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ABSTRACT - - - -  

The purpose of t h i s  invest igat ion was t o  determine the  corrosion behavior l ,  

of a high s t rength steel (ASTM A416-74 grade 270), typ ica l  of those used a s  

tensioning tendons i n  prestressed concrete pressure vessels ,  i n  several  

corrosive environments and t o  demonstrate t he  protection afforded by coating 
.. 

t h e  steel with e i t h e r  of two commercial p e t r o l e m b a s e  greases o r  portland 

cement grout. In  addi t ion,  the  few reported incidents  of prest ress ing steel 

f a i l u r e s  i n  concrete pressure vessels  used f o r  containment of nuclear reactors  

are reviewed. The suscep t ib i l i t y  of t h e  steel t o  stress' corrosion cracking 

and hydrogen embrittlement and its general corrosion rate were determined i n  

severa l  s a l t  solutions.  Wires coated with the greases and grout w e r e  soaked 

f o r  long periods i n  t he  same solut ions  and changes i n  t h e i r  mechanical 

proper t ies  were subsequently determined. A l l  th ree  coatings appeared t o  give 

e s sen t i a l l y  complete protect ion but small flaws i n  the  grease coatings w e r e  

detrimental; flaws o r  cracks less than 1 nun wide i n  t h e  grout were without 

e f f ec t .  

Key Words: Prest ress ing s t e e l ,  high-strength steel, grout, petroleumbase 

greases, stress-corrosion cracking, hydrogen embrittlement, 
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I INTRODUCTION 
. . . .... . . 
. . 

Pres t res sed  concre te  pressure  v e s s e l s  (PCPVs) f o r  nuclear  r e a c t o r  con- 

I 
tainment a r e  massive s t r u c t u r e s .  They a r e  cons t ructed  of r e l a t i v e l y  high- 

I 
1 . . . , s t r e n g t h  concre te  which is heav i ly  r e in fo rced  by both conventional  s t e e l  

and a s t e e l  pos t tens ioning 'sys tem c o n s i s t i n g  .of v e r t i c a l  tendons and 

1 c i rcumferen t i a l  wire-strand windings. Performance requirements f o r  PCPVs 

~ d i c t a t e  t h a t  extremely l a r g e  capac i ty  p r e s t r e s s i n g  tendons fab r i ca ted  from 

high-strength s t e e l s  be u t i l i z e d  t o  reduce t h e  concentra t ion  of s t e e l  a s  

much a s  poss ib le .  The wir'es o r  s t r a n d s  used t o  make up . the p r e s t r e s s i n g  

systems a r e  o f t e n  s m a l l  i n  diameter ( 6  t o  7 mm) and a r e  used a t  s t r e s s e s  up 

t o  75%.of t h e i r  u l t ima te  t e n s i l e  s t r e n g t h  (UTS). These two f a c t s  make 

corros ion p ro tec t ion  of t h e  tendons imperat ive i f  t h e  PCPVs a r e  t o  opera te  

s a f e l y  throughout t h e i r  30 t o  40 year  design l i f e .  

Present  p r a c t i c e  f o r  p ro tec t ing  t h e  tendons i n  PCPVS is t o  f i l l  t h e  

condui ts  which con ta in  the  tensioned tendons wi th  e i t h e r  a por t land cement 

grout  o r . a n  organic substance composed o f  petroleum-based greases  o r  waxes 

which con ta in  s p e c i f i c  a d d i t i v e s .  Although s t e e l s  a r e  normally quite.com- 

p a t i b l e  wi th  t h e s e  ma te r i a l s ,  water leakage i n t o  t h e  ducts ,  p a r t i c u l a r l y  i f  , 

impur i t i e s  a r e  p resen t ,  could cause s e r i o u s  corros ion l ead ing  t o  f a i l u r e  o f ,  

t h e  load-carrying tendons. It was t h e  inleakage o f . w a t e r  i n t o  t h e  ducts  

combined wi th  o the r  unusual circumstances t h a t  produced s t r e s s  corros ion . 

cracking f a i l u r e s  of p r e s t r e s s i n g  tendons i n  a small-scale model of a concre te  

p r e s s u r e ' v e s s e l  a t  Oak Ridge National  Laboratory. 1 



The p r e s e n t  i n v e s t i g a t i o n  was undertaken t o  determine t h e  c o r r o s i o n  

b e h a v i o r . o f  a t y p i c a l  p r e s t r e s s i n g  steel i n  s e v e r a l  environments and t o  

demonstrate  t h e  p r o t e c t i o n  a f f 0 r d e d . b ~  two d i f f e r e n t  o rgan ic  m a t e r i a l s  and 

by a po r t l and  cement grout .  Genera l ly ,  t h e  c o r r o s i v e  environments t e s t e d  
' , 

were more s e v e r e  than  those  expec ted  t o  occur  i n  any PCPV. I n  addi t i t& t o  

. the experimental  program, t h e  few repor t ed  i n c i d e n t s  of  p r e s t r e s s i n g  s t e e l  

f a i l u r e s  i n  PCPVS f o r  containment of n u c l e a r  r e a c t o r s  a r e  b r i e f l y  reviewed. 

EXPERIENCE WITH PRESTRESSING STEELS I N  NUCLEAR POWER STATIONS 

P r e s t r e s s e d  conc re t e  was f i r s t  used f o r  n u c l e a r  p r e s s u r e  v e s s e l s  i n  

1 9 6 0 . ~  A s  of  1976, f i f t e e n  n u c l e a r  r e a c t o r  conc re t e  p r e s s u r e  v e s s e l s  were 

I scheduled f o r  o p e r a t i o n  i n  Europe and t h e  United S t a t e s  with.  a d d i t i o n a l  

~ PCPVs i n  v a r i o u s  s t a g e s  of des ign  .and . c o n s t r ~ c t i o n . ~  Except f o r  t h e  Fo r t  

I S t .  Vrain high-temperature gas-cooled r e a c t o r  where a PCPV provides  primary 

containment ,  conc re t e  v e s s e l s  a r e  used only  f o r  secondary containment i n  ~ 
water-cooled r e a c t o r s  i n  t h e  United S t a t e s .  I n  both  c a s e s  l a r g e  number of 

tendons a r e  used; e .g . ,  i n  t h e  F o r t  S t .  Vrain PCPV 448 tendons each w i t h  169 

I w i r e s  6.'4 mm i n  diameter  a r e  used,4 and i n  800 t o  I100 MW(e) water-cooled 

~ r e a c t o r s  up t o  1.1 x l o 6  kg of  p r e s t r e s s i n g  s t e e l  a r e  employed.' Desp i t e  

1 t h e  l a r g e  number of tendons i n  use ,  i n c i d e n t s  i nvo lv ing  c o r r o s i o n  f a i l u r e s  

are extremely l i m i t e d .  

I n  1962 and 1963 du r ing  p e r i o d i c  i n s p e c t i o n s  of  t h e  t e n s i o n  i n  t h e  

l o n g i t u d i n a l  and t r a n s v e r s e  c a b l e s  i n  t h e  containment v e s s e l s  of t h e  ,Marcoul& 

I 62 and 63 r e a c t o r s  i n  France, i t  was noted t h a t  t h e  i n i t i a l  t e n s i o n  i n  some 



of t h e  cab les  had decreased by 3 0 % . ~  Upon unloading and examining one of 

t h e s e  cab les  i t  w a s  found t h a t  approximately 50% of t h e  w i r e s  had broken i n  

b r i t t l e  f r a c t u r e  wi th  co r ros ion  t h e  'apparent cause. Some p a r t s  of the  

c i r cumferen t i a l  c a b l e  which was coated wi th  s e v e r a l  l a y e r s  of a  bituminous 

m a t e r i a l  exh ib i t ed  minor r u s t .  P r i o r  t o  examination, p ro tec t ion  was provided 

by pe r iod ic  sweeps of d r i e d  a i r  t o  maintain t h e  r e l a t i v e  humidity of t h e  a i r  

adjacent  t o  t h e  cab les  a t  30 t o  40%. ' F a i l u r e  of the . t endons  was apparent ly  

due t o  hydrogen embrittlement caused by t h e  excess humidity i n  t h e  conduits .  

To prevent f u r t h e r  corros ion,  t h e  r e l a t i v e .  humidity of t h e  a i r  was decreased 

t o  10% and t h e  a i r  flow was.changed from per iod ic  t o  continuous. Since then 
) .  

two a d d i t i o n a l  cab les  have been replaced,  bu t  corros ion has apparent ly  been 

a r r e s t e d .  

A s t a t u t o r y  inspec t ion  -of p r e s t r e s s i n g  tendons a t  Wylfa Power S t a t i o n  

i n  the  United Kingdom i n  1971 revea led ' ex tens ive  p i t t i n g  of exposed hoop 

tendons wi th  some p i t s  a s  deep a s  0.3 mm.' Corrosion p ro tec t ion  of t h e  

tendons was. by a grease  conta in ing a p ropr ie t a ry  corros ion i n h i b i t o r .  

Laboratory s t u d i e s  t o  i d e n t i f y  the  cause .o f  t h e  p i t t i n g  concluded t h a t  

p i t t i n g  was due t o  t h e  combined a c t i o n  of contaminating s a l t  from t h e  sea  

a and mois ture . f rom t h e  a i r .  The c o r r o s i o n . i n h i b i t o r  prevented corros ion only 

.up t o  .a  threshold  concentra t ion  of c h l o r i d e  a t  which point  t h e  i n h i b i t o r  was 

unable t o  prevent a t t a c k  a t  suscepkible  l o c a l  a r e a s .  The corros ion r a t e  

was a l s o  dependent on t h e  r e l a t i v e  humidity wi th  corros ion occurr ing  only a t  

r e l a t i v e  h u m i d i ~ i e s  above 33%. 

Despite  t h e  a p p l i c a t i o n  of phosphate p a i n t s  and heavy greases ,  a  number 

of tendons i n s t a l l e d  i n  t h e  bottom cap of t h e  p res t r e s sed  pressure  v e s s e l  

under cons t ruct ion ,  a t  Dungeness "B" Power S t a t i o n  i n  Kent, United Kingdom, 



<-odd badly a f t e r  a s h o r t  period of unstressed s to rage  in conduits .  ' It 

1 : suas . la ter . found that water  had. entered t h e  'tendon duc t s  and emulsif ied t h e  

.:grease pro tec t ing  t h e  tendon wires.  Ten tendons conta in ing 1630 wi res ,  each 

'7.- in diameter, were removed,and examined, and 1550 w i r e s  were found t o  

-:be i s w e r l y  p i t t e d .  An i n v e s t i g a t i o n  ind ica ted  t h a t  t h e  cause of t h e  p i t t i n g  

+ w a s . e l e c t r o l y t i c  a t t a c k  due t o  an impressed anodic current  from dc  welding 

- e i ~ i . p m e n t  t h a t  had been .grounded t o  metal components o f , t h e  vesse l .  Since , 

.&.hen dc .welding has  been prohibi ted  i n  t h e  v i c i n i t y  of pr .es t ress ing mate r i a l s  

.and subsequent examinations a t  Dungeness have revealed no f u r t h e r  abnormal 

The-.condition and func t iona l  i n t e g r i t y  of nongrouted tendons i n  

.-secondary containment s t r u c t u r e s  i n  the .Uni ted  S t a t e s  a r e ' a s s e s s e d  pe r iod ica l ly .  

s , .Five,veesels  p res t ressed  wi th  tendons conta in ing 90 wires of 6.35 mm diam 

.. .have .been examined. ' Of 7600 w i r e s  inspected,  7 d i s c o n t i n u i t i e s  were found 

wi th  a l l  breaks being d i s c o v e r e d . p r i o r  t o  t h e  completion of const ruct ion.  A 

. t o t a l  o f ' 8 6  wires were removed and only t h r e e  of these  showed evidence of metal 

l o s s  . ( p i t t i n g )  amounting t o  a cross-sect ional  a r e a  reduction of 1%. This 

a t t a c k  occurred before a p p l i c a t i o n  of t h e  f i n a l  corros ion p ro tec t ion .  

Meta l lurgica l  examinatidn revealed no evidence of stress corros ion cracking 

o r  hydrogen embri t tlement.. 

Corrosion observed i n  t h e  p r e s t r e s s i n g  s t e e l  tendons of PCPVs which 

provide containment f o r  nuclear  r e a c t o r s  has  not  r e s u l t e d  i n  s e r i o u s  

f a i l u r e s  t o  t h i s  time. I n  r e t r o s p e c t ,  most of t h e  corros ion damage found 

could have been prevented i f  proper s to rage ,  handling, and const ruct ion 

p r a c t i c e s  had been followed and we l l  e s tab l i shed  corros ion prevention 

p r a c t i c e s  had been employed. 



EXPERIMENTAL PROCEDURES 

Th i s ,  s tudy  involved two s e p a r a t e  phases.  I n  one t h e  c o r r o s i o n  of 

a n  uncoated t y p i c a l  tendon steel  wag i n v e s t i g a t e d  i n  s e v e r a l  environments,  
. I  

and i n  t h e  second t h e  behavior  of t h e  s t e e l  coa t ed  w i t h  e i t h e r  o rgan ic  

o r  cement g rou t  c o a t i n g s  w a s  examined i n  t h e  same c o r r o s i v e  environments.  

The h igh  s t r e n g t h  AISI 1080 carbon s t e e l  used in- t h i s  s tudy  w a s  from* 

. d i f f e r e n t  h e a t s  which conformed t o  ASTM s p e c i f i c a t i o n  A416-74, grade  270. 

The composition of  t h e  s t e e l  is  shown i n  Table .l. Its minimum UTS is 

1860 MPa (270,000 p s i ) .  The i n d i v i d u a l  tendon w i r e s  were a u s t e n i t i z e d  a t  

approximately 815OC (1500°F), cooled i n  l e a d  t o  about  500°C (930°F), and 

t ransformed a t  t h i s  tempera ture  t o  lower p e a r l i t e .  Th i s  p e a r l i t e  s t r u c t u r e  

was subsequent ly  co ld  worked t o  p rov ide  t h e  h igh  s t r e n g t h .  

Corrosion Tes t ing  wi th  Uncoated Wires 

A major concern from t h e  c o r r o s i o n  s t a n d p o i n t  was s t r e s s  co r ros ion  

cracking .  With t h e  uncoated .'teel, s t r e s s  corrosi-on c rack ing  t e s t s  were 

conducted us ing  t h e  c o n s t a n t - s t r a i n - r a t e  method developed by Humphries and 

p a r k i n s  .' With t h i s  technique  , a t e n s i l e -  t ype  specimen w h i l e  exposed t o  t h e  

t e s t  environment i s  s t r a i n e d  at. a very  slow c o n s t a n t  r a t e  u n t i l  f r a c t u r e  

. . 

occur s ,  u s u a l l y  w i t h i n  a per iod  o f  a few days. By comparing r educ t ion  i n  

area, e longa t ion ,  and/or  t ime t o  f a i l u r e  under d i f f e r e n t  c o n d i t i o n s ,  t h e  

r e l a t i v e  s u s c e p t i b i l i t y  of a . m a t e r i a 1  t o  c r ack ing  , i n  d i f f e r e n t  environments 

can  b e . e s t a b l i s h e d .  Examination of  t h e  f r a c t u r e  s u r f a c e  and meta l lographic  

examinat ion of t h e  .gage s e c t i o n  n e a r  t h e  f r a c t u r e  can provide  a d d i t i o n a l  

in format ion  about  t h e  f r a c t u r e  process .  



Table  1. Composition range of ASTM A416 
grade 270 steel used i n  t e s t s .  

'Element ~f *ercentb 

Carbon 0.75 -0 .81  

. 'Sil icon 0.26 - 0 . 2 8  

Wgnese .0 .62  -0 .84  

:Phosphorus 0.012-0.021 

.Su l fur  ' 0.018-0.028 

.copper 0.01 - 0 . 0 2  

Iron Balance 

hterid supplied from more than one 
hat. 



;For - the  s t ress-corros ion cracking t e s t s  t h e  center  s t r a i g h t  5 mm 

:(0,20 in . )  diameter w i r e  of a  seven-wire tendon was used. Light su r face  

r u s t . w a s  removed wi th  f i n e  emory paper and the  specimens were degreased i n  

-acetone before  use. A gage s e c t i o n  was not machined i n  t h e  wires  s i n c e  we 
. . 

:wanted t o  r e t a i n  t h e  o r 2 g i n a l ' s u r f a c e  c o n d i t i o n o f  t h e  cold-drawn w i r e .  

The.wire i n  t h e  presence -of t h e  t e s t  environment was s t r a i n e d  a t  a  r a t e  of . ' 

. 4 . 2 - x  10"/s an I n s t r o n  t e n s i l e  machine. The length  between t h e  g r i p s  
. . 

-,was '0.20 m (8 i n .  ) but  only t h e  cen te r  75 mm (3 i n .  ) length  was exposed t o  

: d e ' . s o l u t i o n  which was held i n  a polyvinyl ch lo r ide  b o t t l e .  To prevent any 

. . -..unusual e f f e c t s  a t  t h e  so lu t ion-a i r  i n t e r f a c e  o r  i n  t h e  c rev ice  where t h e  

..wire through a rubber s topper  i n  t h e  bottom of t h e  b a t t l e ,  a l l  t h e  

;wire e x c e p t - a  75-mm (3 i n . )  test length  a t  t h e  cen te r  was coated with a 

stop-off varnish .  Af ter  f r a c t u r e ,  one end of t h e  specimen w a s  mounted 

. ax ia l ly  and meta l lographical ly  polished t o  look f o r  secondary cracks.  

. . The corros ion r a t e s  of uns t ressed w i r e s  were determined in severa l  

d i f f e r e n t  aqueous environments. I n  one series of tests, weighed 25-mm 

(1-in.) i eng ths  o f  w i r e  were t o t a l l y  immersed i n  d i f f e r e n t  so lu t ions .  In  

. these  tests t h e  5-mm-diam w i r e s  were placed i n  6-mm-diam g l a s s  test tubes 

and w e r e  immersed t o  a depth of about 10 mm above t h e  specimen height  i n  t h e  

test s o l u t i o n s ,  which included d i l u t e  so lu t ions  of ch lo r ide ,  n i t r a t e ,  and 

s u l f a t e  s a l t s ,  and potable  and d i s t i l l e d  water. The t o t a l  volume of 

s o l u t i o n  was only about 500 mm3. These condi t ions  w e r e  intended t o  simulate 

those  t h a t  could e x i s t  i n  t h e  i n t e r s t i c e s  of wires  i n  t h e  tendons. 

Evaporative l o s s e s  were replaced pe r iod ica l ly  wi th  d i s t i l l e d  water. Although 

t h e  tubes were open t o  t h e  a i r ,  t h e  small clearance 'between t h e  tube wall  

and t h e  specimen r e s t r i c t e d  access  of oxygen t o  t h e  specimen. A s  corros ion 

proceeded, t h e  buildup of corros ion products  on t h e  specimen f u r t h e r  l imi ted  



access  of oxygen. These t e s t s ,  l a s t e d  f o r  2000 h ,  bu t  dup l i ca te  specimens 
. . 

were removed f r o m ' t e s t  a f t e r  1000 h. A l l  specimens w e r e  descaled i n  
, . 

Clarke 's  s o l ~ t i o n ' ~  (2 g Sb203 and 5 g SnC12 dissolved i n  100 ml of 37% 

HC1) before  f i n a l  weighing. 

I n  another ~ e r i e s  of t e s t s ,  s i n g l e  w i r e s  0.3 m (12 in . )  long were 

immersed i n  d i l u t e  so lu t ions  of Na2S04 and NaCl and i n  d i s t i l l e d  water a t  

room temperature f o r  6500 h. The volume of s o l u t i o n  was about 1 l i t e r  and 

w a s  f r e e l y  exposed t o  a i r ;  water  l o s t  by evaporat ion was replaced every 

few days. The t e s t  specimens extended above t h e  water l e v e l  so  t h a t  a t t a c k  
J 

at  t h e  water-air  i n t e r f a c e  could be examined. A t  t h e  end of t h e  t e s t - t h e  

specimens were descaled,  and t h e  diameter of t h e  w i r e  above and below t h e  

wa te r l ine  was compared. 

Tes t ing wi th  Coated Wires 

To evaluate  t h e  e f fec t iveness  of coat ing mate r i a l s  i n  preventing 

corros ion of tendon s t e e l s ,  two d i f f e r e n t  types of t e s t s  were conducted. 

In  one case,  t h e  specimens a f t e r  coa t ing  were s t r e s s e d  t o  60% of t h e  UTS 

whi le  i n  contact  wi th  the  corros ive  so lu t ion ,  and i n  t h e  second t h e  coated 

specimens were f i r s t  exposed t o  t h e  s o l u t i o n  f o r  r e l a t i v e l y  long times with- 

o u t . a n  appl ied  s t r e s s  and were .subsequently s t r a i n e d  t o  f a i l u r e .  I n  both 

cases  t h e  cen te r  s t r a i g h t  w i r e  from t h e  tendon was used, and i t  had a 

diameter of 4.36 mm (0.17 in . )  which was s l i g h t l y  .less than t h a t  of the. 

wires  used i n  the  previously described corros ion t e s t s .  The two organic 

coat ings  used i n  these  tests, designated "A" and "B", a r e  commercially '. 

a v a i l a b l e  petroleum-based greases conta in ing corros ion i n h i b i t o r s  and 



p o l a r  :agents t o  f a c i l i t a t e  wet t ing  of t h e  wires  and displacement of moisture. 

..They were appl ied  according t o  t h e  manufacturers '  recommendations t o  a 

.: thickness of about 1 mm. Test specimens protec ted  by grout were prepared 

by c a s t i n g  15.9 mm (0.6 in.) diameter cy l inders  3.8 mm (1.5 in.) long 

ground t h e  wires. The a r e a  of t h e  wires not  coated wi th  a grout  o r  grease 

:%hat could be contacted with t h e  t e s t  s o l u t i o n s  was covered wi th  a polyurethane 

.dnsulat ing pa in t .  A l l  tests were conducted .at ambient temperature except f o r  

: ~ o s e  using ammonium n i t r a t e  so lu t ions ,  and a conventional t e n s i l e  machine 

::was used t o  stress the  specimens. I n  some cases  t h e  e f f e c t  of flaws i n  t h e  

: . $coatings was evaluated.  Flaws w e r e .  placed i n  the .o rgan ic  coat ings  by 

.scraping t h e  w i r e  t o  which t h e  coat ing had been appl ied  with a s i m i l a r  w i r e  

s o  t h a t  a t h i n  s t r i p  of unprotected w i r e  r e su l t ed .  Flaws were c a s t  i n  grout 

ranging i n  width from 0.01 t o  3.2 mm by using p l a s t i c  shim s tock  which was 

removed a f t e r  t h e  grout  hardened. 

With t h e  specimens s t r e s s e d  dur ing exposure, only 0.1M H2S (pH ' ~ 4 )  

-was used a s  t e s t  so lu t ion .  The organic coat ings  were appl ied  t o  completely 

cover t h e  w i r e  su r face  over t h e  50.8 mm (2-in.) test length  and t h e  specimen 

w a s  mounted i n  a p l a s t i d  b o t t l e  a s  described above. The grout  coated 

specimens were s i m i l a r l y  mounted. The b o t t l e  was then f i l l e d  with 

.demineralized water and H2S was bubbled through t h e  water f o r  about 15 min. 

The b o t t l e  was sealed  and t h e  specimen was loaded t o  60% of i t s  UTS and 

maintained a t  t h a t  l e v e l  f o r  6 days un less  t h e  specimen f a i l e d  before  then. 

The length  between the  g r i p s  was 216 mm (8.5 in . ) .  I f  f a i l u r e  d i d  not  occur 

wi th in  6 days, t h e  specimen was removed from t h e  environment and pulled t o  

f a i l u r e  a t  a c ross  head v e l o c i t y  of 0.51 m/min t o  determine i f  the  exposure 

reduced the  UTS and d u c t i l i t y  (time t o  f a i l u r e )  compared t o  c o n t r o l  specimens 
' 

exposed only t o  a i r .  



<Coated specimens i n  t h e  uns t ressed  cond i t ion  were exposed t o  s o l u t i o n s  

of 0.1M H2S, 0.1M N a C 1 ,  and 0.24 NHbNO3. The f i r s t  two were used a t  room 

temperature,  bu t  because of t h e  stress cor ros ion  cracking r e s u l t s  ( see  l a t e r  

s e c t i o n ) ,  t h e  ammonium n i t r a t e  s o l u t i o n  w a s  maintained a t  66OC (150°F). A 

63.5m (2.5-in.) diameter  polyvinyl  chloride p ipe  wi th  s toppers  i n  each 

,end was used t o  expose t h e  gage l eng th  of specimens t o  t h e  H2S so lu t ion .  
4 

.~J!Ioles...were d r i l l e d  through t h e  pipe and t h e  specimens were centered  i n  

. these  by appropr ia t e  s i zed  rubber s toppers  (Fig. 1 ) .  Water i n  t h e  p ipe  was 

x e s a t u r a t e d  wi th  H2S a t  f requent  i n t e r v a l s .  Exposure t o  t h e  o t h e r  two 

s o l u t i o n s  was c a r r i e d  out  i n  s t a i n l e s s  steel pans wi th  ho les  d r i l l e d  

.through t h e  bottom, and t h e  specimens were he ld  in p o s i t i o n  by means of 

I r.ubber s toppers .  Af te r  va r ious  exposure times, specimens were removed from 

. t h e - t e s t  environment and pul led  t o ' f a i l u r e  a t  ,a c r o s s  head speed of 0.51. 

mmlmin . 

RESULTS 

. S t r e s s  corros ion Cracking Tes ts  

The r e s u l t s  from t h e  slow constant  s t r a i n  r a t e  tests a r e  shown i n  

Table 2. Test  1 confirmed t h a t  t h e  UTS conformed t o  ASTM A416 grade 270. 

Tes t s  2 through 6 were conducted wi th  0.2M NH4N03 s i n c e  t h i s  reagent  was 

suspected of causing f a i l u r e  i n  t h e  thermal cy l inder  t e s t  a t  Oak Ridge 

. . . National  Laboratory.' No evidence of cracks  was found a t  21 and 38OC, bu t  

cracks  formed a t  52 and 66OC. Figure  2 shows r e p r e s e n t a t i v e  views along 

t h e  a x i s  of t h e  specimens t e s t e d  a t  t h e  four  temperatures. Even though cracks 





T a b l e  2. R e s u l t s  obtained f r o m  constant-strain-rate tests w i t h  
high-strength steel w i r e s  (Strain rate 4.2 x 10-'/s) 

T e s t  medium 
T e m p e r a t u r e  

O C PH Time L o a d  Craclrs 
break 

(h) (W 

Air 

0 . 2 M  N H d O  3 

0 .2M m 4 N 0  3 

0 .2M N H d O  

0.2M NH4N0 3 iL 

0.2M ; . ,- 

0. O W  KC1 + CaO 

0 .01M KC1 

0 .03M KC1 

0 .03M KC1 + HC1 

0 .1M H2S + H C l  

0 .1M H2S 

0 .001M Na2S  

0 . 0 0 1 M  Na2S  + H C ~  

0 .001M Na2S  + HC1 

0 .003M Na + HC1 

0 . 0 0 0 3 M  N a 2 S  + HC1 

0 . 0 0 0 3 M  Na2S + HC1 

D e i o n i z e d  w a t e r  

D e i o n i z e d  w a t e r  + C02  

H 2 0  + COP + 7 5 0  ppm 
H 3 h 0 3  

Z n  p l a t e ,  H 2 0  

Z n  p l a t e ,  0.2M Na,SOb 

C o r r o d e d  i n  w a t e r ,  3 days 

No 

No 

No 

No 

Y e s  

Y e s  

No 

No 

No 

No 

Y e s  

Y e s  

No 

No 

Yes 

Y e s  

No 

No 

No 

No 

No 



Fig.  2. Attack on Steel  Tendons Wires i n  
0.2M NHoN03. Strain rate, 4.17 x 10-'/s. 



- m e  evident in  t h e  steel a t  t h e  two higher tesaperatures, no ef fec t  on 

ekther tine t o  hilure or-on the load a t  failure was apparent. The large 

-ter of the  wire and the slow rate of crack propagation w e r e  responsible 

-for this observation. The formation of cracks at  66OC and the absence of 

czacks at 21°C agree with the resu l t s  from U-bend specimens exposed t o  the  

same solution; U-bends cracked in a few days a t  66'C but remained in tac t  a t  . 

2X0a -&ring 100-day tests. ' 
Ckaclcs were not found i n  any of the specimens exposed t o  chloride- 

smntaining solutions (tests 7 t o  lo) ,  regardless of the pH of the solution. 

These results a r e  in  c o n f o ~ c e  with the  generally-accepted belief tha t  

.&loride ions do not produce cracking in steels of t h i s  type. 

As expected, H2S produced rapid f a i l u r e  i n  the  test specimens when the 

gH was low and the H2S concentration was re la t ive ly  high' ( t e s t s  11 and 12). 

Figure 3 shows cracks observed i n  test 12. In 0.001M NaaS a t  a pH of 11.1 

o r  7..4 ( t e s t s  1 3  and 14), no cracking was observed, but when the pH was 

adjusted t o  4.3 ( t e s t  15), cracking occurred. A t  t h i s  lower concentration, 

f a i l u r e  took longer than a t  the higher su l f ide  concentration. Cracking 

occurred s l igh t ly  f a s t e r  when the  Na2S concentration w a s  increased t o  

0.003M ( tes t  16). When the su l f ide  concentration was reduced t o  0.0003M 

-(test 17 and 18), no cracking was observed even though the pH of the 

solutions was l e s s  than 7. Although the  solutions were sparged with nitrogen 

before the Na2S was added and the polyvinyl chloride bo t t l e  containing the 

solut ion w a s  stoppered, it is probable tha t  the  small amount of su l f ide  i n  

t h e  solution was oxidized t o  sulfur  edrly in the  test by traces of oxygen 

i n  the bdt t le .  



Fig. 3. Cracks in Tendon Wire Formed During Constant-Strain-Rate Test in 



m e  rest of Table 2 shows t h a t  cracking was not  produced i n  d i s t i l l e d  

..water wi th  carbon dioxide  o r  when arsenious  a c i d  w a s  added t o  t h e  water. I n  

t h e  lat ter  c a s e  t h e  w i r e  was heavi ly  pickled i n  uninhibi ted  hydrochloric ac id  

:.and remained i n  t h e  test s o l u t i o n  overnight before t h e  specimen was pulled. 

E l e c t r o p l a t i n g  , the  specimen wi th  z inc ,  except f o r  an . a rea  200 mm2 i n  t h e  

of t h e  w i r e ,  a l s o  had no e f f e c t  on cracking i n  e i t h e r  water  o r  a 

- . a l l  cases except where cracking occurred i n  t h e  presence of  s u l f i d e ,  

cup-cone-type f a i l u r e s  were observed, and t h e  reduct ion i n  a r e a  var ied  

,randomly between 36 and 43% except i n  test 2, when i t  was 47%. I n  tests 11 

.and- 12, no reduct ion i n  a r e a  'could be measured, and i n  tests 15  and 16 t h e  

::reduction i n . a r e a  was only 4%. .Even though cracks  were not  observed i n  

.most cases ,  most of . the : fa i lures  occurred i n  t h e  75-mm (3-in.) length  exposed 

t o  t h e  test so lu t ion .  

General Corrosion Rate Determinations 

The corros ion r a t e s  observed f o r  t h e  tendon w i r e s  exposed t o  very small 

volumes of s o l u t i o n s  a r e  shown i n  Table 3. Each va lue  represen t s  a s i n g l e  

specimen. After 1000 h i n  some cases  and a f t e r  2000 h i n  most c a s e s , - t h e  
\ 

. .volume of corros ion prevented removal of t h e  specimen from the  g l a s s  

tube,  and i t , w a s  necessary t o . b r e a k  t h e  tube t o  recover t h e  specimen. Table 

3 shows t h a t  under these  condi t ions ,  corros ion r a t e s  were low and near ly  

independent of t h e  environment. There was no s i g n i f i c a n t  loca l i zed  a t t a c k  

i n  any case.  Vacuum fus ion  ' a n a l y s i s  of specimens exposed t o  each so lu t ion  ' f o r  

2000 h showed hydrogen content  inc reases  ranging from l e s s  than 1.ppm t o  a 

r n k i m u m  of 2.4 ppm. 



Table 3. Corrosion of tendon w i r e s  i n  d i f f e r e n t  
environments wi th  r e s t r i c t e d  access  t o  oxygen. 

Corrosion r a t e  (pm/year)a 
Test  environment 

1000 H 2000 H 

Potable water 

D i s t i l l e d  water 

0. OM NaCl 

0.03M NaCl 

a 
1 mpy = .25.4 vm/year. 



The 0.3 m (12-in.) l ong  w i r e s  exposed t o  l a r g e  volumes of  s o l u t i o n  t h a t  

was f r e e l y  exposed t o  a i r  corroded more t h a n  t h e  specimens wi th  l i m i t e d  

air  exposure. Corrosion r a t e s  c a l c u l a t e d  from d i f f e r e n c e s  i n  d iameter  above 

and .below t h e  water  l i n e  a f t e r  6500 h w e r e  76, 152, and 254 pm/yr (3 ,  6, . 

1 0  m i l s / y r ) ,  r e s p e c t i v e l y ,  ' f o r  d i s t i l l e d  water ,  0.05M N a C 1 ,  and O.W Na2S04. 

A t t ack  was g r e a t e s t . a t  t h e  s o l u t i o n - a i r  i n t e r f a c e ,  b u t  l o c a l i z e d  a t t a c k  

i n  t h e  form of broad e longated  p i t s  was noted below t h e  w a t e r l i n e  i n  a l l  

ca ses .  Therefore ,  maximum p e n e t r a t i o n  r a t e s  were cons ide rab ly  g r e a t e r  than  

ind ica t ed . above .  Comparison of  t h e s e  c o r r o s i o n  r a t e s  w i th  those  shown i n  

Table 3 c l e a r l y  shows t h a t  f r e e  a c c e s s  t o  oxygen g r e a t l y  a c c e l e r a t e s '  

co r ros ion .  

. . 
Coated Wires S t r e s s e d  During Exposure 

A s e r i e s  of t e s t s  w i t h  b a r e  w i r e s  exposed t o  0.1M H2S showed t h a t  as 
* 

t h e  stress l e v e l  i nc reased  b o t h  t h e  t h e  t o  f a i l u r e  and t h e  s c a t t e r  i n  t h e  

d a t a  de&rease.d up t o  about  50% of t h e  . f a i l u r e  s t r e s s  (Fig.  4 ) .  From 50 

t o  90%, f a i l u r e s  occurred i n  1 t o  2 hours ,  independent of stress l e v e l .  

- .  R e s u l t s  ob ta ined  w i t h  t h e  coa ted  specimens t h a t  were s t r e s s e d  du r ing  

exposure t o  0 . W  H2S a r e  summarized i n  Table 4. None of  t he - spec imens  

covered w i t h  unflawed c o a t i n g s  of e i t h e r  of t h e  o rgan ic  g r e a s e s  o r  g rou t  

cracked dur ing  approximately 6-day exposures  a t  60% UTS, and subsequent  

t e n s i l e  t e s t s  showed t h a t  no deg rada t ion  of  e i t h e r  l oad  c a r r y i n g  c a p a c i t y  

o r  d u c t i l i t y  ( t ime t o  f a i l u r e )  had occurred.  Flaws i n  e i t h e r  o rgan ic  
. . 

c o a t i n g  r e s u l t e d  i n  f r a c t u r e  of t h e  w i r e s  i n  s h o r t  t i m e s .  On t h e  o t h e r  hand, 



, . .  
. Fig.' 4 .  ' ~ f f e c t  .of Stress (% UTS) on Time to Failure for  Tendon Wire 

. , i n  0.1M H2S. , ., 
, . . .. . 



. . 

-Table .4. Loads a t  f a i l u r e  and f a i l u r e ' t i m e s  f o r  specimens 
.?exposed i n  0.1M H2S a t  room temperature. 

Average f a i l u r e  .Average f a i l u r e  
Coating .mater ia l  loada  , , t inieb 

(W (h) 

I . Unflawed, 28.58 152.0 

Unf lawed "28.63 149.0 
I 

Flawed 17.17 63.8 

Por t land cement grout  

Unf lawed Z 

O.l-mm f law 

, 
0.3-n.n~ f law 

- 

1.3'-mm f law 

1.6-mm f l a w .  17.17 48.1 

3.2-mm flaw 17.17 34.6 

a ,Average load and time t o  f a i l u r e  f o r  c o n t r o l  specimens were 
28.62 kN and 34.7 min., r e spec t ive ly .  

. . .  

b 
. . . .. 

5 '  . . . . . . . 
No f a i l u r e  occurred f o r  ind ica ted  exposure a t  60% UTS;, .' . 

f a i l u r e  load obtained from s tandard  t e n s i l e  t e s t .  



f l a w  widths  of 0 . 1  and 0.3 mm i n  t h e  g r o u t  produced.no d e t r i m e n t a l  e f f e c t s ,  

:but as t h e  f l aw  width inc reased  beyond 0 .3  mm c rack ing  f a i l u r e s  a t  60%'UTS 

.occurred i n  p r o g r e s s i v e l y  s h o r t e r  t imes.  

Coated Wires Unstressed During Exposure 

. Tables  5 ,  6, and 7,  summarize t h e  r e s u l t s  ob ta ined  w i t h  both  coa ted  

-and  uncoated  w i r q s  t h a t  were exposed f o r  v a r i o u s  times' t o  0.1M H2S, 0.2M NHrN03, 

,and 0.1M NaC1, r e s p e c t i v e l y ,  wi thout  a p p l i e d  s t r e s s  and then  subsequent ly  

. . - t e n s i l e  t e s t e d .  .The average  f a i l u r e  l oad  and ti-me t o  f a i l u r e  f o r  unexposed 

specimens were 28.62 kN and 34.65 min, r e s p e c t i v e l y .  

Table 5 shows t h a t  f o r  w i r e s  completely covered wi th  e i t h e r  o rgan ic  

material o r  cement g r o u t i  exposure t o  H2S-saturated water  f o r  up t o  120 days 

..had l i t t l e  o r  no e f f e c t  on UTS o r  d u c t i l i t y .  Complete1y.unprotected specimens 

under t h e  same c o n d i t i o n  showed a minor dec rease  i n  UTS and a major l o s s  of 

d u c t i l i t y .  Specimens w i t h  f laws  i n  t h e  o rgan ic  c o a t i n g s  showed s i g n i f i c a n t  

l o s s e s  i n  bo th  d u c t i l i t y  and UTS a f t e r  119 days and p r o p o r t i o n a t e l y  sma l l e r  

l o s s e s  a t  s h o r t e r  t imes. (no t  shown i n  Table 5 ) .  On t h e  o t h e r  hand, f l aws  up 

t o  0.76 mm wide i n  po r t l and  cement g r o u t  produced only  very  minor e f f e c t s  

even a f t e r  119 days.  

I n  t h e  ammonium n i t r a t e  s o l u t i o n s  (Table 6)  t h e  unpro tec ted  w i r e s  l o s t  

about  14% i n  UTS and 66% i n  d u c t i l i t y  a f t e r  42 days and no f u r t h e r  changes 

were noted f o r  t h e  remainder of  t h e  132-day test. Both o rgan ic  m a t e r i a l s  

provided complete p r o t e c t i o n  f o r  t h e  d u r a t i o n  of  t h e  t e s t ,  b u t  t h e  pro- 

t e c t i v e s s  of t h e  g rou t  seemed t o  dec rease  s lowly  w i t h  time. The ammonium 



:mle 5. The average load at fa i lce  .d t h e  to .Zafimre 
-.for wires exposed to 0.M w i t b u n t  applied 

:stress a d  subsequentPy pulled to failme. 

Average b a d  Average t h e  
Coating material t ime at f&&anrea to faflmea 

( ~ Y S )  6m) @ig$ 

4lqpnic "A" 

Organic "B" 

'Portland cement grout 

-.Sane 

'&-C "8" 77 

or-c "B1' 77.' 

Portland cement grout . 77 ' 

Hone ' . 128 

Organic "AW* 120 

organic "3" 

Portland cement grout P28 28.43 36.6 

Flawed organic "A'* Ill9 23.99 10.5 

Flawed organic "3" P19 24.24 .I2 . 5 

Portland cement grout 

0. Ollmn : flaw U 9  '26.71 3%. 3 

0.lO-m flaw 119 26. $2 34.8 

0.51-mm flaw U 9  26.53 32.8 

0.76-mm flaw 119 25 . 58 32. Q 

a Average load and time to failure for control specimens were 28.62 kN 
and 34.7 min. ,  respectively. 



Table 6. The average load  a t  f .a , i lure  and t ime t o  f a i l u r e  . 

f o r  w i re s  exposed t o  0.2M NH,+N03 a t  66OC without  app l i ed  
s t r e s s  and subsequently pu l l ed  t o  f a i l u r e .  . 

Exposure Average load  Average t i m e  
Coating m a t e r i a l  t i m e  a t  f a i l u r e a  t o  f a i l u r e a  

(days) (m) ( m i d  

None 4 2 24.58 11.5 

Organic "A" 

Organic "B" 

Por t l and  cement g rou t  38 28.62 34.7 
. ... . 

None 7 8 26.77 14.7 

78. , 28.36 Organic "A" .34.1 

Organic "B" 

Por t l and  . . cement g rou t  

None ~ 

Organic "A" 

Organic "'B" 

Por t l and  cement grout  

Flawed o rgan ic  "A" 

Flawed "B" 

Por t l and  cement grout  
. . 

0.03-mm f law 

0.25-mm f law 

0.76-mm f law 

3.18-mm f law 

a 
Average load and time t o f a i l u r e  f o r  c o n t r o l  specimens were 28..62 kN 

and 34.7 min., r e s p e c t i v e l y .  



Table 7. The average load a t  f a i l u r e  and t i m e  t o  f a i l u r e  . 

f o r  wires. exposed t o  0.1M NaCl without  appl ied  
stress and subsequently pul led  t o  f a i l u r e .  

'Exposure - Average load Average time 
' coa t ing  m a t e r i a l ,  time a t  f a i l u r e a  t o  f a i l u r e a  

(days) (W (min) 
- . . 

None 

\ Organic "A" 

Organic  "B" 

Por t land cement grout  7  1 28.51 37.8 

;None 

Organic "A" 

Organic "B" 

Por t land cement grout  

None 
i 

Organic "A" 

Organic "B" 

Por t land cement grout  

Flawed organic  "A" 

Flawed organic  "B" 

Por t land cement grout  

0.03-mm flaw 

- 
0.25-mm flaw 

'0.76-mm flaw 

3.18-mm flaw 153 23.58 ' 8.8 

a ~ v e r a g e  load and time t o  f a i l u r e  f o r  c o n t r o l  specimens were 28.62 kN 
and 3 4 . 7  min., r e spec t ive ly .  



I n i t r a t e  s o l u t i o n  a t  66OC causes  deg rada t ion  of g rou t ,  a f a c t  which probably 

$ .  

. a l l owed  ammonium n i t r a t e  t o  come i n  d i r e c t  c o n t a c t  w i t h  t h e  s t e e l  a f t e r  

some t i m e .  Specimens w i t h  f laws  i n  t h e  g rou t  'showed about  t h e  same r e s u l t .  

I On t h e  o t h e r  hand, specimens w i t h  f l aws  i n  t h e  o rgan ic  c o a t i n g s  showed 

I l i t t l e  i f  any l o s s a i n  p r o p e r t i e s ,  poss ib ly  because a t  66OC t h e  o rgan ic  

I g r e a s e s  flowed over  t h e  d e f e c t e d  a r e a s  e a r l y  i n  t h e  t e s t  and p r o t e c t e d  them. 

I I n  t h e  ..O.lM N a C l  s o l u t i o n  (Table. 7) w i r e s  by a l l  t h r e e  

I materials seemed t o  s lowly  dec rease  i n  UTS and t ime t o  f a i l u r e  s o  t h a t  

a f t e r  164 days t h e  l o s s  was 5 t o  7% i n  bo th  cases .  unpro tec ted  specimens 

behaved i n  a s i m i l a r  f a s h i o n  b u t  t h e  percentage  l o s s  i n  UTS and time t o  

f a i l u r e  were 1 3  and 64%, r e s p e c t i v e l y ,  a f t e r . 1 6 4  days. Specimens i n  which 

t h e . o r g a n i c  c o a t i n g s  conta ined  f l aws  showed about  t h e  same behavior  a s  

I t h e  unflawed m a t e r i a l s . '  Flaws from 0.03 t0 .0.76 mm wide i n  g rou t  c o a t i n g s  

had 'no  s i g n i f i c a n t  e f f e c t ,  b u t  f o r  a  f l aw  3.18 mm wide t h e  mechanical 
. . 

p r o p e r t i e s  of t h e  s t e e l  were s l i g h t l y  poorer  a f t e r  153  days .than t o t a l l y  

unpro tec ted  specimens exposed f o r  164 days.  

I / 

DISCUSSION 

I The s t e e l  w i r e s  used i n  t h i s  s tudy  were made from AISI 1080 s t e e l  

. . which w a s  tempered and co ld  drawn t o  o b t a i n  t h e  h igh  s t r e n g t h  r equ i r ed  of I : 
I tendon s t e e l s .  A t  room tempera ture  t h i s  s t e e l  was not  s u s c e p t i b l e  t o  

convent iona l  s t r e s s  c o r r o s i o n  c rack ing  i n  t h e  presence  of  i m p u r i t i e s  u s u a l l y  

found i n  g r o u t s  o r  o rgan ic  c o a t i n g s  ( s u l f a t e s ,  n i t r a t e s ,  c h l o r i d e s )  b u t  

under some c o n d i t i o n s  t h i s  s t e e l  was s u b j e c t  t o  hydrogen embr i t t l ement .  

Cracks were produced i n  ammonium n i t r a t e  s o l u t i o n  b u t  tempera tures  had t o  



be :above room temperature. Aqueous environments produced w i t h i n  g rou t s  o r  

. s r g a n i c  greases  o r  waxes conta in ing alkaline-producing a d d i t i v e s  have high 

,TH va lues ,  and its doubtfu l  t h a t  cracking would occur i n  a l k a l i n e  ammonium 

nitrate s o l u t i o n s  even a t  h igher  temperatures. It should be  noted, however, 

. . . -. .,..that- t h e  a d d i t i o n  of s u b s t a n t i a l  amounts of  calcium c h l o r i d e  (2-5%) t o  - . . . .-.. . 

concre te  produces severe  p i t t i n g  i n  steel embedded i n  concrete.  l 2  

. Tes t  w i r e s  f a i l e d  i n  s h o r t  t imes when s t r a i n e d  i n  s o l u t i o n s  of H2S i n  

e a t e r  at  a pH of 4 o r  less, b u t  where t h e  pH w a s  r a i s e d  t o  7 o r  above 

c rack ing  f a i l u r e s  d id  not  occur. There a r e ,  however, repor ted  i n c i d e n t s  

,.of cracking occurr ing  a t  pH va lues  a s  high a s  9.5. ' * l 4  Cracking of high- 

. s t rength  steels i n  t h e  presence of H2S is due t o  hydrogen embri t t lement,  t h e  

H2S f a c i l i t a t i n g  t h e  e n t r y  of hydrogen i n t o  the  s t e e l  by i n t e r f e r r i n g  with 

:the formation of  molecular hydrogen i n  t h e  ca thodic  p a r t  of t h e  corros ion 

reac t ion .  ' ? O n l y  molecular hydrogen s u l f i d e  is e f f e c t i v e ,  ' 3 l 4  and a s  the  

- pH of a s o l u t i o n  i s  increased H2S d i s s o c i a t e s  i n t o  HS- and S- ions  and 

cracking does n o t  occur. A t  t h e  pH of c o r r e c t l y  formulated concre te  (>12). 

H2S i n  the  cement is  without  e f f e c t  on t h e  mechanical p r o p e r t i e s  of t h e  

steel. A s i m i l a r  s i t u a t i o n  should e x i s t  w i t h  those greases t h a t  conta in  

alkaline-producing.additives. 

The corros iveness  of s e v e r a l  d i l u t e  s o l u t i o n s  t o  ba re  high-strength 

steel  wires  depended on t h e  a v a i l a b i l i t y  of oxygen. With r e s t r i c t e d  access  
. . 

t o  oxygen corros ion r a t e s  were s i g n i f i c a n t l y  lower than when t h e  s o l u t i o n s  . 

. w e r e  f r e e l y  exposed t o  a i r .  Although we did  no t  inves t iga te .  t h e  e f f e c t  

of  pH on t h e  corros ion r a t e  of t h e s e  s t e e l s ,  i t  is l i k e l y  t h a t  even i n  t h e  

presence of oxygen t h e  corros ion r a t e s  would be very low i n  a l k a l i n e  so lu t ions .  



Therefore ,  i f  pocket's of w a t e r  i n  con tac t  w i t h  tendons should develop i n  

grout-  o r  g rease - f i l l ed  conduits ,  corros ion of  t h e  stee1,would be low 

because of l i m i t e d  a v a i l a b i l i t y  of-oxygen and because o f '  t h e  a l k a l i n i t y  

of t h e  s o l u t i o n  i n  contac t  wi th  g rou t s  o r  organic  m a t e r i a l s  conta in ing 

4 a l k a l i n e  add i t ives .  I n  such cases  hydrogen embrittlement produced by 

- the  .corrosion r e a c t i o n  . i s  un l ike ly  s i n c e  even i n  n e u t r a l  s o l u t i o n s  very 

1 
i l i t t l e  .hydrogen w a s  picked up by t h e  steel i n  2000-h tests. 

1 . A l l . c o a t i n g s  app l i ed  t o  t h e  test specimens provided almost complete 

.. . . p ro tec t ion  even though they were t e s t e d  i n  environments much more aggress ive  

than would be expected i n  a PCPV. Those specimens coated wi th  e i t h e r  of t h e  

I 
two organic  m a t e r i a l s  s e l e c t e d  f o r  s tudy,  showed no s i g n s  of a t t a c k  on 

I exposure t o  0.1M H2S when s t r e s s e d  a t  60% UTS f o r  about 6 days. Subsequent- 
* 

t e n s i l e  t e s t s  showed no degradation of mechanical p roper t i e s .  However, i f  

I . a  small amount of coa t ing  was removed, f a i l u r e s  occurred i n  r e l a t i v e l y  s h o r t  

I t imes. Port land cement in t h e  same type  of . t e s t  a l s o  provided complete 

I pro tec t ion ,  and wi th  f laws up t o  0.3 mm wide no f a i l u r e s  occurred; however 

wi th  f l aw widths of 1 . 3  mm o r  g r e a t e r ,  f a i l u r e s  took p lace  i n  l e s s  than 6 

days. 'It seems probably t h a t . w i t h  a s u f f i c i e n t l y  s m a l l  f law o r  crack i n  

I t h e  r e l a t i v e l y  t h i c k  concre te  coat ing ,  t h e  pH of t h e  small volume of 

s o l u t i o n  w i t h i n  the  crack remained high enough so  t h a t  t h e  HPS d i s soc ia ted  
( 

and cracks  could no t  form. 

i ~ x p o s u r e  of uns t ressed  coated specimens t o  0.1M H2S and subsequent 

i 
1 t e n s i l e  t e s t i n g  a l s o  showed t h e  coat ings  t o  be completely e f f e c t i v e .  
! 

However, exposure of uncoated specimens and organic  coa t ings  wi th  flaws 

t o  0.M H2S caused s l i g h t  l o s s e s  of load-carrying capac i ty  and s u b s t a n t i a l  
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I r educ t ions  i n  t i m e s  t o  f a i l u r e  during t e n s i l e  tests. On t h e  o t h e r  hand,. 

1 c o n c r e t e . c o a t i n g s  wi th  f laws a s  wide a s  0.76 mm r e s u l t e d  i n  only very  small 
i 

. . l o s s e s  i n  mechanical p r o p e r t i e s  , a f t e r  exposure t o  H2S. Simi lar  r e s u l t s  

were obtained i n  ammonium n i t r a t e  and sodium c h l o r i d e  so lu t ions .  I n . t h e  
I 

ammonium n i t r a t e  s o l u t i o n  f laws i n  e i t h e r  organic  coa t ing  d id  not  cause 

l o s s  of mechanical p r o p e r t i e s ,  apparent ly  because a t  t h e  t e s t  temperature 

of.66"C t h e  organic  ma te r i a l s . f lowed  over t h e  f laws and protec ted  them. 

I . . 

1 The s t r e s s -cor ros ion  cracking s u s c e p t i b i l i t y  of a  t y p i c a l  cold-drawn 

high-strength steel (ASTM A416 s t e e l  270) t o  s e v e r a l  s o l u t i o n s  was determined 

us ing a . s l o w  constant  s t r a i n  r a t e  technique. The s t e e l  developed cracks  i n  

0.2M NH4N03 bu t  only a t  temperatures above 38OC (100°F). B r i t t l e  f a i l u r e s ,  

apparent ly  because of hydrogen embri t t lement,  a l s o  occurred i n  hydrogen 

s u l f i d e  s o l u t i o n s  i f  the  pH was l e s s  than 7. Cracking d id  not occur i n  

c h l o r i d e  s o l u t i o n s  r ega rd less  of pH. The corros ion r a t e  of  t h e  s t e e l  was 

low i n  d i l u t e - s o l u t i o n s  of NaC1, NaN03, Na2S04 when access  t o  oxygen was 

r e s t r i c t e d ,  but  i t  was s u b s t a n t i a l l y  h igher  wi th  f r e e  access  t o  a i r ;  i n  

t h e  l a t t e r  case  broad p i t s  formed, even i n  pure water .  

Both .organic  coa t ing  m a t e r i a l s  t e s t e d  and por t land cement grout  provided 

complete .p ro tec t ion  t o  t h e  s t e e l  i n  t h e  above ,aggressive 'environment, pro- 

vided t h e  coa t ing  remained i n t a c t .  With por t land cement crack widths up 

t o  0.76 mm did  not  r e s u l t  i n  l o s s  of p ro tec t ion .  These r e s u l t s  i n d i c a t e  t h a t  

i n  a  PCPV t h e  use of c e r t a i n  commercial organic  greases  o r  port land cement 

grout  f o r  f i l l i n g  t h e  condui ts  conta in ing high-strength s t e e l  tendons should 

provide p ro tec t ion  t o  t h e  tendons even i f  low'concentra t ions  of aggress ive  

s a l t s  inadver tan t ly  g e t  i n t o  t h e  condui ts  during f i l l i n g .  
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