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INTRODUCTION 

Th i s  geothermal c o r r o s i o n  program i s  t o  determine why g e ~ t h e r m a l  b r i nes  

a r e  so c o r r o s i v e  t o  economical i ron-base a l l o y s .  Geothermal resources t h a t  can 

be developed w i t h  i ron-base  a l l o y s  w i l l  have a  s i g n i f i c a n t  economic advantage 

over  geothermal s i t e s  t h a t  would r e q u i r e  ex tens ive  use o f  expensive a l l o y s .  

Data developed i n  t h i s  program w i l l  be used t o  gu ide s e l e c t i o n  and design o f  

near- term p l a n t s .  

The program o b j e c t i v e s  a re :  

a To c l a r i f y  c o r r o s i o n  f a c t o r s  impor tan t  t o  m a t e r i a l s  s e l e c t i o n  

f o r  geothermal power p l an t s .  

To e s t a b l i s h  a  s e t  o f  b r i n e  composi t ion and temperature l i m i t s  

f o r  carbon s t e e l s  i n  geothermal b r i nes  and r e p o r t  f i n a l  r e s u l t s  

by t h e  end o f  FY 1978. 

The program i nvo l ves  t e s t s  o f  many m a t e r i a l s  i n  h i gh  pressure equipment 

where a  wide v a r i e t y  o f  b r i n e  chemis t r ies  can be s tud ied .  The v a l i d i t y  o f  

these l a b  t e s t s  i s  checked by f i e l d  t e s t s  i n  ac tua l  geothermal b r i n e .  

SUMMARY AND CONCLUSIONS 

A  s e r i e s  o f  30 re f reshed  au toc lave  t e s t s  and one f i e l d  t e s t  have been 

completed t o  d e f i n e  how va r i ous  chemical components i n  geothermal b r i n e s  

a f f e c t  un i f o rm  co r ros ion  o f  35 m a t e r i a l s .  

The da ta  i n d i c a t e  un i f o rm  co r ros ion  r a t e s  o f  carbon s t e e l s  w i l l  be 

s a t i s f a c t o r y  f o r  most major  components o f  a  geothermal power p l a n t  f o r  low 

s a l i n i t y ,  n e u t r a l  t o  a l k a l i n e  pH r e s e r v o i r s ,  when 20 mpy ( m i l s  pe r  yea r )  

co r ros ion  al lowances a re  permi t ted .  Corros ion r a t e s  o f  carbon s t e e l s  proba- 

b l y  w i l l  be excess ive under t h e  f o l l o w i n g  cond i t i ons :  

e Carbon d i o x i d e  sa tu ra ted ,  low pH (<pH 6)  b r i n e s  a t  ambient t o  

1  OO°C temperature, and C02 sa tu ra ted  steam condensate system. 

A p p l i c a t i o n s  near 250°C and above i n  s a l i n i t i e s  above 5  t o  

10%. 



Thin sections such as  heat exchanger tubes (may f a i l  by 

p i t t i n g ) .  

Applications where any oxygen may be present, such as steam 

condenser and waste injection systems. 

While some minor al loy effects  were observed among the 10 carbon s t ee l s  

tes ted,  the al loy composition of the carbon s tee l  was a second order e f fec t  

compared with important brine chemistry variables such as pH, s a l i n i t y ,  and 

temperature. Acidification of East Mesa geothermal brine to  pH 4.8 increased 

carbon s tee l  corrosion 3 t o  4 times i n  agreement with lab t e s t s .  

The corrosion ra tes  of carbon s t ee l s  were found t o  be largely controlled 
by the composition and s t ructure of the corrosion product fi lm tha t  formed on 
the metal. These films followed thermodynamic predictions. This a l so  means 
mineral scale  deposits could s igni f icant ly  a f f ec t  corrosion ra tes  and must be 

investigated fur ther .  

A number of alloys were found i n  the screening t e s t s  t ha t  showed negli- 
gible  corrosion under a l l  conditions tested up to  250°C and 22% s a l i n i t i e s .  

Alternate materials t o  carbon s t ee l s  include: h i g h  chromium alloys above 
23% Cr including E-Brite 26-1, 446, 29 Cr-4 M o ,  29 Cr-4 No-2 Ni, 26 Cr-l Mo-1 
Ti ,  A1 6X; nickel alloys Hastelloy C276, Inconel 625, Incoloy 825; four titanium 

a1 loys; and zirconium. 

The t e s t s  t o  date only cover uniform corrosion resistance. A1 though no 
s igni f icant  p i t t i ng  was observed i n  these t e s t s ,  fur ther  work needs to  be 

done on nonuniform corrosion (p i t t i ng  and crevice corrosion). All of the 

experimental t e s t  environments were very low in oxygen (<0.01 ppm) and 
contained no other ions to  r a i se  the redox potent ial .  Sl ight  increases i n  

oxygen or  su l f a t e  ion could a f fec t  p i t t ing  or crevice corrosion and must be 
investigated fur ther .  

The t e s t s  t o  date have only lasted two weeks' duration. The f i e l d  test 
lasted s ix  weeks and will  be reported in the next report. I t  i s  c lear  

longer time test ing i s  needed to confirm the trends indicated by the short-  

term t e s t s .  



THEORY 

The un i f o rm  c o r r o s i o n  o f  carbon s t e e l s  i n  geothermal b r i n e s  i s  an 

e lec t rochemica l  process. Th i s  means t h a t  i n  o rde r  f o r  i r o n  t o  corrode, some 

o t h e r  species i n  t h e  b r i n e  must be chemica l l y  reduced. The i r o n  and t h e  

b r i n e  must be e l e c t r i c a l l y  coupled t o  pe rm i t  e l e c t r o n  f low.  The anodic 

c o r r o s i o n  r e a c t i o n  i s :  

Two o f  t he  most impor tan t  ca thod ic  r e a c t i o n s  r e q u i r e d  t o  complete and s u s t a i n  

t h e  e lec t rochemica l  c o r r o s i o n  process a re :  

Equat ions 2  and 3 show t h a t  t h e  a c i d i t y  (pH) and t h e  oxygen con ten t  o f  t h e  

b r i n e  a r e  very  impor tan t  i n  c o n t r o l l i n g  co r ros ion  o f  carbon s t e e l s .  Marsha l l  ( 1  

and ~ s k h v i r a s h v i l  i (') r e p o r t  co r ros ion  r a t e  c o n t r o l  i n  geothermal b r i n e s  i s  

by Equat ion 2. 

Th i s  e lec t rochemica l  mechanism o f  carbon s t e e l  co r ros ion  has severa l  

impo r tan t  i m p l i c a t i o n s :  

The pH o f  t h e  b r i n e  a t  temperature i s  impor tan t ,  and co r ros ion  

w i l l  i nc rease  as a c i d i t y  increases.  

D isso lved  oxygen w i l l  i nc rease  cor ros ion .  

e The presence o f  c o r r o s i o n  p roduc t  f i l m s  o r  m inera l  sca le  on 

t h e  s t e e l  sur faces can slow co r ros ion  by s lowing t he  t r a n s p o r t  

o f  chemical species through t h e  sca le .  The composi t ion and 

s t r u c t u r e  o f  t h e  f i l m s  on t he  metal  su r face  w i l l  be impor tan t .  

Corros ion o f  carbon s t e e l  i n  d r y  steam w i l l  be lowered because 

t h e  e lec t rochemica l  c e l l  r e q u i r e s  water  t o  be present .  

Temperature w i l l  be impor tan t  because i t  changes t he  chemical 

e q u i l i b r i a  a f f e c t i n g  pH and changes r e a c t i o n  and d i f f u s i o n  

r a t e s  . 
3 



Eh-pH Diagrams 

I t  i s  very useful in both geochemistry and corrosion t o  p l o t  the  

oxidation-reduction potent ia l  (Eh) of a system vs the  pH of t h a t  system. 
Since Eh i s  r e l a t ed  t o  the  oxygen and redox couples i n  t h e  br ine ,  and pH t o  

the  a c i d i t y ,  such a diagram co r r e l a t e s  two of the  important chemical f a c t o r s  
con t ro l l ing  corrosion.  The Eh of a br ine  i s  r e l a t ed  t o  the  p a r t i a l  pressure 
of dissolved oxygen ( P  ) a t  25°C by: (3 )  

O 2 

In Figure a r e  p lo t t ed  the Eh-pH values of many natura l  waters. 

Note t h a t  a l l  t h e  values a r e  bounded by the voltage where water decomposes 
i n t o  oxygen a t  t he  top and hydrogen a t  the  bottom. Natural waters near the  

top have much dissolved oxygen, while s t rongly  reducing waters (such as  

geothermal brines ) have negative values of Eh approaching the  hydrogen 

discharge 1 ine .  

I t  i s  i n t e r e s t i n g  t o  c a l cu l a t e  the Eh and Po of a typical  geothermal 
br ine  containing 10 ppm H2S and 10 ppm s 0 i 2  a t  pl? 6 a t  25°C: 

10 ppm H2S = 2.94 x 10-~m 

10 ppm ~ 0 ~ - ~  = 1.04 x 10-~m 

* 
Eq. 5 from Pourbaix, 1974. 



FIGURE 1. D i s t r i b u t i o n  o f  Eh-pH Measurements o f  t h e  Na u  a1 F r Aqueous Environments (Source: Bass, e t  a1 . )  4 

T h i s  oxygen v a l u e  o f  10-~ 'a tm i s  so low as t o  o n l y  be o f  thermodynamic 

i n t e r e s t ,  b u t  i l l u s t r a t e s  t h a t  geothermal b r i n e s  c o n t a i n i n g  H2S a r e  u n l i k e l y  

t o  c o n t a i n  d e t e c t a b l e  d i s s o l v e d  O2 un less  a i r  i n leakage  occurs  d u r i n g  o r  



af ter  production of fluids. If a i r  i s  mixed into the brine, b o t h  H2S and 
O2 - can co-exist for awhile before thermodynamic equilibrium i s  reestablished. 

However, with good plant design and operations, we could maintain the brines 

oxygen free and eliminate one major source of corrosion of carbon steels .  

In Figure 2 (from Garrels and Christ (6)) a geochemical Eh-pH diagram i s  

reproduced. I t  i s  a very useful diagram for considering corrosion of 
carbon s teels  in geothermal brines because i t  interrelates the thermo- 

dynamic s tabi l i ty  of various corrosion product films on carbon steels  with 

the E h  and pH of the brine. Most geothermal brines are buffered near neutral 
t 

within -2 pH units, contain no dissolved oxygen and have negative Eh values. 

Iron oxide, iron carbonate, and iron sulfides are a l l  possible corrosion product 

films depending on the specific chemistry (Fig. 2 ) .  Note that fe r r ic  ion cannot 

normally exist  in oxygen-free geothermal brines in any measurable activi ty.  

(Fig. 2 i s  only valid a t  25OC.) 

pH a t  Temperature 

Geothermal brines are buffered systems and the pH of the brine will depend 

on the specific brine chemistry together with reservoir temperature, reservoir 
minerals, gas content, and sal ini ty.  In Table 1 are l is ted some of the impor- 

tant acid-base equilibria that affect pH. 

All of these chemical equilibria are temperature dependent. Note in 

Figure 3 that the carbonic acid dissociation changes by over 2 orders of 
magnitude from 25 to 300°C. I n  general, most acids become less dissociated 
a t  h i g h  temperature. 

~ l l i s ( ~ )  has pointed out an important effect of sa l in i ty  on pH. 

Because of the effects of hydrogen-alkali metal substitution in the feldspar 

minerals, the pH of geothermal brines tends to be buffered. As sal ini ty 
+ 

increases, the increased Na , K', ~ a + ~  act ivi t ies  cause the H+ act ivi ty t o  
increase also in order to maintain chemical equilibrium with feldspar minerals 

(Table 1 ) .  Thus high saline geothermal reservoirs wi 11 tend t o  be more 

acidic. 
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FIGURE 2. Eh-pH Diagram (25OC 1 A t m ) ;  a S l f u r  = a C03 = 10" 
(Source:  G a r r e l  s and C h r i s t )  (6Y 



TABLE 1. Some Important Temperature Dependent E q u i l i b r i a  
A f f ec t i ng  Geothermal Br ine pH 

7 A l b i t e  + 6Ht + 3H20 Z 3Na-Montmori 11 i n i  t e  + 10Si02 + 10Si02 + N ~ +  

0 100 200 300 

TEMPERATURE, OC 

FIGURE 3. The Dissoc ia t ion Constant o f  Carbonic Acid 



When geothermal f l u i d s  a r e  produced as two-phase water-steam mix tu res ,  

t h e  gases C02, H2S, and NH3 f r a c t i o n a t e  a lmost  complete ly  t o  steam phase. 

Th i s  can cause dramat ic  s h i f t s  i n  pH i n  bo th  r e s i d u a l  b r i n e  and steam conden- 

sate.  Where C02 c o n t r o l s  t h e  pH, t h e  b r i n e  w i l l  become more a l k a l i n e  and t h e  

steam condensate a c i d i c  a f t e r  f l a s h i n g .  However, i f  t h e  steam con ta ins  more 

NH3 t h e  condensate w i l l  be more a l k a l i n e .  The measured pH values on f i e l d  

samples taken f rom geothermal systems can vary  w ide ly ,  and un less gas losses  

d u r i n g  sampling a r e  c a r e f u l l y  c o n t r o l l e d ,  t h e  measured pH va lue  can be i n  

se r i ous  e r r o r .  

EXPERIMENTAL PLAN 

A  s e r i e s  o f  r e f r eshed  au toc lave  experiments were run  i n  s y n t h e t i c  b r i n e s  

t o  i n v e s t i g a t e  how v a r i a t i o n s  i n  pH, temperature, s a l i n i t y ,  s i l i c a ,  and H2S 

l e v e l s  a f f e c t  t h e  un i f o rm  co r ros ion  o f  carbon s tee l s ,  chromium s tee l s ,  n i c k e l  

a l l o y s ,  t i t a n i u m  a l l o y s ,  and z i rcon ium (Table 2 ) .  The t e s t  s e r i e s  were 

planned t o  i n v e s t i g a t e  t h e  co r ros ion  e f f e c t s  o f  va ry i ng  pH a t  temperature a t  

va r i ous  s a l i n i t i e s .  A l l  pH values repo r ted  were measured a t  25OC; t h e  a c t u a l  

pH i n  t h e  t e s t  a t  temperature cou ld  be q u i t e  d i f f e r e n t .  

These t e s t s  were t o  prepare background i n f o r m a t i o n  f o r  t h e  i n t e r p r e t a t i o n  

o f  f i e l d  c o r r o s i o n  data.  We do n o t  b e l i e v e  l a b o r a t o r y  t e s t s  can ever  e x a c t l y  

d u p l i c a t e  t h e  complex chemical and su r f ace  e f f e c t s  c o n t r o l l i n g  co r ros ion  i n  

r e a l  geothermal f l u i d s .  However, t e s t s  i n  s imp le  b r i nes  can form a  bas is  f o r  

i n t e r p r e t a t i o n  o f  f i e l d  data.  

The t e s t s  were r u n  i n  a  re f r eshed  Inconel  600 au toc lave  shown i n  

F igu re  4. Syn the t i c  b r i n e s  were made up i n  3 0 0 - l i t e r  batches. Oxygen was 

e l i m i n a t e d  by f i r s t  gas spar ing  w i t h  C02; then adding 20 t o  30 ppm hydrazine. 

Oxygen i n  a l l  b r i n e s  was below a n a l y t i c a l  d e t e c t i o n  l i m i t s  o f  0.01 ppm oxygen. 

The pH was ad jus ted  by va ry i ng  t h e  C02 p a r t i a l  pressure i n  t he  sparge 

gas o r  by us ing  pure  C o p  sparge gas a t  1  atm pressure and adding NaOH t o  t h e  

tank  t o  fo rm b icarbonate.  H2S was added as Na2S. S i l i c a  was added as sodium 

m e t a - s i l i c a t e .  



TABLE 2. Materials Studied 

Cr Mo N Cu Fe H 0 Carbon Steels  Carbon. M n  P. 5 S i  Ni __-_ -- -- -- -- -, 
A570 Sheet 0.13 0.42 0.008 0.017 - -  . - - . - - - - -- - -  - -  - - 
A538 Pipe 0.20 0.55 0.010 0.019 0.02 0.02 0.007 0.005 - -  - - Rem. --  -- 
SAE 1010 Tube 0.10 0.30 0.007 0.320 0.009 0.04 0.009 0.010 -- 0.02 Rem. - -  - - 
A106 Pipe 0.20 0.55 0.10 0.012 0.15 0.04 0.04 0.010 - -  0.03 Ran. --  - - 
SAE 1010 lubet 0.03 0.27 0.017 0.006 0.005 0.03 0.009 0.006 - -  0.06 Rem. - -  -- 
A538 ~ ~ b e *  0.23 0.71 0.010 0.019 0.15 0.26 0.010 0.007 --  0.008 Ren. - -  - - 

API Grade Well Casing Steels 

C75 0.44 1.56 0.003 0.17 0.21 

C95 - - - - 0.014 0.023 - -  
,155 0.41 1.08 0.011 0.013 0.08 

K55 0.32 1.03 0.010 0.020 0.09 

LBO 0.29 1.22 0.021 0.033 0.07 

N8O 0.28 1.20 0.010 0.012 0.13 

PI10 - - . - 0.019 0.027 - -  

Chromium Steels  

4130 lubet 0.L':l 0.48 0.009 0.011 0.25 

E -Br l t e  26-1 <0.001 0.020 0.010 0.011 0.21 

405 0.020 0.25 O.lJ10 0.009 0.44 

410 0.12 0.20 0.009 0.014 0.27 

430 0.051 0.24 0.011 0.009 0.29 

446 0.067 0.45 0.014 0.011 0.22 

406 0.11 0.36 0.011 0.005 0.26 

439 0.052 0.41 0.031 0.010 0.43 

29-4' 0.01 111ax.-- - -  - -  - -  

29-4-2* 0.01 ~ ~ l a x  - -  - -  - -  - -  
26-15' 0.06 ~ ~ l a x  - -  - -  - -  - -  

2-112 Cr. 1 Mo 0.12 0.50 0.012 0.014 0.22 

6X* O.03 llldx 1.5 - -  - -  - -  
E -Br i t e  26-1 Tubet 0.01 4 . 1 0  0.015 0.011 0.18 

410 lubet 0.10 0.39 0.010 0.009 0.51 

- - 0.007 

0.110 0.020 

- - 0.051 

- - 0.08 

- - 0.07 

- - 0.06 

- -  0.04 

- -  0.09 

0.02 max. - -  

0.02111ax. - -  
0.041t1dx. - -  
-. 0.18 

. . - - 
- -  0.005 
- . 0.03 

0.2 Pd 0.03 .- - -  - -  .. - -  - - . . 0.01 -. 0.16 .I00 ppn 0.122 

Special Mater ia ls  -~ 

Hastel loyC-276: 0.02 1 0.03 0.03 0.05 RRII. 14.5-16.5 15-17 - -  - - 4-7 - -  - - 
Inconel 625' 0.05 0.15 - -  0.008 0.25 61 21.5 9 - - - - 2.5 - -  - - 
lnconel 600* 0.08 0.5 - -  - -  0.25 76 15.5 - - - - 0.25 8 - -  - - 
lncoloy 825* 0.03 0.5 - -  0.015 0.25 42 21.5 3 . - 2.25 30 - -  - - 

Other 

W 3-4.5. Co 2.5, V 0.35 

0.2 T i .  4 Cb 

T i  0.9 

Pure Crysta l  Bar 

Q ~ S i z l - ~  

tt ieats used i n  f i e l d  t e s t  
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Brine was pumped from these tanks a t  1.5 l i  ter/m by a high pressure pump 

which maintained a single phase hydraulic system in the autoclave a t  68.9 Bars 

(1000 psig). This kept a l l  gases in solution. The brine was dumped t o  drain 
af ter  leaving the autoclave. This resulted in a changeout of the autoclave 
volume every 3.3 hours. Preliminary tes ts  showed autoclave refreshment i s  
essential t o  maintain constant chemistry, especially pH. If the autoclave i s  

n o t  refreshed, corrosion rates decrease. 

Test coupons were used in the as-received metallurgical conditions. 
Surfaces of carbon steels ,  chromium steels  and nickel alloys were prepared by 
mechanically grinding the surfaces, finishing with 325 grade g r i t  paper. The 
titanium alloys and zirconium were etched in HN03-HF. All samples are weighed 

t o  0.1 mg and areas calculated, including edges and mounting holes. Samples 

were exposed on Teflon insulators on a titanium rack in the autoclave for 

135 hours a t  t e s t  conditions. One-half of the samples were removed and the 
remainder exposed for a second 135 hours (270 hours total ) . Because of the 

large number of alloys only one sample was used a t  each point. After expo- 

sure carbon steel corrosion films were stripped in inhibited 50% HC1 and 

chromium steels  and nickel alloys in an alkaline permanganate--inhibited 

HC1--two-step process. Only weight gain was measured for titanium alloys and 

zirconium. 

RESULTS 

The Role of pH on Corrosion 

The average corrosion rates of the 10 carbon steels  in 1% NaCl brines 

are plotted - vs pH in Figure 5. Individual carbon steel a1 loy effects were 

minor compared to the temperature and pH effects. There i s  a definite pH 

effect observed, as expected, with corrosion increasing a t  lower pH values. 
The effect i s  most dramatic a t  50°C however. The strong temperature depen- 

dence may be related t o  the higher H+ activity a t  low temperature (Fig. 3 ) ,  

b u t  i s  more likely caused by a change in corrosion film composition from no 

films a t  50°C, to FeC03 a t  150°C, t o  Fe304 a t  250°C which was observed on X-ray 

diffraction patterns. These data suggest the commonly observed corrosive 

effects of dissolved C02 will become less serious a t  the higher temperatures 

observed in geothermal wells. 
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A 

FIGURE 5. Average Corrosion of Ten Carbon 
Steels in NaCl-C02 Brines - vs pH 

The uniform corrosion rates  of a l l  nickel alloys, chromium s tee ls ,  

titanium alloys,  and zirconium were 0 to 0.05 mm/yr (0 to  2 mpy) a t  the 1 %  

NaCl level. 

The Role of Temperature on Corrosion 

The effect  of temperature on corrosion in the range of 50 to  250°C was 

found to be interrelated with pH and sa l in i ty .  In Figure 6 the average 

corrosion rates  of 10 carbon s tee ls  are  plotted - vs temperature a t  s a l in i t i e s  

of 1 %  and 22% NaC1. Corrosion tended to decrease as temperature increased as 

more protective Fe304 was formed on the s tee ls .  However, a t  250°C, as tem- 

perature and sa l in i ty  both increased, corrosion rates increased. 
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FIGURE 6. Average Corrosion of Ten Carbon Steels  
in C02-Bicarbonate Brines 

The Role of Sa l in i ty  on Corrosion 

A t  temperatures of 50°C and 150°C sa l in i ty  did not a f f ec t  carbon s tee l  
corrosion nearly as much as pH, temperature, or film composition ef fec ts .  

The marked e f fec t  of sa l in i ty  a t  250°C was investigated separately in a t e s t  
se r ies  i n  Figure 7 .  These data show a marked increase i n  corrosion as sa l in-  

ni ty  increases up t o  a t  l eas t  20%. The cause of th i s  increase in corrosion 

appears due both to  increased solution conductivity and changes i n  corrosion 

film structure.  The corrosion films a t  1 %  NaCl and 22% NaCl were b o t h  Fe304 

by X-ray d i f f rac t ion ,  however, the high sa l in i ty  films were composed of f ine  

par t ic les  rather than a coherent film. A t  the 10% sa l in i ty  level some carbon 

s tee l  alloy differences were seen i n  250°C uniform corrosion as l i s t e d  i n  

Table 3. 
14 



A 1  loy 

A570 

A53B Heat 1 

A53B Heat 2 

C75 

1010 

41 30 

2 1/4 - lMo 

410 Heat 1 

410 Heat 2 

E-Brite 26-1 Heat 1 

E-Brite 26-1 Heat 2 

Hastal loy C-276 

Inconel 625 

Inconel 600 

Incoloy 825 

29Cr-4-2 

6X 

TABLE 3. Effec t  of Alloy Composition on Uniform Corrosion 

Temperature 250°C 

Pressure 68.9 Bar (1000 p s i )  

Oxygen ~ 0 . 0 1  ppm 

PH 4.6 t o  4.8 

1% NaCl 

0 .3  (12) 

0 .3  (11) 

Corrosion Rate 

57. NaCl 
mmlyr ( ~ P Y  

10% NaCl 20% NaCl 



FIGURE 7. Average Corrosion Rate of Carbon S t e e l s  - vs S a l i n i t y  
250°C - pH 4.5-4.8 
Pressure-  68.9 Bars (1000 ps ig)  
Oxygen - ~ 0 . 0 1  ppm 

The Role of Dissolved H2S and S i l i c a  on Corrosion 

The corrosion of carbon s t e e l s  i n  1% NaC1-C02 brines w i t h  e i t h e r  H2S o r  
Si02 addi t ions  i s  given in  Table 4. These data  i nd i ca t e  a s l i g h t  reduction 
i n  corrosion w i t h  the  addi t ion of H2S o r  Si02. The presence of H2S changed 
t he  corrosion product f i lms from FeC03 t o  FeS and FeSp a t  150°C (by X-ray 

d i f f r a c t i o n ) .  While not  very p ro tec t ive ,  the  s u l f i d e  f i lms were more pro- 

t e c t i v e  than t he  t h i n  carbonate f i lms.  



TABLE 4. E f f e c t  o f  H2S and D isso lved  S i l i c a  on Corros ion 

A1 l o y  

A570 

A53B 

1010 

A1 06 

C75 

C95 

K55 

L80 

P l l O  

Temperature 150°C Pressure 68.9 Bar (1000 p s i g )  

25°C pH 4.6 Oxygen <0.01 ppm 

NaCl 1% Average c o r r o s i o n  r a t e  mm/yr (mpy ) 

0.53 (21 mpy) 

0.41 (16)  

0.28 (11)  

0.43 (17)  

0.28 (12) 

0.33 (13)  

0.28 (11) 

0.33 (13) 

0.30 (12 )  

0.41 (16 mpy) 

0.36 (14)  

0.36 (14)  

0.36 (14)  

0.38 (15)  

I t  was thought  t h a t  t h e  s i l i c a  i n  s o l u t i o n  migh t  r e a c t  w i t h  t h e  i r o n  t o  

form a  p r o t e c t i v e  i r o n  s i l i c a t e  f i l m .  The c o r r o s i o n  was reduced s l i g h t l y  

w i t h  S i02 add i t i ons ,  b u t  no s i l i c a t e s  were i d e n t i f i e d  on t he  sur face  o f  t h e  

one sample examined. More samples need t o  be s tud ied .  

The H2S had no observable e f f e c t  on any o f  t he  chromiuni s t ee l s ,  t i t a n i u m  

a l l o y s ,  o r  z i rconium. Wi th  t h e  n i c k e l  a l l o y s ,  some s u l f i d e  co r ros ion  took  

p l ace  forming n i c k e l  s u l f i d e  f i l m s  on Incone l  600, w i t h  a  co r ros ion  r a t e  o f  

0.25 mm/yr (10 m i l s l y r )  a t  250°C i n  1% NaC1-pH 5. I n  t he  same t e s t  H a s t e l l o y  

C-276 and Inconel  625 corroded o n l y  0.01 mrn/yr (C .  2 mpy). 

Corros ion o f  A l t e r n a t e  A l l o y s  

The un i f o rm  co r ros ion  o f  chromium, n i c k e l ,  and t i t a n i u m  a l l o y s  and 

z i rcon ium were measured a long  w i t h  t h e  carbon s t e e l s .  No 300 s e r i e s  s t a i n -  

l e s s  s t e e l s  were i nc l uded  because o f  t h e i r  we1 1-known suscep t i  b i  1  i ty  t o  



chloride stress corrosion cracking. I n  most of the 1 %  NaCl tes t s  a l l  the 

alternate alloys performed well with l i t t l e  uniform corrosion and no signifi-  

cant pitting observed. In some of the 250°C tes ts  significant corrosion of 
some alloys was observed. The data in Table 5 represent the highest corro- 
sion rates observed for the alternate alloys. The sulfide attack on 
Inconel 600 i s  the major observation with H2S present. When exposed t o  high 
temperature, high sal ini ty (20% NaC1) conditions, i t  can be seen that high 

chromium content above 23% i s  very beneficial to corrosion resistance. 

Especiatly notable in their  corrosion resistance t o  250°C, oxygen free, 

s a l t  brines were E-Brite 26-1, 446, the experimental high chromium alloys, 
nickel alloys, titanium alloys, and zirconium. Since the corrosion rates 

were calculated from only two samples of each alloy, minor differences in 
rate are not s ta t i s t i ca l ly  significant. The aluminum containing alloy type 
406 i s  of interest ,  since i t  showed much lower corrosion t h a n  the other 12  Cr 

alloys, although the corrosion was s t i l l  much higher than the high chromium 

a1 loys. 

Comparison of Refreshed Autoclave Data With Corrosion Rates 
in Actual Geothermal Brines 

An obvious question i s  whether the trends reported for the refreshed 

autoclave results are applicable t o  real geothermal brines. To answer th is  

question a corrosion experiment was conducted a t  the Bureau of Reclamation 

geothermal well 6-1 near Holtville, CA. This t es t  involved a ful l  factorial 
experiment of 5 alloys x 3 temperatures x 3 velocities a t  well head pH of 5.8 

and with acid injection t o  lower the pH to 4.6-4.8. Only preliminary data, 

Tables 6 and 7, from this  f ie ld  t e s t  are ready a t  this time to provide a 

reference point t o  this  paper. The data in Table 6 indicate excel lent agree- 

ment on corrosion rates a t  150°C in real and synthetic brines. However, the 

strong inverse temperature dependence on corrosion seen in the autoclave a t  

50°C was n o t  confirmed in the f ield data. The cause of the reduced corrosion 

in the actual geothermal fluid a t  50°C may be due t o  a s i l i ca  film that 

deposited and became rate controlling. Extensive work on film composition 

and structure i s  in progress. 



T A B L E  5. Coniparison of A l t e r n a t e  Alloys with Carbon S t e e l s  
i n  Oxygen Free Brines - 68.9 Bar (1000 p s i g )  

250°C 1% NaCl 250°C - 20% NaCl 
pH 4 . 8  H2S 10 rng/l pH 4 .6  

Average of  ten carbon s t e e l s  0 .18 ( 7  mpy) 2.2 (87  rnpy) 

Chrolni -- urn A1 1 oys 

2 1 /4  Cr 1 140 

E-Brite 26-1 (26 Cr-1 mo) 

405 ( 1 3  Cr) 

410 (12 Cr)  

430 (16 Cr) 

446 ( 2 3  Cr) 

406 (12 Cr 1 . 8  A l )  

439 (1 7 Cr) 

29 Cr-4 Mo 

29 Cr-4 Mo - 2 Ni 

26 Cr-1 Mo - 1 Ti 

6X - (20 Cr-24 Ni-6.5 Mo 1 

Nickel A1 1 oys 

Haste1 loy  C-276 

Inconel 625 

Inconel 600 

Inconel 825 

Ti t a n i  urn A1 1 oys 

T i  35A 

Ti 1 .5  N i  
Ti 0.2 Pd 

Ti 6 A1-4V 

Z i  rconi  urn 

0.08  ( 3 )  

0 .02 ( 0 . 6 )  

0.06 ( 2 . 5 )  

0 .04  ( 1 . 4 )  

0 .04 ( 1 . 7 )  

0 .02 (0 .7)  

0.06 (2 .2)  

0.04 (1 .4 )  

0.02 (0 .6)  

0.02 (0 .4)  

0.02 (0 .6)  

5 Mn) 0.003 ( 0 . 1 )  



TABLE 6. Comparison of Corrosion in Refreshed Autoclave Tests 
with Corrosion in Actual Geothermal Brines 

Corrosion Rate in mm/yr (2 week exposures) 

Au tocl ave ( ) Geothermal 
A1 1 oy Test Brine (2) 

1010 0.11 (4.2 mpy) 0.15 (6.0 mpy) 

A530 0.12 (4.7 mpy) 0.14 (5.5 mpy) 
N 

4130 0.17 (6.6 mpy) 0.17 (6.8 mpy) 

41 0 0.04 (1.6 mpy) 0.03 (1.3 mpy) 

E-Bri te 26-1 0.003 (0.1 mpy) 0.003 (0.1 mpy) 

Autoclave 
(1 1 Geothermal 

Test Brine (2) 

0.36 (14 mpy) 0.042 (1 .7 mpy ) 

0.46 (18 mpy) 0.045 (1.8 mpy) 

0.32 (12 mpy) 0.088 (3.5 mpy) 

0.015 (0.6 mpy) 0.03 (1.3 mpy) 

0.0067 (0.27 mpy) 0.0076 (0.3 mpy) 

) Synthetic Brine - pH 5.6-5.8, NaC1-24,000 mg/l iter, 5io2-320 mg/l i ter, H2S-lmg/l i ter, <0.01 ppm O2 

(2) East Mesa Well 6-1 - pH 5.6-5.8, Salinity-22,000 mg/liter, Si02-300 mg/liter, 
H2S-1. 3 mg/li ter, O2 <0.01 ppm 



TABLE 7. Effect of Acidification on Corrosion in Refreshed 
Autoclave Tests and Actual Geothermal Brine 

Corrosion mm/yr in Corrosion mrn/yr in 
East Mesa 6-1 Refreshed Autoclave Tests 

Geothermal Brine 150°C-1 ft/sec 150°C 

\/el 1 head Acidification 
A1 10y pH 5.6 - 5.8 pH 4.6 - 4.8 pH 5.6 - 5.8 pH 4.6 - 4.8 

101 0 0.15 (6.0 mpy) 0.64 (25 mpy) 0.11 (4.2 mpy) 0.41 (16 mpy) 

A53B 0.14 (5.4 mpy) 0.39 (15 mpy) 0.12 (4.7 mpy) 0.53 (21 mpy) 

41 30 0.17 (6.8 mpy) 0.56 (22 mpy) 0.17 (6.6 mpy) - - 

41 0 0.03 (1.3 rnpy) 0.04 (1.8 mpy) 0.04 (1.6 mpy) - - 
E-Bri te 26-1 0.003 (0.1 mpy) 0.003 (0.1 mpy) 0.003 (0.1 mpy) - - 



The acid injection data (Table 7 )  confirmed the strong pH dependence of 

carbon steel corrosion where corrosion rates increased 3 t o  4 times w i t h  a 
1 pH unit acidification. This was the same order of change of corrosion w i t h  

pH observed in the refreshed autoclave data. These acidification data are of 
considerable interest  since acid injection i s  one method being considered for 

mineral scale control. 

The 410 chromium steel and the E-Brite 26-1 showed l i t t l e  or no pH 

dependent corrosion in the f ield tes t .  

The Role of Film Formation on Corrosion 

We have used a thermodynamic computer code(8) to calculate what iron 
compound would be the stable form considering temperature, acid-base equilib- 

r i a  a t  temperature, effect of sal ini ty on activity coefficients, and sulfur 

activity. These calculations are compared in Table 8 with the observed film 

compositions. In most cases the predicted film i s  near the composition that 

i s  found, indicating thermodynamic stabi 1 i ty of the films i s  very important. 

Refering back to Figure 2 ,  we see the carbonate and sulfide s tabi l i ty  

f ields are very important a t  25OC t o  50°C. Our data indicate Fe304 becomes 
the dominant film a t  250°C. Considering the minor changes in pH, Eh ,  or 

temperature that can change the stable film composition, i t  i s  not surprising 

t h a t  widely varying corrosion of carbon steel i s  seen in geothermal systems. 

We be1 ieve that the composi tion and structure of the corrosion film on 

the metal, combined with the composition and structure of the mineral scale 

deposits, may largely control corrosion of carbon steels  in geothermal brines. 

CONCLUSIONS 

The large screening t e s t  of alloys in refreshed autoclave tes ts  indicates 
that  most common carbon steels  have satisfactory uniform corrosion rates in 

low salini ty,  oxygen free geothermal brines above pH 6. Where suitable corro- 

sion allowances are permitted, corrosion rates of carbon steels  in pH 4.5 

brines may be acceptable. However, the data should be used cautiously as 

pitting and crevice corrosion were n o t  studied which could be important in 

specific cases, such as heat exchanger tubes. As temperatures and sal in i ty  



TABLE 8. Calculated Thermodynamic S tab i l i ty  of Iron Compounds Compared 
with Observed Film Composition on A570 Carbon Steel 

1% NaC1, pH 7.5 1% NaC1, pH 4.8 1% NaC1, pH 4.8 + H S 
To C - Calculated Observed Calculated Observed Calculated 0bserv2d 

50 FeC03 none ~ e "  85% Fe FeS2 FeS 
detected 10% FeC03 

150 Fe304 Fe304 FeC03 FeC03 FeC03 80% FeC03 

FeS2 10% FeS 

Fe304 not run 



r i s e  together, carbon s tee l  corrosion increases to  unacceptable ra tes  a t  pH 5. 

Acidification of a s l igh t ly  acid (pH 5.8) brine to  pH 4.8 increased corrosion 

of carbon s t ee l s  three to  four times. The pH a t  temperature was found t o  be 

very important. 

Films tha t  formed on the metal generally followed thermodynamic predic- 
t ions and appeared to  play a major ro le  in corrosion r a t e  control.  I f  this 
i s  the case, local breakdown of the film could lead to  p i t t i ng  at tack which 

should be investigated fur ther .  

Except fo r  250°C - 20% NaCl brines, alloys with the low corrosion ra tes  
include the chromium s t e e l s  containing 17 Cr or more, titanium a l loys ,  z i r -  

conium, and nickel alloys.  The titanium al loys,  E-Brite 26-1, 6X and other 

high chromium alloys and zirconium survived every t e s t  w i t h  l i t t l e  more than 

film formation. 
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