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ABSTRACT 

The avail abl e  corrosion l iterature was reviewed in order to estimate 

t he extent of corrosion that wou l d  occur to e l ectrical ly  i so l ated Type 316L 

stain l es s  stee l buried at a depth of 14  m at the Hanford commercial 

l ow- l evel radioactive waste disposal  site . After 300 yr of exposure in 

Burb��k l oamy sand the estimated corrosion is as fol l ows: the average 

u�iform metal  l os s  wou l d  be l es s  than 1 mil ; pitting penetration is 

estimated at 200 mil ; and the pit density ( assuminq that al l of the meta l 

l oss is due to  pittinq and that a l l of the pits are of uniform depth) 

shou l d  be l es s  than 1 pit/ft2• 
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CORROSION ASSESSMENT OF SUBMERGED DEMINERALI ZER 

SYSTEM VESSELS FOR BUR IAL AS H IGH- I NTEGR ITY CONTAINERS 

AT THE HANFORD COMMERCIAL WASTE DI SPOSAL SITE 

INTRODUCTION 

This report is part of an effort to qualify the submerged 

demineralizer sys tem ( SOS) vessel desiqn as a high-integrity c ontainer 

( HIC ) for burial at the R ichland commercial low- l evel radioactive waste 

burial site operated by U .  S. Ecoloqy at Hanford, Washinqton. I n  

particul ar ,  this report addre!sses the Nuclear Regulatory Commission ( NRC ) 
positions C . 4. b  and C . 4 . c  on waste forms.1 

C.4 .b  

C . 4 .c  

Hiqh integrity containers should h ave as  a desiqn qoa1 a 

minimum l ifetime of 300 yr . The hiqh integrity container 

s hould be desiqned to maintain its structural integrity over 

this period . 

The hiqh integrity c ontainer design should consider the 

corros ive and chemical effects of both the waste contents 

and the disposal environment. Corrosion and chemical tests 

should be performed to confirm the suitability of the 

proposed container materials to meet the d�siqn lifetime 
goal. 

Th is report also addresses item c of the criteria for high i nteqr i ty 

containers of the Washington State Radiation Control Proqram. 2 

c .  The HIC desiqn should consider the corrosive and chemical effects 

of both the waste contents and the R ichland s i te dispos al trench 

environment. Corrosion and chemical tests should be performed to 

confirm the s u i tab i lity of the proposed container materials to 

meet the desiqn lifetime goal. 

The corrosion asses sments in this report are based on a review of the 
corros i on literature concerni ng the performance of buried stainless steel, 

including the performance of buried stainless  steel pipe at Hanford . 

, 



BACKGROUND 

Description of the Submerged Demineralizer System Vessel 

I n  general, the SDS vessels are made of 3/8 in . -thick Type 316L 

s tainless steel, and fabricated to ASME Code Section VIII requirements . 

They are "U"-stamped for a design pressure rating of 2 . 5  MPa . The 

s tainless  steel walls are 3/8 in. thick . The vessels are 1 . 5 m tall and 

have an outside diameter of 0 . 5  m.. Table 1 surm1arizes the primary features 
of the SOS vessel, Figure 1 is an as sembly drawing for a typic al vessel, 3 

and Figure 2 shows a simplified cutaway view .
4 

The SDS vessels were design�d to withstand an internal pressure of 

2.5 MP a at 205°C, and were hydrostatically tested to 3 . 7 MP a .  An empty SOS 

vessel weighs 330 k g .  However , �fully loaded and dewatered vessel ( 135 kg 

zeolite plu s  55 kg water of hydration ) c an weigh between 450 and 500 k g .  

Each vessel contains approximately 0.2 m3 of zeolite.  The recommended 

upper load limits for Cs and Sr are 60,000 Ci and 2000 Ci, 

respectively. 4•5 However , the total radioactivity loadino is limited to 

1000 C i  in order to meet 10CFR6 1 . 6 

Internal Environment 

Th e ion exchange material in the SDS ves sels is actually a mixture of 

two zeolites: JONSIV IE-96 and JONSIV A-5 1 , both provided by the Linde 

Oivision of Union C arbide. 4 
IE-96 is an alk ali met�l aluminosilicate 

with a chabazite structure . The hydrated form h as a water content of 

between 12% and 17% by weight, with an ion exchange capacity of 2.0 to 

2.5 meq/g on an anhydrous basis . The generic composition of IE-96 is: 

A -51 is a high aluminic crystalline zeolite with the following 

composition: 

2 



TABLE 1. SUMMARY OF SOS VESSEL FEATURES 

Shel l ,  heads, p i pes, fl anges , and nozzl es 

Sk i rts , screens ,  Hansen fitti ngs , and other externa l  
attachments 

Studs and nuts 

Wel d s  contai n between 5% and 15% del t a  ferr ite  

250 RMS surface f in i sh 

3 

316L SS 

304 ss 

SA 194 Gr 8 



a! 
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Zeolite fill 

Water inlet 

1- 24 in. OD 

Gas vent port 

Johnson screen 

Distribution 
header 

Rupture disk 
(added just before shipment) 

Flex hose 

INEL 3 0154 

Figure 2. Cutaway v�ew of an SDS ion exchanqe vessel. 



The i on exchange capacity of A-5 1 on an anhydrous  bas i s  i s  5 . 0  to  

5 . 5 meq/g . Hydrated A-5 1 contains  between 16% and 20% water by wei qht .  

The rat i o  of IE-96 to A-5 1 i n  the SOS vessel s ranges from 2: 1 to 1 : 1 .  The 

rat i o  of IE-96 to A-5 1 was adjusted to ach ieve optimum 90sr decont.ami nat i on . 

P rior to buri a l , the contents of the SDS vessel s  are dewatered to q i ve 

a res i dual  water content of 0 . 5% by vol ume . Th i s  i s  done by n i trogen 

b l owdown that i s  fol l owed by vacuum dryinq.  After the dewat(�t·inq 

operat i on ,  about 55 k q  of water rema i n  i n  the SDS vessel  as  w3ter of 

hydrat i on that was i nterst i t i al l y  captured by the zeo l i te .  Essent i a l ly  n o  

free water rema i ns i n  the SDS vessel  at th i s  po int . The zeo l i te mixture i n  

t he SDS vessel s  i s  l eft u nder vacuum after dewateri ng .  

Li nde IONSIV IE-96 and A-5 1 make up  the zeo l i te ion  exchanqe mi xture 

u sed i n  the SDS vesse l s .  Exposure of zeol i tes contai n i ng 50% �ater qave a 

G ( for hydrogen p l us oxygen qas) of 0.2 under fast e l ectron i rradi at i on to 

a dose of 1 0  GRads . 7 
No structural chanqes i n  the zeol i te were found 

after prol onged heat i ng at 200°C or after a rad i at i on dose of 10 GRads . 

P rol onged i rrad i at i on of wet zeo l i te c aused the water to become s l i qht ly  

a l k al i ne .  The  pH of  the wet zeol i tes i ncreased from an  i n i t i a l  va lue  of 

about 5.5 to a fi na l  v a l ue of about &rP as a res u l t  of i rradi at i on .  A th i n  

s i l i con-rich  fi l m  formed on the surface of corros i on coupons that were i n  

contact wi th wet zeol i te and i rradi ated . Exami nat i on i nd icated that the 

fi l m  may have been due to depos i t i on rather th an actua l  corros ion  of the 

base meta1 . 7 

Bur i al Envi ro�ment 

The most important soi l types on the Hanford reservat i on are sand, 

s tony l oam, and s i l t l oam. 8'
9 

F i qure 3 i s  a soil  map of the Hanford 

s i te ,  and Tab l es 2 and 3 summar i ze the soi l types . The soi l at the 

U. S. Ecol ogy bur i al s i te is  c l as s i fi ed as Burbank l oamy sand (Ba). 1 0 

Th e s urface so i l i s  a very dark qrayi sh brown , and the subso i l  i s  somewh at 

l i ghter ; there i s  often a l ayer of qrave l underneath . In general , the 

s urface soi l i s  between 40 and 75 em th i ck ,  and the qravel content of 
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F i gure 3. Soi l map of the H anford project i n  Benton County, Wash i ngton . 



TABLE 2. CORRELATION TABLE 

Symbol 

Ri 

Rp 

Kf 

Ba 

He 

El 

Ls 

Eb 

Ki 

Wa 

Sc 

p 
Qu 
Rv 

D 

Current Classification 

Soil Type 

Ritzville silt loam 

Rupert sand 

Koehler sand 

Burbank loamy sand 

Hezel sand 

Ephrata sandy loam 
I ;rltcldllo+ .,;1+ ln::am 
-1 ............ ,, I I 1.._'-' <oil I I ""  I YUill 

Ephrata stony loam 

Kiona si 1 t 1 oam 

Warden silt loam 

Scootney stony silt loam 

Pasco silt loam 

Esquatzel silt loam 

Ri verwash 

Dune sand 

1919 Soil Survey 

Symbol Soil Type 

Rs, R, Rl Ritzville sand, very fine sand and loam 

Ws, Wf Winchester sand, fine sand 

Kf Koehler fine sand 

Es, Bs, Ephrata sand, Beverly fine sand, 
Bf, Ef very fine sand 

Qf, Qs, Qt Quincy sand 

Ef Ephrata sandy loam, fine sandy loam 

S Scabland; elevation: 2,000 .ft 
S Scabland, glacial deposits-near 

Columbia River 

S Scabland; elevation: 2,000 ft 

So, Sl, Ss 

Sf 

P, Pc 

Ey, Eo 

Rv 

D 

Sagemoor, fine sand, very fine sand, 
silt loam 

Stacy stony silt loam 

Pasco fine sandy loam, clay 

Esquatzel fine sandy loam, silt loam 

Ri verwash 

Dune sand 



TABLE 3. APPROXIMATE CLASSIFICATION OF HANFORD SOILS ENGINEERING AND H IGHER 
CATEGORIES 

SoD. TYDt Claaalfication 
SoU• aad Men 11138 'tb AaarorfmatiOD UDlfied !. �s. H.Q. 

Rtt:r.Yille ailt loam BrowD ill�eJRdtt, to 
.ReJ080l 

Andie .Arldic Bapluatoll ML ·A-4 

. 

Rupert Alld Be,oao1 T,ypie Tornp&rammeDt . Surface SM A-4 
Subsoil SP 

toSM 

Bezel eaad Reaoeal 'l'ypic Tarrtnuvent Surface SM A-2 
Subsoil ML A-4 

Koehler Mad Be,oaol MoWc Diarorthid SM A-2 

Burbaak lO&ID)' and Be1oso1 T7Pic Torripii&DUDent Surface SM A-2 
SubsoO. GM A-2 to A-4 

to GP 

Ephrata andy loam Sierozem integrade ADdie Mollie Camborthid Surface SM A-2 to A-4 
to ReJOaol to ML 

Subs"U ML A-4 to A-1 

Licksk.illet silt loam Litbosol Lithic Haplustoll ML to GM A-4 to A·-1 

Kiona ai\t loam Sierozem integrade Andie MoWc Camborthid GM .A-1 
to Re,asol 

Warden silt loam Sierozem illte,rade Aadic MoWc Cambortbid SM to ML A-2 to A-4 
to Begoaol 

Scootney 8toay silt Sierozem inte,rade ADdie Mollie Camborthid SM to ML A-2 to A-4 
to Regosol 

Ephrata stony loam Sierozem iote,rade MollaadepUc Cambortbid Surface SM-ML A-2 to A-4 
to Re1osol Subsoil ML A-4 tc.. A-1 

Pasco silt loam Alluvial Andie Cumulic Haplaquoll SM to ML A-4 

Eaquatzel 110.t loam Alluvial Andie Cu':!lullc Haplustoll SM to ML 
-

A-4 
-·· 

Riverwaab Miscellaneous Not s.li\ GP A-1 

Dune and Miscellaneous Not soil SP to 5W A-3 

9 



the subsoi l may range from 20� to 80% by volume. I n  terms of other soi l 

class if ications ,  i t  approximates a re�rosol, 9 typi c  torri psarm�ent, 1 1  

surface SM wi th subsoi l  GM to GP , 12  
or· an A-2 surface wi th A-2 to A-4 

· .  12 
. 

subso i l  by t�e AASHO class if ication . · The soi l  contai ns fai rly coarse 

aggre�ate, as well as h av i ng greater than 12% fi nes . 

S i te characteri zati ons by U. S .  Ecology h ave found that the moi sture 

c ontent i s  between 5% and 6% i n  the top 2 m, and decli nes to a constant 4% 

bel ow 6 m.  The planned buri a l  depth for the SDS vesse l s is  1 4 m at  the 
Hanford s i te. More recent work i ndi cates that the moi sture content i s  

between 2% and 4% at the bur i al depth .
13 There i s  essenti al l y  no organ i c  

materi al i n  the soi l at thi s  b ur i a l  depth. low soi l moi sture content, l ow 

c arbonate a l ka l i n i ty ,  l ow organ i c  content, and probab l y  shal l ow root zone 

would sugqest that the soi l h as h igh a i r-fi ll ed poros i ty,  with an oxygen 

content between 1 5% and 20% by vol ume . 1 4 The 14 m buri a l  depth i s  deeper 

than the 6- to 9-m depth of tumbl eweed taproots . 

The moi sture content of the soi l at the Hanford commerc i a l l ow- l eve l 

r ad i oactive waste d i sposal  site i s  much l ower than the moi sture l evel s at 

other waste d i spos al s i tes . The nearest aqu i fer i s  l ocated 1 05 m bel ow the 

s urface, 1 3• 1 5  and wet/dry cyc l es occur onl y  i n  the top 2 m  of soi l .  The 

absence of free water at the 1 4 m buri a l  depth i s  due to the porous nature 

of the soi l and the l ow amount of prec i pi tati on that occurs at the s i te .  

The l ow soi l moi sture content, coupl ed wi th the fact  that � 2-1/2 times 

excess of absorbent i s  used for absorbed l i qu i ds at the s i te ,  mi n imi zes the 

potenti a l  for any corros i ve leachate , or free water , i n  the buri a l  trench . 

Wh i l e  the SDS vessel wou l d  probab ly  never be exposed to free qround water , 

the rel ati ve humi d i ty of the ai r-fi l l ed poros i ty i n  the soi l i s  l i ke ly  to 

approach 100%. 

P i c i u l o ,  et a l . ,  c haracteri zed the soi l s  of several  commerci al  

radi oactive waste di spos a l  s i tes , i nc l ud i ng Hanford . 16 Soi l s  in  Trench  8 

at  the Hanford s i te appeared to consi st of s ands , s i l ts» and gravel s ,  w i th 

four apparent soi l  types v i s i b l e  a long the trench wal l .  F i gure 4 shows the 

10 
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F i gure 4 .  Earth res i st i v i ty measured o n  a n  und i sturbed area o f  the shal l ow 
l and bur i a l s i te at Hanford , Wash i ngton. 
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var i at i on of soi l res i st i v i ty with  el ectrode spac i ng ( rouqh1y rel ateo t o  
depth) ,  indi cat i ng that the soi l re!;i st iv ity decreases with depth.. Th i s  

cou l d  be accounted for by ei ther compaction or a h i qh soi l ion content and 

moi sture l ayer. Figure 5 shows var ' lat i ons  i n  soi l res i st i v i ty over a 

capped trench , wh�re the resist i v i ty i ncreases with  depth ( in contrast to 
t he undi sturbed soi l ) . The l ow moi sture content of the soi l suggests that 

the res i sti v ity i ncrease is due to soi l  compac t i on ,  rather than the 

p resence of aggress i ve solubl e  i ons. 

Tab l e  4 l i sts the res i s t i v i t i es, pH, and total aci d i t i es of water­

s aturated backfi l l  materi al  from the Barnwel l ,  Hanford, and Sheffie l d  waste 

d i sposC\1 s i tes . 16  The Hanford soi l ,  when Wrtter s aturated, h as a l ow 

total aci di ty, a moderate a l ka l i n i ty, and a fa i r l y  h i gh res i stiv i ty, which 

i s  i ndi cat i ve of a l ow soluble  i on content. Tabl e 5 l i sts the average 

concentrations of sol ub l e  ions from the three backfi l l  so i l s. Pici u l o ,  et 

a l . ,  concl ude that the soi l s  at Hanford and Barnwel l are on l y  moderately 

corrosive to carbon and l ow-al l oy stee l s. 

12 
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F i gure 5. Earth res i st i v i ty measured over Trench 6 at the shal l ow land  
buri al s i te at Hanford . 
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TABLE 4. AVERAGE VALUES OF SOME SOIL PROPERTIES 

P.esistivity 
(ohms-em) So�l 

�H
{ a} 

Ext rae{ 

Barnwell 1. 2xlos 5.0(0.2) 4.9(0.9) 
Hanford 1.8xl04 5.5(0.6} 7.4(0.1) 
Sheffield 4.7x.l03(c) 7.2(0.4) 7.7(0.6) 

(a)
Numbers in parenthesis are standard deviations. 

(b)
Units = meq per 100 g of soil. 

in l:al:12 
Total ( ) 

Acidity 
b 

4.0(0.1) <2 
7.5(0.1) <2 
7.4(0.2) <7 

(c)
Average of resistivities of soils sampled excluding sand from Toulon 
number which had a resistivity of 1.3x104 ohm-em. 

TABLE 5. AVERAGE CONCENTRATION OF SOLUBLE IONS (x l03)(a) 
-

Ca
++ 

Mg
++ 

K
+ 

Na
+ Hco; so-;: 

= 
s Cl 

Barnwell ... (b) 3 6 2 fi 0.3 ,J 

Hanford 40 7 4 70 40 6 0.3 I 

1 
2 

Sheffield 28-260 20-140 1-7 5-23 5-90 8-280 'Vl.Q <1-14 

(a)
Units = rneq per 100 g of soil. Ion concentrations W'l!re measured in 
extract from saturated soil paste. 

(b)Not detected. 



CORROSION FA ILURE MECHANI SMS 

General corros i on ,  p i tt i ng ,  crev i ce corros i on ,  i ntergranul ar 

corros i on ,  and stress corros i •ln crack i ng ( SCC ) are the most l i kely types of 

c orros i on for the buried SDS vessel s .  Genera l  corros i on refers t o  the 

uni form l os s  of metal  over the ent i re exposed surface. In th i s  fai l ure 

mode, the th ickness of materi al is u n i forml y  reduced unt i l  fai l ure occurs . 

The other forms of corros i on are spec i a l cases of l ocal i zed corros i on. A 

p i t  i s  a smal l cav i ty i n  the s urface caused by l ocal i zed corros ion. 

Crevice corrosion i s  a form of accelerated localized corrosion that occurs 

at l ocat i ons where easy access  to the bu l k  env i ronment i s  prevented , such 

as at the mat i n g  surfaces of meta l  assemb l i es .  I ntergranu l ar ( or 

i ntercrystal l i ne ) corros i on i s  preferent i al corros i on at qrai n  boundari es 

in a metal  or al l oy. Stress corros i on crack i ng i s  the crack i ng of a met a l  

produced by the comb i ned act i on of corros i on and tens i l e  stress (ei ther 

app l i ed or res i dual  from fabri c at i on ) . 

The vessel s are fabri cated pr imari ly  from Type 3 1 6L stai n l ess steel 

( SS) , wi th some Type 3 04 SS used i n  the nuts , bol ts ,  and f itt i ngs. Table 6 
l i sts  the nomina l  compos i tions of sel ected sta i n l ess  steel s. 1 7 Th e 

p rimary d i fferences between the two materi al s  are the h i gher nickel 

content , the presence of molybdenum, and the l ower carbon content i n  

3 1 6L S S .  The mechanica l  propert i es of t h e  two steel s are essent i a l ly 

identical , but 31 6L SS is more res i stant to p i tt i nq corros i on than i s  304 

SS due to the mol ybdenum. I n  add i t i on ,  wel ded 3 1 6L SS i s  less prone to SCC 

than welded 304 S S  that has not been sol uti on-annealed , because low-carbon 

s ta i n l ess steel s are much lf:SS s:.�scept i b l e  to prob l ems assoc i ated w i th 
sens i t i zat i on than are the h i qher carbon grades. 

Stai n l ess  steel has l ow un i form corros i on rates i n  most env i ronments 

due to the format i on of a protect ive ox i de f i l m  on the surface. A 

p otent i a l d ifference of about 0 . 6 V ex i sts between pas s i v ated and 

unpass i vated sta i n less steel in seawater ( or s i mi l ar el ectrolyte ) . 1 7  

This potent i al d i fference i s  suff i c i ent to promote aqqres s i ve attack  on 

unpas s i vated sta i n less steel when the two forms are electrically connected 
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in an e lectrolyte . Seawater shoul d  be more corros i ve to stai n l ess  steel 

t han l each ate from Hanford soi 'l due to the h i gher c h l or i de l evel i n  

seawater . 

The uniform corrosion rate of electrically- isolated passivated 

stainless steel in rel ati vely noncorrosive soil ( greater than 1000 ohm-em 

res i st i v i ty ) is negligible, and the pitting penetration rates are less than 

5 mil/yr . 1 8  The uniform corrosion rate for stainless steel in agitated, 

aerated seawater is less than 2 mil/yr, giv i n g  a lower limit of about 

200 yr for compl ete dissolution of 0 . 375 in . plate ( seawater is much  more 

aggressive than dry soi1 ). 1 A  Stainless steel is also h ighly susceptible 

to p i tt i ng in stagnant , deaerated seawater. 

Both pitting and c revice corrosion can be caused by differences in the 

oxygen concentration between an occluded area and an area that is freely 

exposed to the bulk environment . In brief , oxygen reduction occurs on the 

freely exposed surface ( cathodic reaction) and metal dissolution occurs in 

t he occluded reqion ( anodic reaction). S i nce the electrical currents due 

to the c athodic and anodic reactions must be equal, a h igh ratio of the 

area of the freely exposed surface to the area of the occluded region 

( e . g . , crevi ce or pit) can cause relatively high corrosion rates in th e 
occluded region . A corroding crevice or pit becomP.s increasingly acidic 

over time due to the hydrolysis of corrosion products. These mechanisms 

are described in detail in several texts. 19, 20 P it growth kinetics are 

generally governed by a cubic rate law . 21 Crevice corrosion rates of 

0.5 g/m2-day ( 300 mil in 300 yr) have been reported for 3 1 6 SS in 

seawater. 1 9  Figure 6 is a diagram of an actively corroding pit . 

Two different phenomena affec t time-to-failure caused by 
p itting : (a) the induction period for pit initiation and (b) pit 

propagation rates. Once pits are initiated , they can propagate by a 
self-sustaining oxygen concentration cell. Pit initiation can be  caused by 

the local break down of the protective film on the metal surface . This is 

thought to be caused by several mechanisms, such as chloride absorption 

into the protective film or mechanical damage to the protective film . 
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Sens i t i zed gra i n  boundari es can act as l ocal  s i tes for p i t  i n i t i at i on . 1 9  

I n  addi t i on ,  the p i tt i nq res i stance of wel ded reg i ons i n  molybdenum­

contai n i ng sta i n l es s  steel s i s  l es s  than the parent metal because of l oc a l  

molybdenum dep l et i on o f  austen i te i n  the vi c i n i ty o f  delta  ferri te that can 

p rec i p i tate dur i ng wel d i ng .
1 9  I n  the absence of c h l or i des , the p i t t i nq 

of stai n l es s  steel s i s  rel ati vely unaffected by the pH of the bu l k  

env ironment i n  the range of pH 2 . 6  to 10.1 9  

In add i t i on t o  p i tt i ng ,  i ntergranul ar corros i on occurs i n  sta i n l ess 

steel s that are sens i t i zed. Sens i t i zati on refers to chromi um deplet i on i n  

the v i c i n i ty of the chromi um c arbi de prec i pi tates at grai n boundar i es .  

Chromi um dep l et i on c an c ause the reg i on near a qrai n  boundary to be more 

s uscept i b l e  to corros i on than the bu l k mater i al i n  some env i ronments . 

Sen s i t i zat ion generally occurs i n  the heat-affected zone ( HAZ) near welds. 

However , sens i t i zat i on i s  not a s i gn i f i cant concern i n  the low-c arbon 

stai nles s steel s ( such as 3 1 6L) .  Intergranul ar corros i on causes the los s 

of structural strength of the materi al  w ith  relat i vely l itt le  wei qht loss . 

The stress  corros i on crac k i ng of stai n l es s  steels c an occur when three 

c ondit i ons are present: sens i t i zat i on , h i gh ten s i le stress (typ i c ally 30% 

of yiel d or greater), and an aggress i ve env i ronment. Sens i t i zat i on acts to 

i ncrease the i ntergranu l ar corros i on s uscept i b i l i ty of 300 ser i es stai nless 

steels . H i gher temperatures rai se the corros i v i ty of the env i ronment an d 

t herefore i ncrease the SCC suscept i b i li ty, and tens i le stresses c ause crack 

propagat i on .  W i t h  very long eJ<posures , chlor i de SCC i s  i mportant at 
1 9  temperatures as low as 60°C. However , sens i t i zed 304 SS stress 

corro s i on crack i ng has been reported in cert a i n  env i �onments at 

temperatures as low as 40°C.2 2  

Cathod ic  protec t i on c an b•� an effect i ve techni que t o  prevent p i tt i ng, 

crev ice corros ion ,  stress corros i on crack i ng ,  i ntergranular corros i on ,  and 
c orros i on fat i gue for austeni tic sta i n l ess steel s s uch  as 304 SS and 

3 1 6  ss.19 Coat i ngs c an be used to m in imi ze c athod i c  protect i on current 

requi rements and prov i de add itional corros i on protect i on. P i tting  i n  

s eawater c an be prevented by mai ntain i ng the potent i al of the stai nless 



steel at -0.85 V versus a standard c a l omel e l ectrode (SCE ) .  19 Hal f-cel l 
potential s  of -0.6 V to -0.8 V VE!rsus a copper/copper sulfate reference 

electrode are sufficient for cathodic protection i n  soil .23 Because 

s ta in less steel is anodica l l y  pass i vated when the surface i s  continual l y  

exposed to oxygen , ar.d because  cathodi c  protection neutral i zes this 

protective f i lm, the c athodic  protection requirements for stai n l ess steel 

are simil ar to those for c arbon and l ow-al l oy stee l s . 24 Cathodical l y­

protected structures are a lmost a lways coated to reduce c urrent 

requirements . 

20 



STAI NLESS STEEL CORROSION 

Underqround Sta i n l ess Stee l Corrosion Experience at Hanford 

I n  qeneral , l i tt l e  work h as been done concern ing  the corros i on 

performance of bur i ed stai n l es s  steel at Hanford . The avai l ab l e  reports , 

wh ich are rev iewed bel ow,  are primar i ly concerned e i ther with fai l ure 

analyses of buri ed pi pe or w i th the i nsti tut i on of c athodi c protection 

systems . Most of th i s  l i terature i s  not d i rect l y  rel evant to the 

prediction of the corros i on experi enced by buri ed SDS vessel s at the 

U. S .  Eco l ogy s i te for the fol l owi ng reasons: 

• The stai n l ess  steel p i pe consi dered i n  these report s i s  qenerall y 
buried at a fai r ly  shal l ow depth ( between 1 and 3 m) , wh i le the 

SDS vessel s  wi l l  be bur i ed at 1 4  m .  

• Pi pel i nes are qeneral ly subject to stray current and qal van i c  

coupl e corros i on , wh i l e the SDS vessel s  wi l l  b e  el ectr ica l l y  

i so l ated . 

• Pi pel i nes often pass through several d i fferent types of soi l s  and 

backfi l l s , whi l e  the SOS l i ners wi l l  be i n  a fa i rl y  homogeneous 

envi ronment . 

• The p i pel i nes were often bur i ed i n  a d i fferent type of soi l from 

that i n  wh ich  the SDS vessel s wi l l  be p l aced. 

• long-l i ne oxygen concentrat i on cel l s  cou l d  h ave been present 

al ong the l ength of the p i pel i ne. 

• Sul fate-reduc i ng bacter i a  cou l d  h ave L:en present i n  anaerob i c  

reg i ons  al ong the p i pe ,  with the resu l t i ng s u l f i de act i ng to 

l ocal ly depass i vate the protec t i ve fi lm on the s ta i n l es s  s tee l . 

2 1  



The shal l ower bur i al  depth of the pi pe l i nes {1 to 3 m) means that more 

organi c  materi a l  i s  present than i n  deeper {1 4m) soi l .  The organ i c  

materi al can act as a nutri entosource for b acteri a .  The combinat ion of 

h i gher moi sture content and hi gher organ i c  content unpredi ctabl y affects  

t he amount of oxyge� �
i n  th� soil . W i th th i s  c aveat , the avai l ab l e  Hanford 

corros i on dat a
'

are revi ewed bel ow .  

Corros ion of  sta i n l ess stee l s  i n  weak e l ectrol ytes , such as soi l s ,  i s  

characteri zed by deep pi tt i ng with the absence of un iform corros ion . 25 

Th i s  i s  general ly  expl a i ned on the bas i s  of oxygen concentrat i on cel l s. 

�here an oxygen-depl eted regi on forms i n  the crevi ce betwPen rock s ,  sand  
part i c l es ,  pai nt, p ipe wrappi ngs, o r  bacter i a l  masses and the stai n l ess 

stee l surface. An act i ve pi t i s  i n i t i ated at th i s  s i te , wh ich  becomes 

sel f-propagat i ng .  I n  add it ion ,  the presence o f  anaerob i c  ( su l fate­

reduc i ng) bacteri a  i n  the i n i t i a l  crev ice regi on c an act to depass i vate th e 

stai n l ess  stee1 . 25  

Most of the work concern i ng the  underground corros i on of  stai n l ess 

;teel at Hanford was done by R .  T. Jaske to eva luate the corros i on of pipe 

lines . 26-28 However , l i ttl e i nformat i on i s  avai l ab l e  concern i ng the type 

>f soi l near eac h  of the pi pe fai l ures . Soi l res i st i v i t i es from 3000 to 

>ver 1 00 , 000/ohm-cm have been reported at Hanford .28 

Sta i n l ess stee l process li nes to the t ank farms that were constructed 

Jur i n g  Worl d War I I  began to fai l in 1947.26 The l i nes h ad been l a i d  on 

�ood l eve l i ng b l ocks  and then backfi l l ed ( somet imes w i th c i nders , whi ch are 

�idi c ) . By 1 984, an exponent i a l r i se i n  the number of fa�l ures i n  the B 

tnd T pl ant waste l ines occurred . Approx imatel y  50% of the fai l ures were 

1ssoc i ated wi th wel ded reg i ons ; 40% wert:! assoc i ated w ith surface scratches, 
1i cks, or abras ion;  and 1 0% were concentrated under pipe wrapping that was 

:omposed of tape impregnated wi th asphal t .  Fai l ures under the pi pe tape 

:onsi sted of c l ean round pi ts, wh i l e the other fai l ures cons i sted of 

:ubsurface pits  simi l ar to those i n  F i gure 7. I ron s u l f i de was assoc i ated 

rith many of the p its , and sul phate-reduc i ng bacter i a  were successfu l ly  

:u l tured from pi t mater i al . No  corros i on fai l ures occurred wi th i n  7 . 5  m of  

2 2  
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any buried �ron e lectric a l ly connected to the stain l ess  steel . The iron 

acted as a s�crificial anode to c athodical l y  protect the stain l ess  steel 

pipe . T�c application of a cathodic protection system effectivel y stopped 
rurther failures in the waste l ines.29 

' 

P i tting occurred at coat i ng hol i days of sta i n l ess steel pipe w i thout 

cathodic  protec t i on . 27  Design changes were made that required bur i ed 

stain l ess  stee l rroces s l ines to be encased ( common l y  i n  coated carbon 

steel pi pe) , and then the l atter cathodical l y  protected.26 •27  

The  primary fai l ure mechani sm for unprotected buried stain l ess steel 

pipe invol ved oxygen concentrat i on cells.28 G a l van i zed coati nQs l asted 

about 1 2  yr on carbon steel p i pe.28  P i tt i ng penetration of stain less 
s teel in  as l i ttl e  as 90 days has been reported when poor corrosion 

practices were used ( e.g. ,  nonporous pa int spl atters that created an oxygen 

c oncentrat i on cel l ) ;  however , the actual  performance of stain l ess steel 

that was not cathodical ly protected has been unpredictab le.27 

P l ott found that Type 347 SS was suscept i b l e  to severe i ntergranu l ar 

corrosion and pitting i n  Hanford soi l .25  Corrosion was often associated 

w i th reddi sh brown deposits that were essential ly bacteri a l  col on i es. He 

proposed that the bacter i a l masses wer·e composed of sul fate-reducing and 

su lf i de-oxi d i z i ng b acter i a  l i v i ng i n  a symb i ot i c  rel at i onsh i p. More 

l i ke ly,  the bacteri a l masses acted as an oxygen barri er to create an oxygen 

concentrat i on cel l .  The 347 SS p ipe th at was the focus of th i s  study was 

buried i n  moist b l ack  sand 2.5 m below the surface at the boundary between 

two di fferent soi l  hori zons . 

Other Underground Sta i nl ess Stee l Corrosion Informat i on 

Th e Nat i onal Bureau of St andards {NBS) conducted one of the major 

studies concerning the l ong term underground corrosion of meta l s . 30 

Tab l e  7 summari zes the st a i nl ess steel corros i on resu l ts from t h i s  

study,30 and Tab l e  8 compares the propert i es of sel ected soi l s  used i n  

the NB S study w i t h  those of Hanford so i 1 .2 7  After 1 4  yr of exposure for 
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TABLE 8 .  CHEM ICAL AND PHYSICAL PROPERTIES OF THE SOIL OF THE NBS TEST SITES 
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304 SS i n  soi l s  s imi l ar to Hanford s andy l oam, p i tt i ng qreater than 1 6  mi l 

deep occurred , but the averaqe metal  l os s  was on l y  0 . 01 5 mi l .  M i nor 

s urface roughen i ng occurred ( but no p itt ing ) on the 3 1 6 SS s pec imens . The 

average 3 1 6  SS metal  l os s  was 0.015 mi l .  These data are c l oser to the 

s i tuat i on for the SDS vessel bur i a l  than are the Hanford p i pe l i ne stud i es 

because the NBS corros i on spec imens were e l ectrica l l y  i sol ated , and so di d 

n ot s uffer e i ther stray c urrent or qal van i c  corro s i on .  The NBS spec imens 

were buri ed l es s  than 2 m deep . A more recent NBS study i s  underway to 

u pdate NBS C i rcu l ar 579 and to i nc l ude i nformat i on on stressed and 

sens i t i zed sta i n l ess  stee l s . 3 1  Th i s  study i s  o f  part i cu l ar i nterest 

because of the prox imity of one of the test s i tes ( Sagemoor sandy l oam from 
Toppen i sh ) to the Hanford reservat i on .  Soi l character i st ics  are l i sted i n  

Tab l e  9 .  They report resu lts  based on 8 yr of exposure , and state that the 

un i form corros i on and p i tt i ng of anneal ed austen i t i c  sta i n l ess  stee l s are 

essent i a l l y  nonex i stent i n  Saqemoor s andy l oam. Degradat i on of the 

s ens i t i zed austen i t i c  sta i n l ess  stee l s was al so negl i g i b l e ,  a l though very 

s l i ght superf i c i a l etch i nq and p i tt i ng d i d  occur . No corros ion occurred on 

hel i arc-wel ded 305 SS tub i ng spec imens . They a l so report that 3 1 6  SS 

corroded l es s  than the 304 SS i n  al l of the soi l s  stud i ed .  Another study 
f ound that 304 SS and 3 1 6  SS qeneral l y  do not stres s  corros i on crack i n  

actual  underground app l i c ati ons .32  

Add i t i onal  Stai n l es s  Stee l Corros ion I nformat i on 

Th e uni form corros i on rates of 300 ser i es stai n l ess  stee l s  i n  most 

w1ter env i ronments  are bel ow 2 mi l /yr when the temperature i s  l es s  than 

1 00°C . 33 These env i ronments i nc l ude : deoxygenated dei on i zed water , 

deoxygenated d i st i l l ed water , d i st i l l ed water , h i qh pur i ty water , aq itated 

s eawater , and i nh i b i ted-ch l or i nated i ndustr i a l cool i ng water . Wh i l e 

p i tt i nq occurs i n  seawater , the p i tt i ng penetrat i on rates i n  fresh water 

are l es s  than 5 m i l /yr . 33 

P i tt i ng i s  l es s  pronounced in  agi tated aerated sol ut i ons than i n  

stagnant aerated s o l u t i ons . 34 However , p i tt i ng i s  un l i ke ly  i n  deaerated 

sol ut i on s  ( that do not contai n other ox i dants ) because the cond i t i ons  



TABLE 9 .  PROPER T I E S  OF SO I L  AT TEST S ITE S 
Compos i ti on of Water Ex.tract 

I n te r n a l  
Res i s t i v i t/ a ) 

( Parts per Mi l l i on 
Soi l  O ra i nage 

S i te Locati on o f  Te s t  ( ohm-em ) 
TDS ( b ) 

Na + K 
S i te pH Ca Mg as Na co3 HC03 so4 C l  

A Sagemoor sandy l oam , Good 400 8 . 8  7 , 080 1 08 23 1 , 960 0 . 0 5 , 002 2 16 330 
Toppen i sh ,  Wa s h i ngton 

B Hagers town l oam , Good 1 2 ,600 - 34 , 760 5 . 3  ( c ) 
l och Raven , Ma ry l a n d  

c C l ay ,  Poo r 400 - 1 , 1 50 4 . 3  14 , 640 540 7 54 2 , 242 0 . (1  0 . 0  6 , 768 3 , 529 
Cape May , New Jersey 

D La kewood sand , Good 1 3 , 800 - 57 , 500 5 . 7  ( c ) 
N W i l dwood , New Jersey 
c::c 

E Coastal sand Poor 1 , 320 - 49 , 500 7 . 1  1 1 , 020 302 329 3 , 230 0 . 0 55 1 , 133 5 , 765 
W i l dwood , New Jersey 

F T i  da 1 marsh Poo r 400 - 15 , 500 6 . 0 1 1 , 580 140 1 65 2 , 392 0 . 0  0 . 0  1 , 709 3 , 259 
Lexi ngton Park , Ma ryl a n d  

(a )Res i s �' v i ty dete rmi na t i ons made a t  the tes t  s i te by Wenne r ' s  4-p i n  method ( 6 )  except fo r S i te A where Shepard ' s  
cane ( 7 )  wa s used . 

( b )TDS - Tota l d i ssol ved s o l i ds ( re s i due d r i ed a t  l 0 5 °C ) . 
( c )Ana lys ·i s  not ma de fo r s o i l s  a t  S i tes B and D because of the very l ow concentra t i on of sol ub l e sal ts i n  these soi l 



· promoti ng the format ion of act i ve/pas s i ve corros i on cel l s  do not 

ex i st . 34 In  addi t i on ,  i ncreases i n  a l kal i n i ty tend to i nh i b i t  p i tt i nq .  

Fa ir ly  deep p i ts can occur i n  stai n l es s  steel s exposed t o  stagnant aerated 
c h l or ide sol uti ons .4 Wh i l e Type 3 1 6l sta i n l ess  s teel i s  more res i stant 

to pi ttinQ than other 300 ser i es stai n l es s  steel , Type 3 1 6  stai n l ess stee l 

w i l l  general ly devel op p i ts i n  seawater with i n  1 to 2- 1 /2 yr of 

exposure .35 

Type 3 1 6  stai n l ess stPal  has l ow atmospheri c  corros i on rates . For 

exampl e, pittinq penetrati un of les s than 0 . 003 em was reported for 

Type 3 1 6  stai n l ess steel coupons that were exposed for almost 1 2 yr , and 

0 .003 em of penetrat i on occurred after 1 5  yr of exposure to a mar i ne 

atmosphere . 36 I n  add it ion ,  fai l ure by stress corros i on crac k i ng was not 

observed on U-bends that were exposed for 5 yr . 



CORROSION ASSESSMENT OF SDS VESSEL AFTER 300-YEAR BUR IAL AT HANFOR D 

External Corros i on 

S i nce pi t growth k i net ics  tend to be cub i c ,  corros i on est i mates b ased 

on l i near p it  growth k i net ics  are conservat i ve .  The 1 95 7  NBS data for 

304 SS woul d  predi ct penetrat i on by p i tt i ng ,  w i th a un i form metal l oss  of 

about  0 . 3  mi l after 300 yr of ex pos ure . The performance of 3 1 6  SS shou l d 

be  better due to  the h i gher res i stance of 3 1 6  SS t o  p i tt i ng corros i on .  

Data from the more recent NBS study i n  Safemoor sandy l oam sugges t that 

actua l  corros i on rates wou l d  be smal l er . 3 1 • 37 

The corros i on of annea l ed and s ens i t i zed Type 3 1 6  sta i n l es s  steel  i n  

Sagemoor sandy l oam was reported as '' n i l  or superfi c i a l . "  Wei ght  l osses of 

l ess  than 0 . 1 mg/dm2 for the sol ut i on- anneal ed and sens i t i zed mater i a l , 

respect i ve ly,  were reported for 2989 days ( approx imate l y  8 . 2  yr) of 

exposure i n  Saqemoor s andy l oam. Max i mum p i t  penetrat i on was l ess  than 

1 mi l for the sol ut i on-anneal ed mater i a l , and about 6 mi l for the 

s ens i t i zed mater i a l . Conservat i ve ly .  the corros i on of Type 3 1 6L sta i n l ess  

stee l in  Burbank l oamy sand shou l d  be no worse than  the corros i on of 

s ens i t i zed Type 3 1 6  i n  Sagemoor s andy l oam . Most of the metal  l oss wou l d  

b e  due to p i t t i ng .  

The performance of b ur i ed s t a i n l es s  s tee l p i pe l i ne a t  Hanford t h at was 

not cathod i c al l y  protected has been poor due to g a l v an i c  coup l es ,  oxyge n 

c oncentrati on cel l s ,  and i nduced C • rrents . These f a i l ure mec h a n i sms wou l d  

not b e  operab l e  for the buri ed SDS ve·sse l s  bec ause the SDS vesse l s wou l d  b e  

e l ectrica l ly  i so l ated from other m�ter i a l s  i n  a homogeneous env i ronment 

( s i ngl e soi l type ) wi th  a l ower mo i sture content ( stai n l e� s  s teel p i pe was 

b ur i ed at a much sha l l ower depth than wi l l  be the  SOS vesse l s). The 

corros i on data from the NBS stud i es wou l d  be a bettnr pred ictor of the 

actual soi l - s i de corros i on behav i or . 

An est imate of the extent of corros i on for buri ed SOS ves se l s at  

3 00  yr fol l ows . The est imate i s  b ased on a l i near extrapo l at i o n  of t h e  



corrosi on on sens i t i zed Type 3 '1 6  stai n l es s  steel i n  Sagemoor s andy l oam ; 

h owever , Type 3 1 6L shou l d  corrc>de l ess than sens i t i zed Type 3 1 6 .  The 

average un iform metal  l os s  wou 'l d  be l ess  than 1 mi l .  P i tt i ng penetrat ion 

of the 0 . 375 i n . -th ick SDS vessel woul d  probably  not occur i �  l ess than 

300 yr ( pi tt i ng penetrat i on based on a l i near extrapo l ati on i s  est imated to 
be  200 mi l ) . Assumi ng that 90% of the we iQht l oss i s  due to p i tt i nq ,  that 

the p its  have an aspect rat i o  (wi dth/depth ) of 1 . 0 w ith a cyl i ndri c a l  

geometry, and that a l l o f  t h e  p i ts have the s ame depth , the dens i ty of 

t hrouqh-wal l  p i ts per ft
2 

of surface area on the SDS vessel after 300 yr 

of b uria l at Hanford should be much s maller than 1 p i t/ft2 • P i t  

dens i t i es mi ght be greater i n  the wel ded req i ons due to the h i gher 

suscept i b i l i ty of wel ded Type 316 to p i tt i n q  versus the unwel ded mater i al . 

S tress corrosion crack i ng i s  not expected to be a s i gn i ficant factor . 

I nternal  Corros i on 

I nternal  corros i on i n  the SOS vessel shou l d  be much l ess  than the 

e xternal corros ion for the fol l owing reasons : the moi sture content ( l ess 

than 1 wt% ) of the zeol i te i s  l ess  than that of the soi l ;  l es s  oxygen i s  

p resent s i nce the SDS vessel  i s  evacuated after dewater i ng ,  thus reduc i ng 

the l i ke l i hood of act i ve/pas s i ve corros i on cel l s ;  and rad io lys i s  of the 

z eol i te mi xture tends to c ause the format i on of protect ive a l umi nate f i lms 

( as di scussed prev i ous ly ) . S i nce the rate of water rad i olys i s  i s  l ow,  s l ow 

a i r  i ngress through the Hansen f i tt i ngs wou l d  dominate the makeup of the 
atmosphere in the SDS vesse l . E l ectrica l  cont i n u i ty between the zeol i t e  

contents and the bur i a l overburden wou l d  not occur unt i l  p i tt i ng 

penetrat i on ,  w i t h  p i ts or i gi nat i ng on the outs i de surface .  As a resu l t ,  

oxygen concentrat i on corros ion cel l s  between the i nternal  and extern al 

surfaces of the SDS vessel  wou l d  not occur unt i l  ei ther the Hansen f i tt i nq s  

fai l ed o r  the rupture d i sk fai l ed .  

� 1  
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