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AB ST RA CT 

The economic impact o f  c o r r o s i o n  and the  p a r t i c u l a r  problems o f  

c o r r o s i o n  i n  t h e  u t i l i z a t i o n  o f  geothermal energy resources a r e  noted. 

Cor ros ion  i s  de f ined and t h e  parameters t h a t  c o n t r o l  c o r r o s i o n  i n  geother-  

mal systems a r e  discussed. 

A general  background o f  c o r r o s i o n  i s  presented i n  t h e  con tex t  o f  

t h e  va r ious  forms o f  co r ros ion ,  i n  r e l a t i o n  t o  t h e  R a f t  R i ve r  geothermal 

system. A b a s i c  re fe rence  f o r  mechanical des ign  engineers i n v o l v e d  i n  
t h e  des ign  o f  geothermal energy recovery  systems i s  provided. 



SUMMARY 

Cor ros ion  i s  one o f  t h e  p r imary  problems i n  the  u t i l i z a t i o n  of 

geothermal energy. The proper  a p p l i c a t i o n  o f  c o r r o s i o n  eng ineer ing  

fundamentals t o  p o t e n t i a l  problems w i l l  reduce, t o  a g r e a t  ex ten t ,  t h e  

e f f e c t s  o f  t h e  aggressiveness o f  t h e  geothermal b r i nes .  

Th is  r e p o r t  i s  in tended t o  be a p r e l i m i n a r y  guide f o r  des ign  

engineers suppor t i ng  t h e  R a f t  R i v e r  Geothermal P r o j e c t .  Others who may 

have a sketchy background i n  c o r r o s i o n  eng ineer ing  may a l s o  f i n d  i t  t o  

be a u s e f u l  re fe rence.  Data f o r  m a t e r i a l s  s t a b i l i t y  i n  geothermal 

b r i n e s  a r e  r e l a t i v e l y  l i m i t e d ;  f o r  t h i s  reason t h e  p r e s e n t a t i o n  i s  

r a t h e r  pedagogical .  

o f  t h e  a v a i l a b l e  c o r r o s i o n  l i t e r a t u r e  t h a t  w i l l  app ly  t o  c o r r o s i o n  

eng ineer ing  a t  R a f t  R iver .  

what lower  d i sso l ved  s o l i d s  con ten t  than t h a t  o f  seawater (and may be 

r e f e r r e d  t o  as hyposa l ine  b r i n e s ) ,  f requen t  re fe rence  i s  made t o  t h e  

c o m p a t i b i l i t y  o f  m a t e r i a l s  i n  seawater as a f i r s t  approx imat ion  t o  R a f t  

R i v e r  cond i t i ons .  A t e s t  program has been i n i t i a t e d  t o  remove the  

u n c e r t a i n t i e s  assoc ia ted  w i t h  m a t e r i a l s  s e l e c t i o n  and c o r r o s i o n  c o n t r o l .  

An e f f o r t  has been made t o  b r i n g  toge the r  p o r t i o n s  

Because the  R a f t  R i v e r  b r i n e s  have a some- 

Cor ros ion  i s ,  p r i n c i p a l l y ,  an e lec t rochemica l  process. Metal 

sur faces  i n  c o n t a c t  w i t h  geothermal b r i n e s  c o n s i s t  o f  l o c a l i z e d  areas 

t h a t  a r e  r e l a t i v e l y  ca thod ic  (p ro tec ted )  o r  anodic (cor roded) .  While 
t h e  s i t e  p o l a r i t i e s  w i l l  va ry  f rom t ime  t o  t ime  t o  y i e l d  an e s s e n t i a l l y  

un i fo rm c o r r o s i o n . r a t e ,  some l o c a l i z e d  c o r r o s i o n  may occur.  

Temperature p lays  an a c t i v e  r o l e  i n  c o r r o s i o n  processes. As 

temperature increases, t h e  r a t e  o f  c o r r o s i o n  i s  acce le ra ted .  The 
s o l u b i l i t y  o f  oxygen i n  water decreases w i t h  i n c r e a s i n g  temperature over 

t h e  range o f  temperatures o f  i n t e r e s t  i n  t h e  R a f t  R i v e r  geothermal 
resource. Since oxygen i s ,  t y p i c a l l y ,  t h e  most a c t i v e  o x i d i z i n g  agent 

i n  geothermal b r i n e  systems, t h e  decrease i n  oxygen s o l u b i l i t y  w i t h  

i n c r e a s i n g  temperature o f f s e t s ,  t o  a l i m i t e d  degree, t h e  e f f e c t  o f  

temperature. Geothermal f l u i d s  a r e  l a r g e l y  f r e e  of d i s s o l v e d  oxygen as a 
r e s u l t  o f  chemical r e a c t i o n  o f  d i s s o l v e d  metero ic  oxygen w i t h  under- 

ground rocks  , 



n 

Stresses ,  whether residual o r  applied, tend t o  increase the r a t e  of 
corrosion by supplying a portion of the energy required t o  promote a 
reaction. Crystal l a t t i c e  disorder introduced by these s t resses  a lso 
contributes t o  accelerated corrosion. 

Many corrosion processes a re  controlled by diffusion of an oxidiz- 
i n g  agent, or perhaps a corrosion inhibi tor ,  th rough  a solution boundary 
layer.  
f l u id  flow pas t  a metal surface. Thus, velocity i s  important in determin- 
ing the r a t e  of corrosion. 

The thickness of the boundary layer i s  governed by the r a t e  of 

Localized corrosion takes’on many forms, and i s  controlled by many 
variables.  I n  galvanic corrosion, for  example, the concentration of 
e lec t ro ly te  determines, t o  some extent,  the sharpness of grooves o r  
p i t s .  I n  crevice a n d  p i t t ing  corrosion high chloride concentrations 
(always present in geothermal brines) a r e  especially bad .  The synergis- 
t i c  e f fec ts  of chlorides and dissolved oxygen i n  s t r e s s  corrosion cracking 
and corrosion fat igue i s  such t h a t  use of s ta in less  s teel  in many 
geothermal applications may be precluded. The neutral or s l i gh t ly  basic 
pH of the Raft River geothermal brines i s  very favorable with respect t o  
reducing hydrogen damage. 
material in the brine may cause some erosion corrosion problems. Removal 
of the par t iculate  material prior t o  the heat exchange cycle should 
reduce erosion e f f ec t s  in the system. Cavitation in pumps i s  frequently 
accompanied by corrosion and will require constant surveil lance t o  avoid 
unexpected downtime. 

The presence of suspended sand or  other 

A program o f  t es t ing  and evaluation of materials in the Raft River 
brine pr ior  t o  construction of the demonstration power plant should 
prov.ide much of the materials design d a t a  required for  plant fabrication 
and operation. Careful materials select ion,  surveil lance during operation, 
and application of corrosion control measures should reduce the corrosion 
problem t o  a manageable level.  - 



CONTENTS 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i i i  

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iv 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . Forms of Corrosion . . . . . . . . . . . . . . . . . . . . . . . . . .  9 

2.1 Potentially severe forms of corrosion in the RRGE system . . . . .  10 
2.1.1 Uniform or general corrosion . . . . . . . . . . . . . .  10 
2.1.2 Crevice corrosion . . . . . . . . . . . . . . . . . . .  16 

2.1.3 'Pitting corrosion . . . . . . . . . . . . . . . . . . .  24 
2.1.4 Stress corrosion cracking . . . . . . . . . . . . . . .  32 
2.1.5 Corrosion fatigue . . . . . . . . . . . . . . . . . . .  39 

2.2 Less important forms of corrosion . . . . . . . . . . . . . . . .  43 
2.2.1 Galvanic corrosion . . . . . . . . . . . . . . . . . . .  43 
2.2.2 Selective leaching . . . . . . . . . . . . . . . . . . .  47 
2.2.3 Erosion corrosion . . . . . . . . . . . . . . . . . . .  51 

2.2.4 Cavitation corrosion . . . . . . . . . . . . . . . . . .  56 
2.3 Relatively unimportant forms o f  corrosion in the RRGE system . . .  59 

2.3.1 Intergranular corrosion . . . . . . . . . . . . . . . .  59 
2.3.2 Fretting corrosion . . . . . . . . . . . . . . . . . . .  61 
2.3.3 Hydrogen damage . . . . . . . . . . . . . . . . . . . .  63 

3 . Nonmetallic Materials For RRGE Construction . . . . . . . . . . . . . .  68 
3.1 Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68 

3.2 Plastics . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

4 . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 

5 . References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 



FIGURES 
Page 

n 

1.1.1 

2.1.1 

2.1.2 

2.1.3 

2.1.4 

2.1.5 

2.1.6 

2.1.7 

2.1 - 8  

2.1.9 

2.1.10 

2.1 . 11 

2.1.12 

2.1.13 

2.1.14 

2.2.1 

2 .2 .2  

2.2.3 

2.2.4 

2.3.1 

Geothermal Energy Park Flowsheet . . . . . . . . . . . . . . .  . 2 

Uniform corrosion without corrosion product buildup . . . . . . .  11 

Uniform corrosion w i t h  corrosion product buildup . . . . . . . . .  12 

Comparison of l inear .  parabolic and cubic corrosion r a t e s  . . . .  14 

Corrosion of a l loys i n  seawater . . . . . . . . . . . . . . . . .  1 7  

Gasket-flange configurations showing poor and preferred designs . 25 

Typical corrosion pits i n  cross-section . . . . . . . . . . . . .  25 

tower conditions . . . . . . . . . . . . . . . . . . . . . . . . .  25 
P i t t i n g  in  m i l d  steel  corrosion coupon subjected t o  cooling 

Comparison of immunity. uniform corrosion and p i t t i n g  . . . . . .  26 

Tubercles formed on low carbon steel corrosion coupon . . . . . .  27 

Tubercles formed on yellow brass corrosion coupon . . . . . . . .  27 

P i t t i n g  and uniform corrosion on 4 i n  . aluminum 

St ress  corrosion cracking i n  a s t a i n l e s s  s t ee l  patch 

Relationship between chloride and oxygen concentration 

i r r iga t ion  pipe . . . . . . . . . . . . . . . . . . . . . . . . .  29 

used i n  geothermal water transportation . . . . . . . . . . . . .  

and stress corrosion cracking . . . . . . . . . . . . . . . . . .  38 

34 

Effect of dissolved oxygen and chloride on corrosion 
fa t igue  behavior o f  low carbon steel  . . . . . . . . . . . . . . .  40 

Corrosion potent ia ls  i n  flowing sea water . . . . . . . . . . . .  
Galvanic compatibility o f  fasteners  i n  seawater . . . . . . . . .  

seawater service . . . . . . . . . . . . . . . . . . . . . . . . .  49 

45 

48 

Galvanic compatibility of pump and valve trim in 

Effect of velocity on the r a t e  of corrosion of selected 

Comparison of ordinary concrete and p l a s t i c  impregnated 
concrete i n  corrosive environment . . . . . . . . . . . . . . . .  

al loys in  seawater . . . . . . . . . . . . . . . . . . . . . . . .  55 

70 



TABLES 
Page 

1.1 Nominal composition of Raft River geothermal water . . . . . . .  7 

1.2 Concentration o f  gases in Raft River Geothermal water . . . . . .  8 

2.1.1 Tolerance f o r  underfouling p i t t i n g  and crevice corrosion 
i n  seawater . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

2 .1 .2  P i t t i n g  of metals immersed i n  quiet seawater . . . . . . . . . .  31 

2.1.3 Corrosives t h a t  induce s t r e s s  corrosion cracking i n  metals . . .  35 

2.2.1 Resistance o f  metals t o  cavitation i n  seawater . . . . . . . . .  58 



1. INTRODUCTION 

The potential for geothermal energy in making a sizable contribu- 
tion toward supplying the nation's energy needs lies largely in the more 
abundant medium-temperature reservoirs(' I. 
primarily, to corrosion o f  metals in electric power generating plants 
using medium temperature geothermal heat sources. Other areas of concern 
in the utilization of medium-temperature geothermal heat are shown in a 
proposed geothermal energy park, Figure 1.1.1 ('I. 
of materials for these additional uses are not discussed. 

This document is addressed, 

Corrosion and selection 

The economic impact of corrosion in the United States is much 
larger than most people realize, with an estimated loss in the U.S.A. of 
more than $10,000,000,000 per year. 
lost to corrosion is estimated to be one fourth to one third o f  the 
annual production(3). 
control measures is beyond the scope of  this report. Several approaches 
(models) to economic evaluation of corrosion control practice are 
avai 1 ab1 e (4y5y6). The NACE (National Association o f  Corrosion Engineers) 
(6) approach is the most comprehensive and is recommended when sufficient 
data are available. 

For example, the quantity of iron 

Detailed economic analyses of the various corrosion 

In the perspective o f  geothermal energy utilization, corrosion i s  

Much of the data regarding corrosion 
considered to be one of the major factors influencing the expected l i f e  

of energy conversion 
in geothermal systems was reported by workers in New Zealand. Marshall 
and Brai thwai te(8) have reviewed much o f  this 1 i terature. 
Banning and Oden") have reviewed the literature on corrosion in hot 
brines, including the geothermal literature. The conclusions of these 
reviewers will be noted and the relevant data pointed out as various 
corrosion phenomena are discussed. 

More recently 

The application of the theory and practice of corrosion engineering 
to potential corrosion problems in the Raft River Geothermal Experiment 
(RRGE) should result in improved energy utilization, more reliable 
design criteria, reduced losses of metal and a decrease in unscheduled 

1 
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shutdown o f  t he  f a c i l i t i e s .  

should r e s u l t  i n  s a f e r  ope ra t i on  o f  t he  f a c i l i t i e s ,  e s p e c i a l l y  i n  regard  

t o  c a t a s t r o p h i c  f a i l u r e  and re lease  o f  l a r g e  amounts o f  water o r  isobutane 

a t  temperatures up t o  300°F. 

Care fu l  m a t e r i a l s  t e s t i n g  and p l a n t  design 

The pr imary  f u n c t i o n  o f  t h e  RRGE i s  t h a t  o f  an eng ineer ing  f a c i l i t y .  

Th i s  f a c i l i t y  can be used t o  generate the  e x p e r t i s e  i n  m a t e r i a l s  tech-  

nology, i n c l u d i n g  co r ros ion  engineer ing,  r e q u i r e d  t o  e f f e c t i v e l y  use 

energy f rom a l l  geothermal resources. A m a t e r i a l s  t e s t i n g  s t a t i o n  i s  

planned as an impor tan t  f a c e t  o f  t h e  research and eng ineer ing  programs 
a t  t h e  RRGE f a c i l i t i e s .  

The purpose o f  t h i s  document i s  t o  b r i e f l y  descr ibe  t h e  var ious  

forms o f  c o r r o s i o n  and t h e i r  r e l a t i o n  t o  recovery and use o f  geothermal 

energy and techniques f o r  c o n t r o l l i n g  and/or p reven t ing  co r ros ion .  The 

forms o f  c o r r o s i o n  e x h i b i t e d  by meta ls  a re  numerous. 

i d e n t i f i e d  about 40 forms w h i l e  Fontana and Greene ( ’  ) have reduced t h i s  

number t o  8 bas ic  forms. 

o f  c o r r o s i o n  a re  ranked i n t o  ca tegor ies  o f  importance. 

Copson ( l o )  has 

For t h e  purposes o f  t he  RRGE s tudy  the  forms 

The most se r ious  forms o f  c o r r o s i o n  are :  

1. Uni form o r  general  c o r r o s i o n  

2. Crev ice c o r r o s i o n  
3 .  P i t t i n g  c o r r o s i o n  

4. S t ress  c o r r o s i o n  c rack ing  

5 .  Corros ion  f a t i g u e  

The f o l l o w i n g  f o u r  forms o f  c o r r o s i o n  a r e  l e s s  impor tan t  than those 

1 i sted  above: 

1. Galvanic  c o r r o s i o n  

2. S e l e c t i v e  l each ing  

3. Eros ion c o r r o s i o n  

4. C a v i t a t i o n  damage 

3 



I n t e r g r a n u l a r  co r ros ion ,  f r e t t i n g  c o r r o s i o n  and hydrogen damage a re  

thought  t o  be o f  r e l a t i v e l y  l i t t l e  importance i n  t h e  RRGE. 

Cor ros ion  i s  e s s e n t i a l l y  an e lec t rochemica l  process. Some aspects 

o f  e l e c t r o c h e m i s t r y  a r e  discussed under general o r  un i fo rm co r ros ion .  A 
d e t a i l e d  account o f  t h i s  impor tan t  area i s  beyond t h e  scope o f  t h i s  

study; however, i n  d i scuss ion  o f  some p a r t i c u l a r  forms o f  c o r r o s i o n  

a d d i t i o n a l  d e t a i l s  w i l l  be supp l i ed  i n  o rde r  t o  adequately descr ibe  t h e  

phenomena. 

Cor ros ion  r a t e s  a r e  l a r g e l y  determined by severa l  environmental 

parameters. 

u n i f o r m  o r  general  co r ros ion :  

The f o l l o w i n g  f a c t o r s  a r e  discussed b r i e f l y  i n  r e l a t i o n  t o  

1. 

2. Temperature and heat  t r a n s f e r .  

3. S o l u t i o n  v e l o c i t y .  
4. Residual  and a p p l i e d  s t resses .  

5. 

Chemistry o f  t h e  c o r r o s i o n  environment. 

The s t r u c t u r e  and compos i t ion  o f  t h e  metal .  

. 

The d e f i n i t i o n  o f  c o r r o s i o n  i n  rega rd  t o  geothermal b r i n e s  i s  t h e  

degradat ion  o f  p r o p e r t i e s  o f  a m a t e r i a l  due t o  i n t e r a c t i o n  w i t h  i t s  

environment. W i t h i n  t h i s  d e f i n i t i o n  more s p e c i f i c  o r  d e t a i l e d  de f -  

i n i t i o n s  a r e  warranted. 

Meta ls :  

Cor ros ion  o f  meta ls  and a l l o y s  i s  t h e  r e s u l t  o f  an e lec t rochemica l  

process i n v o l v i n g  t h e  o x i d a t i o n  o f  t h e  meta l .  

Concrete and s i m i l a r  composites: 

Cor ros ion  o f  concre te  r e f e r s  t o  l each ing  by chemical d i s s o l u t i o n  o f  

t h e  more a c t i v e  c o n s t i t u e n t s  o f  t he  cement r e s u l t i n g  i n  l o s s  o f  

mechanical p r o p e r t i e s .  

4 
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Plas t ics  and similar organic materials:  

u n  
I f  

Degradation of these materials r e su l t s  from interaction w i t h  the 
water, i t s  dissolved consti tuents (such as  H2S), or  by prolonged 
exposure t o  h i g h  temperature resul t ing i n  increased cross-linking. 
This may include loss o f  e l a s t i c i t y  or p l a s t i c i ty  due t o  leaching 
of p las t ic izers  or  to  increased cross-linking by prolonged exposure 
t o  sulfur-containing gases. 

Mec hani ca 1 
ess the r a t e  
the r a t e  o f  

the environment 
good example of 

wear, cavi ta t ion and erosion are  n o t  corrosion processes 
of property degradation is  increased by the environment. 
oss of mechanical property or  material i s  increased by 
then the process i s  properly classed as corrosion. A 
t h i s  i s  erosion corrosion. 

T h i s  study i s  addressed primarily t o  potential corrosion problems 

Plast ics  and other non-  
between metals ( b o t h  pure metals and a l loys)  and the geothermal brine 
systems l ike ly  t o  be encountered i n  the RRGE. 

metall ics such a s  wood, brick, concrete and ceramics may also be important 
i n  geothermal energy conversion b u t  do n o t  represent the main thrust  o f  
this work. 

Solids and gases dissolved i n  water, and the water i t s e l f ,  are  the 
corrosive agents in geothermal systems. The most troublesome species 
are c i ~ y ~ p ~ .  w h i c h  i s  very low, about 0.02 ppm (mg o f  solute/kg o f  so lu t ion) ,  
and the chloride ion,  xhich i s  re la t ive ly  h i g h ,  about 800 ppm. 
i s  a strong o x i d i z i n g  agent, i . e . ,  j t  i s  eas i ly  reduced and therefore 
contributes t o  the corrosion process. The ch iwide  ions combine w i t h  
dissolved metal ions to  form complex ions t h a t  perturb the electrochemical 
system ( 1 2 ) ;  they a l so  tend t o  destroy protective films of corrosion 
products. Other dissolved species a lso contribute t o  corrosion; for 
example, Fe 
of s t ructural  materials; hydrogen sulf ide,  H2S, tends t o  cause p i t t i n g  
in  carbon s tee l  (13).  

Oxygen 

+++ and Cu++ a r e  eas i ly  reduced and tend t o  promote corrosion 
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The concent ra t ions  o f  d i sso l ved  s o l i d s  i n  t h e  R a f t  R ive r  geothermal 

b r i n e  a r e  g i ven  i n  Tab le  1.1. 

b r i n e s  and seawater a r e  g i ven  i n  t h i s  t a b l e  f o r  comparison w i t h  t h e  R a f t  

R i v e r  b r i n e .  Dissolved-gas analyses f o r  t h e  R a f t  R ive r  and Boise, Idaho 

geothermal b r i n e s  a r e  g i ven  i n  Table 1.2. As water i s  produced from t h e  

a q u i f e r ,  changes i n  t h e  concen t ra t i ons  o f  t h e  va r ious  c o n s t i t u e n t s  a r e  

l i k e l y  t o  occur. Seasonal v a r i a t i o n s  i n  water chemis t ry  a r e  a l s o  l i k e l y  

t o  occur as f r e s h  water i s  added t o  t h e  geothermal a q u i f e r .  

The composi t ions o f  severa l  o t h e r  geothermal 

Q 
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TABLE 1.1 

T"C 
PH 
SiO, 
L i  

Na 
K 
Mg 
Ca 

S r  
. -  Ba 

F 
c1 

B r  
so4 

co3 

"3 

HCO, 

S 

Fe 
Mn 

N i  

Seawater 

V a r i  a b l  e 
8.0 
7.0 
0.1 

10,561 
380 

7,272 
400 

1 3  
0.05 
1.4 

18,980 

380 
2,650 

140 --- 
--- 

0.05 

0.01 
10-9 

--- 

N i  1 and 

232 

400 
21 0 

53,800 
16,500 

10 
28,800 

440 
250 

155,000 

6.1 

--- 

--- 
--- 
--- 
--- 

30 

2,000 
1,370 

--- 

--- 

APPROXIMATE CONCENTRATION OF DISSOLV.ED SOLIDS I N  
RAFT R I V E R  GEOTHERMAL WATER COMPARED WITH SEAWATER AND OTHER GEOTHERMAL SOURCES 

Hol t v i l  l e  

165 - 180 
7.6 

100 
55 

11,000 
1,430 

22 
1,370 

226 
58 

18,000 

35 
16 

1.5 

--- 
--- 

< 1  
39 
0.18 
0.9 

--- 

Wairakei  

240 

640 
14 

1,320 
225 

17 

8.6 

0.03 

--- 
--- 

8 . 3  
8,7.30 

--- 
36 
19 

--- 

--- 
0.2 --- 

--- 
--- 

Rey k j av 

100 
9.3 

N o r r i s  Bas in  Mammoth Bas in  
(Ye l lowstone N a t ' l .  Park)  
81 90 

2.0 6.6 
109 66 

2.3 --- 
2 
3 

2.2 
--- 

129 
69 
68 

272 

R a f t  R i v e r  

140 

100 
7.5 

1.3 

400 
26 

57 
0.8 

2.5 

6.3 
--- 

700 

2.5 
60 
60 
19 

0.1 
7 
0.09 
0.07 

3.7 

Boise  

80 

160 
9.0 

0.05 

90 
1.6 
0.05 
1.7 

< 0.01 
< 0.02 

15  
10 

--- 
23 
70 

4 

t r a c e  --- 
0.13 
0.01 

--- 



TABLE '1.2 

n 

3 

c02 

H2S 

H Z  

CH4 

N2 

O2 

A r  

NOMINAL CONCENTRATIONS OF GASES I N  

RAFT R I V E R  AND BOISE GEOTHERMAL WATERS. 

DATA ARE FOR STANDARD TEMPERATURE AND PRESSURE 

New R a f t  

Zeal and R i v e r  Bo ise  I c e 1  and 

90 PPm 92 PPm 16.4 ppm 0.20 ppm 

2.6  4 . 2  -- 0.005 

2.0 1 .8  0.06 -- 

.03 0.9 0.01 0.065 

-- -- 100 18.5 

4.43 0.3 2.6 0.62 

0.0 -- 0.02 0.003 

n 



2. FORMS OF CORROSION IN METALS 

The classification of corrosion by appearance of the attacked metal 
or by descriptive mechanism permits discussion of phenomena that are 
common to various materials or environments. This separation, where 
applicable, permits establishment of testing or simulation procedures. 

The forms of corrosion noted in Section 1 are defined and discussed 
Some forms of corrosion are with their relationship to the RRGE system. 

more important than others. For example, uniform or general corrosion 
usually results in the greatest metal weight losses, while pitting and 
crevice corrosion usually result in the largest amount of system failure 
or downtime. Stress corrosion cracking and corrosion fatigue frequently 
cause the most spectacular or catastrophic corrosion-related failures. 

The most severe forms of corrosion, relative to the RRGE system, 
are discussed in Section 2.1. Less important forms of corrosion are 
discussed in Section 2.2. 
of relatively minor importance in the RRGE system are discussed in 
Section 2 . 3 .  

The forms of corrosion that are thought to be 

A detailed discussion of the mechanisms of the various forms o f  

Uhlig(14), and Tomashov (15) have elaborated on theories of corrosion 
processes; those interested in this aspect o f  corrosion are urged to 
consult these sources as well as the original literature for more 
information. 

corrosion is beyond the scope of this report. Fontana and Greene (11 1 , 

Corrosion prevention or control consists, essentially, of inter- 
fering with the mechanism of the corrosion process. Corrosion control 
is an appropriate subject for this report; the methods are outlined in 
the discussions of the forms of corrosion that follow. Details of 
corrosion testing practices are available from American Society for 
Testing and Materials (ASTM) and NACE. 
more appropriate to documents dealing with test plans and test results 
rather than to this overview of potential corrosion problems in Raft 
River geothermal system. 

Testing methods are thought to be 



2.1  Potent ia l ly  Severe Forms of Corrosion i n  the RRGE System 

This section addresses forms of  corrosion expected t o  s ign i f icant ly  
a f f e c t  the r e l i a b i l i t y  of the Raft River power plant.  

2.1.1 Uniform o r  General Corrosion 

Uniform or general corrosion is  characterized by a more or l e s s  
uniform decrease in the weight o r  thickness of the metal being corroded. 
Two types of uniform corrosion a re  common. 
products a re  soluble in the corrodant or form a non-adhering sol id  tha t  
i s  washed away. 
time a s  shown in Figure 2.1.1.  

In one, the corrosion 

The mass of metal decreases approximately l inear ly  with 

T h e  other  type o f  uniform corrosion i s  represented i n  Figure 2 .1 .2  
where the corrosion product i s  shown t o  form an adherent f i lm on the 
subs t ra te  metal. While the mass of metal decreases with time the mass 
o f  the specimen, fo r  example, increases with time. The porosity of the 
f i lm will markedly influence the r a t e  of corrosion in th i s  case. Metals 
forming highly porous films may show a l i nea r  corrosion r a t e  where the 
r a t e  of corrosion i s  proportional t o  the surface area,  and the con- 
centrat ion of  corrodant. 

Diffusion t h r o u g h  a film of corrosion products may be qui te  slow 
and decrease with time as  the f i lm increases i n  thickness. The r a t e  of 
corrosion in t h i s  case i s  frequently described by parabolic o r  cubic 
equations. Parabolic corrosion r a t e  processes a re  controlled by the 
r a t e  of diffusion t h r o u g h  a fi lm of corrosion products t ha t  increases i n  
thickness w i t h  time. 
be a combination of parabolic and logarithmic r a t e  laws. 
r a t e  law (14)  describes a mechanism involving electron t ransfer  t h r o u g h  
the corrosion fi lm. The d e t a i l s  of  the corrosion r a t e  laws are  beyond 
the scope of  th i s  study. 

The cubic corrosion r a t e  i s  usually considered t o  
The logarithmic 
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ANC-A-8013 
Time- 

( b )  

I 

Figure 2.1.1 
and ( b )  weight loss  ( l i n e a r )  of metal a s  a Tunction o f  time. 

Schema of ( a )  uniform corrosion without corrosion product buildup 
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F igu re  2.1.2 Schema o f  ( a )  un i fo rm c o r r o s i o n  w i t h  c o r r o s i o n  produc t  b u i l d u p  on 
s u b s t r a t e  metal and ( b )  we igh t  l o s s  ( p a r a b o l i c )  o f  metal as a f u n c t i o n  o f  t ime. 

n 
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Linear, parabolic and cubic corrosion rates are shown, schemat- 
ically, in Figure 2.1.3. 
differentiation of the three forms of corrosion rates may be difficult. 
In the later stages of corrosion the separation of parabolic and cubic 
rates is frequently difficult, owing to the scatter of experimental 
data. 

In the earliest stages o f  corrosion the 

The formation of corrosion product films is frequently essential 
for the protection of the substrate metal. 
reduces the rate of corrosion, as in the parabolic and cubic cases, the 
film i s  said to be passive and the process is usually defined as pass- 
ivation. On the other hand, if the film is nonprotective, i.e., does 
not retard the rate of corrosion, it is said to be non-passive. 

If the formation of the film 

Chlorides, and to a lesser extent bromides, tend to destroy the 
passive nature of films(11, 14). The ubiquitous occurrence of chlorides 
in geothermal brines thus tends to create the worst case, i.e., a linear 
corrosion rate. Uniform corrosion is expected to result in the greatest 
loss of metal in the RRGE system. 
experiencing uniform corrosion is dissolved oxygen. 
brine is essentially free of oxygen the parts of the system most likely 
to experience uniform corrosion are the condenser/cooling-tower circuit, 
the brine return transmission lines, and the casing of the reinjection 
we1 1 .  

The most frequent corrodant in systems 
Since the RRGE 

Marshall and Brai thwai te(8) noted that corrosion in geothermal 
systems in New Zealand i s  more pronounced than in the usual steam-boiler 
power plants but was usually low enough for practical design. Oxygen 
was noted as being especially aggressive. However, some New Zealand 
sources are highly acidic with the result that attack by the acid is the 
main source of corrosion. 

Hermannsson(16) noted similar conditions in space heating systems 
in Iceland in regard to the aggressiveness of oxygen. 
dissolved oxygen concentration less than about 1 ppm, little corrosion 
was noted on iron and zinc (galvanized iron pipe). 

For example, at a 

At higher oxygen 
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Figure 2.1.3 Comparing linear, parabolic, cubic corrosion rates. 
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concent ra t ions ,  e.g., 7.5 ppm, z i n c  was r a p i d l y  "washed away" and brass 

was seve re l y  a t tacked.  

o f  t e n  t imes t h a t  o f  t h e  oxygen c o n t r o l l e d  t h i s  form o f  a t t a c k .  
m i x i n g  o f  water c o n t a i n i n g  smal l  amounts o f  s u l f i d e s  w i t h  oxygen-bearing 

water  was a l s o  e f f e c t i v e  i n  c o n t r o l l i n g  t h i s  form o f  a t t a c k .  
a l s o  noted t h a t  s i l i c a  tended t o  d e p o s i t  on c o r r o s i o n  sca les  t o  a much 

g r e a t e r  e x t e n t  than on uncorroded subs t ra tes .  

Hermannsson noted t h a t  s u l f i t e  a t  concen t ra t i ons  
The 

Hermannsson 

T o l i v a ( 1 7 )  s tud ied  c o r r o s i o n  i n  a number o f  geothermal systems a t  

Cer ro  P r i e t o ,  Mexico. Much o f  t h e  c o r r o s i o n  observed i n  these t e s t s  was 

a t t r i b u t e d  t o  s u l f i d e s  i n  t h e  br ines .  S t a i n l e s s  s t e e l s  i n  aera ted  steam 

showed c o r r o s i o n  r a t e s  t h a t  were t e n  t imes those i n  a i r - f r e e  steam, once 
aga in  p o i n t i n g  o u t  t h e  exacerbat ing  e f f e c t  o f  oxygen. 

Car te r  and Cramer( l8)  t e s t e d  a number o f  m a t e r i a l s  i n  Imper ia l  

V a l l e y  b r i n e s  i n  a study t o  i d e n t i f y  m a t e r i a l s  t h a t  m igh t  be u s e f u l  i n  

geothermal a p p l i c a t i o n s .  Carbon s t e e l  showed a h i g h  c o r r o s i o n  r a t e  

w h i l e  copper and copper-based a l l o y s  showed s l i g h t l y  b e t t e r  res i s tance .  

As m igh t  be expected, t h e  Haste l loys* ,  Incone ls  and o t h e r  a l l o y s  o f  h i g h  

n i c k e l  and chromium con ten t  showed good res i s tance .  

a l s o  had good r e s i s t a n c e  t o  co r ros ion .  
r e s i s t a n t  t o  t h e  Imper ia l  V a l l e y  b r i n e s  they  a r e  probab ly  n o t  economical ly 

j u s t i f i e d  i n  t h e  less-aggress ive  R a f t  R i v e r  waters. 

T i tan ium a l l o y s  

While these m a t e r i a l s  were 

I n  t h e  R a f t  R i v e r  power p l a n t  system general  c o r r o s i o n  i s  expected 
t o  occur mos t l y  i n  t h e  c o o l i n g  tclwers and on t h e  water s i d e  o f  t h e  

isobutane condensers. 

w i l l  be r e q u i r e d  t o  keep c o r r o s i o n  r a t e s  w i t h i n  acceptable l i m i t s .  

Without t rea tment  t h e  c o r r o s i o n  r a t e  on carbon s t e e l  i s  expected t o  be 

about 6 mpy (0.152 mm/year) w h i l e  e f f e c t i v e  c o n t r o l  w i l l  reduce t h e  

c o r r o s i o n  r a t e  t o  1-2 mpy (0.025-0.051 mmlyear). A c o r r o s i o n  r a t e  o f  1 
mpy (0.025 mm/year) i s  acceptable w h i l e  a c o r r o s i o n  r a t e  o f  2 mpy (0.051 

mm/year) i s  no t .  

Chemical t rea tment  o f  t h e  c o o l i n g  tower water 

- * Reference t o  a company o r  p roduc t  name does n o t  imp ly  approval  o r  recom- 
mendation o f  t he  produc t  by t h e  U.S. Energy Research and Development 
A d m i n i s t r a t i o n  o r  t h e  A e r o j e t  Nuclear Company, I nc .  t o  t h e  exc lus ion  o f  
o the rs  t h a t  may be s u i t a b l e .  
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From the corrosion rate data in the above references a preliminary 
selection of materials can be made. Carbon steel might be acceptable if 
an effective cooling water treatment can be found and maintained. Monel 
400, 70/30 cupronickel, or 90/10 cupronickel would be much better. The 
70/30 cupronickel alloy was found to be especially effective in a power 
plant using seawater as the coolant(l9). Corrosion of metals in a 
seawater environment provides a reasonably good approximation to geo- 
thermal systems for preliminary design purposes. Figure 2.1.4 shows 
general corrosion of a number of materials in quiescent seawater 
and is useful as a first approximation in designing systems for the Raft 
River power plant. 
nickel alloys appear to be among the more effective. 

(19) 

Of the materials shown in this figure the copper- 

n 

Control and Design Guidelines 

Several methods are available for reducing general or uniform 
corrosion. The following techniques are recommended(11y14): 

1. 

2. 

3. 

$‘ 4, 

5. 

Use high purity metals when their mechanical properties and 
corrosion resistance are sufficiently good. 

Select alloys that offer the combination of mechanical pro- 
perties, corrosion resistance and economy required for the 
proposed application. 

Use materials in the proper heat treatment for combined 
mechanical property and corrosion resistance. 

Use surface coatings to provide a barrier between the metal 
and the environment. 

Use chemical inhibitors to reduce chemical reaction rates. 

2.1.2 Crevice Corrosion 
3 

The form of localized attack that occurs in regions of severely 
restricted fluid flow is termed crevice corrosion. The resistance of 
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Titanium 

Type 3 16 
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Nickel-chromium alloys designate a family of nickel base alloys with substantial chromium contents with or without other 
alloying elements all of which. except those with high molybdenum contents, have related seawater corrosion characteristics. 

Figure 2.1.4 General corrosion o f  a umber o f  alloys in quiet  seawater 
(velocity less  t h a n  2 feet/second) (177. Reproduced by permission. 
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material to crevice corrosion is an important consideration in the 
design and specification of systems involving high concentrations of 
chlorides. This is especially true in geothermal brine systems such as 

. at Raft River, Idaho. 

Crevice corrosion occurs typically at mechanical or welded joints 
and in association with fouling deposits. Mechanical joints include 
surfaces where metal-to-metal contact occurs, such as pipe threads, 
bolt-hole crevices in flanges and bolt-nut threads, between plates in 
bolted or riveted lap joints, at interfaces between bolt or rivet heads 
and washers or plates, between mating surfaces in valves, etc. Weld- 
ments such as spot-welded lap joints, incomplete fillet welds, and weld 
beads with porosity are also common sites for crevice corrosion. The 
interface between gasket material and metal surfaces as found in flanged 
joints is a common site for crevice corrosion. This form of corrosion 
is also found in metals that are fouled by debris, corrosion scale, or 
biological deposits. The sites for crevice corrosion frequently result 
from design 1 imitations, misappl ication of gasket materials, or improper 
field assembly of structural components. Scratches in paint or other 
coatings may provide locations for intrusion o f  corrodant and resulting 
crevice corrosion. The opening or crevice is usually very small, 0.020 
inch (0.5mm) or less. 
movement of the corrodant into the crevice. 

Capillary action and diffusion contribute to 

Water chemistry changes within the crevice are common. Crevice 
corrosion i s  frequently attributed to one, or more, of the following 
changes within the crevice (11,14,20). 

n 

1. Change in pH - The solution usually becomes more acidic. 

2. Depletion of dissolved oxygen in the crevice. 

+++ 3. Buildup of detrimental ion species; for example, Fe and C1- 
in the crevice. 

4. Consumption and -non-replenishment of inhibitor in the crevice. 

18 
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Several  types o f  f a i l u r e  can r e s u l t  f rom c r e v i c e  co r ros ion ;  f o r  

example: 

1. S t a i n i n g  o f  surfaces. 

2. Contamination o f  products.  

3. P e r f o r a t i o n  o f  component w a l l s .  

4. Loss o f  mechanical s t reng th ,  l e a d i n g  t o  f a i l u r e  f rom over-  

s t r e s s  due t o  a p p l i e d  loads  o r  by wedging a c t i o n  o f  c o r r o s i o n  

products.  

5. S e i z i n g  o f  ope ra t i ng  components. 

6. Debonding o f  p r o t e c t i v e  coat ings .  

7. Loss o f  su r face  i n t e g r i t y  r e s u l t i n g  i n  leaks  a t  j o i n t s .  

The e f f e c t s  o f  temperature on c r e v i c e  c o r r o s i o n  have n o t  been 

tho rough ly  s tud ied .  

on c r e v i c e  c o r r o s i o n  f o r  some Cr-Ni-Mo s t a i n l e s s  s t e e l s  and found a 

c o r r e l a t i o n  between a l l o y  chemis t ry  and t h e  temperature which de f i nes  
reg ions  of immunity and s u s c e p t i b i l i t y  t o  t h i s  form o f  a t t a c k .  The 
c r e v i c e  c o r r o s i o n  temperature (CCT) i s  g i ven  by t h e  r e l a t i o n :  

Brigham(21) i n v e s t i g a t e d  t h e  e f f e c t  o f  temperature 

CCT ("C) = (45+5) - + 11 x w t %  Mo (2.1.12) 

Whi le t h i s  c o r r e l a t i o n  i s  l i m i t e d  t o  t h e  s t e e l s  used t o  develop t h e  

r e l a t i o n ,  i t  shows t h e  k i n d  o f  s imp le  model t h a t  can be developed f o r  
making a f i r s t  approx imat ion  o f  c r e v i c e  c o r r o s i o n  f a i l u r e .  

The temperatures and c h l o r i d e  conten ts  o f  t h e  s o l u t i o n s  i n  t h e  RRGE 

systems a r e  such t h a t  l o s s  o f  p r o t e c t i v e  ox ide  f i l m s  on metal  sur faces  
can become a se r ious  problem. I n  t h e  event o f  con taminat ion  o f  t h e  
system w i t h  a i r ,  o r  o t h e r  o x i d i z i n g  agent, t h e  mat ing faces between 
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gaskets and f langes, o r  i n  o t h e r  occluded l o c a t i o n s ,  cou ld  develop 

c r e v i c e  co r ros ion .  A i r  i n t r u s i o n  i n t o  the  b r i n e  should be avoided i f  a t  

a l l  poss ib le .  Cor ros ion  m o n i t o r i n g  can he lp  i n  i d e n t i f y i n g  p o t e n t i a l  

t r o u b l e  spots.  

n 

I n  t h e  RRGE power p l a n t ,  c r e v i c e  c o r r o s i o n  i s  thought t o  be most 

impor tan t  i n  t h e  c o o l i n g  tower, where t h e  h ighes t  c h l o r i d e  and oxygen 

concen t ra t i ons  a re  l i k e l y  t o  be encountered. 

develop c r e v i c e  c o r r o s i o n  a re  t h e  r e i n j e c t i o n  and condenser pumps, t h e  

h o t  b r i n e  t ransmiss ion  l i n e s  ( i f  oxygen in - leakage occurs ) ,  t h e  pr imary  

heat  exchanger systems, and t h e  condenser. 

Other s i t e s  l i k e l y  t o  

C a r t e r  and Cramer (18) noted t h a t  most o f  t h e  a l l o y s  they  t e s t e d  

exper ienced c r e v i c e  c o r r o s i o n  t o  a measurable ex ten t .  O f  t h e  r e a d i l y  

a v a i l a b l e  m a t e r i a l s ,  Monel 400, Type 316L s t a i n l e s s  s t e e l  , Carpenter 20, 
70/30 cup ron icke l  and 2024-T3 aluminum showed t h e  l e a s t  r e s i s t a n c e  t o  
t h i s  form o f  a t t a c k  and should be t e s t e d  under c o n d i t i o n s  s i m u l a t i n g  t h e  

R a f t  R i v e r  power p l a n t  des ign  be fo re  they  a r e  se lec ted  f o r  a p p l i c a t i o n s  

i n  c r i t i c a l  l o c a t i o n s .  Copper, t i t a n i u m  a l l o y s ,  E - B r i t e  26-1, Inconel  

625 and H a s t e l l o y  C-276 showed t h e  bes t  r e s i s t a n c e  t o  c r e v i c e  co r ros ion .  

I n  every  case t h e  c o r r o s i o n  was more severe i n  aera ted  b r i n e s  than i n  

a i r - f r e e  f l u i d s ;  no t i ng ,  once again, t h e  adverse e f f e c t  o f  oxygen on 

c o r r o s i o n  o f  metals.  

Experience w i t h  c r e v i c e  c o r r o s i o n  and p i t t i n g - u n d e r - f o u l i n g  i n  

seawater s e r v i c e  prov ides  a gu ide  t o  m a t e r i a l s  s e l e c t i o n  f o r  geothermal 

p l a n t  design. Table 2.1.1 i n d i c a t e s  t h a t  90/10 cupron icke l  i s  ve ry  

r e s i s t a n t  t o  c r e v i c e  c o r r o s i o n  (19 ) .  

a t t a c k e d  i n  seawater. 

Carbon s t e e l  i s  u s u a l l y  seve re l y  

Con t ro l  and Design Gu ide l ines  

The obvious method f o r  p reven t ion  o f  c r e v i c e  c o r r o s i o n  i s  t o  

e l i m i n a t e  a l l  c rev i ces .  Th is  w i l l  u s u a l l y  be imposs ib le  where f i e l d  

f a b r i c a t i o n  and e r e c t i o n  a r e  done. The c a r e f u l  s e l e c t i o n  o f  a l l o y s  and 
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Table 2. 
Seawaterlig). Reproduced by permission. 

1 Tolerance for Underfouling Pitting and Crevice Corrosion i n  

TOLERANCE FOR UNDERFOULING PITTING & CREVICE CORROSION IN SEA WATER 

Crevices 
can 

normally 
be 

to I er a t ed 
in  designs 

Useful 
despite 

some 
crevice 

corrosion 

Crevice 
corrosion 

l imi ts  
useful ness. 
(Excel lent .  

however, 

Group I 

Group II 

Group I l l  

Group I V  

Group V 

in  above 
the 

water1 i ne 
marine 

~ p p  I i cat i ons) 

Crev ice 
corrosion 
severe. 

eldom used. 

Group V I  

T i tanium 
'Hastel loy t C 
Nickel-chromium a l l oy  625 

90- 10 copper-nickel 

Admiralty Brass 
( 1.5Fe) 

70-30  copper-nickel 
Copper 
T in  and aluminurn bronzes 
Austenit ic n icke l  cast 

iron 

Nickel-copper al loy 400 

CN7M (A l l oy  20) 
*Carpenter 20 Cb 3 

Nickel-chromium al loy 825 

Type 316 Stainless Steel 

Type 316 Stainless Steel 

Nickel  

Type 304 Stainless Steel 

Precipitat ion Hardening 
Grades of S.S. 

Type 303 Stainless Steel 

Series 400 
Stainless Steel 

- 
These metals foul but rarely p i t  
Titanium w i l l  p i t  at temperatures above 250oF 
N:ckel-chromium a l l oy  625 after 2 - 3  years shows signs of 

Shallow to no p i t t ing 
90- locopper-  n icke l  i s  standard sea water piping alloy. 

incipient p i t t i ng  in some tests i n  quiet sea water. 

Good resistance t o  p i t t ing 
Useful in p ip ing applications. 

P i t s  tend to be self  l imi t ing i n  depth at about 1 16" 
No protection required for heavy sections 
Cathodic protection from steel or copper base a l loys wi l l  prevent 

p i t t ing on 0 Ring. va lve seats, and s imi lar  c r i t i ca l  surfaces. 

Occasional deep p i ts  w i l l  develop 
Protection not normally required for a l l  al loy 20 pumps 
Cathodic protection from less noble a l loys  may b e  necessary for 
0 Ring and similar c r i t i ca l  surfaces. 

Most useful in instrument packages which are removed frequently 
( l ess  than 30 days) and thoroughly cleaned and maintained. 

Best of th is  group 
Deep p i t s  develop 
Cathodic protection w i t h  steel, zinc or  aluminum i s  required. 

Many deep p i t s  develop 
Cathodic protection from less noble a1 toys required. 

Many deep p i t s  develop 
Cathodic protection from steel may not be f u l l y  effect ive. 

Many deep p i t s  develop 
Cathodic protection wi th  zinc or aluminum may induce cracking 
from hvdroaen. 
Severe p i t t ing 
Cathodic protection may not be effect ive. 

Severe p i t t ing 
Cathodic protection w i th  zinc or  aluminum may induce cracking 

from hydroqen. 
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gasket  m a t e r i a l s  i s  impor tan t .  

mo t ion  o f  c r e v i c e  c o r r o s i o n  and some a l l o y s  a r e  l e s s  suscep t ib le  t o  t h i s  

fo rm o f  a t t a c k .  The a c t u a l  l o c a t i o n s  and r a t e s  o f  a t t a c k  w i l l  have t o  

be determined by mon i to r i ng  and o n - s i t e  t e s t i n g .  

one can o n l y  guess where c r e v i c e  c o r r o s i o n  w i l l  occur. 

Some s o l u t i o n s  a r e  l e s s  prone t o  pro- 

Without these s tud ies  

Cons idera t ions  o f  i n i t i a l  m a t e r i a l s  cos t ,  a v a i l a b i l i t y  and ease o f  

f a b r i c a t i o n  may p r e v a i l  over "bes t "  c o r r o s i o n  eng ineer ing  p r a c t i c e .  

f o l l o w i n g  recommendations a r e  made t o  reduce c r e v i c e  c o r r o s i o n ( l l  ,14,20): 

The 

1: 

2 .  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Use butt-welded j o i n t s  i n  p lace  o f  r i v e t e d  o r  b o l t e d  j o i n t s .  

Close l a p  j o i n t s  by cont inuous welding, b raz ing ,  s o l d e r i n g  o r  

c a l  k i  ng. 

Design tanks  and p i p e  l i n e s  f o r  complete drainage. 

Reduce sca le  and s o l i d s  b u i l d u p  by c lean ing  systems r e g u l a r l y ;  

des ign  equipment f o r  easy c lean ing .  

Avo id  use o f  f i b r o u s  gasket m a t e r i a l s ,  wherever poss ib le .  

Use s o l  i d  gasket m a t e r i a l s  such as PTFE (polytetrafluoroethylene) 

Design mat ing  sur faces  t o  avo id  occ lus ion ;  see F igu re  2.1.5( 22 ) .  

I n  heat exchangers and condensers t h e  p r e f e r r e d  p r a c t i c e  i s  t o  

weld tubes i n t o  t h e  tube sheets r a t h e r  than us ing  r o l l e d  

j o i n t s .  

Avoid bu i l d -up  o f  s o l i d s  i n  tanks and p i p e l i n e s .  Remove 

s o l i d s  f rom t h e  system as soon as poss ib le ;  cont inuous removal, 
us ing  hydrocyclones, i s  suggested. 

n 

10. Keep t h e  e x t e r n a l  environment as un i fo rm as poss ib le ;  f o r  ' 

example, i n  b a c k f i l l i n g  t renches avo id  marked changes i n  s o i l  
types. 
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Figure 2.1.5 Gasket-flange confi urations showing poor and preferred 
designs. After Butler and Ison(2 8 ). 
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_ ,  . _  - 11.  Select  materials with high resis tance t o  crevice corrosion. 
Table 2 .1 .1  gives the resis tance of a number o f  al loys t o  
crevice corrosion in sea water ( 1 9 ) .  
a guide fo r  materials select ion f o r  geothermal brine service.  

This tab le  may be used as 

n 

1 2 .  Monitor corrosion ra tes  by coupons and by instrumental methods. 
This will aid in es tabl ishing maintenance schedules and d i r ec t  
a t ten t ion  of the engineering s t a f f  t o  potential  trouble.  

2.1.3 P i t t ing  Corrosion 

The form of localized corrosion tha t  r e su l t s  in small holes o r  pi ts  
in  a r e l a t ive ly  uncorroded metal i s  termed p i t t i ng  corrosion. The p i t  
i s  typ ica l ly  deeper than the width of i t s  surface opening; however, 
saucer shaped p i t s  may occur (see Figure 2 .1 .6 ) .  If the p i t s  a re  small 
and r u n  together the surface may have a roughened o r  grooved appearance 
a s  shown in Figure 2 .1 .7 .  
t h a t  i s  intermediate t o  immunity and corrosion as  shown i n  Figure 2 .1 .8(11) .  
Once p i t s  a re  nucleated, the corrosion process i s  often self-s t imulat ing.  
P i t s  may be i n i t i a t e d  by crevice corrosion under par t icu la te  matter t ha t  
s e t t l e s  on the surface of a metal. 

P i t t ing  may be considered as  a form of corrosion 

As the  p i t s  form, the corrosion product may form tubercles which in 
the case of iron usually consis t  of a hard outer c rus t  o f  brown hydrated 
f e r r i c  oxide, with, possibly, some admixture of c a l c i t e ;  and an inner 
layer  of black magnetite. 
concentration i s  usually higher and, the oxygen concentration and the pH 
lower, than outside of the p i t .  
the tubercles formed by exposure of metals t o  geothermal brines. 

Within the tubercle and the p i t  the anion 

Figures 2.1.9 and 2.1.10 show some of 

Water chemistry, f l u id  flow, and surface f in i sh  a re  important 
fac tors  in  p i t  nucleation and growth. 
promote p i t t i ng ;  slow f lu id  flow may re su l t  in the deposition of part-  
i cu l a t e  matter with the consequent i n i t i a t i o n  of crevice corrosion which 
may ult imately appear a s  p i t t i ng  corrosion. 
t o  make the solutions more uniform and reduce the number and severi ty  of - 

Slow flow o r  stagnant conditions 

Even small flow ra tes  tend 
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Figure 2.1.6 Corrosion p i t s  i n  carbon s teel  tubing used in 
geothermal water service.  Magnification about 400X. 

Figure 2.1.7 P i t t i n g  i n  mild s teel  corrosion coupon subjected t o  
cooling tower water. Magnification about  4X. 
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F i g u r e  2.1.8 
immunity and u n i f o r m  co r ros iqn .  

P i t t i n g  may be considered t o  be i n t e r m e d i a t  
A f t e r  Fontana and Greene 
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F igu re  2.1.9 Tubercles formed on low carbon s t e e l  c o r r o s i o n  coupon exposed 
t o  ae ra ted  geothermal b r i n e  f o r  about 7 weeks. 

F igu re  2.1.10 Tubercles formed on y e l l o w  brass c o r r o s i o n  coupon exposed t o  
aera ted  geothermal b r i n e  f o r  7 weeks. 
dez i  n c i  f i c a t i o n .  

Areas o f  t h e  coupon a l s o  showed 
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n 
p i t s .  Most p i t s  a r e  formed i n  t h e  d i r e c t i o n  

t h e  suggest ion t h a t  p i t s  may be i n i t i a t e d  as 

d e b r i s .  Fur ther ,  i n  stagnant s o l u t i o n s  smal 

o f  g r a v i t y ;  t h i s  supports 

c r e v i c e  c o r r o s i o n  under 

d i f f e r e n c e s  i n  l o c a l  

s o l u t i o n  d e n s i t y  may be caused by a d d i t i o n  o f  metal  i ons  t o  the  s o l u t i o n  

f rom t h e  c o r r o s i o n  process; t h i s  would l ead  t o  l o c a l  increases i n  

d e n s i t y  and promote p i t t i n g  i n  t h e  d i r e c t i o n  o f  g r a v i t y .  

bromide, and hypochlorous anions, and i r o n  and copper ca t i ons ,  promote 

p i t t i n g .  
f l u o r i d e s  have l i t t l e  e f f e c t  on i r o n  and s t a i n l e s s  s t e e l s .  Hydroxides 

a l s o  have an i n h i b i t i n g  e f f e c t  on p i t  fo rmat ion ;  p i t  n u c l e a t i o n  and 

growth i n  i r o n  and s t a i n l e s s  s t e e l s  decreases w i t h  i n c r e a s i n g  pH. 

Aluminum i s  p i t t e d  by copper i n  b icarbonate  s o l u t i o n s ( 2 3 ) .  

Ch lor ide ,  

Chromates and n i t r a t e s  have an i n h i b i t i n g  e f f e c t ,  w h i l e  

Geothermal b r i n e s  usual y c o n t a i n  carbonates , bicarbonates .and 

d i s s o l v e d  carbon d iox ide ;  some b r i n e s  c o n t a i n  copper and i r o n .  For t h i s  
reason c a r e f u l  c o n s i d e r a t i o n  must be g i ven  t o  water chemis t ry  i n  s e l e c t i o n  

o f  m a t e r i a l s  f o r  hand l i ng  geothermal b r ines .  High temperatures promote 

p i t t i n g .  For example, aluminum p ipes  a r e  commonly used f o r  s p r i n k l e r  

i r r i g a t i o n ;  however, when geothermal b r i n e s  a r e  used t h e  combinat ion o f  
a l k a l i e s  leached from t h e  s o i l  and t h e  h i g h  su r face  temperatures o f  t h e  

p ipes  promotes r a p i d  c o r r o s i o n  from t h e  s o i l  s i d e  o f  t h e  system. 

u s t r a t e s  an example of 4 i n c h  ( locm) aluminum s p r i n k l e r  

R a f t  R i v e r  Va l l ey .  
F i g u r e  2.1.11 il 
p i p e  used i n  t h e  

I n  t h e  RRGE system p i t t i n g  i s  most l i k e l y  t o  occur i n  t h e  t r a n s -  

m i s s i o n  l i n e s  and i n  t h e  heat  exchangers. The condenser heat exchangers 

a r e  those most l i k e l y  t o  be a t tacked  by p i t t i n g  c o r r o s i o n  because o f  t he  

h,igh oxygen c o n c e n t r a t i o n  found i n  t h a t  p a r t  o f  t h e  system. 

Car te r  and Cramer (18) no ted  t h a t  p i t t i n g  occured i n  t i t a n i u m  when 

t e s t e d  i n  I m p e r i a l  V a l l e y  b r i nes .  An au toc lave  f a b r i c a t e d  from Type 

316L s t a i n l e s s  s t e e l  showed severe p i t t i n g  (0.125 i n .  o r  3.2 mm) a f t e r  

1500 h r  o f  s e r v i c e  i n ,  these same f l u i d s .  A l l e g r i n i  and B e n v e n ~ t i ( ~ ~ )  

r e p o r t e d  t h a t ,  in .  L a r d e r e l l o ,  I t a l y ,  Type 316 s t a i n l e s s  s t e e l  showed 

p i t t i n g  t o  t h e  e x t e n t  t h a t  i t  cou ld  n o t  be used i n  many a p p l i c a t i o n s .  

. 
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F i g u r e  2.1.11 
aluminum sprinkler-irrigation pipe used in geothermal brine service in the 
R a f t  R i v e r  Va l ley ,  Idaho. 

P i t t i n g  and general  c o r r o s i o n  on e x t e r i o r  o f  4 i n .  (10 cm) 
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Cont ro l  and Design Gu ide l ines  

P i t t i n g  c o r r o s i o n  may be reduced by t h e  f o l l o w i n g  procedures (11 J 4 ) .  

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

Dra in  b r i n e s  f rom p 
when f a c i l i t i e s  a r e  

Reduce o r  e l i m i n a t e  

pes and tanks and f l u s h  w i t h  c lean water 

t o  be shut down f o r  some t ime. 

oxygen and o t h e r  o x i d i z i n g  agents from t h e  

system wherever t h i s  i s  poss ib le .  

Remove p a r t i c u l a t e  m a t t e r  f rom process streams wherever p r a c t i c a l .  

M a i n t a i n  s u f f i c i e n t  v e l o c i t y  i n  t h e  system t o  keep the  s o l u t i o n  

w e l l  mixed. 

maintained. 

A minimum o f  2 f t / s e c  (0.6 m/sec) should be 

S e l e c t  m a t e r i a l s  f o r  r e s i s t a n c e  t o  p i t t i n g .  For example, t h e  

s t a i n l e s s  s t e e l s  a r e  more suscep t ib le  t o  p i t t i n g  c o r r o s i o n  

than any o t h e r  c l a s s  o f  a l l o y s .  

t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s ;  Type 316 i s  much more 

r e s i s t a n t  t o  p i t t i n g  than Type 304. 
t o  p i t t i n g  o f  some m a t e r i a l s  i n  seawater 

general g u i d e l i n e  t o  m a t e r i a l s  s e l e c t i o n  f o r  t he  R a f t  R i v e r  

power p l a n t .  

W i t h i n  t h e  s t a i n l e s s  s t e e l s  

Table 2.1.2 l i s t s  r e s i s t a n c e  

and prov ides  a 

Use i n h i b i t o r s  w i t h  c a u t i o n  s ince, i n  general ,  a g r e a t e r  

concen t ra t i on  o f  i n h i b i t o r  i s  r e q u i r e d  t o  p revent  o r  c o n t r o l  

p i t t i n g  than i s  r e q u i r e d  f o r  general  o r  un i fo rm c o r r o s i o n  

c o n t r o l .  
i n  acce le ra ted  co r ros ion ,  e.g., p i t t i n g .  

Fur ther ,  l o c a l i z e d  d e p l e t i o n  of i n h i b i t o r  may r e s u l t  

Mon i to r  system behav io r  and p o t e n t i a l  problems w i t h  bo th  

f requen t  examinat ion and an on-going s u r v e i l l a n c e  program. 

n 

n 
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Tab le  2.1.2 
2 f e e t / ~ e c o n d ) ~ ~ ~ ~ .  Reproduced by permiss ion .  

P '  t ' n g  me ta l s  immersed i n  q u i e t  seawater ( v e l o c i t y  l e s s  than  

Pits tend to be broad 
shallow depressions within 
the general wastage of 
the whole surface 

Pits from localized 
dealloying (parting 
corrosion) characterize 
these materials 

Minor pitting which 
can occur in these cast 
ai lop seldom affects 
the performance of the 
cartinga 

Excellent to moderate 
resistance to pitting except 
under certain types 
of deposit which may 
occur in some tubing applications 

Entire corrosion weight 
loss occurs in highly 
localized pits ' 

Virtually 
no attack 

Zinc 

Aluminum 

Carbon Steel 

Cast Iron 

Aluminum Bronze 

Uninhibited Brass 

Manganese Bronze 

Munh Metal 

Austenitic Nickel Cast Iron 

Nickel-Aluminum Bronze 

G Bronze 

M Bronze 

90/10Copper-Nickel(1.5 Fe) 

Inhibited Admiralty 

70/30 Copper-Nickel (0.5 Fe) 

Copper 

Inhibited AI Brass 

Alloy 825' 
Alloy 20' 

Nickel.Copper Alloy 400 

Nickel 

Anodized AI 
Type316 Stainless' 

Nickel-Chromium Alloys 
Type 304 Stainless 

400 Series Stainless 

NickeCChromium4iigh Molybdenum Alloys 
Titanium 

II n 
I -  Heavy metal ion (Cu. Fe. Ni) Pittingo 

t I 
\ J 

1 
8 I 

Graphitizes + 3 
L Dealuminifles 

i Dezincifies 

Pitting increases with Fe content 

I 5  
5 f - 
1 I f 3  

0 

0 
f 

0 

Ec3 
At coating breaks 

3 - - 
10 

E 
- _ .  

le/ /  Except i I  in hot seawater , , I  , ,  I 
Nil . 1 2 5 10 20 50 100 

Typical Rates of Penetration - Mils per Year 

0 Data f rom results of early tests a t  depths of 2300 to 5600 feet 

(1) As velocity increases above 3 fps pitt ing decreases When continuously exposed t o  5 f t  
per sec and higher velocities these metals, except Type 400 series, tend to remaln 
passive without any pitt ing over the full surface in the absence of crevices 

(2) These grades have an advantage over Tvpe 304 stainless steel and related grades i n  
that there is a substantial reduction in i h e  number of pits. I e ,  probability of pitt ing 
even though the depth of such pits as do occur is not greatly reduced 

31 



n 
2.1.4 Stress Corrosion Cracking 

Stress corrosion cracking results from the combined action of 
stress and attack by a specific corrosive environment. 
be either applied or residual (i .e. , resulting from fabrication procedures 
such as welding). 
18-8 stainless steel, and brass are susceptible to stress corrosion 
cracking in ammonium nitrate. Of these materials only 18-8 stainless 
steel is susceptible to stress corrosion cracking in ammonium chloride. 
Typically, the stress is static; when the stress is varying or cyclic 
the term corrosion fatigue is usually applied. However, more materials 
are subject to corrosion fatigue in a given corrodant than to stress 
corrosion cracking. 
form of corrosion in some environment, most are attacked by relatively 
few specific environments. 

The stress may 

The corrosion medium is specific; for example, steel, 

While virtually all metals are susceptible to this 

The term "hydrogen embrittlement" is often confused with stress 
corrosion cracking. The principal reason for this confusion is that 
hydrogen plays a prominent role in some cases of stress corrosion 
cracking. The following distinctions are made between stress corrosion 
cracking 

1. 

2. 

3.  

and hydrogen embrittlement(14): 

Cracking due to the introduction o f  hydrogen but without 
corrosion o f  the metal is not stress corrosion cracking. 

Cracking due to hydrogen which has been produced by a high 
rate of uniform corrosion, i.e., in the absence of an applied 
o r  residual stress, is usually not stress corrosion cracking. 

When hydrogen is produced, in a stressed metal, by local 
corrosion in a crack or pit and this results in crack prop- 
agation the process is considered to be stress-corrosion 
cracking 
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Crack Morphology 

Cracks propagate normal t o  the  app l ied ,  o r  r e s i d u a l ,  s t ress .  I n  the  

i n i t i a l  stages o f  c rack ing  the  opening w i l l  n o t  be v i s i b l e  t o  the  

unaided eye. 

F igu re  2.1.12 shows l a r g e  cracks i n  a s t a i n l e s s  s t e e l  patch which had 

been used t o  r e p a i r  a geothermal water l i n e  i n  Boise, Idaho. I n  t h i s  

i ns tance  a combinat ion o f  c h l o r i d e s  leached from the  s o i l ,  oxygen from 

t h e  a i r  and h o t  geothermal water  was probably  respons ib le  f o r  t he  observed 

f a i l u r e .  

s t r e s s  c o r r o s i o n  crack ing,  a l though a combinat ion o f  t he  two i s  f r e q u e n t l y  

observed. 

d is tances ;  f u r t h e r ,  i n t e r g r a n u l a r  cracks may show some t ransg ranu la r  
f r a c t u r i n g .  

A t  l a t e r  stages t h e  cracks may become very  prominent.  

E i t h e r  i n t e r g r a n u l a r  o r  t ransg ranu la r  cracks predominate i n  

Transgranular  cracks may f o l l o w  g r a i n  boundaries over s h o r t  

I n t e r g r a n u l a r  c rack ing  f o l l o w s  t h e  g r a i n  boundaries o f  t he  meta l .  

Th i s  form o f  c rack ing  i s  t y p i c a l  o f  s t r e s s  c o r r o s i o n  c rack ing  i n  low- 

carbon s t e e l ,  i n  brasses, and i n  aluminum a l l o y s .  Secondary cracks a re  

f r e q u e n t l y  found ad jacent  t o  the  main crack;  these a r e  u s u a l l y  sma l le r  

than t h e  main c rack  and a r e  found by meta l lograph ic  examinat ion.  

Transgranular  c rack ing  proceeds by f r a c t u r e  through the  g ra ins  

r a t h e r  than around t h e  gra ins .  
morphology i s  c h a r a c t e r i s t i c  o f  t he  a u s t e n i t i c  s t a i n l e s s  s tee l s ,  such as 

Type 304, i n  h o t  c h l o r i d e  so lu t i ons .  

Th is  form o f  s t r e s s  co r ros ion  c rack ing  

The environment a l s o  has an e f f e c t  on the  type  o f  crack propa- 

ga t ion .  For example, Type 304 s t a i n l e s s  s t e e l  shows i n t e r g r a n u l a r  
c rack ing  i n  ammonium n i t r a t e ,  t ransg ranu la r  c rack ing  i n  magnesium 

j c h l o r i d e  and a combinat ion o f  i n t e r g r a n u l a r  and t ransg ranu la r  c rack ing  
i n  potassium c h l o r i d e .  

Table 2.1.3 l i s t s  the  types o f  c rack  morphology f o r  s t r e s s  c o r r o s i o n  

c rack ing  i n  s t e e l ,  18-8 s t a i n l e s s  s t e e l ,  y e l l o w  brass, Monel (66Ni-34Cu), 

n i c k e l ,  and t i t a n i u m ,  i n  a number o f   environment^(*^). Th is  t a b l e  a l s o  
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Figure 2.1.12 
repair  a water main in geothermal brine service.  

Stress  corrosion cracks in a s ta in less  s teel  patch used t o  
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Cor ros i  1 

TABLE 2.1.3 

es That Induce S t ress  Cor ros ion  Cra k i n g  i n  Meta ls  

S tee l  18-8 Brass Monel N icke l  

A1 umi num c h l o r i d e  
Aluminum s u l f a t e  
Ammonia ( d i  1 Ute) 
Ammoni um c h l o r i d e  
Ammonium n i t r a t e  
Barium c h l o r i d e  
Calcium c h l o r i d e  
Calcium n i t r a t e  
Chromi um c h l  o r i  de 
Coba l t  c h l o r i d e  
Hydrogen c h l o r i d e  
L i t h i u m  c h l o r i d e  
Manganese c h l o r i d e  
Magnesium c h l o r i d e  
Mercu r i c  c h l o r i d e  
Mercurous n i t r a t e  
Mercury 
N icke l  n i t r a t e  
N i t r i c  a c i d  + 

manganese c h l o r i d e  
Potass i  um c h l o r i d e  
Potassium hydrox ide  
Potassium permanganate 
Sodium a luminate  
Sodium c h l o r i d e  
Sodium hydrox ide  
Manganese c h l o r i d e  
Sodi urn n i  t r a t e  
Sodium s i l i c a t e  
Manganese s u l f a t e  
Sodium s u l f a t e  
Steam 

5 PPm "3 
Ch lor ides  (100 ppm) 
Z inc  c h l o r i d e  

I T  

I 

I 

T 

I T  

I 

I 

I 
I 
I T  

I 
I 
I 
I 
I 

I T  

I T  
I I 
I T  T 
I T  

I T  

T 
T 

I T  
T Ta 

T 
I T  

I T  
I T  

I T  
T 

I T  
T 
I T  

I T  
A1 bronze 
S i  bronze 

T I 
I T  
T 

I T  
I T  

I 

a Does n o t  c rack  unless n i t r o g e n  compounds a r e  a l s o  present.  

I, i n t e r g r a n u a l  cracks; T, t r a n s g r a n u l a r  cracks:  I T  i n t e r g r a n u l a r  
and/or t ransg ranu la r  cracks.  
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l i s t s  many c o n s t i t u e n t s  o f  geothermal brines,. i n c l u d i n g  those a t  R a f t  

R i v e r  and Boise, Idaho. Several commonly encountered environments a r e  

i n c l u d e d  f o r  comparison purposes. 

The temperature o f  t h e  R a f t  R i v e r  geothermal b r i n e s  and t h e  c h l o r i d e  

concen t ra t i ons  a r e  h i g h  enough t h a t  p a r t i c u l a r  a t t e n t i o n  must be g i ven  

t o  t h e  e x c l u s i o n  o f  oxygen from t h e  system t o  reduce t h e  p o s s i b i l i t y  o f  

s t r e s s  c o r r o s i o n  c rack ing .  A l l  p o i n t s  where t e n s i l e  s t resses  a r e  present  

a r e  p o t e n t i a l  s i t e s  o f  s t r e s s  c o r r o s i o n  c rack ing .  A l l  pumps i n  c o n t a c t  

w i t h  geothermal b r i n e s  have t e n s i l e  s t resses  i n  t h e  i m p e l l e r s  and t o  a 
l e s s e r  e x t e n t  i n  t h e  sha f t s .  

and preheaters  o f  t h e  h i g h  temperature b r i n e  c i r c u i t  and the  t u b i n g  i n  

t h e  isobutane condenser a r e  p o t e n t i a l  s i t e s  f o r  s t r e s s  c o r r o s i o n  c rack ing .  

The heat exchanger tubes i n  t h e  b o i l e r s  

Allegrini and Benvenuti (24)  noted stress corrosion cracking in 

Type 316 s t a i n l e s s  s t e e l  as w e l l  as inc reased general c o r r o s i o n  when 

s t ressed.  

yea rs  o f  s e r v i c e  was rep laced  w i t h  a Type 316 bel lows; t h e  l a t t e r  be l lows 

l a s t e d  o n l y  2 t o  6 months. 

For  example, a carbon s t e e l  be l lows t h a t  had prov ided 8-9 

Marshal 1 and B r a i  thwai t e ( 8 )  r e p o r t e d  s t r e s s  c o r r o s i o n  o f  s t a i n l e s s  

s t e e l s  i n  New Zealand b r i n e s  and noted t h a t  a u s t e n i t i c  s t a i n l e s s  s t e e l s  

a r e  n o t  s u s c e p t i b l e  t o  t h i s  form o f  a t t a c k  i n  a i r - f r e e  c o n d i t i o n s .  Some 

non- fe r rous  a l l o y s  a l s o  e x h i b i t e d  s t r e s s  c o r r o s i o n  c rack ing ,  f o r  example 

70/30 cup ron icke l  and b e r y l l i u m  copper. H igh -s t reng th  s t e e l s  a r e  

s u s c e p t i b l e  t o  t h i s  form o f  a t t a c k  i n  geothermal b r i n e s  bear ing  hydrogen 

s u l f i d e .  

p l a c e  o f  h igh -s t reng th  m a t e r i a l s  t o  avo id  t h i s  form o f  a t t a c k .  

Low-strength s t e e l s  a r e  recommended where they  can be used i n  

T o l i v a ( 1 7 )  found s t r e s s  c o r r o s i o n  i n  two grades o f  s t e e l  i n  s h o r t -  

te rm t e s t s  a t  Cer ro  P r i e t o ,  Mexico. I n  sho r t - t e rm t e s t s  i n  Imper ia l  
V a l l e y  b r i n e s  C a r t e r  and Cramer (18) d i d  n o t  f i n d  s t r e s s  c o r r o s i o n  

c r a c k i n g  i n  any o f  t h e  m a t e r i a l s  tes ted .  

s t r e s s  c o r r o s i o n  c rack ing  i n  long- te rm t e s t s .  
Only i ron-base a l l o y s  s u f f e r e d  
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St ress  c o r r o s i o n  c rack ing  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i s  temp- 

e r a t u r e  s e n s i t i v e .  From experiments and p l a n t  p r a c t i c e  Marshal l  and 

B r a i t h w a i t e ( 8 )  concluded t h a t  a minimum o f  50C (32310 and a minimum o f  5 

ppm c h l o r i d e  a r e  r e q u i r e d  i n  a d d i t i o n  t o  oxygen f o r  s t r e s s  c o r r o s i o n  

c rack ing  i n  geothermal b r i n e s .  

no minimum s t r e s s  f o r  t h i s  fo rm o f  a t t a c k .  

h i g h  s t r e n g t h  s t e e l s  can apparen t l y  occur a t  temperatures w e l l  below 
l O O C  (37310 and i n  geothermal b r i n e s  up t o  19OC (46310. 

They repo r ted  t h a t  t h e r e  appeared t o  be 

S u l f i d e  s t r e s s  c rack ing  i n  

Cont ro l  and Design Gu ide l ines  

The mechanism o f  s t r e s s  c o r r o s i o n  i s  n o t  w e l l  enough known t o  app ly  

t h e o r e t i c a l  c o n t r o l  measures t o  t h e  r e d u c t i o n  o r  p reven t ion  o f  t h i s  form 

o f  co r ros ion .  The methods used t o  c o n t r o l  s t r e s s  c o r r o s i o n  c rack ing  a r e  

general  and mos t l y  e m p i r i c a l .  The f o l l o w i n g  methods a r e  suggested as 
ways o f  reduc ing  t h e  problems assoc ia ted  w i t h  s t r e s s  c o r r o s i o n  c rack ing  (11 ) .  . 

1. 

2 .  

3. 

4. 

5. 

Reduce s t r e s s  t o  l e s s  than the  th reshho ld  l e v e l ,  i f  one 

e x i s t s .  Th i s  may be done by us ing  a t h i c k e r  sec t i on .  

Mod i fy  t h e  environment t o  remove the  aggress ive  species.  

example, t h e  c h l o r i d e  o r  d i sso l ved  oxygen concen t ra t i on  can be 

reduced t o  l e s s  than t h e  c r i t i c a l  values f o r  s t r e s s  c o r r o s i o n  
c rack ing  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l ;  see F igu re  2.1.13 f o r  

For 

a guide t o  these values ( 2 6 )  . 

Se lec t  a more r e s i s t a n t  a l l o y  f o r  c r i t i c a l  l o c a t i o n s  o r  
environments. 

Apply a ca thod ic  p o t e n t i a l  t o  reduce t h e  anodic c u r r e n t  l e v e l s  

a t  t h e  c rack  t i p s .  

l i m i t e d  by t h e  p o t e n t i a l  f o r  hydrogen charg ing  o f  t he  metal 

and r e s u l t a n t  hydrogen c rack ing .  

The a p p l i c a t i o n  o f  t h i s  technique i s  

Use i n h i b i t o r s  i n  t h e  system i f  t h i s  i s  f e a s i b l e .  For example, 

phosphates and o t h e r  i n h i b i t o r s  have been used t o  reduce 
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Figure 2.1.13 Proposed relationship between chloride and oxygen content 
o f  alkaline-phosphate treated boiler water, and susceptibility to stress 
corrosion o f  austeni stainless steel exposed to the steam phase with 
intermittent wetting tic 1 . 

n 
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s t r e s s  c o r r o s i o n  c rack ing ,  g e n e r a l l y  by pH c o n t r o l  o r  su r face  

pass i va t i on .  

2.1.5 Cor ros ion  Fa t igue  

F r a c t u r e  f a i l u r e  due t o  c y c l i c  l o a d i n g  i s  termed f a t i g u e .  

c y c l i c  s t r e s s  may o r  may n o t  be superimposed on a s t a t i c  load. 

t h e  l o a d  r e q u i r e d  t o  cause f a t i g u e  f a i l u r e  i s  somewhat sma l le r  than t h e  

s t a t i c  u l t i m a t e  s t r e n g t h  o f  t h e  meta,l. Ferrous a l l o y s  u s u a l l y  show a 

minimum f a i l u r e  s t r e s s  below which repeated c y c l i n g ,  e.g., l o 6  t o  l o 7  
cyc les ,  does n o t  r e s u l t  i n  f r a c t u r e .  Copper, aluminum and magnesium 

a l l o y s  do n o t  show such a minimum. 

The 

General ly,  

I n  t h e  presence o f  a co r rodan t  t h e  number o f  c y c l e s  t o  f a i l u r e ,  a t  

a g i v e n  s t ress ,  i s  u s u a l l y  s i g n i f i c a n t l y  reduced. Th is  i s  c o r r o s i o n  

f a t i g u e .  More s u c c i n c t l y ,  c o r r o s i o n  f a t i g u e  i s  d e f i n e d  as t h e  combined 

a c t i o n  o f  an aggress ive  environment and a c y c l i c  s t ress ,  l e a d i n g  t o  a 

premature f a i l u r e  by f r a c t u r e ( 2 7 ) .  

c o r r o s i o n  f a t i g u e  o f  i r o n  resemble those o f  t h e  non-ferrous meta ls .  

F i g u r e  2.1.14 shows S-N curves f o r  a low carbon s t e e l .  

The s t ress -cyc les  (S-N) curves f o r  

Cor ros ion  f a t i g u e  i s  o f t e n  c lassed as a form o f  s t r e s s  c o r r o s i o n  

c rack ing .  The environments t h a t  cause c o r r o s i o n  f a t i g u e  a r e  much more 
numerous than those f o r  stress corrosion cracking. Under these circum- 
stances t h e  separa t i on  o f  s t r e s s  c o r r o s i o n  c rack ing  and c o r r o s i o n  f a t i g u e  
i s  j u s t i f i e d .  

Corrodants 

Fa t igue  t e s t s  o f  meta ls  i n  a i r  g e n e r a l l y  show an e f f e c t  due t o  t h e  

presence o f  oxygen and/or water vapor. 

o f  70-30 brass i s  26% g r e a t e r  i n  a vacuum than i n  a i r ( 2 7 ) .  I n  t h i s  case 

a i r  i s  a cor rodant .  However some c o r r o s i o n  i s  g e n e r a l l y  r e q u i r e d  be fo re  

c o r r o s i o n  f a t i g u e  occurs. For example, g o l d  does n o t  cor rode i n  a i r  and 
has t h e  same f a t i g u e  c h a r a c t e r i s t i c s  i n  a i r  and i n  vacuum; thus, g o l d  i s  

immune t o  c o r r o s i o n  f a t i g u e  i n  a i r .  

For example, t h e  f a t i g u e  endurance 
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F i g u r e  2.1.14 
o f  low ca rbon  steel i n  d i s t i l l e d  water and 3% NaCl s o l u t i o n s ( 2 5 ) .  

Effect o f  d i s s o l v e d  02 and c h l o r i d e  i o n  on the f a t i g u e  behav io r  

40 

n 



M o i s t  a i r  i s  more aggress ive  than d r y  a i r ;  hydrogen s u l f i d e ,  

s u l f u r  d iox ide ,  and c e r t a i n  o t h e r  gases i n  t h e  a i r  can acce le ra te  

f a i l u r e .  

geothermal f a c i l i t i e s ,  a r e  prone t o  t h i s  form o f  a t t a c k .  I n  a d d i t i o n  t h e  

steam from geothermal sources u s u a l l y  con ta ins  hydrogen s u l f i d e  and 

carbon d i o x i d e  which acce le ra te  c o r r o s i o n  f a t i g u e .  

Pumps and compressors which work i n  m o i s t  a i r ,  such as a t  

Ch lo r ides  a r e  g e n e r a l l y  more aggress ive  than o t h e r  anions i n  
s o l u t i o n .  I n  m i l d l y  c o r r o s i v e  environments t h e  concen t ra t i on  o f  t h e  

co r rodan t  has a marked e f f e c t .  A t  h i g h  concent ra t ions ,  however, t h e  

c o n t r i b u t i o n  o f  t h e  co r rodan t  t o  c o r r o s i o n  f a t i g u e  approaches a l i m i t .  

Temperature E f f e c t  

There i s  an apprec iab le  temperature e f f e c t  on t h e  c o r r o s i o n  f a t i g u e  

process. I n  a r t i f i c i a l  sea water, f o r  example, t h e  f a t i g u e  l i f e ,  a t  20 

k s i ,  (137.9 MPa) o f  m i l d  s t e e l  was approx imate ly  ha lved when t h e  temperature 

was r a i s e d  f rom 15C (28810 t o  45C (318K). 

temperature would be expected w i t h  o t h e r  m a t e r i a l s .  

S i m i l a r  e f f e c t s  due t o  increased 

F a i l u r e  Mode 

I n  f a t i g u e  f a i l u r e  t h e r e  i s ,  t y p i c a l l y ,  a s i n g l e  c rack  w i t h  a 
reasonably  w e l l  de f i ned  p o i n t  o f  o r i g i n .  I n  c o r r o s i o n  f a t i g u e ,  however, 

t h e r e  may be numerous cracks, w i t h  o n l y  one propagat ing  t o  f a i l u r e .  The 
p o i n t  o f  i n i t i a t i o n  may be d i f f i c u l t  t o  i d e n t i f y  because o f  e i t h e r  

general  c o r r o s i o n  o r  t h e  accumulat ion o f  c o r r o s i o n  produc ts  i n  t h e  
c rack .  

The f i n a l  f r a c t u r e  i s  t y p i c a l l y  t ransg ranu la r ,  w i t h  a c h a r a c t e r i s t i c  

f i b r o u s  appearance. The l a s t  b i t  o f  f r a c t u r e  rep resen ts  b r i t t l e ,  i n t e r -  

g r a n u l a r  c rack ing .  E a r l i e r  p o r t i o n s  o f  t h e  f r a c t u r e  zone may be smoothed 

by  t h e  mechanical working o f  t h e  su r face  as t h e  c rack  faces c o n t a c t  one 

another  i n  each cyc le .  Cor ros ion  may h e l p  t o  remove t h e  mic roscop ic  

r i d g e s  t h a t  r e s u l t  from crack  advancement d u r i n g  each cyc le .  I f  t he  

c y c l i n g  i s  i n t e r r u p t e d ,  l a r g e r  mic roscop ic  r i d g e s  may deve lop(27) .  
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The R a f t  R i v e r  geothermal b r i n e s  p rov ide  t h e  environment necessary f o r  

c o r r o s i o n  f a t i g u e .  Several components of t h e  f l u i d  t ransmiss ion  system 

a r e  e i t h e r  r o t a t i n g  machinery o r  a r e  s u b j e c t  t o  v i b r a t i o n .  A l l  pumps i n  

t h e  b r i n e  system o r  i n  t h e  isobutane condenser/cool ing tower c i r c u i t  

w i l l  be s u b j e c t  t o  c o r r o s i o n  f a t i g u e .  I n  a d d i t i o n ,  t h e  t u b i n g  i n  a l l  

hea t  exchangers i s  s u b j e c t  t o  v i b r a t i o n  and, t he re fo re ,  t o  c o r r o s i o n  

f a t i  gue. 

Marsha l l  and Bra i thwa i  t e ( 8 )  r e p o r t e d  f a t i g u e  f a i l u r e  o f  t u r b i n e  

blades i n  geothermal steam s e r v i c e  i n  New Zealand, and suggested t h a t  

c o r r o s i o n  f a t i g u e  may have been respons ib le .  

be l lows i n  geothermal steam s e r v i c e  a t  L a r d e r e l l o ,  I t a l y ,  was a t t r i b u t e d  

t o  s t r e s s  c o r r o s i o n  c rack ing (24 ) ;  however, t h e  c o n d i t i o n s  o f  o p e r a t i n g  

be l l ows  suggest t h a t  c o r r o s i o n  f a t i g u e  may have c o n t r i b u t e d  t o  t h e  

The f a i l u r e  o f  metal  

f a i l u r e .  Steam t u r b i n e  f a i l u r e s  a t  The Geysers geothermal genera t i ng  

s t a t i o n  have been a t t r i b u t e d  t o  c o r r o s i o n  f a t i g u e ( 2 8 ) .  

The mechanisms o f  c o r r o s i o n  f a t i g u e  have been reviewed i n  depth by 

D ~ q u e t t e ( ' ~ ) .  

C o n t r o l  and Design Gu ide l i nes  

The f o l l o w i n g  methods f o r  reduc ing  o r  p reven t ing  c o r r o s i o n  f a t i g u e  
a r e  suggested: (11 Y 14)  

1. 

2. 

3 .  

4. 

Reduce t e n s i l e  s t resses  i n  components by redes ign .  

Reduce r e s i d u a l  t e n s i l e  s t resses  i n  s t r u c t u r e s  by heat t r e a t -  

ment. 

P lace  t h e  su r face  i n  compressive s t r e s s  by shot  peening o r  

su r face  r o l  

N i t r i d e  t h e  

endurance 1 

i ng .  

su r face  t o  inc rease t h e  s t r e n g t h  and f a t i g u e  

m i t .  
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5; 

6. 

7. 

a.  

Use i n h i b i t o r s .  ( A  h ighe r  concen t ra t i on  o f  i n h i b i t o r  i s  

r e q u i r e d  than i s  normal ly  used f o r  p reven t ion  o f  un i fo rm 

co r ros ion .  ) 

Cathodic p r o t e c t i o n  coa t ings  a re  sometimes e f f e c t i v e .  
sur face  must be unbroken and nonporous. 

The 

Anodic coat ings  a r e  u s u a l l y  e f f e c t i v e .  

coa t ings  a r e  g e n e r a l l y  more e f f e c t i v e  than h o t  d i p  coat ings .  
Care must be taken t o  avo id  hydrogen embr i t t lement  d u r i n g  

coat ing .  

E lec t rodepos i ted  

Organic coat ings  serve as a phys ica l  b a r r i e r  between t h e  metal  

and t h e  environment. They a r e  n o t  e f f e c t i v e  unless a b s o l u t e l y  

cont inuous. 

2.2 Less Impor tan t  Forms o f  Cor ros ion  

I n  t h e  RRGE systems the  f o l l o w i n g  forms o f  c o r r o s i o n  a re  thought  t o  

be l e s s  impor tan t  than those d iscussed i n  Sec t ion  2.1. 

2.2.1 Galvanic Cor ros ion  

Galvanic  c o r r o s i o n  i s  t h e  acce le ra ted  wastage o f  meta l  due t o  the  

ga lvan ic  a c t i o n  o f  two d i s s i m i l a r  meta ls  i n  contac t .  

members o f  t h e  s t r u c t u r e  may be corroded, the  l e s s  r e s i s t a n t  member 
shows an inc rease i n  c o r r o s i o n  r a t e  w h i l e  the  more r e s i s t a n t  corrodes 

l e s s  than i f  i t  alone were exposed t o  t h e  environment, 

member i s  s a i d  t o  be ca thod ic  and t h e  l e s s  r e s i s t a n t  member anodic.  The 

parameters t h a t  a r e  impor tan t  i n  ga l van ic  c o r r o s i o n  a re  t h e  r e l a t i v e  

e lec t rochemica l  a c t i v i t i e s  o f  t h e  two metals,  t he  temperature, t he  

r e l a t i v e  areas o f  t he  two metals,  and t h e  chemis t ry  o f  t h e  environment. 

Whi le bo th  m e t a l l i c  

The more r e s i s t a n t  

The p o t e n t i a l  d i f f e rences  between var ious  meta ls  i n  geothermal 

b r i n e s  has n o t  been s tud ied .  However, the  r e l a t i v e  rank ing  o f  a number 



of al loys i n  sea water (Figure 2.2.1) has been made and can serve as a 
guide in predicting the behavior of these materials in geothermal brines 
t h a t  have been cooled t o  about 15C (288K) to  25C (29810. 
potent ia ls  have been measured. For example, Brown (''1 studied the 
potent ia ls  of a number of aluminum alloys vs. annealed copper, hard 
drawn copper and  brass. 
(29310 i n  tap and i n  d i s t i l l e d  water, his r e su l t s  indicate t h a t  large 
electrochemical potent ia ls  can occur between the materials he studied. 

Some galvanic 

While Brown's study was conducted a t  about 2OC 

Temperature e f fec ts  i n  galvanic corrosion are  n o t  unusual; thus, 
a s  the temperature increases the r a t e  of corrosion also increases. 
However, the r a t e  of change of electrochemical potential with temp- 
e ra ture  i s  not the same fo r  a l l  metals. For example, a t  room temp- 
e ra ture  zinc i s  anodic with respect t o  iron. As the temperature in- 
creases t h e  po ten t ia l s  converge and a t  some elevated temperature t h e  
i r o n  may become anodic with respect t o  zinc ( 1 1 ) .  

Galvanic corrosion may be combined w i t h  other forms of corrosion. 
For example, i f  the solution i s  in the nearly neutral t o  moderately 
basic pH range a coating of Fe(OH)3 forms on the iron and p i t t ing  
crevice corrosion can occur. 

Aluminum heat exchanger tubes have been considered for  the primary 
heat t ransfer  system of the RRGE demonstration p l a n t .  
t h a t  a reaction can take place between the heat exchanger tubes and 
copper t h a t  may occur naturally i n  the Raft River geothermal brine 
places a serious l imitat ion on the use of aluminum. 

The poss ib i l i ty  

The reaction i s :  

2 A1 + 3 Cu++ = 2 A1+++ + 3 C u  

t o  g i v e  a deposit  of metall ic copper on the aluminum tubes. 
metal l ic  copper deposits would a c t  as galvanic couples and severe 
p i t t i ng  of the aluminum would r e su l t .  
the chemical kinet ics)  on the copper-aluminum reaction has been investigated 

These 

The e f f ec t  of temperature ( i . e . ,  
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by MacKinnon and Ingraham (30331) in Canada and by Malhotra (32) in the 
U.S. Their work shows that the reaction is controlled by diffusion of 
copper ion through a boundary layer at the temperatures of interest in 
the RRGE systems. The effect of bicarbonate ion (present in Raft River 
geothermal brines) on this reaction has been reported by Becerra and 
Darb~(~~). 

Even when dissimilar metals are in contact, galvanic corrosion may 
not occur or may be sufficiently slow that serious trouble or short life 
is not a problem. This can happen because one or both of the metals may 
be passivated after a short time. 

The concentration of dissolved solids and the conductivity of the 
Raft River geothermal brines are such that they provide a very good 
electrolyte for galvanic corrosion. 
metal couples is probably highest in the cooling tower and care must be 
exercised to prevent accidental coupling. 
transmission lines are additional sites for galvanic corrosion and 
particular attention must be given to materials selection and procurement 
to insure that galvanic corrosion is prevented or controlled. 

The possibility of forming dissimilar 

Both the hot and cold brine 

Hermannsson (16) noted that zinc on galvanized iron was severely 
attacked in Icelandic geothermal waters containing more than about 1 ppm 
dissolved oxygen. This attack is attributed t o  galvanic corrosion 
resulting from the depolarization o f  both iron and zinc surfaces. 
must cbnclude that the propensity for galvanic attack is even greater in 
the more saline Raft River geothermal brines. 

One 

Control and Design Guidelines 

A number of practices have been suggested for control1 
Sometimes one technique preventing galvanic corrosion(1g). 

ng or 
is sufficient 

to control galvanic corrosion; more frequently a combination of the 
following techniques is required: 



VOLTS: SATURATED CALOMEL HALF-CELL REFERENCE ELECTRODE 

f0.2 0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 

I 0 Ni-Cr-Mo-Cu-Si alloy B 
I 

Titanium 

Ni-Cr-Mo alloy C 
I 

Platinum 

;raphite 

r 

r 

Low All 

0 Copper 
I 0 Pb-Sn Solder (50/50) 
I I n Admiralty Brass, Alumi 
I I 0 Manganese Bronze 

0 S i l i c y  Bronze 

0 I = Atainless 

0 Nlckel Silver 

7 OI-lO'Copper-Ni!kel I I 

7 80-20 Copper-Nickel 

0 Tin Bronzes ' I  (G 8 M) 

] Lead 
I I 4 70-30 Cqpper-Nicke! 

dmium 

Steel, Ca 

Steel 

kel Cast 1 1  

ass, Red I 

ni Brass 

el-Types 

el-Type 

n I  I :lainless StLel-Types 

] Zinc 

leryllium 

Aluminui 

Iron 

I 

3ss 

IO. 416 

0 

I 12' 304' : 
I I I 0 Nickel-Copper alloys 400, K-500 

3 1 + Slainle;~ I Steel-jypes 316, 317 

Alloy "20" Stainless Steels. cast and wrodght 

ll0ys 

347 

agnesiun 

n 

Alloys are listed in the order of the potential they exhibit in flowing seawater. Certain alloys indicated 
by the symbol:= in low-velocity or poorly aerated water, and at shielded areas, may become active 
and exhibit a potential near -0.5 volts. 

Figure 2 .2 .1  Corrosion p t e n t i a l s  in flowing seawater (8  t o  13 feet/second) 
temperature range 50-80°F 9 )  17 . Reproduced by permission. 
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1. E l i m i n a t e  d i s s i m i l a r  metal  con tac ts .  I f  t h e r e  i s  no d i s s i m i l a r i t y  

i n  e lec t rochemica l  p o t e n t i a l  then ga lvan ic  c o r r o s i o n  i s  precluded. 

2. I n s u l a t e  d i s s i m i l a r  metals.  Where d i s s i m i l a r  me ta l s  must be 

used together ,  for example, t o  take  advantage o f  mechanical 

p r o p e r t i e s ,  t hey  should be i n s u l a t e d  from one o the r .  To 

i l l u s t r a t e :  The tubes i n  a heat  exchanger may need t o  be a 

m a t e r i a l  t h a t  i s  q u i t e  ca thod ic  t o  t h e  s h e l l  o f  t h e  heat  
exchanger. I n  t h i s  case t h e  tube sheet should be o f  a metal  

s i m i l a r  t o  t h e  tubes and must be e l e c t r i c a l l y  i n s u l a t e d  from 

t h e  exchanger s h e l l .  

3. Use i n h i b i t o r s .  These w i l l  decrease t h e  o v e r a l l  e f f e c t  o f  t h e  

environment. 

4. Use coat ings .  When a c o a t i n g  i s  used, i t  should be a p p l i e d  t o  

t h e  ca thod ic  p o r t i o n .  Th is  w i l l  reduce t h e  e f f e c t  o f  t h e  

d i s s i m i l a r i t y  o f  t h e  areas t o  a minimum. I f  t h e  c o a t i n g  were 

a p p l i e d  i n s t e a d  t o  t h e  more a c t i v e  member, p i n  ho les  i n  t h e  
c o a t i n g  would l e a d  t o  r a p i d  a t t a c k  and p e n e t r a t i o n  o f  t h e  

meta l .  

5. S e l e c t  m a t e r i a l s  t h a t  a r e  f a i r l y  compat ib le  and a l l o w  f o r  
inc reased c o r r o s i o n  i n  the more a c t i v e  meta l .  F i g u r e  2.2.2 

g i ves  a s e l e c t i o n  o f  f a s t e n e r  m a t e r i a l s  f o r  a number o f  common 

meta ls  f o r  use i n  sea water (”). 

c o m p a t i b i l i t y  o f  pump and v a l v e  t r i m  f o r  seawater (19) .  

compat ib le  combinat ions o f  m a t e r i a l s  i n  F igu re  2.2.2 and 2.2.3 

rep resen t  o n l y  a gu ide  t o  m a t e r i a l s  s e l e c t i o n  f o r  geothermal 

use. A t e s t i n g  program w i l l  be r e q u i r e d  t o  i d e n t i f y  compat ib le  

metal  combinat ions f o r  use i n  h o t  geothermal b r i nes .  

F igu re  2.2.3 g i ves  t h e  

The 

2.2.2 S e l e c t i v e  Leach ing  

The removal o f  one ( o r  more) c o n s t i t u e n t s  f rom a s o l i d  a l l o y  by 

c o r r o s i o n  i s  termed s e l e c t i v e  leach ing .  The s e l e c t i v e  removal o f  z i n c  
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BASE METAL 

i 
' Aluminum 

Steel and 
Cast Iron 

Austenitic 
Nickel Cast Iron 

Copper I N.C. I N.C. I Cornp. I Cornp. 

4 FAST1 

Aluminum Carbon Silicon Nickel 
(1) 

Steel Bronze 

Neutral Cornp; Unsatis- Cornp. 

N.C. Neutral Cornp. Cornp. 

N.C. N.C. Cornp. Cornp. 

(2) (2) (21 

factory 

I I I I 

Nickel N.C. N.C. N.C. Neutral 

Nickel. Nickel- 
:hromium Type 304 Copper 

Alloys Alloy 400 

(2) 
Cornp. Cornp. Cornp. 

Cornp. Cornp. Cornp. 

Comp. Comp. Comp. 

Type304 I N.C. 1 N.C. 1 N.C. 1 N.C. 

Type 316 

Cornp. 

Cornp. 

Cornp. 

Nickel-Coppr I N.C. I N.C. I N.C. I N.C. 
Alloy 400 

May (') 
Vary 

Type316 I N.C. 1 N.C. 1 N.C. I N.C. 

May (') Neutral MayC4) 
Vary Vary 

May (4) 
Vary 

Cornp. I Cornp. I Cornp. 1 Cornp. 

(4) (4) 
May (4) May Neutral 
Vary Vary 

(3) (4) May(4) Neutral Cornp. Cornp. 
Vary 

(1) Anodizing would change ratings as fastener. 
(2) Fasteners are compatible and protected but may 
lead to enlargement of bolt hole in aluminum plate. 
(3) Cathodic protection afforded fastener by the base 

metal may not be enough to prevent crevice corrosion 
of fastener particularly under head of bolt fasteners. 
(4) May suffer crevice corrosion, under head of bolt 
fasteners. 

NOTE Comp. = Compatible, Protected. N.C. = Not Compatible, Preferentially Corroded. 

( 1 7 )  Figure 2.2.2 Galvanic compatibility o f  fasteners i n  seawater . 
Reproduced by permi s s i  on. 
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BODY MATERIAL 
.c 

Protected 

May Vary 

Unsatisfactory 

(1) 

Cast Iron 

Protected Protected 

Protected Protected 

Neutral May Vary 
(2) 

Austenitic Nickel 
Cast Iron 

~~~ -~ 

Unsatisfactory 1 May Vary 

M or G Bronze 
70/30 Copper-Nickel Alloy 

May Vary 

Nic kel-Copper AI loy 400 
~ ~ 

Alloy 20 

4 TRIM & 

I Type316 Nickel- Copper 
A ~ I ~ ~  400 Brass or Bronze I 

Protected 1 Protected 1 Protected 

(1) Bronze trim commonly used. Trim may become an- 
odic to body if velocity and turbulence keep stable pro- 
tective film from forming on seat. 

(2) Type 316 is so close to nickel-copper alloy 400 in 
potential that it does not receive enough cathodic pro- 
tection to protect it from pitting under low velocity and 
crevice conditions. 

Figure 2.2.3 
in seawater serviceT17). 

Galva i c  compatibility o f  alloys used for pump and valve trim 
Reproduced by permission. 
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from brass is probably the most common example o f  this form of corrosion, 
and is termed dezincification. However, in other alloy systems the term 
selective leaching is preferred. Selective leaching is used commercially 
to remove silver from gold-silver bullion; in this instance the common 
and preferred term is parting. 

Dezincification of brass occurs in two common morphologies. Both 
layer-type dezincification, and plug-type dezincification have been 
observed. 

Selective leaching occurs frequently in domestic hot water 1 ines 
and to a lesser extent in cold water systems. Thus, high temperatures 
accelerate selective leaching. 
geothermal brines exhibited dezincification as shown in Figure 2.2.10. 
The selective leaching of iron from cast iron is termed graphitization. 
This has been observed in the hot water distribution lines in the Boise \ 

geothermal area. 
geothermal waters containing small amounts of dissolved oxygen, e.g., 
more than about 1 ppm, was severely attacked. 
leaching similar to that observed at Raft River. 

Brass corrosion coupons subjected to 

Hermannsson (16) reported that brass exposed to Icelandic 

This attack was selective 

In reference to the RRGE or other geothermal systems, this form of 
attack is most likely to occur in alloy heat-exchanger tubing. 
example, the leaching of nickel from copper-nickel heat-exchanger tubing 
would be of some concern. Most other alloys proposed for use in the RRGE 
should be immune to selective leaching. 

For 

The mechanisms of selective leachinq of brass have been successfully 
investigated by Horton (33) , 

and Robi Those 
to these sources for clarif 
leaching. 

- 
Heidersbach and Veri nk(34-36)and Langenegger 
interested in this form of attack are directed 
cation of the processes involved in selective 

Control and Design Guidelin s 

Several techniques have been proposed for controlling or preventing 
selective leaching. Some o f  these are noted below(14). The economics 
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o f  any c o n t r o l  measure must be examined c l o s e l y .  

t r u e  i n  t h e  present  case because o f  t h e  slow r a t e  of co r ros ion .  

Th is  i s  e s p e c i a l l y  

1. Oxygen removal w i l l  o f t e n  reduce t h e  aggressiveness o f  t h e  

environment enough t o  c o n t r o l  s e l e c t i v e  leach ing .  

2. A p p l i c a t i o n  o f  a ca thod ic  p o t e n t i a l  w i l l  m in imize  s e l e c t i v e  

1 eachi  ng. 

3. A l l o y  s e l e c t i o n  i s  o f t e n  t h e  bes t  approach. Single-phase 

a l l o y s  a r e  t h e  most r e s i s t a n t  t o  s e l e c t i v e  leach ing .  The 

a d d i t i o n  o f  1% a r s e n i c  t o  70-30 brass e f f e c t i v e l y  c o n t r o l s  

s e l e c t i v e  leach ing .  The use o f  cupro-n icke l  a l l o y s  i n  p lace  

o f  brass i s  suggested i n  cases o f  severe s e l e c t i v e  l each ing  o f  

brass. However, cupro-n icke l  a l l o y s  a r e  somewhat more expensive 

than brass due t o  t h e  r e l a t i v e l y  h i g h  c o s t  o f  n i c k e l .  

2.2.3 Eros ion  Cor ros ion  

Eros ion  c o r r o s i o n  i s  a c o r r o s i o n  process i n  which t h e  r a t e  o f  

a t t a c k  i s  increased by r e l a t i v e  mot ion  o f  t h e  metal  and a f l u i d .  Th i s  

i s  sometimes termed impingement a t t a c k  when, f o r  example, a f l u i d  impinges 

d i r e c t l y  on a metal  sur face .  
p a r t i c l e s ,  such as sand p a r t i c l e s  o r  gas bubbles e n t r a i n e d  i n  w e l l  
water.  

The f l u i d  may o r  may n o t  c o n t a i n  suspended 

Eros ion  tends t o  remove p r o t e c t i v e  f i l m s  o f  ox ides  or o t h e r  c o r r o s i o n  

produc ts  and expose t h e  s u b s t r a t e  metal  t o  acce le ra ted  a t t a c k .  Places 

where t h e  v e l o c i t y  changes a r e  e s p e c i a l l y  s u s c e p t i b l e  t o  a t t a c k .  

s i t e s  f o r  e ros ion  c o r r o s i o n  a r e  en t rance reg ions  o f  t h e  tubes i n  a heat 

exchanger; elbows, bends and tees; v a l v e  seats and faces; pump i m p e l l e r s  

and casings; impingement p l a t e s  i n  cyc lone c l a s s i f i e r s ;  i n t e r n a l s  o f  

f l o w  measuring devices such as t u r b i n e  meters, p i t o t  tubes and drag 

d i sks ;  nozzles and t u r b i n e  blades. 

these w i l l  be r e q u i r e d  t o  p revent  o r  reduce unexpected f a i l u r e s .  

a l l  t ypes  o f  equipment i n v o l v e d  i n  hand l i ng  aggress ive  f l u i d s  a r e  s u b j e c t  

t o  e ros ion  co r ros ion .  

Typ ica l  

P e r i o d i c  i n s p e c t i o n  o f  s i t e s  such as 

V i r t u a l l y  
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F inn ie (39 )  has no ted  a number o f  parameters t h a t  appear t o  be 

impor tan t  i n  d e f i n i n g  eros ion ,  and t h e r e f o r e  e ros ion  co r ros ion :  

1. 

2. 

3. 

4. 

5. 

6. 

Angle o f  impingement. 

b o t h  t h e  d u c t i l i t y  o f  t h e  metal and t h e  angle o f  impingement. 

D u c t i l e  meta ls  show maximum e ros ion  a t  small  angles w h i l e  

b r i t t l e  meta ls  show t h e  maximum e ros ion  r a t e  a t  h igh  angles o f  

impingement. 

The r a t e  o f  e ros ion  i s  a f u n c t i o n  o f  

P a r t i c l e  v e l o c i t y  a t  impingement. 

equat ion  ( U  = %v ) one would p r e d i c t  an exponent ia l  dependence 

on t h e  v e l o c i t y  o f  t h e  p a r t i c l e  o f  2. 
e x h i b i t  a dependence c l o s e r  t o  2.4. 

f a c t o r s  a r e  c o n t r i b u t i n g  t o  e ros ion  i n  a d d i t i o n  t o  s imple 
k i n e t i c  energy changes on impact. 

From t h e  k i n e t i c  energy 
2 

D u c t i l e  m a t e r i a l s  

One may i n f e r  t h a t  o t h e r  

P a r t i c l e  s i z e .  

r e l a t i o n s h i p  between e ros ion  and p a r t i c l e  mass. 

minimum o r  t h r e s h o l d  mass must be exceeded be fo re  e ros ion  i s  

s i g n i f i c a n t .  

The k i n e t i c  energy equat ion  p r e d i c t s  a l i n e a r  

I n  p r a c t i c e  a 

P a r t i c l e  r o t a t i o n  a t  impact. 

c o r r o s i o n  occurs a s ' a  r e s u l t  o f  r o t a t i o n  o f  t h e  p a r t i c l e  a t  

impact. 

A minor  c o n t r i b u t i o n  t o  e ros ion  

P a r t i c l e  shape and s t reng th .  

r a t e  increases w i t h  sharpness o f  t h e  p a r t i c l e ,  p a r t i c u l a r l y  

w i t h  d u c t i l e  m a t e r i a l s .  

impact ing  p a r t i c l e s  i s  n o t  w e l l  known; some f r i a b l e  s o f t  

m a t e r i a l s  a r e  more damaging than s t r o n g l y  coherent m a t e r i a l s ,  

presumably because o f  f ragmenta t ion  o f  t h e  weaker m a t e r i a l .  

C u t t i n g  r a t e  and hence e ros ion  

The e f f e c t  o f  t h e  s t r e n g t h  o f  t h e  

P a r t i c l e  f l u x .  

e r o s i o n  r a t e s  i s  poor. 

The c o r r e l a t i o n  between p a r t i c l e  f l u x  and 

n 
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7. 

8. 

9. 

10. 

Hot 

Surface properties of metal. 
a s  the hardness of the t a rge t  material increases.  However, 
within a given a l loy  system there i s  poor correlat ion between 
hardness and erosion. This observation implies t ha t  other 
surface parameters a re  important; for  example, the impingement 
of par t ic les  may r e s u l t  i n  work hardening of the surface.  
T h i s  parameter i s  n o t  well understood. 

Erosion ra tes  generally decrease 

Shape of surface. 
the angle of maximum at tack.  
i s  n o t  well known. 

Ripples tend t o  form in the surface near 
The e f f ec t  of  surface curvature 

Stress level in surface. There does n o t  appear t o  be more 
than a minor correlat ion between erosion and surface s t resses .  

Nature and properties of the c a r r i e r  f l u id .  
e f f ec t s  a r e  small, w i t h  respect t o  the erosion s tep  of erosion 
corrosion. However, once a clean surface i s  exposed t o  the 
environment a t tack  can be expected t o  be rapid. 

Temperature 

f lu ids ,  such as  geothermal brines, t ha t  contain s ign i f icant  
chloride concentrations a r e  especial ly  aggressive. 
wells,  such as  those a t  Raft River, frequently contains suspended sand 
o r  other  par t iculates  t ha t  could cause severe abrasion and accelerated 
corrosion. 

Water pumped from 

In the RRGE system the pumps and heat exchangers a re  those par ts  of 
the plant most l i ke ly  t o  su f fe r  from erosion corrosion. 
f luidized bed heat exchangers is  expected t o  be severe. 

Erosion in the 

Marshal 1 and Braithwaite(8) noted tha t  erosion corrosion occurred 
on turbine blades i n  geothermal steam service in New Zealand. 
of a t tack  was reported t o  be related more closely t o  s t a t i c  corrosion 
r a t e s  ra ther  than t o  the hardness o f  the metal as  one might an t ic ipa te .  
Allegrini  and Benvenuti (24)  found erosion corrosion t o  be a s ign i f icant  
f ac to r  in turbine blade performance in the Larderello, I t a l y ,  geothermal 

The r a t e  



steam plants. They found that brass and chromium-nickel stainless 
steels are not suitable for this application. 
ferritic chromium steels were successfully used for turbine machines. 
To1 i va (’ 7, conducted erosion-corrosion tests with Cerro Prieto geothermal 
brines. 
during impingement tests while others were more rapidly attacked by 
electrochemical mechanisms subsequent to the impingement step. Toliva 
attributed these differences to variations in chemical and mechanical 

However, martensitic or 

His results showed that some materials were more rapidly attacked 

,stability of the materials. 

n 

Erosion of metals in seawater service provides a guide to pre- 
liminary design for geothermal brine systems. Figure 2.2.4 shows 
corrosion rates o f  a number o f  alloys as a function of seawater velocity 
Copper-nickel alloys show good overall resistance. Austenitic stainless 
steels and Monel 400 show a tendency to p i t  but have good resistance to 

erosion corrosion. 

(19) . 

Control and Design Guidelines 

The reduction or prevention of erosion may be accomplished by one 
or more of the following approaches: 

1. Materials selection. The selection of the best alloy will 
frequently be based on cost-effectiveness factors rather than 
greatest resistance. 
selected metals and alloys to erosion corrosion in sea-water . 
This provides a guideline for the selection of materials for 
geothermal piping systems. 

Figure 2.2.4 shows the resistance of 
(19) 

2. Design. Several approaches are available. Heat exchangers 
can be designed with ferrules to protect the entrance region 
of the tubes from highly turbulent flow, e.g., above about 
8 ft/sec (2.5m/sec). Material thickness can be increased to 
allow for the effects of erosion. 
allow for retrofitting in the event the original (or subsequent) 
designs prove to be inadequate. 

Systems can be designed to 
n 
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n 

3 .  

4. 

5. 

6. 

7. 

F l u i d  chemis t ry  m o d i f i c a t i o n .  

r e c i r c u l a t i n g  systems i s  f r e q u e n t l y  h e l p f u l .  However, i n  

once-through systems, such as f o r  t h e  recovery  o f  heat f rom 

geothermal f l u i d s ,  t h i s  would be p r o h i b i t i v e .  

The use o f  i n h i b i t o r s  i n  

Separa t ion  o f  s o l i d s .  The removal o f  suspended s o l i d s  by use 

of cyclones may p reven t  e ros ion  by t h i s  agent. 

Maintenance o f  h i g h  pressure. 

gases i n  s o l u t i o n  and thereby p reven t  impingement o f  gas 
bubbles on surfaces. 

A h i g h  pressure  can m a i n t a i n  

Coatings. 

impingement i s  f r e q u e n t l y  h e l p f u l  b u t  n o t  always c o s t - e f f e c t i v e .  
R e s i l i e n t  b a r r i e r s  such as rubber  o r  p l a s t i c s  w i l l  reduce 

c o r r o s  i on. 

The use o f  hard  f a c i n g  t o  reduce t h e  e f f e c t s  o f  

Cathodic p r o t e c t i o n .  The use o f  s a c r i f i c i a l  anodes, such as 

z inc ,  i n  pumps and heat exchanger heads i s  sometimes h e l p f u l .  

2.2.4 C a v i t a t i o n  Cor ros ion  

The fo rm of c o r r o s i o n  a t t a c k  which r e s u l t s  f rom t h e  fo rma t ion  and 

c o l l a p s e  o f  vapor 

c a v i t a t i o n  c o r r o s  

c a v i t a t i o n  damage 

d i f f e r e n c e s  among 

e f f e c t s .  C a v i t a t  

and gas bubbles near t h e  su r face  o f  a metal  i s  termed 

on. The terms c a v i t a t i o n ,  c a v i t a t i o n  e r o s i o n  and 

a r e  sometimes used t o  desc r ibe  t h e  phenomena. The 

these terms a r e  based on mechanical and chemical 

on by i t s e l f  causes t h e  d e s t r u c t i o n  o f  p r o t e c t i v e  

f i l m s  and can a c t u a l l y  remove metal  f rom t h e  surface. 

metal  wastage occurs as a r e s u l t  o f  chemical ac t i on ,  then t h e  term 

c a v i t a t i o n  c o r r o s i o n  i s  p r o p e r l y  a p p l i e d  t o  t h e  o v e r a l l  process. 

I f  acce le ra ted  

C a v i t a t i o n  c o r r o s i o n  f r e q u e n t l y  occurs i n  h y d r a u l i c  t u rb ines ,  pump 

i m p e l l e r s ,  and a t  o t h e r  s i t e s  where h i g h - v e l o c i t y  l i q u i d  f l o w  occurs 

w i t h  l a r g e  pressure  changes. D isso lved gases, such as n i t r o g e n  and 

carbon d iox ide ,  come o u t  o f  s o l u t i o n  d u r i n g  n u c l e a t i o n  and growth o f  

bubbles and thereby  promote c a v i t a t i o n  co r ros ion .  
56 
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I n  geotherma-1 br ines ,  such as those a t  R a f t  Riv-er, t h e r e  are,  

t y p i c a l l y ,  l a r g e  amounts o f  d i s s o l v e d  gases which can promote t h e  

fo rma t ion  o f  bubbles. 

a c t  as a cushion and tend t o  reduce c a v i t a t i o n  damage due t o  t h e i r  

r e l a t i v e l y  slow r e - s o l u t i o n .  However, these gas bubbles tend  t o  i n -  

crease e ros ion  c o r r o s i o n  damage due t o  impingement as no ted  i n  Sec t ion  

2.2.3. I n  t h e  R a f t  R ive r  system a l l  o f  t h e  pump systems w i l l  have a 

tendency toward c a v i t a t i o n  co r ros ion .  I n  a d d i t i o n ,  t h e  entrance r e g i o n  

o f  t h e  heat exchanger tubes w i l l  be suscep t ib le  t o  e ros ion  c o r r o s i o n  

a t t a c k .  

Once re leased  from s o l u t i o n  these occluded gases 

Cont ro l  and Design Gu ide l ines  

The f o l l o w i n g  methods a r e  suggested as means o f  c o n t r o l l i n g  o r  
(14)  reduc ing  metal wastage f rom c a v i t a t i o n  co r ros ion .  

1. 

2. 

3 .  

4. 

5. 

Hyd rau l i c  pressure.  

suggests t h a t  t h e  o p e r a t i o n  o f  pumps and l i q u i d  t u r b i n e s  a t  

ve ry  h i g h  pressure w i l l  decrease bubble fo rma t ion  and thereby  

reduce t h i s  form o f  co r ros ion .  

The mechanism o f  c a v i t a t i o n  c o r r o s i o n  

Design. 

have fewer problems from c a v i t a t i o n  and, t h e r e f o r e ,  f rom 

c a v i t a t i o n  co r ros ion .  

Systems designed t o  minimize pressure d i f f e r e n c e s  w i l l  

Surface f i n i s h .  
bubble n u c l e a t i o n  and growth and w i l l  t h e r e f o r e  reduce cav- 

i t a t i o n  cor ros ion ;  

Smooth surfaces a r e  l e s s  prone t o  support  

Coatings. 

f rom bubble c o l l a p s e  has been used t o  reduce c a v i t a t i o n  

co r ros ion .  

The use o f  r e s i l i e n t  coa t ings  t o  absorb t h e  energy 

M a t e r i a l s  s e l e c t i o n .  

c a v i t a t i o n  co r ros ion .  Table 2.2.1 shows a number o f  m a t e r i a l s  

w i t h  va ry ing  r e s i s t a n c e  t o  t h i s  form o f  a t t a c k  i n  seawater 

A l l o y s  va ry  i n  t h e i r  r e s i s t a n c e  t o  

(1  9 )  . 
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(17) Table 2.2.1 
Reproduced by permi ssi on. 

Order o f  res i s tance  t o  cavi ta t ion  damage i n  seawater . 

Resistance t o  Cavitation Damage Rating METALS 

Group I - Most resistant. Litt le or no damage, Useful 
under supercavitating conditions. 

Group II - These metals are commonly utilized whe’re 
a high order of resistance t o  cavitation damage is re- 
quired but are subject t o  some metal loss under the 
most  severe conditions o f  cavitation. 

Group Ill - These metals have some degree of cavita- 
t ion resistance but are generally l imited to low speed 
low performance type applications. 

Cobalt base hard facing alloy 
Titanium alloys 
Austenitic (Series 300) and precipitation 

hardened stainless steels 
Nickel-chromium alloys such as 

alloy 625 and alloy 718 
Nickel-molybdenum.chromium alloy C 

Nickekopper-a luminum alloy K-500 
Nickel.copper alloy 400 
Nickel-aluminum bronze 
Nickel-aluminurnmanganese bronze 

70/30 copper.nickel alloy 
Manganese bronze 
G Bronze and M Bronze 
Austenitic nickel cast irons 

n 

Group IV - These metals are normally not used in  ap- 
plications where cavitation damage may occur unless 
heavily protected. 
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Carbon and low alloy steels 
Cast irons 
Aluminum and aluminum alloys 



2.3 R e l a t i v e l y  Unimportant Forms o f  Cor ros ion  i n  t h e  RRGE System 

The forms o f  c o r r o s i o n  discussed i n  t h i s  s e c t i o n  a re  judged t o  be 

more o f  a nuisance than a source o f  fo rmidab le  problems i n  t h e  RRGE 

sys tems . 

2.3.1 I n t e r g r a n u l a r  Cor ros ion  

n a r r  

I n t e r g r a n u l a r  c o r r o s i o n  i s  a form o f  

w pa th  i s  p r e f e r e n t i a l l y  corroded a1 

l o c a l i z e d  

ng t h e  g r  

c o r r o s i o n  i n  

i n  boundar ie 

meta l .  The mechanical p r o p e r t i e s  a re  changed as a r e s u l t  o f  t h i s  

which a 

o f  a 
form o f  

a t t a c k .  I n  general  t h e  e l o n g a t i o n  a t  r u p t u r e  i s  decreased s i g n i f i c a n t l y  

w h i l e  t h e  t e n s i l e  y i e l d  and u l t i m a t e  s t reng ths  a r e  reduced, b u t  t o  a 

1 esser e x t e n t .  

The a t t a c k  i s  i n i t i a l l y  on t h e  su r face  o f  t h e  s t r u c t u r e  b u t  penet ra tes  

t h e  metal  i n  t ime. The d r i v i n g  f o r c e  o f  t h e  process i s  t h e  d i f f e r e n c e  

i n  e lec t rochemica l  p o t e n t i a l  between t h e  g r a i n  boundary and t h e  b u l k  o f  

t h e  g ra in ,  u s u a l l y  as a r e s u l t  o f  t h e  d i f f e r e n c e  i n  chemical composi t ion 

o f  t h e  two reg ions .  

The g r a i n  boundary i s  a general  r e g i o n  o f  d i s o r d e r  and r e l a t i v e l y  

h i g h  f r e e  energy. Dur ing  hea t ing -coo l i ng  cyc les  t h e  d i s o r d e r  may be 
reduced, f o r  example, by t h e  p r e c i p i t a t i o n  o f  some c o n s t i t u e n t  f rom a 

supersa tura ted  a l l o y  system. Age-hardening A1-Cu a l l o y s  make use o f  
t h i s  behavior t o  achieve s t reng th .  
s t e e l  systems a ca rb ide  forms i n  t h e  g r a i n  boundary reg ions .  The 

p r e c i p i t a t i o n  u s u a l l y  r e s u l t s  f rom we ld ing  o r  improper heat t rea tment  

t h a t  produces an a l l o y  which i s  s e n s i t i z e d  t o  i n t e r g r a n u l a r  co r ros ion .  

The cause o f  t h i s  s e n s i t i z a t i o n  i s  t h e  p r e c i p i t a t i o n  o f  Cr23Cg i n  t h e  
g r a i n  boundaries. 

g rea t ly - reduced s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  co r ros ion .  

a r e  designated by t h e  l e t t e r  L f o l l o w i n g  t h e  Type number. 

Type 304L s t a i n l e s s  s t e e l  has a carbon con ten t  l e s s  than 0.03%. 

about 0.009% carbon these s t e e l s  appear t o  be immune t o  i n t e r g r a n u l a r  

I n  t h e  Fe-Cr and Fe-Cr-Ni s t a i n l e s s  

S t a i n l e s s  s t e e l s  w i t h  l e s s  than 0.03% carbon show 

These a l l o y s  

For example, 

Below 
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corrosion (15). 
can form below 800-850C (1073-1123K). This is the sigma phase(40); its 
presence renders these steels susceptible to intergranular corrosion in 
nitric acid solutions. Formation of sigma phase is limited to chromium 
contents of 20-75%. 
equilibrium with respect to the body of the grain this compound can form 

In some stainless steels an Fe-Cr intermetallic compound 

However, in grain boundaries that are out of the 

at chromium concentrations less than 20% (41 ) .  

Stainless steels are not used extensively in geothermal environ- 
ments because of other corrosion problems. For example, stress corrosion 
cracking, crevice corrosion and pitting probably place more limits on 
the use of these alloys in geothermal brines than does intergranular 
corrosion. However, the use o f  stainless steels in selected applications 
or locations may be required in order to take advantage of their unique 
mechanical properties and general corrosion resistance. 

Allegrini and Benvenuti (24) noted that intergranular corrosion was 
often found in Types 304 and 316 stainless steel pipe weldments in 
Larderello, Italy, geothermal steam plant systems. These findings 
reinforce the previously noted precaution of using stainless. steels only 
in selected applications. Because of potential problems from crevice 
corrosion, welding is preferred to flanged or screwed joints even though 
the welded joints are susceptible to intergranular corrosion. 
usage should be based on testing. 

Such 

Control and Design Guidelines 

A number of techniques have been used to combat intergranular 
corrosion. They differ in effectiveness and practicability: 

1. Lowering the carbon content of the steel. Since intergranular 
corrosion is closely associated with carbide precipitation, 
one of the effective methods of combating this form of corrosion 
is to use steels with a very low carbon content. 
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2. 

3. 

4. 

Heat t r e a t i n g  above 9OOC (1173K) f o r  a u s t e n i t i c  s t a i n l e s s  

s t e e l s  o r  a t  650C (92310 f o r  f e r r i t i c  s t a i n l e s s  s t e e l s .  
these heat t r e a t i n g  c o n d i t i o n s  t h e  carbon and chromium a r e  

more-or- less u n i f o r m l y  d i s t r i b u t e d  throughout t h e  g ra ins .  

Upon quenching, t h e  carb ides  a r e  n o t  r e p r e c i p i t a t e d  i n  t h e  

g r a i n  boundary reg ions  t o  such an e x t e n t  t h a t  i n t e r g r a n u l a r  

c o r r o s i o n  i s  a problem. 

Under 

A l l o y i n g .  Ti tanium, tan ta lum and columbium a r e  commonly used 

t o  combine w i t h  carbon i n  s t a i n l e s s  s t e e l s .  The use o f  these 

a d d i t i o n  elements i s  based on t h e  f a c t  t h a t  f o rma t ion  and 

p r e c i p i t a t i o n  o f  carb ides  o f  these elements f rom s o l i d  so- 
l u t i o n  takes p lace  a t  cons ide rab ly  h ighe r  temperatures than 

chromium carb ide .  Since t h i s  i s  t h e  case, e s s e n t i a l l y  a l l  o f  

t h e  carbon i n  s o l i d  s o l u t i o n  w i l l  be used up t o  form carb ides  

o f  these metals.  Thus, f o rma t ion  and p r e c i p i t a t i o n  o f  chro- 

mium carb ides  a t  lower  temperatures can n o t  t ake  p lace  and 

t h e r e  can no l onger  be l o c a l  chromium impoverishment and t h e  

r e s u l t i n g  tendency toward i n t e r g r a n u l a r  co r ros ion .  

Shot-peening t h e  weld area. I n t e r g r a n u l a r  c o r r o s i o n  i s  e f f e c -  

t i v e l y  reduced i f  t h e  weld area i s  sub jec ted  t o  a r e s i d u a l  

compressive s t ress ;  f o r  example, by shot-peening. The g r a i n s  
a r e  broken up near t h e  sur face  w i t h  t h e  fo rma t ion  o f  numerous 
s l i p  planes and o t h e r  l a t t i c e  de fec ts .  

i s  p r e c i p i t a t e d  i n  t h e  g r a i n  boundaries and s l i p  planes. 

However, t h e r e  i s  n o t  a cont inuous pa th  f rom t h e  su r face  t o  

t h e  subsurface g r a i n  boundaries, and t h e r e f o r e . i n t e r g r a n u l a r  
c o r r o s i o n  cannot proceed i n  t h e  usual manner. The o v e r a l l  

Dur ing  welding, Cr23Cg 

e f f e c t  i s  t o  s u b s t a n t i a l l y  reduce i n t e r g r a n u l a r  c o r r o s i o n  ( 4 2 )  . 

2.3.2 F r e t t i n g  Cor ros ion .  

When meta ls  i n  c o n t a c t  undergo sl ippage, f o r  example, t h a t  due t o  

v i b r a t i o n ,  acce le ra ted  metal  wastage may occur. Th i s  i s  termed f r e t t i n g  
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corrosion. 
been used t o  describe this form of  corrosion(15).  
products are typical ly  oxides and the r a t e  of attack may be quite rapid. 

The terms f a l se  brinell ing and f r i c t ion  oxidation have also 
The corrosion 

Typical s i t e s  for f r e t t i ng  corrosion a re  in ball and r o l l e r  bear- 

ings, 
water hammer, and in machine mountings. 
sion are  removal of metal i n  the areas of  contact,  production of an 
oxide corrosion product, gal l ing,  seizing, cracking, fa t igue,  loss of 
dimensional tolerance, and loosening of  bolted and clamped surfaces. 
This form of  corrosion may lead t o  others,  e . g . ,  crevice corrosion. 

pipe hangers and supports in systems w i t h  f luctuating flow or 
The resu l t s  of f r e t t i ng  corro- 

In  geothermal systems the thermal expansion and contraction due t o  
a l te rna te  heating and cooling of the pipes, well casings, machine 
m o u n t i n g s  and hea t  exchangers may lead t o  the s l i p p a g e  t h a t  resu l t s  i n  

f r e t t i n g  corrosion. In  the RRGE power plant,  heating and cooling of 
transmission l i nes  and tubes i n  the heat exchangers could resu l t  i n  
f r e t t i n g  corrosion. Care will have t o  be exercised to  insure t h a t  
regular inspections a re  carr ied out on systems t h a t  may be subject t o  
t h i s  form of a t tack.  

The mechanisms of f r e t t i n g  corrosion have been reviewed, i n  d e t a i l ,  
by W a t e r h ~ u s e ' ~ ~ ) .  This reference should be consulted for  more information. 

Control and Desian Guidelines 

Frett ing corrosion can be minimized by use of the following pre- 
(11 J 4 ) .  cautions - ,  

1 .  Design the equipment so t h a t  slippage between contacting 
surfaces cannot occur. While t h i s  i s  the ideal s i tuat ion i t  
may n o t  be feasible  in a l l  cases. 

1 

2.  Increase the hardness of one of the members. The combination 
of  a so f t  and a hard metal reduces f r e t t i n g  corrosion by 
excluding corrodants from the faying surfaces. The sof t  
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3. 

4. 

5. 

6. 

7. 

8 .  

metals:  t i n ,  lead, ind ium and cadmium a r e  u s e f u l  i n  t h i s  case 

though a t t e n t i o n  must be g i v e n  t o  ga lvan ic  co r ros ion .  Comb- 
i n a t i o n s  o f  s t a i n l e s s  s t e e l s  tend t o  p resent  t h e  wors t  s i t u a t i o n s  (20) .  

Inc rease f r i c t i o n .  

T h i n  l e a d  coa t ings  have been used t o  p r o t e c t  bear ings  d u r i n g  

sh ipp ing .  

T h i s  reduces s l i ppage  between t h e  members. 

The l e a d  i s  q u i c k l y  worn away d u r i n g  use. 

Use 1 u b r i c a n t s  (1  ow-viscosi  ty, h igh  t e n a c i t y  o i  1 s and greases) 

t o  keep t h e  sur faces  p r o t e c t e d  from t h e  i n t r u s i o n  o f  t h e  

cor rodant .  Porous sur faces  such as those produced by Parker- 

i z i n g  tend t o  r e t a i n  t h e  l u b r i c a n t  and thus  reduce f r e t t i n g  

co r ros ion .  

Res 

and 

Cem 

l i e n t  gaskets can be used t o  reduce s l i p  between surfaces 

exclude cor rodants  f rom t h e  i n t e r f a c e .  

n t s  (a  speci’al fo rm o f  gasket ing  m a t e r i a l )  a r e  a v a i l a b l e  

which reduce s l i ppage  and access o f  t h e  co r rodan t  t o  t h e  

sur face .  

Inc rease load. Th is  reduces t h e  s l i ppage  between t h e  surfaces. 

Decrease load.  I f  t h e  load i s  small enough, less wear w i l l  

occur and t h e  amount o f  f r e t t i n g  c o r r o s i o n  w i l l  a l s o  be 
decreased. 

2.3.3 Hydrogen Damage 

Hydrogen damage i s  t h e  general  term which r e f e r s  t o  t h e  mechanical 

changes i n  a metal  caused by t h e  presence o f  hydrogen o r  t h e  i n t e r a c t i o n  

o f  d i sso l ved  hydrogen w i t h  t h e  metal .  

hydrogen species t h a t  can d i s s o l v e  i n  a metal .  Mo lecu la r ,  hydrogen, (H2) 

does n o t  d i s s o l v e  i n  o r  d i f f u s e  i n t o  metals.  

severa l  forms, v i z .  ,(11). 

Atomic hydrogen i s  t h e  o n l y  

Hydrogen damage takes 
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1. Hydrogen b l  i s t e r i n g  

2. Hydrogen embri ttl ement 

3 .  Decarbur i z a t  i on 

4. Hydrogen a t t a c k  

Hydrogen b l i s t e r i n g  r e s u l t s  f rom t h e  d i f f u s i o n  o f  atomic hydrogen 

i n  a metal ,  t h e  fo rmat ion  of mo lecu la r  hydrogen i n  voids,  and t h e  fo rma t ion  

o f  b l i s t e r s  due t o  b u i l d u p  of mo lecu la r  hydrogen pressure i n  t h e  voids,  
and de laminat ion  o f  t h e  meta l .  

Hydrogen embr i t t l emen t  a l s o  r e s u l t s  f rom t h e  d i f f u s i o n  o f  atomic 
hydrogen i n t o  a metal .  T h e  hydrogen atom i s  small enough t h a t  i t  can 

occupy i n t e r s t i t i a l  s i t e s  i n  t h e  c r y s t a l  l a t t i c e  o r  form metal hydr ides .  

The presence o f  these i m p u r i t i e s  reduces t h e  t e n s i l e  s t r e n g t h  and d u c t i l i t y  

o f  t h e  meta l .  

Decarbu r i za t i on  r e s u l t s  f rom t h e  r e a c t i o n  o f  d i s s o l v e d  carbon w i t h  
hydrogen a t  t h e  su r face  o f  t h e  meta l .  

carbon a t  t h e  su r face  depleted. 

reduced by t h e  d e c a r b u r i z a t i o n  process. 

Methane (CH4) i s  formed and t h e  
The t e n s i l e  s t r e n g t h  o f  t h e  a l l o y  i s  

Hydrogen a t t a c k  i s  l i m i t e d  t o  oxygen-containing copper and r e s u l t s  

i n  t h e  l o s s  o f  oxygen f rom t h e  copper w i t h  a concur ren t  degradat ion  o f  

t h e  p r o p e r t i e s  o f  t h e  a l l o y .  

Decarbu r i za t i on  and hydrogen a t t a c k  a re  bo th  h i g h  temperature 

processes and a r e  o f  l i m i t e d  i n t e r e s t  i n  t h e  u t i l i z a t i o n  o f  geothermal 

energy. . 

The R a f t  R i v e r  geothermal b r i n e s  a r e  s l i g h t l y  basic.  For t h i s  ’ 

reason l i t t l e  hydrogen wil l1 be reduced on t h e  sur faces  o f  t h e  meta ls  i n  

c o n t a c t  w i t h  t h e  h o t  b r i n e s  and hydrogen damage i s  n o t  l i k e l y  t o  occur i n  
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t h i s  system. 
cooling tower may resu l t  in some hydrogen damage. Normal surveil lance 
of the system should detect  this form of damage. 

The use of su l fur ic  acid fo r  control of scaling in the 

Foster, e t  a l .  (44) noted tha t  hydrogen b l i s te r ing  in geothermal 
f lu id  service in New Zealand was generally associated with severely 
laminated s t ee l .  
with poor materials than with a general tendency of the brines t o  promote 
t h i s  form of damage. 
steam service and  could be produced only in cold geothermal steam condensate 
t h a t  was saturated with H 2  and C02. 

was observed in some low strength s t ee l s  used for  well casing when 

Blistering was thought t o  be more closely associated 

Hydrogen embrittlement was not detected i n  geothermal 

Hydrogen-induced delayed fracture  

exposed t o  geothermal steam condensate. The samples tes ted were severely 
notched. Foster, e t  a l . ,  concluded tha t  such s t r e s s  ra i sers  should be 
avoided where prac t ica l .  
t ion a t  the Raft River power plant or  in non-electric applications.  

Hydrogen damage appears t o  be a minor considera- 

Prevention of Hydrogen Blistering 

The proper application of one o r  more of the following techniques 
should r e su l t  in reduction of t h i s  form of attack ( 1 4 )  . 

1 .  Select  the proper grade of s t e e l .  Rimmed s t e e l s  contain 
numerous bubbles or v o i d s  that result from the deoxidation 

practice and appear during ingot cas t ing(45) .  
s t e e l s  have very few bubbles(45). 
more subject t o  hydrogen b l i s te r ing- than  are  the ki l led grades 
of s t ee l .  The ki l led grades should be selected where hydrogen 
b l i s te r ing  i s  expected to  b.e a problem. 

Fully kil led 
The rimmed s t e e l s  a re  much 

2. Use coatings. Some coatings a c t  as  barr iers  t o  diffusion of 
hydrogen by preventing the adsorption of hydrogen a t  the 
surface of the metal o r  promoting the formation o f  molecular 
hydrogen. Rubber, p l a s t i c  and ceramic coatings a re  frequently 
used as  barr iers  to  reduce hydrogen b l i s te r ing .  Nickel and 
aus ten i t ic  s ta in less  s tee l  cladding are  a lso e f fec t ive  in 
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3. 

4. 

5. 

preventing blistering. 
method of cladding application since electroplating frequently 
results in hydrogen blistering. 

Care should be used in selecting the 

Use inhibitors. The reduction of hydrogen ion formation by 
the use of inhibitors is effective in the reduction of blistering. 

Remove those compounds (sulfides, cyanides, arsenic compounds 
and phosphorus-conta i ning ions ) which promote hydrogen 
embrittlement by preventing molecular hydrogen formation. 
Sulfides and phosphates are usually found in geothermal brines 
and their presence should be considered when selecting materials 

Select proper materials. 
containing steels are resistant to hydrogen blistering. 

Nickel-based alloys and nickel- 

i 

Prevention of Hydrogen Embri ttl ement 

The mechanisms of hydrogen blistering and hydrogen embrittlement 
suggest that different techniques would be effective in prevention of 
these two forms o f  hydrogen damage. The following techniques are of 
help in preventing hydrogen embrittlement (14). . 

1. 

2. 

3. 

Reduction of overall corrosion. Since hydrogen is frequently 
produced in electrochemical processes, the reduction of overall 
corrosion will lead to a reduction in hydrogen embrittlement. 

Changing electroplating procedures. 
electroplating is a frequent source of hydrogen for hydrogen 
embrittlement. Minimizing the production of hydrogen during 
plating will aid in reducing hydrogen embrittqement. 

Hydrogen charging during 

Baking. The baking of steels, at lOOC (37310 or above, that 
have been hydrogen-charged reduces the amount of hydrogen in 
metallic solution and returns the structure to about the same 
mechanical condition as before charging. 
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4. Materials selection. The high strength s t e e l s  are  most sus- 
cept ible  t o  hydrogen embrittlement. 
gen embrittlement i s  reduced by alloying with nickel o r  molyb- 
denum. 

Suscept ibi l i ty  t o  hydro- 

5. Proper welding procedures. Water and water vapor present 
d u r i n g  welding contribute t o  hydrogen embrittlement. 
o f  low-hydrogen welding rods i s  suggested as a means o f  

reducing hydrogen embri t t l  ement when t h i s  i s  a problem. 

The use 
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3. Nonmetallic Materials for RRGE Construction 

3.1 Concrete 

Corrosion of concrete by Raft River geothermal brines is a potential 

In the water 
problem in utilization of this resource. 
vapor region results from gases discharged from the brine. 
region corrosion results from dissolution by water-borne lixiviants. 
Corrosion in the vapor region is frequently more severe than in the 
water region. 
worst location for attack by geothermal brines. 
are those reported by Allegrini and Benvenuti ( 2 4 )  at Larderello, Italy. 
They reported extensive damage in the vapor-water splash zone. 

Corrosion of concrete in the 

The vapor-water interface region usually represents the 
The only data available 

I n  the vapor region etching occurs by acid attack, for example, by 

sulfuric acid produced by oxidation of sulfides. 
compounds occurs by reaction with C02 in the vapor. 
lime is attacked first. 
the last to be attacked. 

Dissolution of calcium 
Calcium in free 

The calcium combined in silicates is probably 

Exposure of reinforcement bars or mesh results in corrosion of 
these materials. 
wedging action which accelerates deterioration of the concrete. 
concrete is cathodic with respect to the metal (46)  and this will tend to 
accelerate corrosion of the reinforcement by galvanic processes. 

The corrosion products are voluminous and may exert a 
The 

In the liquid region the corrosion is generally less than in the 
vapor region. 
be C02. 
deterioration of the concrete. 
form relatively-soluble bicarbonates. Deposition of elemental sulfur, 
produced by oxidation of sulfides, on the structures tends to decrease 
the rate of attack. 

The constituent causing most of the damage is thought to 
Additional damage by boric acid and sulfates contributes to the 

Carbon dioxide combines with the lime to 

Polymer concrete and polymer-impregnated concrete (PIC) have been 
suggested as alternatives to regular concrete for geothermal environ- 
men t s ( 4 7 ) .  
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i n  t h e  U.S. 

h y d r o c h l o r i c  a c i d  a re  compared i n  F igu re  2.3.1. 

The res i s tances  o f  P I C  and r e g u l a r  concrete t o  a t t a c k  by 

(24)  Cement-asbestos i s  corroded by C02 conta ined i n  t h e  b r i n e  . 
Cor ros ion  occurs by d i s s o l u t i o n  o f  t h e  l i m e  i n  the  b inder .  

examinat ion o f  cement asbestos p i p e  used i n  geothermal s e r v i c e  a t  Boise, 

P re l im ina ry  

Idaho, has n o t  shown evidence o f  a t t a c k .  

3.2 P1 a s t i c s  

Polymers o f f e r  p o t e n t i a l  advantages i n  terms of s t rength- to -we igh t  
r a t i o s  as w e l l  as c o r r o s i o n  res is tance.  

however, o n l y  a few types have demonstrated chemical s t a b i l i t y  i n  h igh  

temperature b r ines .  

t o  be u s e f u l .  

There a r e  many k inds  o f  polymers; 

Some types o f  polymers f l o w  a t  t oo  low a temperature 

The g lass  t r a n s i t i o n  temperature i s  a measure o f  t he  freedom o f  

mo lecu la r  mot ion w i t h i n  t h e  polymer and the re fo re ,  a measure o f  t he  

tendency o f  t he  m a t e r i a l  t o  f l o w  under s t ress (48 ) .  The long  cha in  

molecules i n  amorphous polymers a re  u s u a l l y  c o i l e d  and randomly i n t e r -  

twined. A t  temperatures below t h e  g lass  t r a n s i t i o n  temperature t h e r e  i s  

e s s e n t i a l l y  no molecular  mot ion and t h e  polymers a r e  hard and g lassy  and 

f r e q u e n t l y  b r i t t l e .  
molecules tend t o  un tang le  and can r o t a t e  about t h e i r  carbon chains.  

Under s t r e s s  t h e  mol.ecules can s l i p  pas t  each o t h e r ' a n d  be permanent ly 

deformed. The c o e f f i c i e n t  o f  thermal expansion u s u a l l y  shows a marked 
increase as t h e  temperature i s  r a i s e d  i n t o  t h e  p l a s t i c  reg ion .  

Above t h i s  t r a n s i t i o n  temperature the  polymer 

I n  geothermal a p p l i c a t i o n s  o n l y  those polymers w i t h  h i g h  g lass  

t r a n s i t i o n  temperatures should be considered. For example, po lye thy lene 

has a g lass  t r a n s i t i o n  temperature o f  -125C (148K); p o l y t e t r a f l u o r o e t h y l e n e  

(PTFE), on t h e  o t h e r  hand, has a t r a n s i t i o n  temperature o f  +125C (39810. 

PTFE i s  use fu l  i n  geothermal a p p l i c a t i o n s  w h i l e  po lye thy lene i s  no t .  

From t h e  chemical p o i n t  o f  v iew the re  a re  two general  c lasses o f  

polymers, those produced by a d d i t i o n  po lymer i za t i on  and those produced 
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Figure 2.3.1 
plastic impre nated concrete subjected to 15% hydrochloric acid 

Comparison o f  degradation o f  ordinary concrete and 

corrosion (47 3 . 
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by condensation reac t i ons .  

v i n y l - l i k e  compounds a r e  most f a m i l i a r .  
O f  t h e  a d d i t i o n  polymers those produced from 

L -  
e. * 

Condensation polymers r e s u l t  

produce a 
t h e  r e a c t  

(an amide 

ac ids  and 

I n  t 

polymer and a byproduct 
on o f  a d i p i c  a c i d  and 1 

polymer) and water.  Po 

a1 coho1 s . 

s t i n g  a number o f  polym 
b r i n e s  Lorensen, e t  a l .  (49 )  found 

. *  

f rom the  r e a c t i o n  o f  two compounds t o  

molecule, such as water.  For example 

6-diaminohexane produces Nylon 6 / 6  

y e s t e r s  r e s u l t  f rom r e a c t i o n  o f  o rgan ic  

r i c  m a t e r i a l s  i n  n a t u r a l  and s y n t h e t i c  

t h a t  those polymers hav ing  one o r  more 

o f  t h e  f o l l o w i n g  chemical c h a r a c t e r i s t i c s  were s u b s t a n t i a l l y  r e s i s t a n t  

t o  co r ros ion :  

1. Subs tan t i a l  a r o m a t i c i t y  

2. F l u o r i n e  con ten t  

3. Carbonized s t r u c t u r e  

4. Cross 1 inked a1 i p h a t i c  unsa tu ra t i on  (e.g. , d i v i n y l  benzene) 

Those polymers c o n t a i n i n g  w a t e r - s e n s i t i v e  groups, i . e . ,  hydro lyzab le  
l i nkages ,  were uns tab le  i n  t h e  b r i n e  even though t h e  polymer e x h i b i t e d  

h i g h  temperature s t a b i l i t y  when sub jec ted  t o  "d ry "  thermograv imet r ic  

a n a l y s i s .  Amides, imides and e s t e r s  a r e  t y p i c a l  w a t e r - s e n s i t i v e  groups. 

O f  t h e  m a t e r i a l s  t e s t e d  by Lorensen, e t  a l . ,  t h e  f o l l o w i n g  proved 
t o  be t h e  most s tab le .  

1 . Carbon-graphi t e  c l o t h  ( h e a t - s h i e l d  t y p e )  composite 

2. P o l y t e t r a f l u o r o e t h y l e n e  (DuPont T e f l o n  TFE) 

3. F l u o r i n a t e  ( p e r f  uoroa koxy) copolymer (DuPont T e f l o n  PFA) 
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4. Polyaromatic (Hercules H104 and H124) 

5. Polybenzimidazole (Whittaker Imidite 2803) 

6. Polyphenylquinoxaline/carbon fiber 

7. Phenolic/glassfiber (Ferro Corp.) 

Several of the materials listed above are composites. Such blending 
of polymer and a reinforcing material usually adds substantially t o  the 
strength.of the material but at a sacrifice in ductility. 

The conditions used by Lorensen, et al. in their work are substantially 
more severe than those expected at Raft River. 
rejected by these workers may be useful in our applications. The 
investigation of polymers in the Raft River brine will be a part of our 
testing program. 

Some polymer systems 
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4. CONCLUSIONS 

The s e l e c t i o n  o f  m a t e r i a l s  f o r  new geothermal i n s t a l l a t i o n s  i s  a 

fo rm idab le  task .  Not o n l y  a r e  t h e r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  the  

water chemis t r y  and temperature f rom one f i e l d  t o  another b u t  t h e r e  may 

be v a r i a t i o n s  f rom one w e l l  t o  another w i t h i n  a f i e l d .  M a t e r i a l s  

s e l e c t i o n  should be based on p l a n t  exper ience and f i e l d  t e s t i n g  u n t i l  a 

broader base of c o r r o s i o n  t e s t  da ta  i s  a v a i l a b l e .  P r i o r  t o  t h e  a v a i l -  

a b i l i t y  o f  s u f f i c i e n t  design da ta  much o f  ou r  design a c t i v i t y  w i l l  have 

t o  be based on seawater experience. 

The presence o f  oxygen, o r  o t h e r  r e d u c i b l e  species, i n  t h e  b r i n e  i s  

t h e  main c o n t r i b u t o r  t o  co r ros ion .  

i n  geothermal b r i n e s  adds s i g n i f i c a n t l y  t o  t h e  p o t e n t i a l  c o r r o s i o n  

problems. 

p roduc ing  w e l l s  and t h e  power p l a n t  should be an ach ievab le  goa l .  

In- leakage o f  a i r  t o  t h e  system appears t o  be most l i k e l y  a t  pumps, 

valves,  f langed p i p e  j o i n t s ,  etc, .  Re jec t i on  o f  coo led  b r i n e  t o  a 

h o l d i n g  pond p r i o r  t o  r e i n j e c t i o n  o f  t he  water i n t o  t h e  geo log ica l  

f o rma t ion  c o u l d  r e s u l t  i n  excessive c o r r o s i o n  o f  t h e  r e i n j e c t i o n  pumps 
and w e l l  casing. 

The u b i q u i t o u s  occurrence o f  c h l o r i d e s  

The exc lus ion  o f  a i r  f rom the  t ransmiss ion  l i n e s  between t h e  

The g r e a t e s t  c o r r o s i o n  problems a r e  l i k e l y  t o  occur i n  working 
f l u i d  condensers and cooling towers us ing  aera ted  wa te rs  w i t h  a h igh  
d i sso l ved  s o l i d s  conten t .  The s e l e c t i o n  t a s k  w i l l  be f u r t h e r  exacerbated 

i f  geothermal b r i n e -  i s  used f o r  c o o l i n g  tower make-up. Th is  system w i l l  

r e q u i r e  t h e  g r e a t e s t  ca re  i n  f i n a l  m a t e r i a l s  s e l e c t i o n .  The 90/10 

cupron icke l  a l l o y  i s  recommended f o r  t h e  condenser tubes. Cast i r o n  o r  

c a s t  s t e e l  pumps and va lves  w i t h  bronze, Monel 400 o r  Type 316 s t a i n l e s s  

s t e e l  t r i m  should p rov ide  adequate s e r v i c e  i n  t h i s  environment. However, 

Banning and Oden‘’) no ted  t h a t  c a s t  i r o n  may cor rode a t  8 mpy (0.2 

mm/year) i n  some geothermal systems; carbon s t e e l  a l s o  corrodes a t  

excess i ve l y  h i g h  r a t e s  i n  some systems. These r e s u l t s  suggest t h a t  

those m a t e r i a l s  be t e s t e d  be fo re  they  a r e  se lec ted  f o r  use i n  c r i t i c a l  

l o c a t i o n s  i n  t h e  R a f t  R i v e r  power p l a n t .  
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A number o f  mater ia  

members. S tee l  and c a s t  

s t e e l  f as tene rs  would be 

s may be 

i r o n  a r e  

accep t a  b 

se lec ted  f o r  c o o l i n g  tower s t r u c t u r a l  

probably  the  most economical. Carbon 

e w i t h  these m a t e r i a l s ;  however, Types 

304 and 316 s t a i n l e s s  s t e e l s  o r  Monel 400 would p rov ide  more r e l i a b l e  

serv ice .  The s t a i n l e s s  s t e e l  would corrode a t  about 0.1 mpy (0.025 

m ~ n / y e a r ) ( ~ ) .  A c o r r o s i o n  al lowance o f  about 0.5 mpy (0.13 mm/year) 

should be made i n  des ign ing  t h e  c o o l i n g  tower where t h i s  m a t e r i a l  i s  

used. Monel may corrode a t  a r a t e  as h igh  as 5 mpy (0.13 mm/year) and 
would be l e s s  acceptable than t h e  s t a i n l e s s  s t e e l  ( 9 )  . 

Carbon s t e e l  and c a s t  i r o n  should be s u i t a b l e  f o r  t h e  isobutane 

preheaters  and b o i l e r s  i f  tube-and-shel l  heat  exchangers a re  used f o r  

t h i s  system. I f  f l u i d i z e d - b e d  heat  exchangers a r e  se lec ted  f o r  these 

a p p l i c a t i o n s  a more a b r a s i o n - r e s i s t a n t  m a t e r i a l  may be requ i red .  The 
s e l e c t i o n  o f  carbon s t e e l  i s  based on the  premise t h a t  oxygen in- leakage 
w i l l  n o t  occur  o r  w i l l  be n e g l i g i b l e .  A c o r r o s i o n  al lowance o f  1.25 mpy 

(0.032 mm/y) shou ld  be adequate f o r  t he  heat  exchanger tubes. P i t t i n g  

should n o t  be a major  problem i n  these s t r u c t u r e s  i n  t h e  absence of  a i r .  

Transmission l i n e s  between the  producing w e l l s  and t h e  power p l a n t  

may be cement-asbestos o r  carbon s t e e l .  
oxygen i n  t h e  water  c a r r i e d  by these l i n e s  should be ve ry  low, c o r r o s i o n  

should n o t  be a problem. Transmission l i n e s  f rom the  p l a n t  t o  the  

r e i n j e c t i o n  w e l l s  should be c o r r o s i o n  r e s i s t a n t  i f  t h e  b r i n e  has been 

aerated; f o r  example, i f  t h e  water  has been r e j e c t e d  t o  a h o l d i n g  pond 

Since t h e  concen t ra t i on  o f  

i t s  oxygen con ten t  may be h igh.  

should be s u i t a b l e .  

i s  recommended f o r  carbon s t e e l  l i n e s  because o f  p o s s i b l e  a i r  i n t r u s i o n  

API-5L p i p e  has been recommended f o r  t h i s  purpose(5o);  s i m i l a r  grades 

of  ASTM o r  ASME p i p e  would be e q u a l l y  acceptable.  Concrete p i p e  shou 

a l s o  be s u i t a b l e  f o r  t h i s  purpose b u t  would n o t  be recommended f o r  

h o t  b r i n e  se rv i ce .  

w e l l s  and, conversely ,  producing w e l l s  may be used f o r  r e i n j e c t i o n ,  t h e  

use o f  e i t h e r  cement-asbestos o r  carbon s t e e l  i s  recommended. 

I n  t h i s  a p p l i c a t i o n  cement-asbestos 

A c o r r o s i o n  al lowance o f  5-10 mpy (0.13-0.25 mm/year) 
(9 )  . 

Since r e i n j e c t i o n  w e l l s  may be used as producing f' 
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K55 s t e e l  p i p e  has been used f o r  cas ing  RRGE w e l l s  1 and 2. No 
change i n  t h i s  m a t e r i a l  i s  suggested(50). , A  c o r r o s i o n  r a t e  o f  5-10 mpy 

(0.13-0.25 mm/year) may be expected here due t o  a i r  con taminat ion  o f  t h e  

water . ( 9 )  

Concrete s t r u c t u r e s  sub jec ted  t o  prolonged c o n t a c t  w i t h  geothermal 

b r i n e  should be overcoated w i t h  coa l  t a r  p i t c h  o r  s i m i l a r  m a t e r i a l  t o  
reduce a t t a c k  by t h e  carbon d i o x i d e  i n  the  water. The use o f  concre te  

p i p e  f o r  t ransmiss ion  l i n e s  i s  n o t  recommended. 

F i l amen t - re in fo rced  polymers may be c o s t - e f f e c t i v e  m a t e r i a l s  i n  

moderate- and low-temperature a p p l i c a t i o n s .  

have a h i s t o r y  o f  use i n  t h e  chemical process i n d u s t r i e s ,  t h e  h i g h  

temperatures o f  geothermal -b r ines  suggest t h a t  t e s t i n g  be c a r r i e d  o u t  t o  

determine t h e  r e s i s t a n c e  o f  these m a t e r i a l s  t o  degradat ion  by water 

abso rp t i on  and w i c k i n g  a c t i o n  a long exposed f i l a m e n t s  as w e l l  as t o  
chemical a c t i o n .  

Al though these m a t e r i a l s  
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