen t HNO3 at the s a m e H F l e v e l . Th i s s u g g e s t s t ha t the s l igh t v a r i a t i o n 
m p ick l ing r a t e s o b t a i n e d in the s tudy on the effect of HNO3 c o n c e n t r a t i o n ( d e s c r i b e d m 
the p r e c e d i n g s e c t i o n ) m a y have b e e n r e a l and not a r e s u l t of e x p e r i m e n t a l p r o c e d u r e . 

The m e a s u r e d l o s s e s m t h i c k n e s s f r o m p i c k l i n g in t h e s e a c i d s w e r e in good a g r e e ­
m e n t with the c a l c u l a t e d l o s s e s in t h i c k n e s s p r e s e n t e d in F i g u r e s 4 t h r o u g h 7. 

All a l loy s p e c i m e n s p i c k l e d in 30 v o l u m e p e r cen t HNO3 at a l l H F l e v e l s e x h i b i t e d 
s m o o t h , b r i g h t , and sh iny s u r f a c e s . T h o s e p i c k l e d in 1 v o l u m e p e r cen t H F - 8 0 v o l u m e 
p e r cent HNO3 a l s o w e r e s m o o t h and sh iny , whi le t h o s e p i c k l e d in 2 to 5 v o l u m e p e r cen t 
H F in 80 vo lume p e r cen t HNO3 had the s t r i a t e d s u r f a c e r o u g h n e s s 

Add i t i ona l e x p e r i m e n t s w e r e conduc t ed to d e t e r m i n e w h e t h e r the s u r f a c e r o u g h n e s s 
was a r e s u l t of the t o t a l a m o u n t of m e t a l r e m o v e d S p e c i m e n s w e r e p i c k l e d for long 
p e r i o d s of t i m e in 80 v o l u m e p e r cent H N O 3 - I v o l u m e p e r cen t H F unt i l the a m o u n t of 
m e t a l r e m o v e d w a s equa l to tha t r e m o v e d in 80 v o l u m e p e r cen t H N O 3 - 4 vo lume p e r cen t 
H F The s u r f a c e of t h e s e s p e c i m e n s w a s b r i g h t and s m o o t h . 

T e m p e r a t u r e 

The effect of t e m p e r a t u r e on p i ck l ing b e h a v i o r was s t ud i ed o v e r the r a n g e of 40 to 
180 F The c o m p o s i t i o n of the ba th w a s 3 5 v o l u m e p e r cen t H F - 3 9 v o l u m e p e r cen t 
HNO3 This ba th h a s b e e n u s e d e x t e n s i v e l y in p r o d u c t i o n - l i n e p i ck l i ng of Z i r c a l o y 2 
As m o t h e r s t u d i e s , p i ck l i ng r a t e s w e r e found to be l i n e a r with t i m e , a s shown in 
F i g u r e 8 

The t e m p e r a t u r e d e p e n d e n c y of the p i c k l i n g r a t e for Z i r c a l o y 2 in 3 5 v o l u m e p e r 
cen t H F - 3 9 v o l u m e p e r cen t HNO3 i s shown in the c o n v e n t i o n a l A r r h e m u s - t y p e p lo t in 
F i g u r e 9 The a c t i v a t i o n e n e r g y for t h i s r e a c t i o n was c a l c u l a t e d to be 4 95 k c a l p e r 
m o l e The p i c k l i n g r a t e for the 180 F ba th w a s v e r y h igh and did not fa l l on the p l o t t e d 
c u r v e . This s u g g e s t s a change m the r e a c t i o n m e c h a n i s m n e a r th i s t e m p e r a t u r e . The 
i n c r e a s e in r a t e canno t be fully a c c o u n t e d for on the b a s i s of o v e r h e a t i n g of the 
s p e c i m e n s d u r i n g p i c k l i n g . If the l a t t e r had been t r u e , a r a t e o t h e r t han l i n e a r shou ld 
have been o b s e r v e d , s i n c e the s p e c i m e n s w e r e p i c k l e d in 1- , 2 - , and 4 - m i n i n c r e m e n t s 
and should have r e a c h e d h i g h e r t e m p e r a t u r e s d u r i n g the l o n g e r p i ck l ing t i m e s 

The m e a s u r e d l o s s m t h i c k n e s s d u r i n g p i ck l i ng o v e r the above t e m p e r a t u r e r a n g e 
c o r r e l a t e d wel l wi th the c a l c u l a t e d p e n e t r a t i o n s p r e s e n t e d in F i g u r e 8. 

S p e c i m e n s p i c k l e d at 40 and 60 F w e r e s m o o t h and sh iny T h o s e p i c k l e d at 160 
and 180 F a l s o w e r e s m o o t h and sh iny but exh ib i t ed s o m e s t a i n i n g . S t r i a t i o n - t y p e r o u g h ­
n e s s began to a p p e a r at 80 F and o c c u r r e d i r r e g u l a r l y at t e m p e r a t u r e s t h r o u g h 110 F 
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S p e c i m e n s p i c k l e d at 120 and 140 F w e r e c o v e r e d c o m p l e t e l y wi th s t r i a t i o n s . Some 
s t a i n i n g a l s o w a s o b s e r v e d at 140 F . Con t inued p i c k l i n g of s p e c i m e n s at 120 F un t i l 
the m e t a l r e m o v e d e q u a l l e d t ha t a f t e r 8 m i n a t 160 F fa i l ed to p r o d u c e a s m o o t h s u r f a c e . 

Z i r c o n i u m C o n t a m i n a t i o n 

The effect of z i r c o n i u m c o n t a m i n a t i o n of up to 20 w / o or s a t u r a t i o n w a s i n v e s t i ­
ga ted in t h r e e d i f f e ren t p i c k l e b a t h s and a t two t e m p e r a t u r e s in e a c h ba th . C r y s t a l - b a r 
z i r c o n i u m was d i s s o l v e d in e x c e s s H F and n i t r i c ac id and w a t e r w e r e added to give the 
d e s i r e d c o n c e n t r a t i o n s . Ba th c o m p o s i t i o n s w e r e : 

(1) 3. 5 v o l u m e p e r cen t H F - 3 9 v o l u m e p e r cen t HNO3 

(2) 2 v o l u m e p e r cen t H F - 2 0 v o l u m e p e r cen t HNO3 

(3) 5 v o l u m e p e r cen t H F - 6 0 v o l u m e p e r cen t HNO3. 

Ba th t e m p e r a t u r e s w e r e 90 and 150 F . In s e v e r a l b a t h s the so lub i l i t y l i m i t of the z i r ­
c o n i u m c o m p o u n d w a s r e a c h e d and p r e c i p i t a t e s f o r m e d in the s o l u t i o n s . The ba th c o m ­
p o s i t i o n which c o n t a i n e d the p r e c i p i t a t e w a s c o n s i d e r e d s a t u r a t e d . No s a t u r a t i o n w a s 
o b s e r v e d in 2 v o l u m e p e r cen t H F - 2 0 v o l u m e p e r cen t HNO3 con ta in ing up to 20 w / o 
z i r c o n i u m ; s a t u r a t i o n o c c u r r e d b e t w e e n 5 and 10 w / o z i r c o n i u m in 3. 5 v o l u m e p e r cen t 
H F - 3 9 v o l u m e p e r cen t HNO3, and b e t w e e n 3 and 5 w / o z i r c o n i u m in 5 v o l u m e p e r c e n t 
H F - 6 0 v o l u m e p e r cen t HNO3. 

The r e s u l t s of the above s t u d i e s a r e p lo t t ed in F i g u r e s 10 t h r o u g h 15. In s o m e 
e x p e r i m e n t s , z i r c o n i u m a d d i t i o n s a p p e a r e d to affect p i c k l i n g r a t e s c o n s i d e r a b l y . H o w ­
e v e r , it was not p o s s i b l e to e s t a b l i s h a t r e n d a s to the effect of d i s s o l v e d z i r c o n i u m on 
the p i ck l i ng r a t e of Z i r c a l o y 2 in H F - H N O 3 . The r e a s o n s for the e r r a t i c r e s u l t s 
o b t a i n e d in t h i s s tudy a r e not known. The u n u s u a l l y h igh p i ck l i ng r a t e o b s e r v e d in the 
150 F 2 v o l u m e p e r cen t H F - 2 0 v o l u m e p e r cen t HNO3 b a t h con ta in ing 20 w / o z i r c o n i u m 
could not be a c c o u n t e d for on the b a s i s of ba th c o m p o s i t i o n , s i n c e a p o s t t e s t a n a l y s i s 
of the so lu t ion r e v e a l e d tha t the ba th c o n d i t i o n s had b e e n m e t . 

The p i ck l i ng r a t e s w e r e l i n e a r wi th t i m e , e x c e p t for s p e c i m e n s p i c k l e d in 5 vo lume 
p e r cen t H F - 6 0 v o l u m e p e r cen t HNO3 at 150 F . In the l a t t e r e x p o s u r e , the e x c e s s i v e 
r a t e of a t t a c k a p p a r e n t l y e x h a u s t e d the H F con t en t of the so lu t ion . Th i s r e s u l t e d in a 
s t e a d i l y d e c r e a s i n g p i c k l i n g r a t e . 

The m e a s u r e d m e t a l - t h i c k n e s s c h a n g e s p a r a l l e l e d the c a l c u l a t e d p e n e t r a t i o n s , 
which a l s o a r e p r e s e n t e d in F i g u r e s 10 t h r o u g h 15. 

With two e x c e p t i o n s , the s u r f a c e s of s p e c i m e n s which w e r e p i c k l e d in 90 and 150 F 
2 v o l u m e p e r cen t H F - 2 0 vo lume p e r cen t HNO3 w e r e s m o o t h but m i l k y . S p e c i m e n s 
p i c k l e d in the 150 F s o l u t i o n s con ta in ing 10 and 20 w / o z i r c o n i u m w e r e c o v e r e d wi th an 
a d h e r e n t whi te d e p o s i t . T h e s e whi te d e p o s i t s w e r e not iden t i f i ed b e c a u s e of i n su f f i c i en t 
t i m e . 

S t r i a t i o n s w e r e o b s e r v e d on s u r f a c e s of s p e c i m e n s p i c k l e d in the 90 F 3 . 5 v o l u m e 
p e r cen t H F - 3 9 v o l u m e p e r cen t HNO3 s o l u t i o n s c o n t a i n i n g 1 t h r o u g h 10 w / o z i r c o n i u m . 
S p e c i m e n s p i c k l e d in d u p l i c a t e s o l u t i o n s at 150 F w e r e s m o o t h but s t a i n e d . 
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The 5 v o l u m e p e r cen t H F - 6 0 v o l u m e p e r c e n t HNO3 b a t h s con t a in ing up to 5 w / o 
z i r c o n i u m p r o d u c e d s t r i a t i o n s on the a l loy s a m p l e s a t bo th 90 and 150 F . The s t r i a t i o n s 
w e r e v e r y c o a r s e and d e e p , and a p p e a r e d m o r e l ike g r o o v e s in the s p e c i m e n s p i c k l e d in 
150 F s o l u t i o n s . 

C o n t a m i n a t i o n F r o m Al loying A g e n t s in Z i r c a l o y 2 

The effect on p i ck l ing b e h a v i o r of ba th c o n t a m i n a t i o n f r o m a l loy ing a g e n t s in 
Z i r c a l o y 2 w a s s t ud i ed in 3 .5 v o l u m e p e r cen t H F - 3 9 v o l u m e p e r cen t HNO3 at 100 F . 
C h r o m i u m , i r o n , n i c k e l , and t in ions w e r e a d d e d s ing ly and in c o m b i n a t i o n to the ba th 
in the s a m e r a t i o s a s if 1, 2, 3, 5, 10, and 20 w / o Z i r c a l o y 2 w e r e added to the so lu t i on 
by p i ck l ing . C h r o m i u m , i r o n , and n i c k e l w e r e added a s n i t r a t e s . M e t a l l i c t in w a s d i s ­
so lved in HNO3 and t h e n added to the ba th . The a m o u n t s of t h e s e a d d i t i o n s a r e p r e s e n t e d 
in Table 1. 

The r e s u l t s of t h e s e e x p e r i m e n t s a r e p l o t t e d in F i g u r e s 16 t h r o u g h 20. P i c k l i n g 
r a t e s w e r e l i n e a r wi th t i m e . No p r o n o u n c e d effect on p i c k l i n g r a t e was o b s e r v e d wi th 
t h e s e m i n o r a d d i t i o n s , and the s c a t t e r in r e s u l t s ob t a ined could we l l r e p r e s e n t e x p e r i ­
m e n t a l e r r o r . 

M e a s u r e d m e t a l - l o s s - t h i c k n e s s c u r v e s for the above s tudy c o r r e l a t e d we l l with 
the c a l c u l a t e d p e n e t r a t i o n s a s p r e s e n t e d in F i g u r e s 16 t h r o u g h 20. 

The s u r f a c e s of s p e c i m e n s p i c k l e d in s o l u t i o n s con t a in ing c h r o m i u m , i r o n , o r 
n i cke l ions e x h i b i t e d s o m e d e g r e e of s t r i a t i o n s . S p e c i m e n s p i c k l e d in s o l u t i o n s c o n t a i n ­
ing 0. 03 to 0. 30 w / o t in w e r e s m o o t h and sh iny . S p e c i m e n s p i c k l e d in s o l u t i o n s c o n t a i n ­
ing a l l four m e t a l ions in c o m b i n a t i o n e x h i b i t e d v e r y l i t t l e s u r f a c e s t r i a t i o n . T h u s , it 
a p p e a r s tha t t in in so lu t ion m a y have a b e n e f i c i a l effect in p r o d u c i n g s m o o t h , b r i g h t s u r ­
f a c e s on Z i r c a l o y 2 p i c k l e d in H F - H N O 3 . 

Sur face R o u g h n e s s 

Sur face r o u g h n e s s in the f o r m of s t r i a t i o n s h a s b e e n m e n t i o n e d r e p e a t e d l y t h r o u g h ­
out th i s r e p o r t . Sur face cond i t ion v e r s u s ac id c o n c e n t r a t i o n s at t e m p e r a t u r e s of 90 and 
100 F have b e e n p lo t t ed in F i g u r e 2 1 . A c u r v e h a s b e e n d r a w n which s e p a r a t e s ac id 
c o n c e n t r a t i o n s a c c o r d i n g to w h e t h e r a r o u g h o r s m o o t h s u r f a c e is p r o d u c e d on the 
Z i r c a l o y 2 s p e c i m e n s e m p l o y e d in t h i s s tudy . The g e n e r a l t r e n d is t ha t , a s H F c o n t e n t 
i n c r e a s e s , the HNO3 con ten t m u s t d e c r e a s e to avo id r o u g h e n e d s u r f a c e s . The 3. 5 v o l ­
u m e p e r cen t H F - 3 9 v o l u m e p e r cen t HNO3 ba th l i e s on the b o r d e r l ine and m a y p r o d u c e 
s o m e roughen ing of Z i r c a l o y 2 u s e d in t h i s p r o g r a m . 

DISCUSSION 

Smi th and Hi l l have d e m o n s t r a t e d t ha t the r a t e of d i s s o l u t i o n of z i r c o n i u m in 
H N O 3 - H F s o l u t i o n s is a funct ion of the u n d i s s o c i a t e d H F c o n c e n t r a t i o n . (^) In the 
p r e s e n c e of HNO3 (and o t h e r a c i d s ) the f l u o r i d e - i o n c o n c e n t r a t i o n is s m a l l and h e n c e , 
for a l l p r a c t i c a l p u r p o s e s , the u n d i s s o c i a t e d H F c o n c e n t r a t i o n is e q u a l to the m o l a r i t y 
of the H F . 



TABLE 1. EFFECT OF CHROMIUM, IRON, NICKEL, AND TIN CONTAMINATION IN THE HF-HNO3 BATHS ON THE PICKLING BEHAVIOR OF ZIRCALOY 2 

Condition 

1 

2 
3 
4 

5 
6 

7 
8 
9 

10 

11 
12 

13 
14 

15 
16 
17 

18 

19 
20 

21 

22 
23 
24 

25 
26 
27 
28 

29 
30 

HF 
Volume Per Cent 

3 .5 

3 .5 

3 .5 
3 . 5 
3 .5 
3 .5 

3 .5 

3 .5 
3 .5 
3 .5 

3 .5 
3 .5 

3 .5 
3 .5 
3 .5 
3 .5 
3 .5 
3 .5 

3 .5 
3 .5 
3 .5 

3 .5 
3 .5 
3 .5 

3 .5 
3 .5 
3 .5 

3 .5 

3 .5 
3 .5 

Acid Concentration 

Molarity 

1.05 

1.05 
1.05 

1.05 
1.05 
1.05 

1.05 
1.05 
1.05 

1.05 
1.05 

1.05 

1.05 
1.05 
1.05 
1.05 
1.05 

1.05 

1.05 
1.05 
1.05 

1.05 
1.05 
1.05 

1.05 
1.05 
1.05 

1.05 

1.05 
1.05 

HNO3 

Volume Per Cent 

39 
39 

39 

39 
39 
39 

39 

39 
39 

39 
39 

39 

39 
39 
39 
39 

39 

39 

39 
39 
39 

39 
39 
39 

39 
39 
39 

39 

39 
39 

Molarity 

6 .31 
6 .31 

6 .31 
6 .31 
6 .31 
6 .31 

6 .31 
6 .31 
6 .31 
6 .31 
6 .31 
6 .31 

6 .31 
6 .31 

6 .31 
6 .31 

6 .31 
6 .31 

6 .31 

6 .31 
6 .31 

6 .31 
6 .31 
6 .31 

6 .31 
6 .31 
6 .31 

6 .31 
6 .31 

6 .31 

Temperature 

100 
100 

100 
100 
100 
100 

100 
100 
100 
100 

100 
100 

100 
100 
100 
100 
100 

l'OO 

100 

100 
100 

100 
100 
100 

100 
100 
100 

100 
100 

100 

Contaminant 
Added 

, F Ion 

Sn 
Sn 

Sn 

Sn 
Sn 
Sn 

Fe 
Fe 
Fe 

Fe 
Fe 
Fe 

Cr 
Cr 

Cr 
Cr 
Cr 
Cr 

Ni 
Ni 
Ni 

Ni 
Ni 
Ni 

w/o 

0. 0150 
0. 0300 

0.0450 
0.0750 
0.1500 
0.3000 

0.0012 
0. 0024 

0.0036 
0.0060 
0.0120 
0. 0240 

0.0010 

0.0020 
0.0030 
0.0050 
0. 0100 

0. 0200 

0. 0006 
0.0012 

0.0018 
0. 0030 
0. 0060 

0. 0120 

Combination of 1 ,7 ,13 ,19 , 

Combination of 2 , 8 ,14 ,20 , 
Combination of 3 , 9 , 1 5 , 2 1 , 

Combination of 4 , 1 0 , 1 6 , 
Combination of 5 ,11 ,17 , 

Combination of 6 ,12 ,18 , 

22 

22 
24 

Mg/(Dm2)(Min 

25 
26 

27 
!,28 

1,29 

t ,30 

695 
681 

662 

792 
757 
683 

732 
698 
700 

715 
742 

711 

713 

657 
699 
709 
740 

732 

718 
715 
758 
745 
757 
689 

718 
715 
758 

745 

757 
689 

Picking Ra ite 

.) Me/(Dm2)(Min)(Mole HF) 

662 
649 

630 

753 
722 
655 

698 

665 
666 
682 

708 
678 

679 
626 

665 
675 
705 
698 

684 

682 
722 
710 
722 

656 

684 
682 

722 
710 

722 

656 
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FIGURE 16. E F F E C T OF CHROMIUM CONTAMINATION IN NITRIC-
HYDROFLUORIC ACID BATH ON THE WEIGHT OF 
ZIRCALOY 2 DISSOLVED 
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FIGURE 17. E F F E C T OF IRON CONTAMINATION IN NITRIC-HYDROFLUORIC 
ACID BATH ON THE WEIGHT OF ZIRCALOY 2 DISSOLVED 
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FIGURE 18. E F F E C T OF NICKEL CONTAMINATION IN NITRIC-HYDROGLUORIC 
ACID BATH ON THE WEIGHT OF ZIRCALOY 2 DISSOLVED 
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FIGURE 19. E F F E C T OF TIN CONTAMINATION IN N I T R I C - H Y D R O F L U O R I C 
ACID BATH ON THE WEIGHT OF ZIRCALOY 2 DISSOLVED 
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FIGURE 20. COMBINED E F F E C T OF CHROMIUM, IRON, NICKEL, AND TIN IN 
NITRIC-HYDROFLUORIC ACID BATHS ON THE WEIGHT OF 
ZIRCALOY 2 DISSOLVED 
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FIGURE 21. SURFACE FINSH ON ZIRCALOY 2 AS A FUNCTION OF NITRIC-
HYDROFLUORIC ACID CONCENTRATIONS 



29 

The d i s s o l u t i o n - r a t e da t a ob t a ined for Z i r c a l o y 2 in the p r e s e n t s tudy w e r e r e c a l ­
c u l a t e d on the b a s i s of u n d i s s o c i a t e d H F c o n c e n t r a t i o n r a t h e r t han v o l u m e p e r c e n t a g e s , 
and the r e s u l t s a r e p r e s e n t e d in T a b l e s 1 t h r o u g h 3 and a r e s u m m a r i z e d m the 
t e m p e r a t u r e - d e p e n d e n c y p lo t in F i g u r e 22 The p l o t t e d p o i n t s r e p r e s e n t the r e s u l t s of 
the t e m p e r a t u r e - d e p e n d e n c y s tudy with the 3. 5 v o l u m e p e r cen t H F - 3 9 v o l u m e p e r cen t 
H N O , so lu t ion The c u r v e ob t a ined by Smi th and Hi l l for z i r c o n i u m a l s o is i n c l u d e d , 
for c o m p a r i s o n It can be s e e n tha t the effect of t e m p e r a t u r e on the p i c k l i n g r a t e 
a p p e a r s g r e a t e r for Z i r c a l o y 2 than for u n a l l o y e d z i r c o n i u m The a c t i v a t i o n e n e r g y w a s 
c a l c u l a t e d to be 4 95 k c a l p e r mole for Z i r c a l o y 2, w h e r e a s Smi th and Hi l l r e p o r t e d an 
a c t i v a t i o n e n e r g y of 3 34 k c a l p e r mole for una l l oyed z i r c o n i u m The o b s e r v e d d i f f e r ­
e n c e s b e t w e e n Z i r c a l o y 2 and z i r c o n i u m in the t e m p e r a t u r e d e p e n d e n c y of t h e i r d i s s o l u ­
t ion r a t e s m a y be r e a l o r m a y be an effect of s t i r r i n g r a t e of the so lu t i on . R e s u l t s 
r e p o r t e d by Smi th and Hi l l w e r e ob t a ined a t a s t i r r i n g r a t e beyond the l i m i t which p r o ­
duced an effect on d i s s o l u t i o n r a t e 

The m a x i m u m and m i n i m u m p i ck l i ng r a t e s o b t a i n e d a t 100 F for the s t u d i e s of the 
effect of HNO3, H F , and m i n o r c o n t a m i n a n t s a l s o a r e p l o t t e d in F i g u r e 22 The s m a l l 
s p r e a d in r e s u l t s s u p p o r t s the t h e o r y tha t p i ck l ing r a t e i s a func t ion of H F c o n c e n t r a t i o n 
It a l s o r e f l e c t s the fac t tha t the m i n o r c o n t a m i n a n t s of c h r o m i u m , i r o n , n i c k e l , and t in 
have l i t t le effect on p i ck l ing r a t e . 

The m a x i m u m and m i n i m u m p i ck l i ng r a t e s ob t a ined in the z i r c o n i u m - c o n t a m i n a n t 
s t u d i e s at 90 and 150 F a l s o a r e p lo t t ed in F i g u r e 22 The l a r g e s p r e a d in r e s u l t s p o i n t s 
out the e r r a t i c n a t u r e of the r e s u l t s o b t a i n e d in the z i r c o n i u m - c o n t a m i n a t i o n s tudy 

It i s i n t e r e s t i n g to note tha t a s l i t t l e a s 0 03 w / o t in in so lu t i on r e s u l t e d in a b r i g h t , 
s m o o t h s u r f a c e on the a l loy s p e c i m e n s in p i ck l i ng b a t h s which n o r m a l l y p r o d u c e d s o m e 
d e g r e e of s t r i a t e d r o u g h n e s s . The r o l e of t in in t h i s i n s t a n c e was not i n v e s t i g a t e d 
f u r t h e r It m a y be p o s s i b l e tha t i t s funct ion is to a l t e r the a n o d e - t o - c a t h o d e r a t i o on the 
s u r f a c e of the Z i r c a l o y 2 by p r o v i d i n g a l a r g e n u m b e r of c a t h o d e s d i s p e r s e d o v e r the 
e n t i r e s u r f a c e , t h u s a s s u r i n g a u n i f o r m r a t e of a t t a c k The r o l e of t in shou ld be i n v e s ­
t i g a t e d f u r t h e r and the m e c h a n i s m m a y p r o v i d e a m e a n s of i m p r o v i n g s u r f a c e f in i sh 

S p e c i m e n s p i c k l e d a t t e m p e r a t u r e s above 150 F in t h i s p r o g r a m c o n s i s t e n t l y 
exh ib i t ed s t a in ing e v e n though p r e c a u t i o n s w e r e t aken to qu ick ly t r a n s f e r the s p e c i m e n s 
to r i n s e w a t e r The s t a i n i n g r e s u l t s in p o o r c o r r o s i o n r e s i s t a n c e upon e x p o s u r e in the 
h i g h - t e m p e r a t u r e - w a t e r e n v i r o n m e n t of p r e s s u r l z e d - w a t e r r e a c t o r s Dur ing p i c k l i n g 
of f u e l - e l e m e n t a s s e m b l i e s and c l u s t e r s in the c o n v e n t i o n a l ba th (3 5 v o l u m e p e r cen t 
H F - 3 9 v o l u m e p e r cen t HNO3), it is p o s s i b l e tha t t e m p e r a t u r e s m r e s t r i c t e d c h a n n e l 
a r e a s may r e a c h or e x c e e d 150 F . T h u s , s t a i n i n g m a y o c c u r in t h e s e a r e a s L o w e r i n g 
the o v e r - a l l r a t e of a t t a c k could c o n c e i v a b l y r e s u l t in a m u c h l o w e r t e m p e r a t u r e in the 
conf ined a r e a s d u r i n g p i c k l i n g . S a t i s f a c t o r y s u r f a c e s w e r e o b t a i n e d m s o l u t i o n s c o n ­
t a in ing a s l i t t l e a s 1 v o l u m e p e r c e n t H F o r a s l i t t l e a s 20 v o l u m e p e r cen t HNO3. A 
f u r t h e r r e d u c t i o n in H F a n d / o r HNO3 c o n c e n t r a t i o n shou ld be i n v e s t i g a t e d to a s c e r t a i n 
the l o w e s t l i m i t s which r e s u l t m s a t i s f a c t o r y p i ck l i ng b e h a v i o r . 



30 

TABLE 2. 

Volume 
Per Cent 

3 

3 
3 
3 

1 
2 
3 
4 

5 

1 
2 

3 
4 

5 

3 .5 
3 .5 
3 .5 
3 .5 

3 .5 

3 .5 
3 .5 
3 .5 
3 .5 
3 .5 

EFFECT OF HF AND HNO3 CON 

Acid Concentration 
HF 

Molarity 

0.90 

0.90 
0.90 
0.90 

0.30 
0.60 
0.90 

1.20 

1.50 

0.30 

0.60 
0.90 

1.20 
1.50 

1.05 
1.05 
1.05 
1.05 

1.05 

1.05 

1.05 
1.05 
1.05 

1.05 

CENTRATIO] 

HNO3 
Volume 
Per Cent 

20 

40 
60 
80 

30 
30 
30 
30 

30 

80 
80 

80 
80 
80 

39 
39 
39 
39 

39 

39 
39 
39 
39 

39 

Molarity 

3 .23 

6.47 
9.70 

12.94 

4 .85 

4 .85 
4 .85 

4 .85 

4 .85 

12.94 
12.94 

12.94 

12.94 
12.94 

6 .31 
6 .31 
6 .31 
6 .31 

6 .31 

6.31 
6 .31 
6 .31 
6 .31 

6 .31 

MS AND BATH TEMF 

Temperature, F 

100 

100 
100 
100 

100 
100 
100 

100 
100 

100 
100 

100 

100 
100 

40 
60 
80 
90 

100 

110 
120 
140 

160 
180 

'ERATURE ON THE PI 

Mg/(Dm2)(Min) 

608 

501 

472 
567 

246 

477 
536 

689 
933 

158 
299 

442 
587 
709 

265 
363 
488 
557 

639 

720 

918 
1080 

1560 
3220 

CKLING RATE 

Pickling Rate 
Mg/(Drr 

OF ZIRCALOY 2 

i2)(MinXMole HF) 

675 

555 
524 
629 

820 

795 
598 
524 

621 

528 
499 

492 
490 

472 

252 
345 
474 

531 

608 

686 

825 
1030 

1485 
3070 
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FIGURE 22. TEMPERATURE DEPENDENCY OF THE LINEAR PICKLING RATE 
OF ZIRCONIUM IN NITRIC-HYDROFLUORIC ACID BATHS 
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CONCLUSIONS 

The r e s u l t s of t h i s s tudy have i n d i c a t e d t ha t the p i c k l i n g b e h a v i o r of the 
Z i r c a l o y 2 u s e d in t h i s p r o g r a m in H F - H N O 3 s o l u t i o n s can be d e s c r i b e d a s fo l lows : 

(1) D i s s o l u t i o n r a t e s , a s m e a s u r e d by weigh t of m e t a l l o s s or t h i c k n e s s 
d e c r e a s e , a r e l i n e a r wi th t i m e . 

(2) D i s s o l u t i o n r a t e s i n c r e a s e l i n e a r l y wi th i n c r e a s e s in H F con ten t . 

(3) N i t r i c a c i d con ten t h a s l i t t l e o r no effect on d i s s o l u t i o n r a t e . 

(4) M i n o r c o n t a m i n a t i o n of p i c k l i n g b a t h s f r o m c h r o m i u m , i r o n , n i c k e l , 
a n d / o r t in h a s l i t t l e effect on p i ck l i ng r a t e s . T in in the r a n g e of 
0. 03 to 0. 30 w / o i m p r o v e d the s u r f a c e f in i sh of the Z i r c a l o y 2 u s e d 
in t h i s p r o g r a m . 

(5) Z i r c o n i u m c o n t a m i n a t i o n of up to 20 w / o or s a t u r a t i o n in the p i c k l i n g 
b a t h s a p p a r e n t l y d o e s not affect p i ck l i ng r a t e s , b a s e d on the e r r a t i c 
r e s u l t s ob t a ined in t h i s s t u d y . 

(6) P i c k l i n g r a t e s i n c r e a s e with an i n c r e a s e in t e m p e r a t u r e . The i n c r e a s e 
in r a t e fo l lows a t y p i c a l A r r h e n i u s p lo t . The c a l c u l a t e d a c t i v a t i o n 
e n e r g y is 4. 95 k c a l p e r m o l e . 

(7) S ta in ing o c c u r s on s p e c i m e n s p i c k l e d above 150 F . 

(8) Z i r c a l o y 2 s u r f a c e s in t h i s s tudy b e c o m e r o u g h e n e d a t H F c o n c e n t r a t i o n s 
above 2 vo lume p e r cen t if the HNO3 c o n c e n t r a t i o n is h igh (above 40 v o l u m e 
p e r cen t ) . 

A C K N O W L E D G M E N T 

T h i s w o r k was conduc t ed unde r WAPD R e f e r e n c e No. 73 (14-3627) for the B e t t i s 
L a b o r a t o r y of the A t o m i c E n e r g y C o m m i s s i o n , o p e r a t e d by the W e s t i n g h o u s e E l e c t r i c 
C o r p o r a t i o n . L i a i s o n w a s m a i n t a i n e d with M r . S tan ley K a s s of t ha t l a b o r a t o r y , whose 
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