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A MECHANIS TIC S TUDY OF THE UNIFORM 
CORROS ION OF COP P ER IN COMP ACTED 
Na -MONTMORILLONITE/S AND MIXTURES  

F .  KING, C .  D.  LITKE a n d  S . R .  RYAN 

AECL Re s e a rch, White s he ll La bora torie s , P inawa, Ma nitoba , Ca na da  ROE ILO 

Abs tra c t--The  uniform corros ion be ha viour of coppe r ha s  be e n s tudie d in e nvironme nts  s imila r to thos e  
e xpe cte d in a  Ca na dia n nucle a r fue l wa s te  dis pos a l vault. Unde r the  e xpe rime nta l conditions  us e d, the  
ra te  of corros ion is  limite d by the  diffus ion of coppe r through the  compa cte d cla y-s a nd buffe r ma te ria l 
tha t will s urround the  nucle a r was te  conta ine rs . The  e xte nt of the  coppe r diffus ion proce s s  was  de te rmine d 
a t the  e nd of e a ch te s t by measuring the  coppe r conce ntra tion profile  in the  buffe r ma te ria l. In the  
pre s e nce  of 7-ra dia tion, the  coppe r diffused furthe r tha n in the  unirra dia te d te s ts , but the  corros ion ra te  
was  lower. Ra te  control by coppe r diffus ion ca n account for both of the s e  e ffects , with the  e ffect of 
7-ra dia tion be ing to re duce  the  e xte nt of s orption of coppe r by the  clay. The  results  a re  cons is tent with 
a  mass  tra ns port controlle d corros ion re a ction domina te d by pore -wa te r diffus ion in the  pre s e nce  of 
~,-radia tion a nd surface-water diffus ion in the  a bs e nce  of ra dia tion. 

INTRODUCTION 
THE p re d ic t io n  o f th e  c o r ro s io n  b e h a v io u r  o f m a te r ia ls  o ve r  p e r io d s  o f h u n d r e d s ,  
t h o u s a n d s  a n d  e ve n  te n s  o f t h o u s a n d s  o f ye a rs  is  a  p r o b le m  u n iq u e  to  th e  d is p o s a l o f 
n u c le a r  fu e l wa s te .  S u c h  p re d ic t io n s  s h o u ld  o n ly  b e  a t t e m p t e d ,  a n d  c e r ta in ly  c a n  o n ly  
b e  ju s t ifie d ,  o n  th e  b a s is  o f a  s o u n d  m e c h a n is t ic  u n d e r s t a n d in g  o f th e  va r io u s  
p ro c e s s e s  ta k in g  p la c e .  In  th is  p a p e r  th e  re s u lts  o f a  m e c h a n is t ic  s tu d y o f th e  u n ifo rm  
c o r ro s io n  b e h a v io u r  o f c o p p e r  u n d e r  c o n d it io n s  s im ila r  to  th o s e  e x p e c t e d  in  a  
C a n a d ia n  d is p o s a l va u lt  a re  p r e s e n t e d .  

Th e  C a n a d ia n  c o n c e p t ,  1 like  m a n y  o th e r s  a r o u n d  th e  wo r ld ,  is  b a s e d  o n  th e  
d is p o s a l o f n u c le a r  fu e l wa s te  in  m e ta llic  c o n ta in e r s  e m p la c e d  in  a  va u lt  in  a  s ta b le  
g e o lo g ic a l fo rm a t io n .  In  C a n a d a ,  th e  c o n c e p t  c a lls  fo r  th e  c o n s t ru c t io n  o f a  va u lt  a t  a  
d e p th  o f 5 0 0 -1 0 0 0  m in  th e  p lu to n ic  ro c k  o f th e  C a n a d ia n  S h ie ld .  Th e  c o n ta in e r s  
wo u ld  b e  s u r r o u n d e d  b y  a  c o m p a c t e d  m ix tu re  o f N a - b e n t o n it e  a n d  s ilic a  s a n d ,  
k n o w n  a s  b u ffe r  m a te r ia l.  G r o u n d w a t e r s  a t th e s e  d e p th s  t e n d  to  b e  s a lin e ,2  with  C l-  
c o n c e n t r a t io n s  u p  to  - 1  m o l d m  -3 .  R a d io a c t iv e  d e c a y  o f th e  wa s te  will p r o d u c e  
e le va t e d  t e m p e r a t u r e s  with in  th e  va u lt  a n d  a  s ig n ific a n t ~ , -ra d ia tio n  fie ld  n e a r  th e  
c o n ta in e r  s u rfa c e .  3 Th e  m a x im u m  c o n ta in e r - s k in  t e m p e r a t u r e  is  e xp e c t e d  to  b e  
- 1 0 0 ° C ,  a lth o u g h  th e  e xa c t  d is t r ib u t io n  o f t e m p e r a t u r e s  will d e p e n d  o n  th e  a g e  a n d  
n a tu re  o f th e  wa s te  fu e l a n d  th e  d e s ig n  o f th e  va u lt .  Th e  va r ia t io n  o f th e  c o n t a in e r  
s u rfa c e  t e m p e r a t u r e  a n d  y - r a d ia t io n  d o s e  ra te  with  t im e  le a d s  to  two  ta rg e t  life t im e s :  
(1 ) 3 0 0 -5 0 0  y to  c o ve r  th e  p e r io d  o f h ig h  y - ra d ia t io n  a c t ivity  a n d  t e m p e r a t u r e ,  a n d  
(2 ) - 2 0 , 0 0 0  y a fte r  wh ic h  th e  t e m p e r a t u r e  in  th e  va u lt  will b e  c lo s e  to  a m b ie n t .  

Th e  va r io u s  a llo ys  p r o p o s e d  a s  p o s s ib le  c o n t a in e r  m a te r ia ls  c a n  b e  b r o a d ly  
c la s s ifie d  a s  b e in g  e ith e r  c o r ro s io n - re s is t a n t  o r  c o r ro s io n -a llo wa n c e  m a te r ia ls .  3'4 
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O n e  m a te ria l fro m  e a c h  c a te g o ry ha s  b e e n  s tud ie d  in C a n a d a : tita n iu m  is  the  s e le c te d  
c o rro s io n -re s is ta n t m a te ria l 4 a nd  o xyg e n -fre e  c o p p e r (UNS  C10100) is  th e  c a n d id a te  
c o rro s io n -a llo wa n c e  ma te ria l.  C o p p e r is  the  c o n ta in e r m a te ria l o f c h o ic e  in 
S we de n ,5  wh e re  d is pos a l c o n d itio n s  s imila r to  th o s e  in C a n a d a  a re  e xp e c te d .  In  b o th  
c o u n trie s  the  c o n ta in e rs  will b e  s u rro u n d e d  b y a  c o m p a c te d  c la y-b a s e d  m a te ria l th a t 
is  e xp e c te d  to  in flue nce  th e  ra te  o f u n ifo rm  c o rro s io n  o f th e  c o n ta in e r.  In  th e  S we d is h  
p ro g ra m ,  wh e re  the  th ick-wa lle d  c o n ta in e r de s ign  re s u lts  in  ins ignifica nt y-ra d ia tio n  
fie lds , th e  ra te  o f u n ifo rm  c o rro s io n  is  a s s u m e d  to  b e  limite d  by the  tra n s p o rt o f 
o xid a n ts  th ro u g h  the  c o m p a c te d  b u ffe r m a te ria l to  th e  c o n ta in e r s u rfa ce .  De e p  
g ro u n d wa te rs  c o n ta in  little  d is s o lve d  o xyg e n ,  s o  the  a m o u n t o f a va ila b le  o xid a n ts  is  
limite d . C o n s e q u e n tly,  20 cm th ick c o p p e r c o n ta in e rs  a re  p re d ic te d  5 to  la s t fo r 
h u n d re d s  o f th o u s a n d s  o f ye a rs .  A s u b s e q u e n t a na lys is  6 o f a  10 cm th ick c o n ta in e r 
p ro d u c e d  s imila r life time s . 

In  c o n tra s t,  th e  us e  o f th in n e r-wa lle d  c o p p e r c o n ta in e rs  (pos s ib ly - 2 . 5  cm) in the  
C a n a d ia n  c o n c e p t wo u ld  re s u lt in  a  s ignifica nt ),-ra d ia tion  fie ld  a t the  c o n ta in e r 
s u rfa ce .  Th is  fie ld  m a y p ro d u c e  oxid iz ing  ra d io lys is  p ro d u c ts  a t the  m e ta l/ 
e n viro n m e n t in te rfa c e ,  3"7 m a kin g  o xid a n t tra n s p o rt c o n tro l le s s  like ly th a n  fo r a  
th ic ke r c o n ta in e r de s ign . F u rth e rm o re ,  th e  c h lo rid e  c o n c e n tra tio n s  a re  h ig h e r in  
C a n a d ia n  g ro u n d wa te rs ,  a nd  it is  kn o wn  8"9 th a t th e  d is s o lu tion  ra te  o f c o p p e r 
ro ta ting -d is c  e le c tro d e s  in a e ra te d  Na CI s o lu tions  is  c o n tro lle d  by the  a n o d ic  
tra n s p o rt p ro c e s s ,  n o t by the  ra te  o f s upp ly o f o xyg e n .  Th e re fo re ,  a  s tu d y o f the  
u n ifo rm  c o rro s io n  o f c o p p e r u n d e r s im u la te d  d is pos a l c o n d itio n s  ha s  b e e n  c a rrie d  
o u t a im e d  a t e s ta b lis h ing  wh e th e r the  ra te  o f tra n s p o rt o f d is s o lve d  c o p p e r th ro u g h  
the  c o m p a c te d  b u ffe r m a te ria l c o n tro ls  the  o ve ra ll ra te  o f c o rro s io n .  

P ROP ERTIES  OF COMP ACTED CLAY--S AND BUFFER 
Mo s t c o m m o n  c la y min e ra ls  a re  c o m p o s e d  o f s he e ts  o f s ilica  te tra h e d ra  a nd  

a lumina  o c ta h e d ra .  Th e  va rious  c la y min e ra ls  re s u lt fro m  d iffe re n t c o m b in a tio n s  o f 
th e s e  two  s he e ts  a n d  fro m  d iffe re n t a m o u n ts  o f s ubs titu tion  o f Al a nd  S i by e le m e n ts  
o f lo we r va le ncy.  1° S m e c tite  re fe rs  to  a  g ro u p  o f c la ys  with  two  s ilica  s he e ts  
s a n d wic h e d  a ro u n d  a n  a lumina  s h e e t a nd  a  ne t la ye r c h a rg e  o f 0 .2 -0 .6  p e r fo rm u la  
un it.  Mo n tm o rillo n ite  is  the  mo s t c o m m o n  m e m b e r o f the  s me c tite  g ro u p  a nd  the  
c h a rg e  re s u lts  p re d o m in a n tly fro m  the  s ubs titu tion  o f A13+ by Mg  2+. If Na  + is  the  
c h a rg e -b a la n c in g  c a tio n ,  the  un it ce ll fo rm u la  is  Na x(A12_xMgx)S i4OH~(OH)2 (Fig. 
1). Be n to n ite ,  the  c la y c o m p o n e n t o f the  c o m p a c te d  b u ffe r m a te ria l,  is  a  n a tu ra lly 
o c c u rrin g  m a te ria l c o m p o s e d  ma in ly o f m o n tm o rillo n ite ,  b u t a ls o  c o n ta in in g  o th e r 
c la y min e ra ls  a nd  q u a n titie s  o f g yp s u m  (C a S O  4 • 2 H2 0 )  a nd  ca lc ite  (Ca CO3).  l l F o r 
the  p re s e n t p u rp o s e s ,  the  s a nd  c o m p o n e n t  o f the  b u ffe r m a te ria l ca n  be  c o n s id e re d  a s  
a n  in e rt fille r, a lth o u g h  th e  inc lus ion  o f s a n d  in th e  m ixtu re  im p ro ve s  its  e n g in e e rin g  
p ro p e rtie s .  12 

Th e  wa te r in a  s a tu ra te d  s a mp le  o f c o m p a c te d  c la y (o r c la y/s a nd  m ixtu re ) c a n  b e  
c la s s ifie d a s  e ith e r s u rfa c e -wa te r o r p o re -wa te r.  13 S u rfa c e -wa te r,  with  a  th ickne s s  o f 
p e rh a p s  two  la ye rs  ( - 0 . 6  n m ),  14 is  c los e ly a s s oc ia te d  with  the  c la y s u rfa ce s  by 
h yd ro g e n  b o n d in g  a n d ,  c o n s e q u e n tly,  ha s  a  h ig h e r vis cos ity th a n  bu lk wa te r.  15 
P o re -wa te r o c c u p ie s  th e  la rge r p o re s  o f the  s oil a nd  th o s e  re g ions  a t a  d is ta nce  o f 
s e ve ra l la ye rs  fro m  the  c la y s u rfa ce s ,  a nd  ha s  p ro p e rtie s  s imila r to  thos e  o f bu lk 
wa te r.  At th e  s a me  tim e  th e  c la y ca n  s o rb  ca tions ,  t0.15 e ith e r by a d s o rp tio n  a t s pe cific  
s ite s  o r by e xc h a n g e  with  the  c h a rg e -b a la n c in g  ca tions  o f the  m in e ra l (e .g . Na  + in 
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FIG. 1. S tru c tu re  o f Na -m o n tm o rillo n ite  illus tra ting  Na x(Al~_x)S i4Ol0 (OH)2  un it ce ll 
(Ad a p te d  with  p e rm is s io n  fro m  Che m is try o f the  S oil, F. E .  Be a r (e d ),  2nd  e d itio n ,  AC S  

Mo n o g ra p h  S e rie s  No . 160, p . 96. C o p yrig h t 1964 Am e ric a n  C h e m ic a l S oc ie ty.) 

Na -m o n tm o rillo n ite ).  Th e  n e t n e g a tive  s u rfa ce  c h a rg e  o f m o n tm o rillo n ite  a ls o  ha s  
th e  e ffe c t o f e xc lu d in g  a n io n s  fro m  th e  s u rfa c e -wa te r la ye rs .  

Th e  re fe re n c e  b u ffe r m a te ria l 16 is  a  1:1 m ixtu re  (by d ry ma s s ) o f Na -b e n to n ite  
a nd  s a n d ,  c o m p a c te d  to  a  d ry d e n s ity (P d) o f a b o u t 1.65 g cm -3 ,  with  a n  in itia l 
m o is tu re  c o n te n t o f 1 7 -1 9 % .  Th e  h yd ra u lic  c o n d u c tivity o f th e  b u ffe r is  s o  low 16 
( - 1 0  -1° cm s  - t )  th a t ma s s  tra n s p o rt is  p rim a rily by d iffus ion .  C a tio n s  will te n d  to  
d iffus e  ma in ly th ro u g h  th e  s u rfa c e -wa te r la ye rs ,  wh e re a s  a n io n s  will d iffus e  th ro u g h  
the  p o re -wa te r b e c a u s e  o f a n io n  e xc lu s ion  fro m  the  s u rfa c e -wa te r la ye rs .  Th e  
d is trib u tio n  o f d is s o lve d  c o p p e r b e twe e n  the  s o rb e d  a nd  p o re -wa te r s ta te s ,  a n d  
h e n c e  th e  re la tive  im p o rta n c e  o f the  s u rfa ce  a n d  p o re -wa te r d iffus ion  p a th wa ys ,  is  
d e te rm in e d  b y its  s p e c ia tio n ,  wh ich  is  a  fu n c tio n  o f the  c o m p o s itio n  o f the  p o re - 
wa te r.  O xyg e n  ca n  d iffus e  th ro u g h  b o th  th e  liqu id  p h a s e  a n d ,  in  a n  u n s a tu ra te d  s oil, 
th ro u g h  the  ga s  o r va p o u r pha s e .  Th e  e ffe c tive  d iffus ion  coe ffic ie n t o f o xyg e n  in a  
70% -s a tu ra te d  s oil is  o f the  o rd e r  o f 10 -3  cm a  s  -1 b e c a u s e  tra n s p o rt occu rs  
p re d o m in a n tly th ro u g h  the  ga s  p h a s e .  17 Th e  va ria tio n  o f the  o xyg e n  d iffus ivity with  
m o is tu re  c o n te n t is  o f in te re s t in this  s tu d y b e c a u s e  the  d e g re e  o f s a tu ra tio n  va rie d  
d u rin g  the  te s ts . In  a  d is pos a l va u lt,  h o we ve r,  s a tu ra te d  c o n d itio n s  will p re va il.  

Th e  o n e -d im e n s io n a l ma s s -ba la nce  e q u a tio n  fo r c o p p e r d iffus ion  in a  c la y-b a s e d  
s oil is  13"18 

Oc _ D i 02c  
Ot r Ox 2 (1) 

wh e re  c is  the  c o p p e r p o re -wa te r c o n c e n tra tio n ,  D i is  the  to ta l in trins ic  d iffus ion  
coe ffic ie n t a n d  r is  the  c a p a c ity fa c to r.  In  e q u a tio n  (1), it is  a s s u m e d  th a t D i is  no t a  
fu n c tio n  o f c o n c e n tra tio n  (c ),  d is ta nce  (x) o r time  (t), a n d  th a t the  ra tio  o f s o rb e d  to  
p o re -wa te r c o p p e r c o n c e n tra tio n s  is  c o n s ta n t.  Th e  to ta l in trins ic  d iffus ion  coe ffic ie n t 
inc lude s  te rm s  fo r b o th  s u rfa ce  a n d  p o re -wa te r d iffus ion  ~8 

Di = Diw + p d Kd Ds  (2) 
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A s che ma tic dia gra m of the  e xpe rime nta l a ppa ra tus  for coppe r corros ion te s ts  in 

compa cte d buffe r ma te ria l. 

w h e r e  Diw is  t h e  in t r in s ic  d iffu s io n  c o e ffic ie n t  in  t h e  p o r e - w a t e r ,  D s  is  t h e  s u r fa c e  
d iffu s io n  c o e ffic ie n t  a n d  Kd  is  t h e  d is t r ib u t io n  c o e ffic ie n t  o f c o p p e r  b e t w e e n  s o r b e d  
a n d  p o r e - w a t e r  p h a s e s  (Kd  = [CU]s o rbe d /[fU]pore -wa te r).  T h e  c a p a c it y  fa c t o r  c a n  b e  
t h o u g h t  o f a s  t h e  c a p a c it y  o f t h e  b u ffe r  to  s o rb  c o p p e r  a n d  is  g iv e n  b y  18 

r = cp¢ + p d K d  (3 ) 

w h e r e  tpe  is  t h e  p o r o s it y  fo r  p o r e - w a t e r  d iffu s io n .  

E XP E R IME N T AL ME T H O D  
The  e xpe rime nta l a rra nge me nt is  illus tra te d in Fig. 2. A disc of oxyge n-fre e  e le ctronic  gra de  coppe r 

(UNS  C10100, ra in. 99.99 wt% Cu) wa s  pla ce d a t the  clos e d e nd of a  polys ulphone  tube  with a n inte rna l 
d ia me te r of 1.25 cm. P olys ulphone  (Union Ca rbide ) is  a  ra dia tion-re s is ta nt polyme r s uita ble  for us e  a t 
te mpe ra ture s  -<140°C. Five  individua l plugs  of compa cte d buffe r ma te ria l, e a ch - 2  cm long, we re  the n 
pla ce d e nd to e nd in the  bore  of the  tube , followe d by a  porous  flit ma de  from ca rborundum a nd fina lly a  
hollow polys ulphone  e nd-plug. The  uncompa cte d buffe r ma te ria l wa s  mois te ne d with a  s ynthe tic 
groundwa te r s olution, s ta nda rd Ca na dia n S hie ld s a line  s olution (S CS S S ) (Ta ble  1), s o tha t the  compa cte d 
plugs  we re  a bout 80% s a tura te d initia lly. The  buffe r cons is te d of a  1 : 1 mixture  (by dry we ight) of Avonle a  
be ntonite  a nd gra de d s ilica  s a nd. The  e ntire  polys ulphone  tube  a s s e mbly wa s  s e a le d in a  glass  via l 

TABLE 1. COMPOSITION OF THE SYNTHETIC 
GROUNDWATER S TANDAR D CANADIAN 

SHIELD SALINE SOLUTION (S C S S S ) 

Conce ntra tion 

S pe cie s  k~g g - l mol dm 3 

Na  + 5050 0.22 
K + 50 0.0013 
Mg2+ 200 0.0082 
Ca  2÷ 15,000 0.37 
S r 2+ 20 0.00023 
Si 15 0.00054 
HCO3  10 0.00016 
C I- 34,260 0.97 
SO24 - 790 0.0082 
NO3 50 0.00081 
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F ~ .  3. Coppe r conce ntra tion profile s  in compa cte d  buffe r ma te ria l de te rmine d  a fte r 
e xpos ure  a t 100°C for time s  be twe e n 33 da ys  a nd 362 da ys  (buffe r dry de ns ity 1.65 g cm-3). 

• 33 da ys , • 61 da ys , • 89 da ys , © 180 da ys , [] 362 da ys . 

conta ining -2 5 0  cm 3 a e ra te d  SCSSS. During the  cours e  of the  e xpe rime nt the  buffe r a bs orbe d  mois ture  
from the  bulk s olution a nd the  five  individua l buffe r plugs  coa le s ce d into one  continuous  s a us a ge  o f buffe r 
ma te ria l. No a tte mpts  we re  ma de  to va ry the  a mount of oxyge n conta ine d in the  via l, a lthough pos t-te s t 
ga s  a na lys e s  we re  pe rfo rme d  us ing ma s s  ~e c tro m e try a fte r s e ve ra l of the  te s ts . 

Te s ts  we re  pe rforme d  a t te mpe ra ture s  o f 50 a nd 100°C for pe riods  of be twe e n  1 month  a nd 2 y. Thre e  
buffe r dry de ns itie s  (Pd = 1,45, 1.65 a nd 1.79 g cm -3) we re  us e d in orde r to va ry the  ra te  of coppe r 
diffus ion through the  buffe r. Twe lve  te s ts  we re  irra dia te d (a bs orbe d dos e  ra te  - 5  Gy h - 1 _= -5 0 0  ra d 11- i ) 
us ing a  us e d CANDU* fue l bundle  a s  the  s ource  of y-ra dia tion. The  irra dia te d te s ts  we re  pe rforme d  a t 100 
a nd 135°C us ing a  s lightly modifie d s e t-up in which thre e  te s ts  s ha re d a  common bulk s olution pha s e  in a  Ti 
a utocla ve , ra the r tha n be ing pla ce d in individua l glass  via ls . In the  s ix irra dia te d te s ts  a t 100°C the  coppe r 
coupon wa s  s itua te d in the  ce ntre  of a  15 cm long column of buffe r ma te ria l ra the r tha n a t one  e nd. 

At the  e nd  o f e a ch te s t the  buffe r ma te ria l wa s  e xtrude d from the  polys ulphone  tube  in one  pie ce  a nd 
s e ctione d for coppe r ana lys is . The  firs t 2 mm s lice , de s igna te d a s  s lice  1A, wa s  ta ke n from the  e nd  of the  
buffe r in dire ct conta ct with the  coppe r disc. The  re ma ining buffe r ma te ria l wa s  s e ctione d into 5 mm s lices . 
Afte r drying, the  tota l coppe r conce ntra tion in e a ch s lice  wa s  de te rmine d  by X-ra y fluore s ce nce . The  tota l 
a mount of coppe r in e a ch s lice  compris e s  bo th  the  s orbe d a nd pore -wa te r coppe r in the  pre -drie d  s a mple . 

Corros ion ra te s  we re  e s tima te d  from the  we ight los s  of the  coupon (a fte r s tripping corros ion products  
by dis s olution in 1:1 conce ntra te d  HCl:wa te r) us ing the  s urfa ce  a re a  o f the  coupon in conta ct with the  
buffe r. Although s ome  of the  coupons  we re  wra ppe d in P TFE ta pe  on the  e dge  a nd ba ck fa ce  o f the  
s a mple s , s ome  corros ion ine vita bly occurre d in the s e  re gions , re s ulting in ove re s tima tion o f the  corros ion 
ra te . 

E XP E R IME N T AL R E S U LT S  AN D  D IS C U S S IO N  

Coppe r concentration profiles  
F ig u r e  3 s h o w s  t h e  d e v e lo p m e n t  o f t h e  c o p p e r  c o n c e n t r a t io n  p r o file s  in  t h e  b u ffe r  

w ith  t im e  fo r  five  u n ir r a d ia t e d  t e s t s  a t  1 0 0 °C  a n d  P d = 1 .6 5  g c m  -3 ,  fo r  p e r io d s  o f 
b e t w e e n  3 3  a n d  3 6 2  d a ys .  T h e  o r ig in  o n  t h e  x -a x is  r e p r e s e n t s  t h e  in t e r fa c e  b e t w e e n  
t h e  c o p p e r  d is c  a n d  t h e  c o lu m n  o f b u ffe r  m a t e r ia l.  T h e  m e a n  to ta l c o p p e r  c o n c e n -  

*CANa dia n De ute rium Ura nium, re gis te re d tra de ma rk of AECL. 
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FIG. 4. The  e ffe ct of buffe r dry de ns ity on  the  coppe r conce ntra tion profile s  in compa cte d 
buffe r ma te ria l a fte r 3 months  e xpos ure  a t 100°C. • 1.45 g cm -3 ,  • 1.65 g cm -3 ,  

• 1.79 g cm -3. 

tra tions  in e a ch  s lice  a re  p lo tte d  a t a  d is ta nce  co rre s pond ing  to  the  ce n tre s  o f the  
s lice s . Th e  profile s  s ugge s t th a t coppe r d iffus ion  is  a  s low proce s s  s ince , e ve n  a fte r 12 
m o n th s ,  coppe r ha s  ba re ly p e n e tra te d  m o re  th a n  ha lf-wa y a long  the  c o lu m n  o f b u ffe r 
ma te ria l.  A c rude  a na lys is  o f the  profile s  s ugge s ts  th a t it cou ld  ta ke  o f the  o rd e r o f 
10 y to  e s ta b lis h  s te a dy-s ta te  d iffus ion  cond itions ,  i.e . a  c o n s ta n t c o n c e n tra tio n  
g ra d ie n t.  This  pe riod  con tra s ts  with  the  time  o f le s s  th a n  1 s  to  e s ta b lis h  s te a dy-s ta te  
ma s s  tra n s p o rt cond itions  a t a  ro ta tin g  dis c e le c trode  in a q u e o u s  s o lu tion ,  a nd  
illus tra te s  the  low p e rme a b ility o f the  c o m p a c te d  b u ffe r ma te ria l.  

At the  in te rfa ce ,  the  c o n c e n tra tio n  o f coppe r in the  1A s lice  (the  2 m m  s lice  
a d ja ce n t to  the  coppe r dis c) a ppe a rs  to  re a c h  a  c o n s ta n t va lue  o f b e twe e n  10,000 a nd  
15,000/zg g - t .  In  s u b s e q u e n t te s ts , ]3 this  c o n c e n tra tio n  wa s  fo u n d  to  va ry b e twe e n  
2000 a n d  20,000/zg g - l,  a n d  th e re  wa s  no  obvious  tre n d  with  e xpos u re  time ,  b u ffe r 
de ns ity o r te m p e ra tu re .  Th e  n a tu re  o f the  d iffus ing  coppe r s pe cie s  is  u n kn o wn .  
Be fo re  a na lys is  fo r coppe r,  s ome  o f the  1A s lice s  we re  a na lys e d  by X-ra y d iffra c tion ,  
e ve n  th o u g h  the  m a xim u m  coppe r c o n c e n tra tio n  obs e rve d  (1-2  wt% ) is  ba re ly a bove  
the  de te c tion  limit. Th e  on ly coppe r s pe cie s  ide n tifie d  in the  bu ffe r we re  13 
CuS O4 • 3 H2 0  a nd  CuCI2 • 21-120. O n  the  coppe r dis c its e lf ba s ic  cupric  ch lo ride ,  
C u C I2 .3 C u (O H)2 ,  wa s  o fte n  fo u n d  a s  d is c re te  c rys ta ls  lying on  top  o f a n  oxide  
la ye r 13 (pos s ibly C u 2 0 ).  Alth o u g h  the  S CS S S  is  e s s e n tia lly a  Ca /Na -ba s e d  ch loride  
s o lu tion ,  cupric  s pe cie s  s e e m to  fo rm  in p re fe re n c e  to  the  cuprous  s pe cie s  p ro d u c e d  
in a e ra te d  NaC1 s o lu tion  8'9 (e .g . CuCI~-, CuCI2 -).  

Un e xp e c te d ly,  th e re  is  no  obvious  e ffe c t o f b u ffe r d ry de ns ity on  the  coppe r 
c o n c e n tra tio n  profile s . G e n e ra lly,  D i de c re a s e s  with  incre a s ing  Pd, be ca us e  the  
to rtu o s ity is  g re a te r a t h ighe r Pd. 19 F igure  4 s hows  a  s e rie s  o f profile s  from 3 m o n th  
u n irra d ia te d  te s ts  a t 100°C with  the  th re e  d iffe re n t b u ffe r de ns itie s . The  g re a te s t 
p e n e tra tio n  o f the  c o p p e r is  b e twe e n  4 a nd  5 cm fo r a ll de ns itie s . Th e  c o p p e r 
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FIG. 5. The  e ffe ct of te mpe ra ture  on the  diffus ion o f coppe r in compa cte d  buffe r ma te ria l 
in conta ct with a  corroding coppe r coupon (1 y e xpos ure , buffe r de ns ity 1.65 g cm-3). 
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The  e ffe ct of 7-ra dia tion on the  coppe r conce ntra tion profile s  in compa cte d  buffe r 
3 o ma te ria l (buffe r de ns ity 1.65 g c m - ) a fte r 6 months  e xpos ure . ~ unirra dia te d a t 100 C, 

- - i- -  irra dia te d (a bs orbe d dos e  ra te  - 5  Gy h -  l) a t 135°C (a ls o s hown on e xpa nde d  s ca le  in 
ins e t). 
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Coppe r conce ntra tion profile s  me a s ure d in the  pre s e nce  of 7-ra dia tion a t 100°C for 

407 da ys  for a  coppe r coupon s itua te d in the  ce ntre  o f a  15 cm long column of compa cte d 
buffe r ma te ria l (buffe r de ns ity 1.65 g cm-3). 

c o n c e n tra tio n  p ro file s  we re  a ffe c te d  b y th e  te m p e ra tu re ,  with  c o p p e r  d iffus ing  
fu rth e r a t 100°C th a n  a t 50°C (Fig . 5). 

Th e  m o s t m a rke d  e ffe c t o n  th e  c o n c e n tra tio n  p ro file s  wa s  o b s e rve d  wh e n  th e  
te s ts  we re  irra d ia te d .  Un fo rtu n a te ly,  th e re  a re  n o  e xa c tly e q u iva le n t te s ts  with  a n d  
with o u t v-ra d ia tio n ,  b u t Fig . 6 s hows  a  c o m p a ris o n  b e twe n  c o p p e r  p ro file s  fro m  two  
6 -m o n th  e xp e rim e n ts  with  a  b u ffe r d ry d e n s ity o f 1.65 g cm -3 ,  o n e  a t 135°C in th e  
p re s e n c e  o f ra d ia tio n  (a ls o  s e e  in s e t) a n d  o n e  u n irra d ia te d  a t 100°C. In  th e  irra d ia te d  
te s t,  th e  c o p p e r  h a s  d iffu s e d  th e  full le n g th  o f th e  b u ffe r m a te ria l,  a n d  th e  in te rfa c ia l 
c o n c e n tra tio n  is  a  fa c to r o f - 4 0  lo we r th a n  in th e  u n irra d ia te d  e xp e rim e n t (350 p g  
g - t  c o m p a re d  with  12,500 p g  g - l) .  F ig u re  7 s hows  typ ica l p ro file s  fro m  th e  irra d ia te d  
te s ts  a t 100°C in wh ich  th e  c o u p o n  wa s  c e n tre d  in th e  m id d le  o f th e  c o lu m n  o f b u ffe r 
m a te ria l.  Th e  p ro file s  a re  th e  s a m e  re g a rd le s s  o f wh e th e r  th e  c o p p e r  is  d iffus ing  
to wa rd s  th e  o p e n  o r c lo s e d  e n d  o f th e  tu b e .  In  a ll, 18 c o p p e r  c o n c e n tra tio n  p ro file s  
we re  d e te rm in e d  in the  p re s e n c e  o f v-ra d ia tio n ,  a ll s h o win g  th e  s a m e  e ffe c ts  o f low 
c o p p e r  c o n c e n tra tio n  a n d  o f d iffu s io n  th e  full le n g th  o f th e  b u ffe r.  13 

C o rro s io n  rate s  
Th e  we ig h t-lo s s  c o rro s io n  ra te s  fo r th e  u n irra d ia te d  te s ts  a t 50 a n d  100°C fo r th e  

th re e  b u ffe r d e n s itie s  a re  s h o wn  a s  a  fu n c tio n  o f e xp o s u re  tim e  in Fig . 8. In  th e  lo g -  
log  fo rm ,  th e  d a ta  c a n  b e  fitte d  13 to  a  s tra ig h t line  with  a  s lo p e  o f - 0 . 7 ,  c los e  to  th e  
va lu e  o f - 0 . 5  th a t wo u ld  b e  e xp e c te d  fo r a  tra n s p o rt-lim ite d  c o rro s io n  re a c tio n .  F o r 
e xp o s u re  tim e s  o f 1 y o r g re a te r,  th e  c o rro s io n  ra te  is  in d e p e n d e n t o f te m p e ra tu re  
a n d  b u ffe r de ns ity.  At  s h o rte r tim e s ,  th e  c o rro s io n  ra te s  a re  m o re  s c a tte re d ,  b u t 
th e re  is  a ls o  no  s ys te m a tic  va ria tio n  o f the  ra te  with  te m p e ra tu re  o r b u ffe r de ns ity.  
Th e  s c a tte r in th e  d a ta  a t s h o rt tim e s  is  b e lie ve d  to  b e  c a u s e d  b y va ria tio n s  in th e  tim e  
re q u ire d  to  fu lly s a tu ra te  th e  b u ffe r with  m o is tu re ,  a n  e ffe c t th a t s e e m s  to  b e  
u n im p o rta n t  a fte r - 1 y. 

In  th e  p re s e n c e  o f v-ra d ia tio n ,  th e  c o rro s io n  ra te s  a re  m u c h  lo we r th a n  in the  
u n irra d ia te d  te s ts ,  a n d  th e re  is  s o m e  d e p e n d e n c e  o n  b o th  te m p e ra tu re  a n d  b u ffe r 
d e n s ity (Ta b le  2). Afte r  407 d a ys  (1 .12  y) e xp o s u re  a t 100°C a n d  a n  a b s o rb e d  d o s e  
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C o p p e r c o rro s io n  ra te s  d e te rm in e d  fro m  we igh t los s  o f c o u p o n  in c o n ta c t with  
c o m p a c te d  b u ffe r ma te ria l in a b s e n c e  o f v-ra d ia tion .  • 50°C, 1.45 g c m  -3  b u ffe r de ns ity; 
• 50°C, 1.65 g c m -3 ; • 50°C, 1.79 g c m -3 ; (2) 100°C, 1.45 g c m -3 ; [] 100°C, 1.65 g c m  3; 

A 100°C, 1.79 g c m  -3 . 

ra te  o f 5 G y  h -  l, th e  m e a n  c o rro s io n  ra te  fo r a ll th re e  b u ffe r  d e n s itie s  wa s  2 .5  ~tm y 1 
(n u m b e r  o f p o in ts ,  n = 6 ; s ta n d a rd  d e via t io n ,  a  = 0 .5  # m  y - t ) .  By c o m p a r is o n ,  th e  
m e a n  o f th e  u n irra d ia te d  c o rro s io n  ra te s  a t 100°C a fte r 1 y e xp o s u re  wa s  31 ktm y - t  
(n  = 6 , o = 1 3 /~m  y - l) .  At  135°C, if th e  s m a ll b u ffe r  d e n s ity e ffe c t is  ig n o re d ,  th e  
m e a n  c o rro s io n  ra te  fro m  a  6 m o n th  (187  d a y) irra d ia te d  te s t wa s  7 .4 ~ tm  y - t  (n  = 6 , 
o = 1 . 8 ~ m  y-~ ).  Afte r  6 m o n th s  a t 100°C in  th e  a b s e n c e  o f ra d ia t io n ,  th e  ra te  wa s  
49 ktm y - I (n  = 4 , a  = 12ktm y - l) .  Th u s ,  th e  irra d ia te d  ra te s  a re  u p  to  a  fa c to r  o f 12 

T AB LE  2 .  C O R R O S IO N RATES  OF C O P P E R  IN C O NTAC T WITH 

C O MP AC TE D BUF F E R  MATE R IAL IN THE  P R E S E NC E  OF V- 

R ADIATIO N (ABS O R BE D DO S E  RATE 5 Gy h 1) 

Tim e  Te m p .  Pd R a te  
Te s t (d ) (°C) (g cm 3) (~m y l) 

I 1 407 100 1.45 2.9  
1.65  2.9 
1.79 2.1 

I2 407 100 1.45 2.4  
1.65  2.8 
1.79 1.7 

I3 187 135 1.45 8.0  
1.65  8.7 
1.79  5.7 

I4 187 135 1.45 9.7  
1.65 7.5 
1 .79  4.8 
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time s  lo we r th a n  th o s e  d e te rm in e d  in the  a b s e n c e  o f a  v-ra d ia tio n  fie ld. If a  t -1/2 
d e p e n d e n c e  fo r the  irra d ia te d  c o rro s io n  ra te s  is  a s s u me d ,  the  ra te  a t 135°C is  
a p p ro xim a te ly twice  th a t a t 100°C, fo r a  s imila r e xp o s u re  p e rio d .  F u rth e rm o re ,  the  
irra d ia te d  d a ta  s h o w a  d e p e n d e n c y o n  the  b u ffe r de ns ity,  with  the  ra te s  a t Oo = 1.79 g 
cm -3  cons is te n tly lo we r th a n  th o s e  a t P d =  1.45 a nd  1.65 g cm -3  a t b o th  100 a nd  
135°C (Ta b le  2). 

The  m e chan is m  o f  coppe r corros ion in com pacte d  buffe r m ate rial 
In  the s e  te s ts , a n  a tte m p t wa s  m a d e  to  e s ta b lis h  a  link b e twe e n  the  ra te  o f 

d iffus ion  o f c o p p e r a nd  the  c o rro s io n  ra te  b y va ryin g  the  b u ffe r d ry de ns ity a n d ,  by 
do ing  s o , to  d e m o n s tra te  th a t c o p p e r tra n s p o rt is  the  ra te -c o n tro llin g  p roce s s .  
Ho we ve r,  n e ith e r the  o b s e rve d  c o p p e r c o n c e n tra tio n  p ro file s  n o r th e  c o rro s io n  ra te  
(in  the  a b s e n c e  o f v-ra d ia tio n ) s h o w a ny d e p e n d e n c e  o n  p j.  In s te a d ,  th is  link wa s  
e s ta b lis he d  by irra d ia ting  the  te s ts . In  the  p re s e n c e  o f v-ra d ia tio n  c o p p e r d iffus e s  
fu rth e r,  b u t,  p a ra d o xic a lly,  the  c o rro s io n  ra te  is  lowe r.  Th e  in te rp re ta tio n  o f th e s e  
o b s e rva tio n s  is  th a t c o p p e r tra n s p o rt is  ra te -c o n tro llin g  a nd  th a t the  e ffe c t o f 
ra d ia tio n  is  to  re d u c e  the  e xte n t to  which  the  d iffus ing  c o p p e r s pe c ie s  a re  s o rb e d  by 
the  c la y fra c tio n  o f the  c o m p a c te d  b u ffe r ma te ria l.  Le s s  s trong ly s o rb e d  c o p p e r is  
m o re  m o b ile  a nd  will d iffus e  fu rth e r.  At the  s a me  tim e ,  s ince  c o p p e r s o rp tio n  a cts  
like  a  s ink fo r d is s o lve d  c o p p e r s pe c ie s ,  d riving  the  d is s o lu tion  p roce s s ,  the  c o rro s io n  
ra te  is  lo we r b e c a u s e  the  c o p p e r is  le s s -s trong ly s o rb e d .  

Th e  two  e ffe c ts  o f ra d ia tio n  ca n  be  s e e n  q u a n tita tive ly by s o lving  e q u a tio n  (1) 
s ub je c t to  a p p ro p ria te  in itia l a nd  b o u n d a ry cond itions .  If it is  a s s u m e d  th a t the  b u ffe r 
ma te ria l is  s e mi-in fin ite  a nd  in itia lly fre e  o f c o p p e r,  a nd  th a t the  c o p p e r p o re -wa te r 
c o n c e n tra tio n  a t x = 0 (co) is  c o n s ta n t,  th e n  the  in itia l a nd  b o u n d a ry c o n d itio n s  fo r 
o n e -d im e n s io n a l d iffus ive  ma s s  tra n s p o rt a re  

c(x,O) = 0 fo r 0 < x < 

c(O,t) = co fo r t > 0 

c (~ , t )  = 0 fo r t > 0. 

Th e  s o lu tion  to  e q u a tio n  (1) g ive n  the s e  c o n d itio n s  is  ~3 

Ix {rUl C _ l_ e r f ~ - -  . (4) 
co [2t ~Di} J  

E q u a tio n  (4) give s  the  va ria tio n  o f the  c o p p e r p o re -wa te r c o n c e n tra tio n  a s  a  fu n c tio n  
o f x a nd  t, i.e  the  c o p p e r p o re -wa te r c o n c e n tra tio n  profile s . F o r s pe c ie s  o b e yin g  a  
line a r s o rp tio n  is o th e rm  in c o m p a c te d  b u ffe r m a te ria l,  th e  to ta l c o p p e r c o n c e n - 
tra tio n  in e a c h  s lice  is  p ro p o rtio n a l to  the  p o re -wa te r c o n c e n tra tio n .  E q u a tio n  (4) 
a ls o de s c ribe s  the  to ta l c o p p e r c o n c e n tra tio n  p rofile s  d e te rm in e d  in the  te s ts  
d e s c rib e d  h e re .  At the  c o p p e r/b u ffe r in te rfa c e ,  th e  flux o f c o p p e r (J x=0) is  g ive n  by 
F ick's  la w 

Jx:0-- (5) 
\OX/x=O 

Diffe re n tia tin g  e q u a tio n  (4) a nd  s ubs titu ting  in e q u a tio n  (5) give s  a n  e xp re s s io n  fo r 
the  in te rfa c ia l flux o f c o p p e r which  is  p ro p o rtio n a l to  the  c o rro s io n  ra te  13 
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Jx=o = (Dir)l/2c° 
(~t) 1/2 . (6) 

F ro m  e q u a tio n  (3), it ca n  b e  s e e n  th a t if irra d ia tio n  re d u c e s  the  e xte n t o f c o p p e r 
s o rp tio n  b y th e  c la y (i.e .  s m a lle r K~) th e n  r is  s ma lle r.  A s ma lle r va lu e  o f r in  e q u a tio n  
(4) re s u lts  in  a  la rg e r va lu e  o f c/co  a t a  g ive n  tim e  a nd  d is ta nce ,  re fle c ting  the  
b e h a vio u r o f a  m o re  m o b ile  d iffus ing  c o p p e r s pe c ie s . At th e  in te rfa c e ,  the  flux 
(e q u a tio n  6) is  s ma lle r fo r a  s ma lle r va lu e  o f r b e c a u s e  the  d riving  fo rc e  fo r c o p p e r 
d is s o lu tion  is  d imin is he d .  Th u s ,  b o th  o f th e  a p p a re n tly c o n tra d ic to ry e ffe c ts  o f y- 
ra d ia tio n  ca n  b e  e xp la in e d  in te rm s  o f a  re d u c tio n  in the  e xte n t o f c o p p e r s o rp tio n  
a nd  a  c o p p e r tra n s p o rt ra te -d e te rm in in g  s te p . 

Th e  e xa c t m e c h a n is m  by which  irra d ia tio n  re d u c e s  the  e xte n t o f c o p p e r s o rp tio n  
re m a in s ,  a s  ye t,  u n kn o wn .  No  e vid e n c e  fo r a n  irre ve rs ib le  ra d ia tio n -in d u c e d  
a lte ra tio n  o f th e  c la y, e .g .  a lte ra tio n  o f the  m o n tm o rillo n ite  to  a  le s s -s orb ing  illitic 
c la y, wa s  fo u n d  fro m  X-ra y d iffra c tio n  s tud ie s  o f the  irra d ia te d  b u ffe r.  13 It is  pos s ib le  
th a t irra d ia tio n  ca us e s  a  d e c re a s e  in the  p o re -wa te r p H,  re d u c in g  the  e xte n t o f 
c o p p e r s o rp tio n .  Alte rn a tive ly,  th e  s pe c ia tion  o f the  d iffus ing  c o p p e r s pe c ie s  m a y 
c h a n g e  in the  p re s e n c e  o f y-ra d ia tio n .  An  in te re s tin g  pos s ib ility is  th a t the  C u (II) 
s pe c ie s  th a t s e e m to  p re d o m in a te  in th e  a b s e n c e  o f ra d ia tio n  a re  re d u c e d  to  C u (I) 
s pe c ie s  in the  p re s e n c e  o f ra d ia tio n .  C u p ro u s  ions  wo u ld  be  le s s  s trong ly s o rb e d  th a n  
C u (II),  e s pe c ia lly if th e  C u (I) we re  in the  fo rm  o f a n ion ic  c h lo ro -c o m p le xe s  s uch  a s  
CuC12 a nd  CuC12-. Th is  m e c h a n is m  is  s h o wn  s che ma tica lly in Fig. 9. 

R e d u c tio n  o f C u (II) to  C u (I) by e - (a q ) ,  H" a nd  0 2 ,  a ll p ro d u c ts  o f the  
y-ra d io lys is  o f wa te r,  ha s  b e e n  re p o rte d .  2°'21 P h o to c h e m ic a l s tud ie s  o f c la y s ys te ms  
c o n ta in in g  C u (II) s h o w th a t c o p p e r q u e n c h e s  the  lu m in e s c e n c e  o f a d s o rb e d  R u (II) 
a nd  o rg a n ic  c o m p le xe s  e xc ite d  by UV-ra d ia tio n .  22"23 Th e  s ignifica nce  o f th e s e  
s tud ie s  is  th a t the  q u e n c h in g  m e c h a n is m  invo lve s  e ith e r e n e rg y tra n s fe r by a  
p h o to c h e m ic a l p ro c e s s ,  o r,  e s pe c ia lly if the  c o p p e r is  in c o rp o ra te d  in the  c la y 
la ttice ,  23 e le c tro n  tra n s fe r re s u lting  in the  re d u c tio n  o f C u (II) to  C u (I).  F u rth e r 
e vid e n c e  fo r re d o x re a c tio n s  invo lving  m e ta l ions  in c la ys  ca n  be  fo u n d  in the  fie ld  o f 
c la y-mo d ifie d  e le c tro d e s .  24'25 O n e  s tudy,  26 invo lving  a  z e o lite -m o d ifie d  e le c tro d e  
in c o rp o ra tin g  C u (II),  s ugge s ts  th a t C u (II) ca n  b e  re d u c e d  to  C u (I) a nd  e ve n  Cu(0 ).  

FIG, 9. 

~ - ra dia tion 

Cu2+lads.) ~ Cu *(ads.) ~ CuCl2(ads.) 
+ 2 C I -  

Jr ]r 
Cu+ldes') ÷2~-~- CuCl~-ldes.) 

Pore s o lutio n 

The proposed mechanism for the  radia tion-induced reduction in the  extent of 
copper adsorption/ca tion exchange  by Na-montmorillonite . 



1990 F. KING, C. D. LIxrm and S. R. RYAN 

At p re s e n t,  h o we ve r,  th e re  is  n o  d ire c t e vid e n c e  fo r the  s pe c ia tion  o f th e  c o p p e r in  
th e  p o re -wa te r,  with  o r with o u t y-ra d ia tio n .  

Irra d ia tio n  p ro d u c e s  e q u a l a m o u n ts  o f oxid iz ing  a n d  re d u c in g  s pe c ie s . In d e e d ,  
s o m e  wa te r ra d io lys is  p ro d u c ts ,  s uch  a s  HO½  a n d  O~-, ca n  a c t a s  b o th  o xid a n ts  a n d  
re d u c ta n ts  u n d e r d iffe re n t cond itions ,  e° O th e rs ,  s uch  a s  0 2 ,  O H" a n d  H2 0 2 ,  will b e  
oxida n ts .  2°'21 Be fo re  th is  s tu d y s ta rte d ,  it wa s  b e lie ve d  th a t th e  m a jo r e ffe c t o f 
~ '-ra dia tion wo u ld  b e  to  in c re a s e  th e  c o rro s io n  ra te  b y th e  p ro d u c tio n  o f oxida n ts .  7 
Th a t  th e  c o rro s io n  ra te  is  a c tua lly lo we r in the  p re s e n c e  o f y-ra d ia tio n ,  pos s ib ly 
b e c a u s e  o f the  g re a te r re a c tivity o f re d u c in g  ra d io lys is  p ro d u c ts ,  s hows  th a t the  
u n d e rs ta n d in g  o f the  e ffe c t o f y-ra d ia tio n  o n  c o rro s io n  p ro c e s s e s  in s uch  e n viro n - 
m e n ts  is  in c o m p le te .  27 

Th is  e xp la n a tio n  fo r the  e ffe c t o f y-ra d ia tio n  a n d  o f th e  m e c h a n is m  o f the  
c o rro s io n  re a c tio n  ca n  h e lp  ra tio n a liz e  th e  d e p e n d e n c e  (o r la ck o f d e p e n d e n c e ) o f 
th e  c o rro s io n  ra te  o n  Pd a nd  te m p e ra tu re ,  u n d e r b o th  irra d ia te d  a nd  u n irra d ia te d  
cond itions .  F irs tly,  in  th e  a b s e n c e  o f ra d ia tio n ,  th e  c o rro s io n  ra te  d id  n o t va ry with  
e ith e r Pd o r te m p e ra tu re .  Th e  p ro p o s e d  m e c h a n is m  s ugge s ts  th a t c o p p e r d iffus ion  is  
ra te -limiting  a n d  th a t th e  d o m in a n t tra n s p o rt p ro c e s s  is  s u rfa ce  d iffu s ion ,  i.e  
d iffus ion  th ro u g h  th e  s u rfa c e -wa te r la ye rs .  In c re a s in g  th e  d ry de ns ity o f the  b u ffe r 
re d u c e s  th e  a m o u n t o f p o re -wa te r whils t th e  a m o u n t o f s u rfa c e -wa te r p e r un it 
vo lu m e  o f we t b u ffe r re m a in s  re la tive ly c o n s ta n t.  13 S ince  th e  c o p p e r is  d iffus ing  
th ro u g h  the  s u rfa c e -wa te r ra th e r th a n  th e  p o re -wa te r,  cha ng ing  Pd d o e s  n o t c h a n g e  
th e  ra te  o f c o p p e r d iffu s ion ,  a n d  h e n c e  d o e s  n o t a ffe c t th e  c o rro s io n  ra te .  

Th e  la ck o f te m p e ra tu re  d e p e n d e n c e  o f th e  c o rro s io n  ra te  in  th e  a b s e n c e  o f 
irra d ia tio n  ca n  b e  th o u g h t o f a s  the  c o n s e q u e n c e  o f two  o p p o s in g  te m p e ra tu re - 
d e p e n d e n t p roce s s e s .  It is  a s s u m e d  th a t s o rb e d  c o p p e r te n d s  to  d e s o rb  a s  the  
te m p e ra tu re  is  in c re a s e d ,  re s u lting  in th e  lo we r c a p a c ity fa c to r.  Th e n ,  if D i inc re a s e s  
with  te m p e ra tu re  a s  is  us ua lly th e  ca s e ,  th e s e  two  te m p e ra tu re  d e p e n d e n c e s  a c t in 
d iffe re n t d ire c tions ,  a nd  th e  te rm  Dir , a nd  h e n c e  the  c o rro s io n  ra te  (e q u a tio n  6), will 
b e  re la tive ly ins e ns itive  to  c h a n g e s  in the  te m p e ra tu re .  Th e  te m p e ra tu re  d e p e n - 
d e n c e s  o f D i a nd  r h a ve  n o t b e e n  d e te rm in e d  s e p a ra te ly to  c o n firm  th is  e xp la n a tio n ,  
b u t m e a s u re m e n ts  28 o f Di/r fro m  c o p p e r d iffus ion  e xp e rim e n ts  e xh ib it a  ve ry la rge  
te m p e ra tu re  d e p e n d e n c e : b e twe e n  ro o m  te m p e ra tu re  a nd  95°C, Di/r va rie s  fro m  
- 1  × 10 -1° cm 2 s  -a  to  2 x 10 -7  cm 2 s  -1 . A va ria tio n  o f o ve r th re e  o rd e rs  o f 
m a g n itu d e  in a  te m p e ra tu re  ra n g e  o f 70°C is  n o t pos s ib le  in  te rm s  o f the  te m p e ra tu re  
d e p e n d e n c e  o f Di a lo n e ,  a nd  s ugge s ts  th a t b o th  D i a nd  r va ry with  te m p e ra tu re ,  b u t 
in o p p o s ite  d ire c tions .  

Th e  irra d ia te d  c o rro s io n  ra te s  s h o we d  d e p e n d e n c e  o n  b o th  te m p e ra tu re  a nd  Pd 
(Ta b le  2). In  th e  p re s e n c e  o f ~,-ra dia tion, c o p p e r d iffus ion  in the  p o re -wa te r is  
th o u g h t to  be  the  ra te -c o n tro llin g  p roce s s ,  s ince  the  c o p p e r is  n o t s trong ly s o rb e d .  
Inc re a s ing  Pd re d u c e s  the  a m o u n t o f p o re -wa te r a n d ,  in d e e d ,  the  c o rro s io n  ra te s  fo r 
Pd = 1.79 g cm -3  a re  s ignifica ntly lo we r th a n  th o s e  a t th e  o th e r two  de ns itie s  a t b o th  
100 a nd  135°C (Ta b le  2). Afte r  c o rre c tin g  fo r the  d iffe re n t e xp o s u re  time s , th e  
irra d ia te d  ra te s  a re  a ls o s e e n  to  b e  te m p e ra tu re -d e p e n d e n t ,  with  th e  ra te  a p p ro xi- 
m a te ly d o u b lin g  b e twe e n  100 a nd  135°C. F o r p o re -wa te r d iffu s ion ,  D i wo u ld  be  
e xp e c te d  to  in c re a s e  with  te m p e ra tu re  a s  the  vis cos ity d e c re a s e s .  29 At the  s a me  tim e ,  
s ince  th e  d iffus ing  s pe c ie s  is  p re d o m in a n tly in th e  p o re -wa te r,  a n  in c re a s e  in 
te m p e ra tu re  is  un like ly to  re s u lt in a  s ignifica nt d e c re a s e  in r b e c a u s e  o f c o p p e r 
d e s o rp tio n  fro m  th e  c la y s u rfa ce .  C o n s e q u e n tly,  fo r p o re -wa te r d iffu s ion ,  the  
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te m p e ra tu re  d e p e n d e n c e s  o f D i a n d  r will n o t ca nce l,  a nd  the  d o m in a n t e ffe c t o f 
te m p e ra tu re  o n  D i will le a d  to  a n  in c re a s e  in th e  c o rro s io n  ra te  with  te m p e ra tu re .  

Alth o u g h  th e  e ffe c t o f 7 -ra d ia tio n  p ro vid e s  g o o d  e vid e n c e  th a t c o p p e r d iffus ion  is  
th e  ra te -c o n tro llin g  p ro c e s s ,  th e re  a re  two  a s pe c ts  o f th e s e  re s u lts  th a t re q u ire  
fu rth e r s tudy: the  pos s ib ility o f 0 2  tra n s p o rt lim ita tion ,  a n d  the  in flue nce  o f th e  
p re c ip ita tio n  o f d is s o lve d  c o p p e r.  As  p re vio u s ly s ta te d ,  th e  o xyg e n  c o n c e n tra tio n  
wa s  n e ith e r m a in ta in e d  d u rin g  th e  c o u rs e  o f the  e xP e rim e n ts  n o r va rie d  fro m  te s t to  
te s t.  Afte r 180 da ys  e xp o s u re  a t 100°C, the  a tm o s p h e re  ins ide  o n e  o f th e  u n irra d ia te d  
gla s s  via ls  c o n ta in e d  15.5 vo l%  0 2  c o m p a re d  to  the  o rig ina l 21 vo l% .  In  th e  p re s e n c e  
o f v-ra d ia tio n ,  d u p lic a te  te s ts  we re  p e rfo rm e d  fo r 407 da ys  a t 100°C (te s ts  I1 a nd  12 in 
Ta b le  2) a n d  fo r 187 d a ys  a t 135°C (te s ts  13 a n d  I4). In  o n e  o f e a c h  o f the  d u p lic a te  
s e ts  o f te s ts  (te s ts  I2 a nd  I4 ),  p o s t-te s t ga s  a na lys is  by ma s s  s p e c tro m e try re ve a le d  
th a t a ll o f the  o xyg e n  h a d  b e e n  c o n s u m e d .  In  the  o th e r d u p lic a te  te s t in  e a c h  s e t (te s ts  
I1 a nd  13), le s s  th a n  h a lf o f the  a va ila b le  o xyg e n  wa s  c o n s u m e d ; th is  is  a n  e ffe c t th a t 
c a n n o t p re s e n tly b e  e xp la in e d .  R e g a rd le s s  o f th e  re a s o n  fo r th is  d iffe re n c e ,  the  ra te  
o f s upp ly o f o xyg e n  to  the  c o p p e r c o u p o n  mu s t h a ve  b e e n  d iffe re n t in  th e  d u p lic a te  
te s ts . Th e  c o rro s io n  ra te  d a ta  in  Ta b le  2 s h o w th a t th e  ra te s  in  e a c h  o f th e  s e ts  o f 
d u p lic a te  te s ts  we re  ve ry s imila r a n d  d o  n o t re fle c t th is  d iffe re n c e  in th e  ra te  o f 
o xyg e n  s upp ly,  s ugge s ting  th a t 0 2  tra n s p o rt wa s  n o t ra te -limiting  in th e s e  te s ts . 

F u rth e r e vid e n c e  th a t O2 tra n s p o rt wa s  n o t ra te -limiting  c o m e s  fro m  th e  1 ,2  a nd  
3 m o n th  u n irra d ia te d  te s ts  a t 50 a n d  100°C. Me a s u re m e n t o f the  m o is tu re  c o n te n t o f 
e a c h  s lice  o f b u ffe r a t the  e n d  o f the  te s t s h o we d  13 th a t the  ra te  o f m o is tu re  u p ta ke  is  
s lowe r a t 50°C th a n  a t 100°C. S ince  0 2  d iffus e s  fa s te r in  u n s a tu ra te d  s oils  th a n  in fu lly 
s a tu ra te d  o n e s ,  17 the  c o rro s io n  ra te  a t 50°C wo u ld  be  e xp e c te d  to  b e  h ig h e r th a n  a t 
100°C in th e s e  s h o rt-te rm  te s ts ,  if 0 2  tra n s p o rt wa s  ra te -c o n tro llin g .  Ho we ve r,  th e re  
wa s  n o  s ignifica nt d iffe re n c e  in th e  c o rro s io n  ra te  a t the  two  te m p e ra tu re s  (Fig. 8), 
a ga in  s ugge s ting  th a t O2 tra n s p o rt wa s  n o t ra te -c o n tro llin g  in th e s e  te s ts . F u rth e r 
wo rk is  p la n n e d  in which  th e  o xyg e n  c o n c e n tra tio n  will b e  va rie d  fro m  te s t to  te s t in 
o rd e r  to  e s ta b lis h  u n d e r wh a t c o n d itio n s  0 2  d iffus ion  is  ra te -con tro llling .  

P re c ip ita tio n ,  like  s o rp tio n ,  is  a  p ro c e s s  th a t ca n  d rive  the  d is s o lu tion  o f c o p p e r 
by re m o vin g  c o p p e r ions  fro m  s o lu tion .  F o r th e  re a c tio n  

Cu(s ) ~ C u n +(a q ) + n e -  (7) 

e ith e r o f the  fo llowing  p ro c e s s e s  will d rive  th e  re a c tio n  to  the  right: 

C u n +(a q ) + n X-  pre cipita tion > C UXn (S  ) (8 ) 

Cu~+(a q ) + n Na -Y sorption > CuY~(a ds ) + n Na  + (9) 

wh e re  X-  re p re s e n ts  a n  a n ion ic  s pe c ie s  with  which  the  d is s o lve d  c o p p e r p re c ip ita te s  
a nd  Na -Y re p re s e n ts  a  s o rp tio n  s ite  o n  the  Na -m o n tm o rillo n ite .  P re c ip ita tio n  o f 
c o p p e r in e vita b ly o c c u rre d  in a ll o f th e  te s ts ,  with  us ua lly m o re  th a n  h a lf o f th e  to ta l 
c o p p e r c o rro d e d  b e in g  in th e  fo rm  o f p re c ip ita te  ra th e r th a n  b e in g  s o rb e d  o n  the  
c la y. P re c ip ita tio n  a c c o u n ts  fo r th e  fa c t th a t the  a re a s  u n d e r the  c o p p e r c o n c e n - 
tra tio n  p ro file s  a t 50  a n d  100°C in Fig. 5 a re  d iffe re n t,  e ve n  th o u g h  the  c o rro s io n  ra te s  
d e te rm in e d  fro m  th e  we igh t los s  a re  s imila r. If c o rro s io n  ra te s  a re  to  b e  p re d ic te d  o n  
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the  ba s is  o f s low c o p p e r d iffus ion ,  it will b e  n e c e s s a ry to  d e m o n s tra te  th a t o n ly a  
limite d  a m o u n t o f c o p p e r is  im m o b iliz e d  in the  fo rm  o f p re c ip ita te .  

No twith s ta n d in g  th e s e  u n c e rta in tie s ,  e q u a tio n  (6) c a n  b e  u s e d  to  ca lcu la te  
th e o re tic a l c o rro s io n  ra te s  fo r c o m p a ris o n  with  the  e xp e rim e n ta l da ta .  E q u a tio n  (6) 
wa s  d e rive d  fo r a  c o n s ta n t c o p p e r p o re -wa te r c o n c e n tra tio n  (Co) a t the  c o p p e r/b u ffe r 
in te rfa c e .  As  a n  e s tim a te  o f th is  c o n c e n tra tio n ,  the  to ta l c o p p e r c o n c e n tra tio n  (m lA)  
in th e  2 m m  s lice  o f b u ffe r (s lice  1A) c los e s t to  the  c o p p e r dis c will b e  us e d . Th e  to ta l 
a n d  p o re -wa te r c o p p e r c o n c e n tra tio n s  a re  re la te d  by the  c a p a c ity fa c to r a c c o rd in g  
to  13 

C O -- m lA P d  (10) 
r 

wh e re  mlA is  in un its  o f mo l g - l a nd  Co is  in un its  o f mo l cm -3 .  mlA will be  ta ke n  a s  
2 .0 × 10 -4  mo l g - l,  wh ich  is  e q u iva le n t to  12,500/~g g -1  (cf. Fig. 3). E q u a tio n  (6) 
p re d ic ts  the  in s ta n ta n e o u s  in te rra c ia l flux (o r c o rro s io n  ra te ) a n d ,  fo r c o m p a ris o n  
with  the  m e a n  c o rro s io n  ra te s  d e rive d  fro m  we igh t-los s  m e a s u re m e n ts ,  mus t b e  
a ve ra g e d  o ve r the  e xp o s u re  p e rio d  o f the  te s t.  Afte r c a rryin g  o u t th is  a ve ra g ing ,  
c o n ve rtin g  the  flux to  a  c o rro s io n  ra te  a nd  s ubs titu ting  e q u a tio n  (10) in to  e q u a tio n  
(6), o n e  o b ta in s  the  th e o re tic a l e xp re s s io n  fo r the  m e a n  c o rro s io n  ra te ,  Rt: 

= (~t)l/2pCu (11) 

wh e re  Acu  is  th e  a to m ic  ma s s  o f c o p p e r,  PCu is  th e  de ns ity o f c o p p e r a nd  ( D i/ r)  is  the  
a p p a re n t d iffus ion  coe ffic ie n t,  wh ich  ha s  b e e n  m e a s u re d  in d e p e n d e n tly 2s a nd  ha s  a  
va lue  o f 2 x 10 .7  cm 2 s  -1 a t 95°C. Th e  fa c to r o f 2 in the  n u m e ra to r  a ris e s  fro m  the  
a ve ra g ing  p ro c e d u re .  

Th e o re tic a l ra te s  fro m  e q u a tio n  (11) a re  d ire c tly c o m p a ra b le  with  we igh t-los s  
c o rro s io n  ra te s ,  a nd  the  c o m p a ris o n  with  the  u n irra d ia te d  e xp e rim e n ta l ra te s  
m e a s u re d  a t 100°C is  s h o wn  in Fig. 10, wh e re  the  th e o re tic a l ra te s  h a ve  b e e n  
c a lc u la te d  fo r e a c h  o f the  th re e  b u ffe r de ns itie s .  Th e  a g re e m e n t b e twe e n  the  
th e o re tic a l a nd  e xp e rim e n ta l c o rro s io n  ra te s  is  re a s o n a b le ,  g ive n  the  a s s umptions  
a nd  u n c e rta in tie s  in the  ca lcu la tions  a nd  m e a s u re m e n ts .  S ince  e q u a tio n  (11) te n d s  to  
o ve re s tim a te  the  e xp e rim e n ta l ra te  fo r e xp o s u re  p e rio d s  o f m o re  th a n  1 y, it a p p e a rs  
th a t th e  e xc lus ion  o f p re c ip ita tio n  p ro c e s s e s  fro m  the  th e o re tic a l ca lcu la tions  d o e s  
no t re p re s e n t a  s e rious  fla w in o u r a b ility to  p re d ic t the  c o rro s io n  ra te .  F u rth e rm o re ,  
b e c a u s e  the s e  p re d ic tio n s  will fo rm  p a rt o f a  s a fe ty a s s e s s me n t,  it is  g ra tifying  th a t the  
th e o re tic a l e xp re s s io n  o ve re s tim a te s ,  ra th e r th a n  u n d e re s tim a te s ,  the  e xp e rim e n ta l 
ra te s .  

At th is  s ta ge , n o t a ll o f th e  o b s e rve d  p h e n o m e n a  ca n  b e  p re d ic te d  with  e q u a tio n  
(11). F o r e xa m p le ,  the  e q u a tio n  e xp lic itly s ta te s  th a t the  ra te  is  p ro p o rtio n a l to  P d ,  
wh e re a s  n o  s uch  d e p e n d e n c y wa s  o b s e rve d  e xp e rim e n ta lly.  Th e  va ria tio n  o f R t with  
Oa is  s ma ll, a s  ca n  be  s e e n  fro m  Fig. 10, a nd  is  n o t s ignifica nt in c o m p a ris o n  with  the  
s c a tte r in the  e xp e rim e n ta l da ta .  S e c o n d ly,  the  u n irra d ia te d  ra te s  s h o we d  no  
d e p e n d e n c e  o n  th e  te m p e ra tu re .  Alth o u g h  th e re  is  n o  kn o wn  va lu e  o f  D i/ r a t 50°C, it 
will p ro b a b ly be  m u c h  le s s  th a n  the  va lue  o f 2 x 10 .7  cm 2 s -  1 d e te rm in e d  a t 95°C, 
fo r re a s o n s  s ta te d  p re vious ly.  C o n s e q u e n tly,  in o rd e r fo r R t to  be  in d e p e n d e n t o f 
te m p e ra tu re ,  the  va lue  o f rnlA wou ld  h a ve  to  be  h ig h e r a t 50°C th a n  a t 100°C. In  the  
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Th e o re t ic a l ra te s  fo r b u ffe r  d ry d e n s it ie s  o f: . . . .  1 .45  g c m  3 _ _  1 .65  g c m  3 , 

. . . . .  1 .79  g c m  3. 

p re s e n t te s ts ,  th e  rnlA va lu e s  we re  wid e ly s c a tte re d  b u t s h o we d  n o  o b vio u s  d e p e n - 
d e n c e  on  te m p e ra tu re .  Ne ith e r  is  it p o s s ib le  to  c a lc u la te  th e o re tic a l ra te s  in th e  
p re s e n c e  o f y-ra d ia tio n  b e c a u s e  o f th e  la ck o f irra d ia te d  (Di/r) d a ta .  Th e  o b s e rve d  
ra te s  we re  - 1 2  tim e s  lo we r a n d  the  m lA va lu e s  --40  tim e s  s m a lle r in th e  p re s e n c e  o f 
y-ra d ia tio n .  C o n s e q u e n tly,  a n  in c re a s e  in (Di/r) b y a  fa c to r o f - 1 1  u n d e r irra d ia te d  
c o n d itio n s  wo u ld  a c c o u n t fo r th e  o b s e rve d  e ffe c t o f ra d ia tio n .  S uch  a n  in c re a s e  in 
(D]r) is  q u a lita tive ly c o n s is te n t with  th e  p ro p o s e d  m e c h a n is m ,  wh ich  in vo lve s  a  
m o re  m o b ile  c o p p e r  s p e c ie s  in  th e  p re s e n c e  o f ~ -ra d ia tio n .  

Th e  re s u lts  o f th is  s tu d y will b e  u s e d  to  p re d ic t th e  ra te  o f u n ifo rm  c o rro s io n  o f 
c o p p e r  n u c le a r wa s te  c o n ta in e rs  u n d e r C a n a d ia n  d is p o s a l c o n d itio n s .  3° Th e re  a re  
s e ve ra l b e n e fits  o f b a s in g  th e s e  p re d ic tio n s  o n  th e  m e c h a n is m ,  o f the  c o rro s io n  
p ro c e s s .  4 F irs tly,  th e  p re d ic tio n s  will b e  m o re  ju s tifia b le  if it c a n  b e  s h o wn  th a t th e y 
a re  b a s e d  on  a  s o u n d  u n d e rs ta n d in g  o f th e  p ro c e s s  b e in g  m o d e lle d .  It wo u ld  b e  fa r 
m o re  d ifficult to  jus tify p re d ic tio n s  b a s e d  o n  a  s im p le  lin e a r e xtra p o la tio n  o f 
c o rro s io n  ra te s .  F o r th is  p a rtic u la r a p p lic a tio n ,  s uch  ra te s  cou ld  o n ly b e  m e a s u re d  
o ve r p e rio d s  fa r s h o rte r th a n  th e  tim e -s c a le  o f th e  p re d ic tio n s .  S e c o n d ly,  th e  e ffe c t 
on  th e  c o rro s io n  ra te  o f c h a n g e s  in the  e n viro n m e n t  c a n  b e  p re d ic te d  if th e  
m e c h a n is m  is  we ll u n d e rs to o d .  F o r e xa m p le ,  if c o p p e r  tra n s p o rt  is  ra te -c o n tro llin g ,  
a n y p ro c e s s  th a t in c re a s e s  th e  ra te  o f tra n s p o rt  is  like ly to  le a d  to  a n  in c re a s e  in the  
c o rro s io n  ra te .  Th u s ,  o n e  wo u ld  n o t c h o o s e  to  p u t a  d is p o s a l va u lt in  a  re g io n  o f 
h igh ly fra c tu re d  ro c k,  wh e re  th e  g ro u n d wa te r  flow ra te  c o u ld  b e  h igh . F ina lly,  
p ro vid e d  th e  c h o s e n  ra te -d e te rm in in g  p ro c e s s  is  c o rre c tly m o d e lle d ,  it is  im p o s s ib le  
to  u n d e re s t im a te  the  ra te  o f c o rro s io n .  In  a  d is pos a l va u lt it is  qu ite  like ly th a t,  a t 
s o m e  s ta g e ,  th e  ra te -c o n tro llin g  p ro c e s s  fo r the  c o rro s io n  o f a  c o p p e r  c o n ta in e r will 
b e c o m e  th e  ra te  o f s u p p ly o f o xid a n ts .  If the  c o rro s io n  ra te  is  c a lc u la te d  o n  th e  ba s is  
o f the  c o p p e r  tra n s p o rt  s te p ,  h o we ve r,  th e  p re d ic te d  ra te  c a n  o n ly b e  h ig h e r th a n  the  
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a c tu a l ra te .  C o n s e q u e n tly,  th e  p re d ic te d  c o n ta in e r life tim e s  will b e  c o n s e rva tive ,  
wh ich ,  fo r a  s a fe ty a s s e s s m e n t,  is  n o t a n  u n d e s ira b le  s itu a tio n .  

C O NC LUS IO NS  
E vid e n c e  h a s  b e e n  p re s e n te d  th a t s ugge s ts  th e  ra te  o f c o p p e r  c o rro s io n  in c la y/ 

s a n d  b u ffe r m a te ria l is  lim ite d  b y th e  d iffu s ion  o f d is s o lve d  c o p p e r  a wa y fro m  th e  
c o rro d in g  s u rfa c e .  Th e  m o s t im p o rta n t  p ro p e rty o f th e  c la y is  its  a b ility to  a d s o rb  a n d  
e xc h a n g e  d iffus ing  c a tio n ic  s pe c ie s .  In  th e  p re s e n c e  o f y-ra d ia tio n ,  th e  c o p p e r  wa s  
fo u n d  to  d iffus e  fa s te r in th e  b u ffe r m a te ria l b u t th e  c o rro s io n  ra te  wa s  lo we r.  Th is  
e ffe c t o f y-ra d ia tio n  is  th e  p rim a ry e vid e n c e  th a t c o p p e r  d iffu s io n  is  ra te -c o n tro llin g  
a n d  c a n  b e  e xp la in e d  in te rm s  o f a  ra d ia tio n -in d u c e d  d e c re a s e  in  th e  e xte n t o f c o p p e r  
s o rp tio n  b y th e  c la y. As  a  c o n s e q u e n c e ,  th e  c o p p e r  is  m o re  m o b ile  in th e  y-ra d ia tio n  
fie ld  b e c a u s e  it is  n o t re ta rd e d  b y th e  a d s o rp tio n  a n d  c a tio n  e xc h a n g e  p ro c e s s e s .  
S im u lta n e o u s ly,  b e c a u s e  th e s e  s o rp tio n  p ro c e s s e s  d rive  th e  c o p p e r  d is s o lu tio n  
re a c tio n ,  th e  c o rro s io n  ra te  is  lowe r.  A m e c h a n is m  fo r th e  ra d ia tio n  e ffe c t ha s  b e e n  
p ro p o s e d  in vo lvin g  th e  re d u c tio n  o f s o rb e d  c u p ric  s p e c ie s  to  n o n -s o rb e d  a n io n ic  
c u p ro u s -c h lo ro  c o m p le x ions  in  th e  p re s e n c e  o f y-ra d ia tio n .  

In  th e  a b s e n c e  o f ra d ia tio n ,  th e  c o rro s io n  ra te  wa s  fo u n d  to  b e  in d e p e n d e n t o f 
b o th  th e  te m p e ra tu re  a n d  th e  d e n s ity o f th e  c o m p a c te d  b u ffe r m a te ria l.  C o n ve rs e ly,  
th e  c o rro s io n  ra te  in c re a s e d  with  te m p e ra tu re  a n d  wa s  in ve rs e ly re la te d  to  th e  b u ffe r 
d e n s ity u n d e r irra d ia te d  c o n d itio n s .  Th e s e  o b s e rva tio n s  a re  c o n s is te n t with  th e  
p ro p o s e d  m e c h a n is m  a n d  s u g g e s t th a t s u rfa c e -wa te r d iffu s io n  is  th e  d o m in a n t 
d iffus ive  p a th wa y in th e  a b s e n c e  o f ra d ia tio n ,  b u t p o re -wa te r  d iffu s ion  d o m in a te s  in  
th e  p re s e n c e  o f y-ra d ia tio n .  

R e a s o n a b le  a g re e m e n t  is  fo u n d  b e twe e n  e xp e rim e n ta l c o rro s io n  ra te s  a n d  
th e o re tic a l ra te s  c a lc u la te d  o n  th e  ba s is  o f a  s low c o p p e r  tra n s p o rt  s te p .  S ince  th e  
th e o re tic a l ra te  te n d s  to  b e  h ig h e r th a n  th e  e xp e rim e n ta l ra te ,  it is  b e lie ve d  th a t th e  
a s s u m p tio n s  u n d e rlyin g  th e  c a lc u la te d  va lu e s  d o  n o t le a d  to  s e rio u s  u n d e re s tim a tio n  
o f th e  c o rro s io n  ra te .  It is  s u g g e s te d  th a t th e  ra te  o f u n ifo rm  c o rro s io n  o f c o p p e r  
n u c le a r wa s te  c o n ta in e rs  b e  c a lc u la te d  o n  th e  ba s is  o f s low c o p p e r  tra n s p o rt.  
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