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ABSTRACT 

This repor t  describes a s e r i e s  of inves t iga t ions  r e l a t i v e  t o  t h e  

p ickl ing of t h e  Zircaloys p r i o r  t o  corrosion exposure. Included a r e  s tud ies  

evaluat ing t h e  f e a s i b i l i t y  .of u t i l i z i n g  common ion neu t ra l i z ing  and s u l f u r i c  

a c i d  r i n s e s  subsequent t o  p ickl ing i n  order  t o  f a c i l i t a t e  surface  cleaning 

and minimize a c i d  entrapment. Inves t igat ions  of var ious  add i t ion  agents t o  

the  aqueous n i t r i c  acid-hydrofluoric~aeid p ickl ing so lu t ions  were made t o  

evaluate  p ickl ing r a t e s ,  surface smoothness, ease i n  r ins ing,  and e f f e c t s  

upon subsequent corrosion p roper t i e s .  The corrosion evaluations of a '' 

hydrochlor ic  &id-hydrofluoric a c i d  e tchant  and n i t r i c : : and  s u l f u r i c  ac id -  

hydrofluoric a c i d  so lu t ions  were made. 



PICKLING OF THE ZIRCALOYS PRIOR TO CORROSION EXPOSURE 

. . S. Kass 
D. 5 .  Fontanese 

. A. E: Oaks 
D. B,! . S ~ - o t t  

INTRODUCTION . 

Zircaloy-2 and -3 have found extensive appl icat ion i n  the  water cooled and 

moderated reactors  developed a t  the  Be t t i s  Plant, due t o  the  excel lent  corrosion 

proper t ies  i n  high temperature water and steam. These excel lent  proper t ies  a r e  

inherent  i n  the  a l loys;  however, the  corrosion r a t e s  of zirconium a l loys  a r e  

a f fec ted  by the- condition of the  surfaces' induced by machining, abrading, 0.r 

chemical contamination. A t r u l y  representa t ive  surface on good qua l i t y  material 

permits one t o  obta in  a protect ive  oxide and low weight gains, while a poor 

surface of the  same mater ia l  r e s u l t s  i n  loose white oxide and high weight gains.  

Because of the  s e n s i t i v i t y  of the  zirconium a l loys  i n  t h i s  respect, g rea t  care  

must be exercised i n  specimen preparation i f  spurious r e s u l t s  a r e  t o  be avoided. 

Mechanica1,operations such a s  machining and abrading the  surface of z i rco-  

nium a l l oys  give. r i s e  t o  a l aye r  of d is turbed metal a t  the  surface and f o r  an 
. . .{ 

appreciable depth under. it. The disturbed' l ayer  . . exhib i t s  a more rapid  corrosion 

r a t e  than does the  bulk metal, hence, must be removed p r io r  t o  corrosion expo- 

sure .  The e f f ec t ,  i l l u s t r a t e d  i n  Fig. 1, cor re la tes  the  extent  of disturbed 

metal under a machined surface as revealed by X-ray line-broadening measurements 

with t h e  appearance of zirconium specimens a f t e r  corrosion ( ~ e f  1). The i nc i -  

dence of white. corrosion, indicat ing accelera ted a t t ack ,  i s  seen t o  cor re la te  

with t he  extent  of disturbed .metal. 
. . . . ,  . . .  

The most r e l i ab l e  method of pre-corros.ion exposure surface preparation 

cons i s t s . o f  the  removal.of 1 t o  2 m i l s  from each surface by br ight  etching i n  

an aqueous solut ion containing approximately 39 V/O n i t r i c  ac id  ( ~ p .  ~r .1.42), . . , 

2.5 t o  3:5$ hydrofluoric ac id  (52%). The process includes suspending t he  

items on.18-8 type s t a in l e s s  s ' t ee l  f i x tu r e s ,  minimizing the  contact  areas  

between t he  f i x tu r e s  and components. A l a rge  r a t i o  of etchant volume'to com- 

ponent surface a rea  is  desi red a s  the zirconium-acid react ion i s  e ~ o t $ ~ ? m l ' c , ,  

and the  etchant temperature should be maintained below 120°F. (1tems picXled 
. , 

a t  temperatures i n  excess of t h e  upper l i m i t  r i s u l t  i n  tapered 'and i r r egu l a r  

surfaces and a r e  more prone t o  be contaminated a s  discussed below). 



Contamination occurs when the etchant is  not thoroughly rinsed from the 

surfaces  o r  when the  etchant i s  permitted t o  dry on the specimen. I n  the  

l a t t e r  case t he  residue is  insoluble i n  water. Inadequate rinsing, which 

allows the etchant t o  dry on the surface, lea'ds t o  the  fo rmt ion  of white 

corrosion products when exposed t o  high temperature water. F i b r e  2 i l l u s -  

t r a t e s  the  corrosion behavior of Zircaloy-2 a f t e r  proper and improper etching 

techniques (Ref 2 ) .  A l l  specimens were corrosion tes ted  i n  6 8 0 " ~  degassed, 

demineralized water a f t e r  2 m i l s  per surface were removed by the n i t r i c -  

hydrofluoric ac id  e tchant .  The f i r s t  s e t  was t e s t ed  a f t e r  the specimens 

were thoroughly rinsed.  Note the black oxide surfaces with no evidences 

of w ~ l . L e  corroslon product, The second s e t  'ms corrosion t e s - t ~ d  a f t e r  the 

etchant w a s  permitted t o  dry upon the specimens. Note t h a t  the  specimens 

. a r e  ccrmple.tely covered. wl.t..h white corrdoion pi-oduc~, The th i rd  s e t  was 

handled i n  the  same manner a s  the  .second s e t  except t h a t  the speciinens were 

vigorously scrubbed with a brush a f t e r  drying. The specimens again a r e  coatkd 

wPth white oxide a f t e r  corrosion testi.ng; however, the  appearance indicates  

t h a t  some of the  res idua l  etchant was removed,by t h e  scrubbing action.  
1 ' 

Further dramatic evidence t h a t  the  corrosion resistance can be markedly 

de te r iora ted  by improper etching techniques is  shown i n F i g .  3, a photograph 

of zirconium t e s t  specimens.which were clamped together and exposed f o r  

4 days i n  6 5 0 " ~  water o r  steam containing 200 ppm of sodium f luor ide .* 
- .. under these conditions extremely deleterioiiG cir rosion i e  noted.at  the ulatbng 

s.l.rfaces. 

A more frequent d i f f i c u l t y  i n  the  corrosion t e s t i ng  of zirconium a l loys  

i s  not the  severe case of white spal l ing oxide, but the more subt le  e f f ec t s  

involving orlly weight gain values o r  s l i g h t l y  cloudy surfaces (pig. 4 ) .  This 

condition i s  brought about during the t r ans fe r  of the coupons from the etchant 

t o  the  r i n s e  bath.  If the t r ans fe r  i s  not made rapidly, the etchant clinging . 

t o  the coupon becomes spent and d ~ p n r i t s  -the recidiinl. 1-cacti011 product upon 

t h e  coupon surfaces.  

Long-time process experience with s j.mpie shapes and compo~euts has showri 

t h a t  etching i n  nitr ic-hydrofluoric ac id  and r insing carr produce surfaces 

which accurately  r e f l e c t  the corrosion res is tance of t he  base metal; however, 

*Unpublished Research, K. M. Goldman, R'ettis plant 



recent experiences have demonstrated the  need f o r  new o r  modified procedures 

s ince  acce le ra ted  corrosion was observed i n  s p i t e  of s t r i c t  pickling and 

r ins ing  controls .  

The work described i n  t h i s  paper cons t i tu tes  a study of the  pickl ing of 

t h e  zirconium a l loys  p r io r  t o  corrosion exposure. It presents a continuing 

. e f fo r t  t o  advance technology of corrosion r e s i s t a n t  Zircaloys. 

Post-Etching Rinsing 

Ni t r i c  Acid Rinsing After  Pickling 

- Ibsmuch' as accelera ted corrosion 'is influenced by t he  incom- 

'plete removal of tihe etchant 'or  permitt ing the  etchant react ion product t o  

dry upon t he  zirconium a l l oy  surfaces,  t he  u t i l i t y  of common ion r inses  

immediately a f t e r  r ins ing  were invest igated i n  order t o  redissolve.any res id-  

u a l  react ion product from the  surfaces .  

Two-hundred-forty Zircaloy-2 specimens were etched i n  the  nitr ic-hydro- 

f luoric-water bath a t  100°F f o r  su f f i c i en t  time t o  remove 2 m i l s  per  surface. 

The coupons were not r insed,  but  permitted t o  dra in  dry f o r  7 days. A l l  

coupons were covered with heavy deposi ts .  of a white ' reaction product. (These , 

specimens represent t he  extreme condit ion of surface contamination discussed 

above J .  The coupons were then randomly divided i n to  groups of 10 each and 

r insed i n  aqueous solut ions  containing 0, 10, 25, 40, 60, and 80 v/o n i t r i c  
. . 

ac id  f o r ' > ,  10, and 20 min a t  140' and 1 6 0 0 ~ .  Upon completion of the  aqueous , 

n i t r i c  a c id  r inses ,  the  s p e ~ ~ m e n s  were thoroughly f lushed i n  flowing t a p  water 

and s t a t i c ,  boil ing,  high pu r i t y  water. The coupons were then corrosion t e s t e d  

i n  750°F steam at  1500' p s i  f o r  3 days, using procedures previously discussed 

( ~ e f  2 ) .  

Visual exalr~iiiatian of the  coupons p r io r  t o  cnrrosion t e s t  showed 

.\;hat none of the above r ins ing  operations completely removed the  res idua l  

etchant react ion product from the  surfaces,  although a few areas  a t  the  tops 

of the  coupons appeared t o  be f r e e  of the  white deposit .  Typical surfaces 

a f t e r  r i n s ing . a r e  shown i n  Fig. 5. Post-corrosion t e s t  examination confirmed 



the  p re t e s t  examination; none of the rinsing operations completely'removed 

res idua l  react ion product. 'Typical specimens a f t e r  corrosion tesking a re  

shown i n  Fig. 6. Additional trends indicated were: 

( a )  Rinsing the  contaminated surfaces t a p  water did  not exhibi t  

benef ic ia l  e f f e c t s .  No improvement was noted with increasing 

r in se  water temperature. 

(b )  Rinsing i n  aqueoils n i t r i c ,  acid  removed some residual reaction 

product; however,. 'complete removal was not obtained. The eff ic iency 

of the  removal was independent of the ndtr io  ac id  concen t r a~~ io r~  gver  

the  range from 10  t o  80 w/o, . . 

( c )  I n  the  low concentration range (10 t o  40%) s l i gh t ly  improved 
. . 

deposit removal was obtained with increasing r inse  bath temp,erature . ; 

(d) A t  the  high concentration (60 and 80%) the .rinsAng act ion was inde- 

pendent of time and temperature .. 

Inasmuch a s  some react ion product removal was indicated i n  the above 

experiments, a gmup of 40 specimens w a s  t r ea t ed  t o  determine the value of 

a post-pickle r inse  a t  room temperature i n  25% n i t r i c  acid  u t i l i z i n g  rapid 

t r a n s f e r  of the coupons from the etchant t o  the ~.r..i.d r inse.  The coupons were 

etched 2 m i l s  per surface a t  temperatures of 60' and 120°F, immediately 

r insed  i n  e i t h e r  25% n i t r i c  ac id  a t  room temperantaure o r  tap water, and subse- 

quently r insed i l l-high pu r i ty  water. 

A l l  specimens ejrhibited br ight  lus t rous surfaces with no indications of 

any res idua l  react ion product. 

The coupons were then corrosion t e s t ed  f o r  3 days i n  750°F steam. V i s -  

u a l  examination of t he  coupons showed the following: 

( a )  The coupons r insed i n  the  aqueous n i t r i c  ac id  solution did not 

~ x h i . b i t  ally area6 of the whi te  accelerated corrosion product. The 

coupons rinsed i n  water showed s l i g h t l y  cloudy fi lms indicat ive of 

Insuf f ic ien t  removal of the res idual  etchant.  

(b )  LitLle or  no differences were apparent on the surfaces of t he  cou- 

pons which could be a t t r i bu t ed  t o  pickle solut ion temperatures. 



The n i t r i c  . r inse ,  although not a "cure-all"  f o r  surface contamination 

occurring during the  pre-corrosion etching of zirconium al loys ,  i s  a valuable 

addi t ion t o  the  process. The chances of contaminating.surfaces with res idual  

etchant are minimized when n i t r i c  ac id  r i n s ing  i s  employed a s  the  time required 

f o r  t r ans f e r  from the  pickling so lu t ion  t o  the  n i t r i c  r inse  need not be a s  

shor t  a s  when water r ins ing  i s  employed. 

. . 

. .  . . Sulfur ic  Acid Rinsing Afte'r:' Pickling 

The white p rec ip i ta te  formed during the  dissolut ion of zirconiiun ' in 

hydrofluoric ac id  solut ions  i s  believed t o  be a hydrated zirconium f luor ide  

(presumably ZrF ( o H ) ~ ' ~ H ~ o ) .  hr thermore,  it i s  believed t h a t  t h i s  p r ec ip i t a t e  
X 

i s  a cause of surface contamination and the  r e su l t i ng  accelera ted corrosion. 

Since preliminary experiments have shown t h a t  the  p rec ip i ta te  i s  soluble i n  hot  

(100" t o  1 4 0 ' ~ )  aqueous su l fu r i c  acid,  a  s e r i e s  of invest igat ions  w a s  i n i t i a t e d  

t o  determine the  f e a s i b i l i t y  and u t i l i t y  of incorporating aqueous su l fu r i c  a c i d  

solut ions  a f t e r  etching.  It was postulate'd that i f  t he  p rec ip i ta te  were solu- 

b l e  i n  aqueous su l fu r i c  acid,  d issolut ion of the  p rec ip i ta te  would remove the  ' 

source of the  accelera ted corrosion. ., . 

Sixty-four Zircaloy-2 specimens were etched i n  the  ni t r ic-hydrof luor ic-  

water etchant a t  100°F f o r  su f f i c i en t  time t o  remove 2 m i l s  per surface.  The - 
spec i~r~e~ls  we~;e not  r insed but wcre permztted t o  drain-dry f o r  24 hours. 

The specimens were covered with heavy, white deposits  representing the  

extreme condit ion of surface contamination. The specimens were then randomly 

divided i n  groups of four  each and r insed i n  t a p  water 10, 25, and 50 v/o 

su l fu r i c  ac id  f o r  10 and 30 min a t  80° and 1.4n°F. The specimens were then 

th0roughJ.y r insed i n  flowing t a p  water and s t a t i c ,  boil ing,  high pu r i t y  water. 

Visual examination of t h e  specimens p r io r  t o  corrosion t e s t  showed t h a t  none 

of the  above operations completely removed a l l  of t he  etchant react ion product, 

although gross a reas  of b r igh t  shiny metal were evident ( ~ i g .  7 ) .  The dissolu-  

t i o n  of the  white deposit  was g rea te r  a t  the  high temperatures than a t  the  

lower Leruperatures. The 25 v/o so lu t ion  a t  140°F removed almost a l l  of t he  

white deposit,  but  a th in ,  dark, blueblack smut remained. 

Fbst corrosion t e s t .  examination ( ~ i g .  8 )  showed severe accelera ted corro- 

s ion on a l l  major surfaces of the  specimens. Areas which appeared t o  be f r e e  



from residua1,etchant  p r io r  t o  the  t e s t  a lso exhibited white corrosion product. 

These observations indicated t h a t  although the su l fur ic  ac id  solut ion apparently 

removed a l l  v i s i b l e  t races  of res idual  etchant contamination,,a secondary reac- 

t i o n  occurred, resu l t ing  i n  general  ove ra l l  accelerated .corrosion. 

A group of 24 Zircaloy-2 coupons was included i n  a program t o  confirm the 

above indicat ions .  Coupons were processed i n  s i x  groups of four each and cor- 

rosion t e s t e d  f o r  14 days i n  750°F steam. Etching temperatures of 6o07 80°, 

and 1 4 0 " ~  were used, with and without subsequent r ins ing i n  25 v/o su l fu r i c  

a c i d  f o r  30 sec a t  140°F. 

Pre-corrosion t e s t  examination ~ e v e ~ l . l ~ d  no acid ~ t a i n o  on any of t l ~ e  cuu-. 

pons r i n s e d i n t h e  su l fu r i c  a c i d s o l u t i o n ,  a n d s l i g h t  s t a i n s o n t h e  coupons . 
pickled a t  1 4 0 " ~  and water rinsed. 

%st-corrosion-t ,eet iq  ( ~ i ~ .  9 )  i n ~ p c c t i o n  showed tlie rollowing: 

( a )  The coupons which were immediately rinsed i n  water exhibited shiny, 

black temper f i lms.  Only the  coupons pickled a t  1 4 0 " ~  exhibited 

white corrosion product. (1 t  should be noted t h a t  these coupons 

appeared s ta ined  before corrosion t e s t s  ). 

(b) A l l  coupns  which were rinsed i n  su l fu r i c  ac id  exhihi.t .Cd, general 

white areas,  evidences of accelerated corrosion. 

"l'fiese experiments showed t h a t  although the reaction product formed during 

the  etching of zirconium a l loys  i n  hydrofluoric ac id  solutions i s  soluble i n  

hot  aqueous su l fu r i c  acid, a secondary reaction occurs a t  the  zirconium a l loy  

surfaces,  causing a deleter ious  e f f ec t  upon the subsequent high temperature 

corrosion behavior. 

Cnaa.st,i c R i n . w s  

The f o l l ~ w i n g  experiment. w a s  performed t o  dctemfile wheL1ler r lnses  

performed i n  solutl.ona neutral iz ing the  rcs idual  ac id  clinging t o  the surfaces 

would appreciably a f f e c t  the  corrosion resistance and/or r e su l t  i n  minimizing 

"acid s t a i n "  corrosion. Sixty-four coupons representing one Zircaloy-2 and 

three  Zircaloy-3 ingots were etched for suf f ic ien t  timc t o  remove 2 i u i l s  per 

surface i n  the  nitr ic-hydrofluoric solution and thoroughly rinsed i n  t a p  water. 

Thirty-two coupons were subsequently rinsed i n  a 446 solution of sodium hydroxide. 



A l l  coupons were then r insed i n  hot, high pur i ty  water and corrosion t e s t ed  

fo r ,  periqds up t o  168 days i n  6 8 0 ~ ~  water and 140 days i n  750°F steam. 

Precorrosion examination revealed no s ta in ing  of t he  coupons; a l l  sur-  

faces were b r igh t  and lus t rous .  

The coupon appearances and.  weight gain data  a able I )  showed no dele terfous  

e f f e c t s  were brought about 'by t h e  caus t ic  r i n se .  It should be noted t h a t  although 

benef ic ia l  .ef fects  were not observed, caus t ic  r ins ing may be employed whenever 

.experience has 'shown t h a t  water r ins ing does not completely remove t h e  entrapped 

etchant from the  surfaces.  

Additives t o  the  Ni t r i c  Hydrofluoric Acid Etchant 

The above reported experiments and long time proc.ess experience ha s  

demonstrated t h a t  t h e  ni t r ic-hydrof luor ic  etchant would be improved i f  the  

res idua l  etchant could be removed more rapidly  from the  Zircaloy surfaces .  

Supplemental operations, n i t r i c  o r  caus t ic  post-pickle r inses ,  fog nozzle 

spraying, e t c . ,  have been employed; however, these  approaches a r e  time con- 

suming, d i f f i c u l t ,  and not completely fool-proof. 

In  many commercial pickling and e lec t rop la t ing  .operations, addi t ives  
. . 

such a s  wetting agents, a r e  o f ten  employed t o  f a c i l i t a t e  metal removal, improve 

surface f i n i sh ,  increase the r i n s a b i l i t y  of 'etchant, e t c .  

A group of experiments was performed t o  explore the  f i e l d  of wetting agent .. i., 

addi t ions  t o  t he  ni t r ic-hydrof luor ic  etchant and t o  evaluate t h e i r  e f f e c t s  on 

t h e  pickling ra te ,  surface f i n i sh ,  corrosion behavior, and ease i n  r ins ing.  

Preliminary i n v e ~ t i g a , ~ l o n s  showed the  following addi t ives  were s tab le  i n  

t he  hot a c id  solut ion:  

Antarox G-100 

Antarox G-100 + Igepal  

Akweons 670 

Mcwconc 6(h 

Akweons 700 

Rkweons 774 

Akweons 790 

ECI 

Rodine 

General Analine and Film 

De f oame r General Analine and Film 

S w l f  t and Colll'pal~y 

Swift and Company 

Swift and Company 

Swift and Company 

Swift and Company 

Swift and Company 

American Chemical hint 



Antarox G-100 . . I . &  . , 

A s e r i e s  of four  e tchants  was prepared by adaing .0, 0.05' (0.55 cc / l ) ,  

0 .1  (1.17 c c / l ) ,  and 0.5 w/o (5.45 c c / l )  of Antarox G-100 t o  the  39 v/o n i t r i c  

acid-3.5 v/o hydrofluoric acid-water etchant.  et he addi t ion agent read i ly  

dissolved i n  the  a c i d ) .  Ten Zircaloy-2 coupons were pickled i n  each of the  

so lu t i ons  a t  gO°F f o r  su f f i c i en t  time t o  remove 2 m i l s  per surface.  During 

t h e  p ick l ing  foaming w a s  evident and the  degree of  foaming increased with 

increas ing Antarox G-100 content .  The coupons were thoroughly r insed i n  t a p  

water, hot  (120°F) high pu r i t y  water, and corrosion t e s t ed  i n  750°F steam. 

The as-etched coupon surfaces  were bright,, I.i~strous, and eLxhibited no 

a r ea s  of s ta in ing .  The corrosion t e s t ed  surfaces were black, lus t rous ,  and 

completely f r e e  from white corrosion product. Extended corrosion t e s t s  

(84 days i n  750°F steam), summarized i n  Fig. 10, show no dele ter ious  e f f e c t s  

on t h e  corrosion res i s tance  of Zircaloy-2 were brought about by t he  addi t ion 

of  t h e  wett ing agent t o  t he  e tchant .  

The preliminary weight gain  data indicated t h a t  the addi t ion of the  

wett ing agent re tarded the  Zircaloy-2 corrosion and resu l ted  i n  lower weight 

changes. Manufacturersf L i te ra tu re  s t a t e d  t h a t  the  agent i s  a highly polar 

amine and tends t o  form t i g h t l y  adherent mono-molecular layers  on meta l l i c  

surfaces .  It w a s  postula ted t h a t  the  l ayer  would i n i t i a l l y  a c t  8.s a. hsl,srier 

and decrease t he  corrosion r a t e ;  however, the  b a r r i e r  l ayer  would soon be 

destroyed and Zirca.loy-2 corrosion would procccd i n  the no~nlal  Iwnner. l3ight;- 

four  days exposure i n  750°F steam has confirmed the  postulaLiun.. The coupons'- 
2 pickled i n  t r e i t e d  a c i d  continue t o  show weight gains 4-6 &dm. below thoce 

etched I n  the  f'reference" etchant,  but  the  corrosion r a t e s  a r e  e s sen t i a l l y  

i d e n t i c a l .  

When l a rge  amounts of metal  (approximately 10 mi l s )  a r e  removed from 

t h e  surfaces,  a more uniform a t t a ck  i s  obtained when the ~.ddi,t.ion ageat i c  

incorporated i n t o  the  etchant ( ~ i g .  11). Furthermore, p ickl ing r a t e  s tud ies  

( ~ i g .  1 2 )  have shown t h a t  t he  Zircaloy dissn1.ii.tion r a t e  i n  the  Antarox G-100 

containing etchant i s  l e s s  s ens i t i ve  t o  temperature changes than the  non-Antarox 

G-100 Containing solut ion.  

It w a s  hypothesized t h a t  if improved r i n s a b i l i t y  of t he  etchant were 

obtained by t h e  addi t ion of Antarox G-100, samples which were not immediately 



f lushed . i n  w8.te.r -afte-r. etching would not exh ib i t  the  dele ter ious  ac id  s ta i ,n  

and subsequent high,.,corrosion. r a t e . .  Accordingly, a group of twenty-four 

coupons was t r e a t e d  as follows and corrosion t e s t e d  f o r  7 days i n  750°F steam: 

( a )  Six  coupons were etched i n  an 0.5 w/o Antarox so lu t ion  f o r  s u f f i c i e n t  

time t o  remove 2 ,mi l s  per surface and immediately f lushed with t a p  

~ a t e r ~ t h e n  high pur i ty  water. 

( b ) .  S ix  coupons were e$ched a s  i n  (a) except t h a t  the  r ins ing  was per- 

formed 1 min a f t e r  the.'coupons were removed from the  etchant  ins tead  

of immediately upon removal. 

( c )  ' S i x  coupons were etched i n  a non-Antarox G-100 e tchant  1ong.enough 

t o  remove 2 m i l s  per surface,  immediately f lushed with t a p  water, 

then r insed i n  hot high pur i ty  water. 

( d )  S ix  coupons were etched 2 m i l s  per surface i n  the  non-~nta rox  

etchant ,  thoroughly f lushed with t a p  water 1' min a f t e r  removal 

from the  etchant ,  then r insed i n  hot  high pur i ty  water. 

The surface appearances ( ~ i g .  13) land the  weight. gain  data   a able 11) 
show t h a t  the  wetting agent add i t ion  t o  the  e tchant  does not el iminate the  

requirement f o r  immediate r ins ing  a f t e r  etching.  
, 

I n  order t o  minimize foaming which occurs whenever l a rge  complex components 

are etched i n  Antarox G-100 solut ions ,  an e tchant  compounded of Antarox G-100 

and Igepal  CO-20 was employed. Foam s t a b i l i t y  was mate r ia l ly  reduced without 

causing dele ter ious  e f f e c t s  upon the  pickl ing cha rac t e r i s t i c s  o r  subsequent 

Zircaloy corrosion. 

A s e r i e s  of four  e tchants  w a s  prepared by adding 0, 0.05, 0.1, and 0 .5  

w/o Akweons 670 t o  a 35% n i t r i c  ac id ,  5 v/o hydrofluoric acid,  balance water 

e tchant .  Ten Zircaloy-2 coupons were etched i n  each of the  solut ions  f o r  s u f f i -  

c i en t  time to .  remove 2 m i l s  per surface,  thoroughly r insed i n  t a p  and high 

pu r i t y  water, and corrosion t e s t e d  f o r  14 days i n  750°F s.t;eam. 

During t h e  pickl ing operation, excessive foaming. w a s  a l s o  noted. The 

as-pickled surfaces  were b r igh t  and lus t rous  and exhibi ted  no areas  of s t a i n .  . 
Post-corrosion-test  examination indicated no adverse e f f e c t s  on t he  corrosion 

behavior of Zircaloy-2 were caused by .the wetting agent. 



Pickling r a t e  s tud ies ,  summarized in: Fig,: 14, .  again demonstrate the  .. . . ,  . 

~ h a r a t t e ~ i s t i c  of a l e s s e r  dependance of pickling" rat@ on temp&ratbr& -'.'. - .  

Also' lower r a t e s  were cktalncd with increasing agent content .  . . . .  . . . . . 

. . Rkceons 674, 700, 774, .and 790 , .  

A group of fiv'e e tchants  was prepared by addihg 0, 0.'01, 0.02, 0.04 

and 0.10 w/o Akweons 674 o r  Akweons 700 t o  a 35% ni t r i c -5% hydrofluoric ac id  

so lu t i on .  Four' Zircaloy-2 coupons were etched i n  each of t he  above solutions;  

immediately f lushed i n  t a p  water; r insed i n  hot, high pur i ty  water; and cor- 

ros ion  t e s t e d  i n  750°F steam, Four a.ddit.iona1 Zircaloy-2 coupons were etched 

i n  each of t he  above solut ions;  f lushed i n  t a p  water 1 minute a f t e r  removal 

from the  etchant'; r insed  i n  hot ,  high pur i ty  water; then corrosion t e s t ed  i n  

750°F steam t o  evaluate whether improved r i n s a b i l i t y  w a s  obtained by t he  addi t ion 

of wett ing agent.  

No a c i d  s t a i n s  were evident on any specimens thoroughly f lushed immediately 

a f t e r  etching,  but  s t a i n s  were evident on a l l  specimens not r insed immediately 

a f t e r  etching,  ind ica t ing  t h a t  improved r i n s a b i l i t y  was not a t t a ined .  

-s t -corrosion- tes t  examination confirmed .the p r e t e s t  observations. 

( i s .  l - 1 )  The specimens r insed immediately a f t e r  etching exhibited no 

de le te r ious  cor'rosion a t t r i b u t a b l e  t o  the  agents, while a l l  coupons delay-rinsed 

exh ib i ted  white corrosion due t o  res idual  ac id  o r  re~.c t . fan product. 

The 950°F steam data  ( ~ a b l e s  111- and I V )  again r e f l e c t  t h e  d.e.l.ct.erious 

corrosion e f f e c t s  brought about by improper r ins ing after etching. The i n i t i a l  

weight gains of the coupons etched i n  the Akweons containing:~sblutions.  and. 

immediately r insed a r e  s l i g h t l y  higher than the  weight gains of coupons etched 

i n  t h e  non-treated solution;  however, t he  differences minimize a s  corrosion 

exposure i s  extended. 

Plcklfng r a t e  s tud ies ,  summarized i n  Figs. 19 and 20, demonstrate a 

marked decrease i n  t h e  r a t e  of metal d issolut ion i n  t r ea t ed  etchants a t  high 

temperatures and with increasing addi t ion agent.  

Excessive foaming w a s  observed when la rge  components were pickled i n  

Akweons 674 solut ions  o r  when a i r  ag i t a t i on  was employed. Akweons 774, 
repor ted t o  be a nonfoaming vers idn of Akweons 674, was investigated and 

exh ib i ted  behavior s imi l a r  t o  Akweoris 674, 



Additional invest igat ion showed t h a t  Akweons 790 addi t ions  t o  t h e  e tchant  

y ie lded nonfoaming solut ions  and no dele ter ious  e f f e c t s  upon the  corrosion 

behavior (Fig . 21 and Table V )  . 
. . ( .  ;. ... . .  , ;kWnt  BCO 

An evaluation program s imi la r  t o  t h a t  f o r  Akweons w a s  performed t o  

determine t he lp rope r t i e s  of e tchants  containing the  addi t ion of DuPont BCO. 

A l l  coupons properly r insed exhibi ted  b r igh t  lus t rous  surfaces while those 

delay-rinsed showed the  usual  "acid-stain",  Fbst-corrosion inspection v e r i f i e d  

the  as-etched trends; the  addi t ion agent does not re lax  the  requirement f o r  

immediate r ins ing  a f t e r  etching.  The corrosion data   a able V I )  a l s o  show the  

add i t ion  agent produces no ill e f f e c t s  upon t he  corrosion res i s t ance  of pro- 

pe r ly  r insed  Zircaloy-2. 

Pickling r a t e  s tud ies  (Fig. 22) demonstrate t h a t  BCO a l so  decreases t he  

pickl ing r a t e  dependency upon temperature, with a marked decrease i n  the  r a t e  

of metal removed a t  high temperatures when 0.10 w/o of the  add i t ion  agent i s  . .  . 
included i n  the  e tchant .  

Similar  experiments were.conducted using an etchant  composed of 
.. 1. . - 3% IINO , 3 . 5 $  HF, b a l  H O containing 1. oz ,  Rodine per l i t e r  of e tchant .  ., 

3 2 + ..! .: 

Tl~e Rodine containing solut ions  removed metal a t  the  same r a t e  as the  
-, 

non-Rodine containing etchant; however, more uniform surfaces were obtained 

when the  Rodine solut ions  were employed. In  addit ion,  t h e  surfaces  of  t he  

Zircaloy t e s t  coupns  exhtbi ted  more lus t rous  surfaces  a f t e r  being etched i n  

the  &dine so lu t ions .  

Summary of Wetting' Agents 

Although the  presence of wett ing agents i n  the  etchants do not con- 

, t r ibu te  t o  improved r i n s a b i l i t y  of the  e t c h a ~ t  from the  metal surfaces  and 

immediate, . . thorough flushing of the metal surfaces  a f t e r  etching must be' per- 

formed, t he  incorporation of wett.ing agents i n  t he  Zircaloy pickl ing solut ions  

has considerable ,mer i t .  A summary of the  surface  metal d i s so lu t ion  r a t e s  

(Fig. 23) shows the  marked decrease i n  p ickl ing r a t e s  a t  higher temperatures 

when t he  agents a r e  included i n  the  e tchant .  This property can be u t i l i z e d  



f o r  improved process cont ro l  whenever l a rge  o r  complex Zircaloy components a r e  

pickled a s  t he  var ia t ions  i n  the.amount of surface metal removed due t o  minor 

va r i a t i ons  i n  e tchant  temperatures w i l l  be minimized. 

New Etchants 

The i d e a l  etchant f o r  t he  removal of surface metal from Zircaloy-2 

should possess a few basic  requirements. The e tch  should not be harmful t o  

corrosion resis.tance. It should remove surface metal i n  a reasonable time, 

should produce a c lean surface, should not cause p i t t ing ,  and should be easy 
1 

t o  handle and prepare. Furthermore, it should be ea s i l y  removed frnm the  

metal  surfaces.  The "n i t r i c -hyd ro f lu~ r i c "  r? t ,Ch~nt ,  aces not uicct a l l  tlic alruve 

spec l f ica t fons .  'l'he e tch  may be harmful t o  corrosion resistance and is  not 

easy t o  prepare o r  handle. The etchant must be s tored i n  ac id  r e s i s t an t  tanks, 

and hydrofluoric ac id  sa.fc?tay  precaution^ muot be s t r i c t l y  observed. Furthermore, 

mate r ia l  t o  be etched must be vigorously a ~ i t ~ n t e d  o r  shanncling w i l l  occul.. The 

bath  is  spent a f t e r  approximately 56g p e r l i t e r o f  solut ion of metal a r e  dissolved. 

Nitric-Sulfuric -Hydrofluoric Acid Etchants 

Inasmuch a s  the  above experiments showed the  reaction product formed 

during t h e  dfssohrt ion of zirconium i n  hydrofluoric acid i s  soluble i n  hot 

su l fu r id  a c i d , , . i t  was postulated t h a t  . i f  t h e  s u l ~ f ~ ~ r i c  ac id  were incorporated 

i n t o  the  etchant,  t he  react ion product wouXd redissolve i n  the su l tbr ic  a.cid.. 

Thus the  source of cont,a.mina.t.i_on would be a l i qu id  1-ather I;~IHU a sol id ,  alid 

the  suLs?quent wa?er r ins ing  ac t ion  would be eff ic ient .  and posi t ive .  The 

following group of experinients was i n i t i a t e d  t o :  

(1) Determine t h e  e f f e c t  su l fu r i c  ac id  concentration has on the pickling 

ra te ,  surface f i n i sh ,  and corrosion behavior of Ziraaloy-2, and 

(2) dAtermine t he  e f f e c t  of delayed r ins ing on coupons etched with a 

su l fu r i c  ac id  containing etchant.  

A s e r i e s  of seven etchants was prepared by subs t i tu t ing  .sulfur ic  ac id  (96%) 

f o r  n i t r i c  ac id  i n  the  39 v/o ni t r ic-3 .5% hydrof luoric-water etchant.  Subatitu- 

t io l ls  ranging from O to.100$ of the  n i t r i c  ac id  were included. The water and 

hydrofluoric ac id  concentrations remained constant. Four Zircaloy coupons were 

etched i n  each of the  solut ions  a t  80" f 10°F and 100°F f 10°F f o r  8 min. After 

etching the  coupons were rapidly  t ransfe r red  t o  t a p  water and then thoroughly 

rinsed,  dried,  and examined. 



Figure:'24~'s~immarizes the  ' r esu l t s  of the  pickling r a t e  study. The curves 

were prepared by ca lcu la t ing  the  average amount of metal removed per surface 

a f t e r  each immersion period and p lo t t i ng  these data versus the  i n i t i a l  su l fu r i c  

a c i d  concentration. Very l i t t l e  differences i n  the  pickling r a t e s  a r e  observed 

over the  range 0 t o  90% subs t i tu ted  acid; however, t he  r a t e  markedly increases 

a t  100% su l fu r i c  ac id  solut ion.  The data  fu r the r  show t h a t  pickling r a t e s  of 

t h e  mixed acids  a r e  l e s s  influenced by high temperatures than the  completely 

subs t i tu ted  e tchants .  A l l  coupons etched cleanly i n  each of t h e  solut ions  and 

no evidences of white deposits, discoloration,  o r  smudges were v i s i b l e  on t he  

coupons. I n  general, the  coupons exhibited more lus t rous  surfaces a f t e r  etching 

i n  the  "reference"* than i n  the  subs t i tu ted  solut ions .  Coupons etched i n  the  

completely subs t i tu ted  ac id  were du l l .  

The coupons were corrosion t e s t ed  i n  750°F steam f o r  periods up t o  66 days. 

A l l  coupons exhibi ted black, adherent, oxide f i lms a f t e r  corrosion exposure. 

No areas  of accelera ted corrosion (acid  s t a i n )  were evident. Analysis of weight - 
gain data (Figs.  25 and -26) showed small e f f ec t s  upon the corrosion-behavior 

& 

were caused by t he  e tchants .  Very s l i g h t  t rends  of increasing weight gain with 

increasing su l fu r i c  ac id  content were indicated.  

The experiment demonstrated t he  su l fu r i c  ac id  may be subs t i tu ted  

wholly .or i n  pa r t  f o r  n i t r i c  a c id  without ser iously  a f f ec t i ng  corrosion behavior. 
, ,, 

Another s e t  of experiments was i n i t i a t e d  t o  evaluate the  s e n s i t i v i t y  of 

the  surfaces t o  t he  time required f o r  t r ans f e r  of the  component from the  etchant 

t o  the  f i r s t  r inse .  A group of 40 Zircaloy-2 coupons was etched i n  ' the ', ... 

"referencefl .and i n  the  30%. subst i tu ted '  etchant f o r  su f f i c i en t  time t o  remove 

2 mils per surface and r insed i n  t a p  water a f t e r  various delay times of. 0, '3, lU, 
and' 30 min i n  t h e ' t q a m f e r  t o  the  r i n se .  Visual examination of the  coupon sur- 

faces  a f t e r  etch2ng and r ins ing  revealed superior surface cleaning was a t t a ined  

when su l fu r i c  ac id  was: kncluded i n  the  e tchant .  The coupons which were r insed 

immediately a f t e r  etching i n  both solut ions  were b r igh t  and lus t rous ,  showing 

no evidences of res idua l  react ion product. The coupons etched i n  t h e  su l fu r i c -  
. .  . 

acid-containing solution.  and held  fo r  3, 10, and 30 min p r io r  t o  r ins ing  exhibi ted 

b r igh t  lus t rous  surfaces;  no res idual  etchant product was evj,d.ent. I n ,  <contrast , ,  . . 

t he  coupons etched i n  t h e  "reference" etchant and held f'or 3 ,  10, and. 30 i n i n  
, >.. .. . . ,  . ,  .. . ., , .. . < '  . . 

4 '  . , . . . 
*39 v/O HNo~; 3 ;5$ HF, b a i  H,O 

t 



I I 
p r i o r  t o  r ins ing  exhibi ted various degrees of "acid stain",  the  amount increasing 

with increasing delay time. 
. . 

' The coupons were then cor$osi& t e s t ed  fir 7 'day& ' in  750°F kt&m at '1500 psi .  

Visual  examination ( ~ i g :  27) of the  coupons f insed immediately ili water a f t e r  

e tching i n  the  "referehce" o r  'the sulfur ic-acid-subst i tu ted so1ution''showed no 
. . 

evidences of acceleratkd corrosion. ' The surfaces were black and lus t&us.  I n  . 

cont ras t ,  a l l  coupons r insed 3, 10, and 30 min a f t e r  etching showed gross areas  

of white "acid s t a i n "  corrosion regardless of the  etchant used. The amount of 

white dxide appeared t d  increase ds  the  delay time wak; increased, and g ~ e a t e r  

amounts of cont&minat.ion appeared on c o ~ p n s  -etched i n  the  s~ilfuri 'c-acid-con- 

t a i k n g  sdlut iohs .  1t is of ' i n t e r e s t  t d  note th$t coupons etched i n  t he  
' 

su l fur ic -ac id-subs t i tu ted  etchant and delay-rxnsed appeared f ree '  from re$'idual 

r eac t i on  product prf  o r  t o  corrosion , t e s t .  This behavior confirms .*he indicat ion 

reported. .previously t h a t  a secondary action,  resu l t ing  i,n an overa l l  corrosion, 

occurs when su l fu r i c  ac id  d r i e s  on Zircaloy surfaces.  The data.furthermore con- 

firmed the  indicat ions  t h a t  su l fu r i c  ac id  can be subs t i tu ted  Pnr  n i t r t c  acid 

and .yie lds  corrosion r e s i s t a n t  surfaces;  provided the  t r ans fe r  of the  component. 
. -. 

from the etchant t o  the  r i n se  bath  .is made very rapidly.  I f  the  t r ans fe r  is  

not nmde very rapidly,  sekondary react ion occurs and leads t o  white corrosion 
, . . .  , . .  . .. . 

gruiluc L. For t h l s  reason it is  pot recommend.ed t h a t  sulfuric-acid-containing 
. . 

etchants  be employed f o r  t he  pickling of Zircaloy p r io r  t o  corrosion exps i l r e ,  
. . . . . ' .  . .  ' . . 

Hydrofluoric-wdrochloric Acid Etchant 
. - . . . . 

The e l e c t r i c a l  res is tance of t he  surface of ,Zi,rcaloy-2 etched i n  the  

standard- nitric-hydrof1uoric:etchant has been reported t o  increase markedly 

a f t e r  a shor t  exposure t o  a i r .  .This high surface contact resistance. i s  undesir- 

ab l e  i n  res is tance welding. An etchant composed of 100 parts of 36$ hydrochloric 

a c i d  and one pa r t  52% hydrofluoric ac id  was developed whi'ch r e s u l t s  i n  lower 

sur face .contac t  res is tance and r e t a in s  t h i s  value f o r  periods a s  long a s  1 week 

a f t e r '  exposure t o  a i r  a t  room. temperature<:* . . . 

To determine the  f e a s i b i l i t y  of the  hydroch.l.oric-hydroflioric eichaiit a s  

' an a l t e r n a t e  o r  i n  donjunction with the  ni t r ic-hydrof luor ic  etchaht, the  fo l -  

lowing experiment w a s  ' perforrhed. ' 

*Unpublished Research, E.  F. Nippes, Rensselaer ~oly- technic  1ns.titute 



A group of Zircaloy-2 specimens was etched i n  the  hydrochloric-hydrofluoric 

etchant a t  room temperature f o r  30, 60, 120, and 180 sec and thoroughly r insed.  

A second s e t  of samples w a s  etched i n  a s imi la r  manner with the  addi t ion .of 

re-etching with the  ni t r ic-hydrof luor ic  etchant and thoroughly r insed.  A t h i r d  

s e t  of samples was etched i n  the  hydrochloric-hydrofluoric etchant a t  room tem- 

perakure f o r  30, 60, 120, and 180 sec and was permitted. ' to -draiti :dry. ' . A .  . .. 

four th  s e t  of coupons was etched a s  above (hydrofluoric-hydrochloric and dr ied) ,  

subsequently etched i n  the  ni t r ic-hydrof luor ic  solut ion and thoroughly r insed.  

A f i f t h  s e t  of coupons was etched i n  t h e  reference solut ion and thoroughly 

r insed t o  serve a s  controls .  Half 'of  each l o t  of coupons was then corrosion 

t e s t e d  i n  750°F steam and the remaining half  i n  680°F water. 

I n  general,  the  coupons etched i n  t he  hydrochloric-hydrofluhic solut ion 

exhibi ted d u l l  mat f in i shed  p r io r  t o  corrosion exposure. Coupons etched i n  t h e  

n i t r i c  -hydrofluoric solut ion exhibited br ight ,  specular f in i shes .  
' I 

After exposure i n  e i t h e r  6 8 0 ' ~  water o r  750°F steam, t he  coupons etched 

i n  the  hydrochloric-hydrofluoric so lu t ion  and thoroughly r insed exhibi ted du l l ,  

gray oxide f i lms ( ~ i g .  28). The coupons which were permitted t o  dry a f t e r  t he  

HC1-HF treatment exhibi ted general ove ra l l  corrosion and white corrosion product 

( ~ i ~ .  29 ) .  A l l  c4upons which were etched i n  the  hydrochloric-hydrofluoric 

etchant with and without r ins ing p r io r  t o  subsequent etching i n  the  n i t r i c -  

hydrof l uo r i c  etchant exhibited b r igh t  lus t rous  oxide f i l m s  ( ~ l g s .  .!30 and. 1.31 ). 

Analysis of t h e  corrosion weight gain  data   a able vII) showed higher cor- 

rosion r a t e s  f o r  coupons etched i n  t he  hydrochloric-hydrofluoric so lu t ion  and 

thoroughly r insed than coupons etched i n  the  "reference" etchant and thoroughly 

r insed.  Coupons corrosion t e s t e d  a f t e r  the  HC1-HF etchant was permitted t o  dry 

upon the  surfaces exhibited very high weight gains o r  spa l l ing  and weight losses .  

I n  a l l  cases, when coupons were etched i n  HC1-HF, subsequently etched i n  the  

HNO -HF etchant, and thoroughly rinsed, a l l  dele ter ious  e f f ec t s  of t h e  HC1-HF 3 
etchant were removed. 

The experiment demonst.rated t h a t  t he  hydrochloric-hydrofluoric etchant i s  

not  s a t i s f ac to ry  f o r  t he  preparation of Zircaloy surfaces f o r  corrosion exposure. 

The dele ter ious  e f f ec t s ,  however, a r e  rendered innocuous when the  surfaces a r e  

re-etched i n  t he  "reference" etchant.  



WAPD-TM-141 

:.: : , -  S u l f u r i c  Acid-Sodium. N i t r i t e  Etchant . A 

A promising e tch consis t ing of 96.2% su l fur ic  acid- . to  whfch i s  added 
. . 

120 g sodium n i t r a t e  per l i t e r  .of ac id  was deve10ped.b~ Manufacturing Labera- 

t o r i e s ,  Inc.* This so lu t ion  i s  ea s i e r  t o  handle than the  present etch, and the  

s a f e ty  hazard of hydrofluoric ac id  i s  eliminated. Specimen ag i t a t i on  i s  not . , 
required; however, bath  a g i t a t i o n  is  recommended. With ' the  solut ion lhaintained 

a t  95°F and ag i ta ted ,  approximately 20 g of 'metals a r e  dissolved per l i t e r  of 

so lu t ion .  

The following experiment was performed t o  evaluate the  s u l f u r i c - n i t r i t e  , 

e t c h  and addi t iona l  s tud ies  were performed t o  determine the  e f f e c t  upon the  

c o ~ r o s l o n  res is tance of' !Zircaloy-2, t o  compare the corrosion r a t e s  of specimens 

etched by 'the ' s u l f u r i c - n i t r i t e  solut ion and the nitr ic-hydrofluoric 'acid solu- 

t i on ,  and t o  evaluiite the  e f f ec t s  of res idual  letchant. . 

Samples of Zircaloy-2 were etched i n  the  prescribed manner with both 

so lu t ions  f o r '  su f f i c i en t  time t o  remove 2 m i l s  per surface.  After weighing, 
. . 

t h e  'specimens were submitted f o r .  corrosion t e s t  i n  680°F degassed, deionized 

wa te r . '  Visual examination .of t he  coupons p r io r  t o  corrosion t e s t  showed br ight ,  

l u s t rous  surfaces .  No evidences of "acid s t a i n "  were detected. After 56 days 

exposure i n  680°F water no harmful e f f ec t s  a t t r i bu t ed  t o  the su1fu.rl.c-nit,rit,e 
. 

e t c h  were observed. Corrosion t e s t ed  surfaces of the  specimens etched with the  

s u l f u r i c - n i t r i t e  e tch  were not a s  black a s  those etched with t h e  n i t r i c -  

hydrofluoric ac id  solution; however, adherent. lus t rous ,  oxide f i b s  were prodl~ccd 

Additional samples of Zircaloy were etched .in the  s u l f u r i ~ ~ n i t r i t e  solut ion 

f o r  s u f f i c i e n t  time t o  remove 2 mils per surface.  The etching s o l i ~ t ~ i n n  w a s  p r -  

mitted t o  d ra in  o f f ,  but  no r ins ing  was perform~d.  After the specimens dr ied 

they were corrosion t e s t e d  i n  680°F water with and without scrubbing t o  remQve 

t h e  res idua l  prdduct. After the  corrosion t e s t  a l l  specimens were covered with 

white Oxide f i lms.  'I'he f i l m s  on the specimens etched i n  the s u l f u r i c - n i t r i t e  

so lu t ion  appeared t o  be somewhat more adherent than those specimens etched i n  

t h e  ni t r ic-hydrof luor ic  solut ion.  Weight change (Fig. 32) data indicate  t h a t  

,although the  res idual  etchants from both solut ions  exhibited dele ter ious  e f fec t s  

upon the  corrosfon res is tance of Zircaloy-2, the  weight losses  of the  unwashed 

s u l f u r i c - n i t r i t e  specimens were much l e s s  than ' those of the  unwashed ' .  

. . . . 

'*272 . . . .  Northampton s t r e e t ,  ~ o s t d l i ,  Mass. 
Worked performed under Be t t i s  Plant Subcontrac% No. 14-333-(1953) 



nitric-hydrof2uoric etchant specimens. The' improvement of corrosion res is tance 

due t o  .scrubbing.of the  res idual  .etchant product is  more pronounced i n  the-  case 

of the  s u l f u r i c - n i t r i t e  e tch  than a case i n  the  hydrof luor ic-ni t r ic  etch.  

These experiments have shown t h a t  there  were not s ign i f ican t  differences 

i n  the  corrosion r a t e s  of Zircaloy-2 a f t e r  .etching with t he  ni t r ic-hydrof luor ic  

. solut ion o r  the  s u l f u r i c - n i t r i t e  solution,  provided the coupons were t ransferred.  

rapidly from the etchant t o  . the  r inse .  Incomplete removal .of the  r e s idua l .  

etchant from e i t h e r  solut ion is  dele ter ious  t o  the  corrosion res is tance.  This 

e f f e c t  i n  the  case of the s u l f u r i c - n i t r i t e  solut ion i s  not a s  pronounced a s  i n  

the  case of the nitr ic-hydrofluoric solution; however, the e f f ec t  i s  severe. 

The s u l f u r i c - n i t r i t e  etchant suf fe rs  several  disadvantages: 

(1) Rejuvenation of spent o r  pa r t i a l l y . spen t  etchant i s  not p rac t ica l .  

(2 )  Minor Variation i n  bath composition and/or temperature r e s u l t  i n  

black smutted surfaces requiring addi t ional  cleaning operations. 

( 3 )  The metal d issolut ion r a t e  i s  low. 

( 4 )  The bath i s  exhausted a f t e r  approximately-20 g ,of metal a r e  dissolved 

per l i t e r  .of solution,  i n  comparison t o  approximately 56 g per l i t e r  

'when the  ni t r ic-hydrof luor ic  etchant is. used. 

. . 

SUMMARY AND CONCLUSIONS 

Because of the  length, d ivers i ty ,  and magnitude of the  work covered i n  

t h i s  report ,  it i s  f e l t  t h a t  a general  summary'of the  experiments w i l l  be helpful .  

Riasing Zircaloy i n  aqucoue n i t r i c  ac id  a f t e r  .etching i n  ni t r ic-hydrof luor ic  

solut ions  has been demonstrsted t o  be a valuable addit ion t o  the pickling opera- 

t i o n  a s  the  time required f o r  the  t r ans fe r  from t h e  etchant t o  the  r inse  need 

not be a s  shor t  a s  when water .r insing is  employed. 

Rinsing a s  pickled Zircaloy i n  aqueous su l fu r i c  ac id  causes dele ter ious  

e f f ec t s  upon the  Zircaloy corrosion properties.  

Rinsing a s  pickled Zircaloy i n  caus t ic  solut ion produces no harmful e f f ec t s  
O v .  

upon Zircaloy corrosion behavior; f o r  par t i cu la r  application,  the  r i n se  may be 

benef ic ia l  i n  neutra l iz ing any ac id  c l inging t o  the surfaces.  



" . .  The addit ion .of  wetting agents t o  nitr ic-hydrofluoric .etchant:$.:has...cori-. 

s iderable  merit .  The :agents lower. the  Zircaloy 'dissolution r a t e  a t .  .elevate'd ..;. 

temperatures. 
. 

.. . . . 

Nitric-sulfuric-hydrofluoric etchants have been sa t i s fac tory  f o r  pickling 

Zircaloy p r io r  .to corrosion exposure, provided the..' surfaces a re  i m e d i a t e l y  

and thoroughly flushed t o  remove a l l  t races  of the etchant.:. 

The .authors wish t o  acknowleage the assistance of Messrs. H. E. Himes 

and W. R. McVicker, boBli of Bet t is  Plant ,  f o r  t h e i r  assistance .in ~pecim.en_ . ' 

9repar.a.t l d n  and general  progre,m. follow. 

Special  thanks a r e  due t h e  Corrosion G ~ O U ~ ,  Central Technical .Act,i:vl t,i er, , 
Bet t i s  Plant, f o r  the  cooperation i n  the xerformance of the corrosion t e s t s .  

1. B. Lustman, and F. Kerze, Jr . , "The Metallurgy of ~irconiumj'' '  McGraw-Hill, 
New York (i955 );, pp. 612 t o  619. . . , 

2. S. Kass, "Corrosion Testing of Zircaloy-2 and Zircaloy-3, " WAFD-TM-97, 
October 1957. 



CORROSION OF ZIRCALOY-2 AND ZI;RCALOY-3 RINSED I N  WATER OR 4% SODIUM HYDROXID~  

750°F 1500 p s i  Steam Tests 

. c. . . .  , >  ... , . . . I .  , . : .  . . Average Weight Gain, mg/dm2 . 

.~xpbsure  Time, days A -  3 14 28 42 56 8 4 9 8 - - -  114 126 140 

Alloy Rinse 

Zircaloy-2 Water 

~ i r c a l o y - 2  NaOH 17 28 33 48 56 6 6 .  75 86 91 107 
, 

Zircaloy-3 Water 17 26 30 37 37 45 48 55 56 61 

~ i r c a l o y - 3  NaOH 17 25 32 38 39 47 49 56 56 61 

6 8 0 ' ~  Water Tests 

Exposure Time, days 

2 .  
Average weight Gain, mg/dm 

28 . . 56 84 112 3 4 0  : 168 - - - - - -  
Alloy Rinse 

Zircaloy-2 Water 24'  30 33 35 44 59 

7,i real-oy-2 NaOH 25 28 31 37 43 58 

Zircaloy-3 Water 24 26 28 32 35 40 

Zircaloy-3 NaOH 25 27 30 34 36 40 
- -< 



. . . . . .  7-DAY 750°F STEAM CORROSION-OF ZIRCALOY-2 . . . \ . .  :' . 
. . DELAY RINSED -R ETCHING ON 0.5 W/O ANTAROX-CONTAINING . . E T c . ~  : . '::. , ' 

. . . .  . . . . . . .  
. . . .  W V - .  . . .  . . .  -- . 

. . 
, . Transfer weight Gain 

Coupon No. I Etchant Time Bec 
&L- mg/dm2 

1 0.5 w/o Antarox G-100 5 . . .  26.5 . . 
2 0.5 w/o. Antarox G-100 5 27.1 
3 0.5 w/o Antarox G-100 5 26.9. 

4 0.5 w/o Antarox G-100 5 26.9 .. 
5 0.5 w/o Antarox G-100 5 27.4 

. . 6 0.5 w/o Antarox G-100 5 

7 0.5 w/o Antarox G-100 60 29.2 
8 0.5 w/o Antarox G-100 60 31.5 
9 0.5 w/o Antarox C-100 60 30.2 

10 0.5 w/o Antarox G - ~ U O  60 28.8 
11 0.5 w/o Antarox G-100 60 33.4 
12 0.5 w/o Antarox G-100 60 32.8 - 

. . 
Avg . 

13 No Antarox 
14 No Antarox 
15  NO krtarux 
16 NO Antarox 
17 No Antarox 
-1 8 No Ant asox 

No Antarox 
No Antarox 
No Antarox 
No Antarox 
No Antarox 
No Antarox 

Avg . 30.2 



. . 
750 O F  STEAM CORROSION OF ZIRCALOY -2. ETCED IN AKWEONS -674-CONTAINING ETCHANT 

Saimple No. 

1 
2 
3 
4 

Avg . 

7 
8 

Avg . 

Etchant Transfer Time, , sec 

35% mo3 5 ': 

5% HI? 5 
Bal Kg 

.- 5 

9 35% m03 
10 5% 
11 0.01% Akweons 674 
12 Bal Hz0 

Avg . 

13 
14 
15 
16 

Avg . 

19 
20 

Avg . 
21 
22 
23 
24 

Avg . 

./ 27 
28 

Avg . 

Exmsure Time, days 

35% HN03 
5% HF 
0.01% Akweons 674 
&1 H20 

35$ HNo3 
5% 
0.02% Akweons 674 
Bal H20 

35% HNO3 
5% 
0.02% Akweons 674 
Bal H20 

Weight Gain, mg/dmc: 



. . . . . . . . . . .  . -  . . . .  Weight .Gain ,... mg~dm?. . . . . . . .  . . . . . .  

g~posu re  Time, days 3 ' 10 24 38 - - - -  
Et chant ~ r a n s f e r  TLme,; :set ' Sample No. 

, . 

29 35% HNO3 . . . : ., 60 ' 35 6 49 .. 59 . . .55 
. . . .  3 0 .5% HF 60 ' ' 35.5. 50.'." 52 . .60 

. . 
60 31 0.04% Akweons 674 '37,.0 50 52 '  63 

32 . . - - 60 '37..7 53 55 .  64 
Avg . - 36.5 51 52 6 1 .  

... 



750°F STEAM CORROSION-OF ZIRCALOY-2 ETCHED IN AKWEONS-700-CONTAINING ETCHANT 

. . Weight Gain, mg/dmz 

. . Es~osure Time, days . . 
. - .  . . 

3 10 24 38 - - - -  
. . 

Sample No. ' Etchant Transfer Time, ,sec 

" 1 35% .m03 5 12.6 23 35 . 42 
; .2 5% . W  5 i2.6 24 37 '41 
, 3 Bal H20 5 '12.1 24 37 50 
.4 - - 5 13.1 25 39 44 

A V ~  , 12.6 24 37. 44 

. '7 
8 

Avg . 
9 
10 
11 
12 

Avg . 

Avg . 
17 
18 
19 
20 / 

Avg . 
21 
22 
23 
24 

Avg . 
25 
2 6 
27 
28 

Avg . 

35% mO3 
5% HI? 
0.01% Akweons 700 
Bal , H20 

35% mo3 
5% HF 
0.01% Akweons 700 
Dal 1120 

35% m03 
5% HF 
0.02% Akweons 700 
Bal H20 

35% mo3 
5% HF 
0.02% Akweons 700 
Eial H20 

35$ H.Oj 
5% 
0.04% Akweons 700 
Bal H20 



" " . . , .  .. Exp.osure Time, days 3 10 24 38 
t - - a -  

Sample No. :; Etchant  Transfer Time, ,see,  

29 353 H N O ~  60 3 3  47 .49 ;56 
30 5.74 HF 60 29.i 42' 43 53 
31 0- 04% Akweons 700 60 27.5 39 41 . 44 
32 &l H20 60 26.0 40 41 ' 47. 

Avg : 29.1 42 44 50 
. .  

33 3% mof 
34 574 lIF 
3 5 0 :-lo$ A ~ W ~ O ~ S S  700 
3 6 Eb.1 H20 

Avg . 
5 

37 35% HN03 
38. 5% 
39 0;:10% Akweons 700 
40 El1 H i 0  

Avg . 
.. - 



750°F- STEAM CORROSION BEHAVIOR OF ZIRGALOY-2: ETCHED I N  AKWEONS". 790 SOLUTION 
. . .  . - . . . . . .  . . . . .  . . 

Weight Gain, mg/dm 2. 

. . . .  
~xpo ' su r e  Time ,' days ' 

. . I .  '. Sample No. .. ~ t . c h a n t  .. :: :.:.:,. :'. . . . . . . . .  . . . . . . . .  
. . 

1 35% HNO3' 21 30 
2 5% HI?. 18 . : 30 
3 Bal H20 18 : - - 29 

4 " 22 .' 33 
Avg . 20 31 

,5 35% HNo3 , . . 20 . .  , 30 
6 5% HF 26 31 
7 0.1% Akweons 790 .22 . 32 
8 . . Bal Hz0 '. 19 31 

Avg . 20 31 
. . 



750 OF, .STEAM CORROSION OF Z IRCALOY-2. ETCHED. I N  PRODUCT-BCO-.CONTAINING..E~HAN~ . . . .  

. . . .  --. . . . . . . .  . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  

Weight Gain, m g / d m 2  
I (., . . . . .  .,, . , @xposure Time, days . . . . .  . . . . . . .  . . ,-. . 

. . . . . . .  . . 
10 24 38 3 ,  . -  - . -  

Sample No. -..: Etchant Transfer .Time, : sec . . . .  . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . .  
1 35% HNOj 5 . .  12.6 23 3 5 ,  42. 
2 ?$ HF 5 :: 12.6  24 3 7 :  4 1  
3 %l H20 5 i S . 1  24 37 ;  50 

' 4 . , - - 
. . . . 

5. i 3 . 1 .  25 3 9 .  44 
Avg . 

. . . .  - 
12 .6  . . 24 37. 44 

9 
10 
11 
12 

Avg . 

1 3  
16 

Avg . 

25. 
26 
?7 
$8 

Avg !. 

. . . . .  35%. m03 
?.$ HF 

0,.,0l% BCO 
E!a? H20 

. , 

35% HNo3 
:y$ HF 

oi.02$ Bco 
BLil H20 

. '. 

3% H N O j  
:5$ HF' 

0.045 Bco 
-1 H20 



. . 
. . . . . .  .. Weight Gain, mg/dm2 .., . 

Ex,posure. ,!Fiqe, days 

Sample No. Etchant Transfer Time, ,sec 

29 35% HNO3 60 25.6 40 48 55 
30 0.04% BCO 60 27.9 41 51 60 
31 5% HF 60 31.9 41 52 57 
32 ~ a l  ~~0 60 26.5 39 49 56 

Avg . 28.0 40 50 57. 

36 Bal  H ~ O  
Avg . 

37 35% m03 
38 5% HF 
39 0.10% Bco 
40 Bal H20 

Avg . 



. . . . . . . . . .  Corrosion Tested - .  
.. :. . . . . . . . . . .  . . . . . . . . . . . .  

680°F Water 750°F Steam 

. . 
~ t c h e d  i n  H C ~ - H F ,  f o r  30 sec, r insed :.. 22 30: : 29 47 ' ,  

. .  18 .- '26 .- 28 
. . 

47 - 

. . 18 26 . :, 30 50 

Etched i n  HC1-HF,: f o r  60 sec, r insed 17 23 26 
18 

45 
25 3.0 48' ., 

17 22 28 46. 

Etched i n  HC1-HF f o r  120 sec, rinsed 

Etched in .  HC1-HF . f o r  180 sec, rinsed 
. , 

A , .  . . . . .  . . . . . .  
. . 

Etched :in HC1-HF :,for 30 sec, ?rinsedj 
~ e + t c h e d  i n  '"re:fe.rende'''~ etchant) ' 
thoroughly rinsed. . . 
Etched i n  HC1-HFifor 60 sec, rinsed, 
Re-e.l;ched i n  "reference" etchant, 
thoroughly rinsed. 

Etched i n  HC1-HF ,for - 120 sec, rirased? 
Re-etched i n  "reference" etchant, 
thoroughly rinsed 

Etched i n  HC1-HF for  180 sec, rinsed, 
Re-etched i n  "reference" etchant, 
thoroughly rinsed 

Etched i n  HC1-HF..for 30 sec, not rinsed 0 0 27 48 
9 10 33 5 3 
5 10 53 

Etched i n .  HC1-HE' ..for.:60, sec-; not,:rinsed 8 14 46 65 
4 6 44 58 
12 12 40 56 

~ t c h e d '  , in HC1-HF , for  120 sec, not rinsed 8 8 39 57 
14 11 40 60 
11 4 3 3 5 5 



TABU3 V I I  (Cont) 

Corrosion Tested 
WOOF Water ' 750°F Steam 

(weight Gain, 
14 28 Days 

Etched i n  HC1-HI? f o r  180 sec, not rinsed 22 6 
17 - 2 
15 -4 

Etched i n  HC1-HI? f o r  30 sec, not rinsed, 9 
dried, re-etched i n  "reference" etchant, 11 
thoroughly rinsed 9 

Etched i n  HC1-HF fo r  60 sec, not rinsed, 9 
dried, re-etched i n  "reference " etchant, 13 
thoroughly rinsed 12 

Etched i n  HC1-HF f o r  120 sec, not rinsed, 11 
dried, re-etched i n  "reference " etchant, 16 
thoroughly rinsed 10 

Etched i n  HC1-HI? f o r  180 sec, not rinsed, 10 
dried, re-etched i n  "reference" etchant, 12 
thoroughly rinsed 11 

Etched i n  Nitric-Hydrofluoric, thoroughly 9 18 13 30 
rinsed 9 18 13 33 

10 19 12 33 



Fig. 1 Effect of Surface Condition on the Corrosion of Zirconium 

( ~ e g  20814-6) 



S p e e b m  not rinsed a f t e r  etching 
I 

Specimens not rinsed a f t e r  etching but 
scrubbed before corrosion test ing 

Fig. 2 Effect of Rinsing and Washing on the Corrosion of 
Zircaloy-2 Specimens Tested i n  680'~ Water fo r  58 Days 

( ~ e g  22899-2 ) 





Fig, 4 Typical Surfaces after 
Corrosion Testing--Showing 
Insufficient Rinsing after 
Etching 2X 



Fig. ,5 Typicdl .Sllrf'm.~~ OP Spcimens Rinsed in  25 v/o 
Nitric Acid at  llO°F after Etching and Drying 





I 3 in. I 

Fig. 7 T$p%cal Surfaces ofl Speoimeno h i o h  Were Rinsed 
i n  25 V/O H2S04 after Etching a'nd Drying 



I 3 in. I 

Fig. 8 l?#pioal Bruiacse ai Bpeoimns Wfoh Were Wnsad in 25 v/o 
a90er Etchiw and Wying, Subcj.eg,ueslt;ly Corrosion Tested 
days in 750°F s * e q  .. , . . 



Rineed in Water at 6 0 ° ~  

Rinsed in 252 w04 st 60'~ 

Fig. 9 T$pLcaL th%ace Aggearmaes 659 tkugxans Tested 9 ~ r  3.4 Days 
3n EO°F Steam afees Rbsin& 3.a 295 S u - ~ ~ ~ e  AclB  ar" Water 
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Fig. 11 Improvement i n  Pickled Surface When Antarox G-100 Is 
Added to the 3% mO3-3. 5$ HF-37.5s A$ Etchant 

( ~ e g  94039-3) 



ANTAROX (3-100, W/O 

- Fig. 12 Pickling Rate of Zircaloy-2 in 
354% HNO 54% HF Plus Antarox G-100 3 - 



Fig. 13 Surface Appearances of Zircaloy-2 Coupons Corrosion Tested 
for 7 Deys in 750°F Steam Which Were Etched in Antarox and 
Non-Antarox-Containing Solutions 
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AKWEONS 670,  W/O 

FI g. 14 Picklf ng ~f Zircaloy+ Effect of Akweons 670 

( ~ e g  253-90-3) 









Fig. 18 Zircaloy-2 Corrosion Coupons Corrosion Tested fo r  10 Days 
i n  750°F, 1500 psi  Steam; Swift Akweon~ 700, Slow Rinse 



AKWEONS 674, W/O 

g3.g. 13 Piclrl.-I.ng of Zirbr;trluy-2 in 
35% HNO -5% HF ELus Akweons 674 3 



AKWEONS 700, W/O 

Fig. 20 Pickling of Zircaloy-2 in 
35$ HNO -5$ HF Flus Akweons 700 

3 



Standard O. l  n/o Swift Akwctnnc, 730 

Fig. 21 Zircaloy-2 Corrosion Coupns Corrosion Tested 
for 7 h y s  in 750°F, 1500 psi  Steam; Fast Rinse 



DUPONT BCO W/O 

Fig, 22 Pickling pf  Zircaloy-2 in 
35% HNO -5% HF Plus DuPont BCO 3 
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Fig. 23 Pickling b t e s  of Zimzloy-2 i n  35% K N O ~ - ~ $  HF Solutions with Agents Added 



~ i g .  24 Pickling Rates o f  Sulfuric-Acid-Substituted ~tchint . 



'Tig: 7.5 750°F S t e m  Corrooion of Ziroaloy-2 Etched 
at 8 0 ' ~  in Various Sulfuric .Acid Solutions 

( ~ e g  23700-13 ) 



Fig. 26 750°F Steam Corrosion of Zircaloy-2 Etched 
at 100°F i n  Various Sulfuric Acid Solutions 



neserence ~tcnant--~mmeaia~e ninsing 

H2S04 Substituted Etchant--Immediate Rinsing 

I 
Reference Etchant--3-min ,,,, -2fure ,,,-,,, 

Fig. 27 Ch.mface Appearance after 7 Daya Expoaurc in 750°F Stcm 
of Coupons Rinsed with and without Delay in Transfer 

(Net3 23700) 





120-&ec etch ( ~ e g  231b6-14) 180-dec etch ( ~ e g  23146-11) 

Fig. 29 Corrosion of Zircaloy Coupons Exposed for  14 Cays a t  750°F 
a f t e r  Being Etched i n  HC1-HF For Varying Lengths of Time. 
Coupons Were Not Rinsed Prior t o  Corrosion Exposure. 



30-bee etch (Neg 23146-15) 

120-Bec etch ( ~ e g  23146-9) 180- sec etch (Feg 23146-2 ) 

Fig. 50 Corrosion of Zircaloy Coupons Expo~ed t o  750°F Steam after 
Being Etched i n  HC1-IIF fo r  Varying Lengths of Time, Not 
Rinsed, Permitted t o  Dry, Then Re-Etched i n  HN03-HF' t o  
Remove 2 inils per Surface and Thoroughly Rinsed, 



120-sec etch ( ~ e g  23146-17 ) d80-eec etch ( ~ e g  23146-3) 

Fig. 31 Corrosion of Zikcaloy Coupons Exposed f o r  14 Days i n  750°F 
Steam &fter  Being Etched i n  3C1-ED? fo r  Vary%n$ Lengths of 
Time, Rinsed, and &-Etched i n  to  Remve 2 m i l s  per 
Surface, Coupons .Were Prior to  Corrosion 
Exposure. 
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. Fig. 32 Coi-rosion of Ziroaloy-2 i n  ~;Ao"F W8:t.e~ $f$iL$',' . . 
Being Etched i n  HNO -HF and H2S04-NaN02 3 




