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CORROSION STUDIES IN BRINES OF THE SALTON SEA 
GEOTHERMAL FIELD 

J. P. Carter, 1 F. X. McCawley,2 S. D. Crarner,3 
and P. B. Needham, Jr.4 

ABSTRACT 

Toward the goal of maximizing minerals and metals recovery from domestic 
resources, the Bureau of Mines, U.S. Department of the Interior, has conducted 
in situ corrosion studies at the Salton Sea Known Geothermal Resources Area 
(KGRA) in the Imperial Valley, Calif., to evaluate and characterize materials 
of construction for geothermal resources recovery plants. General-, pitting, 
and crevice-corrosion characteristics of 13 comercially available alloys were 
investigated for periods of 15 and 30 days in seven process environments 
expected to be found in typical geothermal resources plants. 

Stainless steel alloy 29-4, Inconel 625, and the Hastelloys G, S, and 
C-276 were the most resistant to general corrosion, did not pit, and exhibited 
little susceptibility to crevice corrosion. 
E-Brite 26-1, and 6X had low general corrosion rates, but pitted and were sus- 
ceptible to crevice corrosion. 
sion rate, but corroded intergranularly, pitted, and was susceptible to 
crevice corrosion and to stress-corrosion cracking. 
TiCode-12 had low corrosion rates, did not pit, and were not susceptible to 
crevice corrosion. 
and had high susceptibilities to crevice corrosion. The major scale-forming 
mineral on the corrosion samples in most of the process environments studied 
was galena mixed with lesser amounts of other minerals. 

Stainless steel alloys 430, 

Stainless steel alloy 316 L had a low corro- 

Titanium-1.5 nickel and 

Carbon and 4130 steels had high corrosion rates, pitted, 

INTRODUCTION 

The Imperial Valley of California is one of the major liquid-dominated 
geothermal regions in the United States. 
and distinct Known Geothermal Resources Areas (KGRA) that contain substantial 

1Research chemist, Avondale Metallurgy -__ ~ I Researchxenter, Bureau of Mines, 

2Metallurgist, Avondale Metallurgy Research Center, Bureau of Mines, 

"Chemical engineer, Avondale, Metallurgy Research Center, Bureau of Mines, 

4Research physicist, Division of Metallurgy, Bureau of Mines, Washington, D.C. 

Within this valley are several large 

\ Avondale, Md. 

Avondale, Md. 

Avondale, Md. 
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q u a n t i t i e s  of dissolved, po ten t i a l ly  recoverable metals and minerals. 
such area, the  Salton Sea KGRA, contains  br ines  t h a t  not only have a high min- 
e r a l  content, up t o  30 pct  t o t a l  dissolved s o l i d s  (TDS) but, coupled with high 
temperatures, up t o  350" C, they a r e  among the most corrosive na tu ra l ly  occur- 
r i ng  f lu ids .  
w i l l  depend t o  a la rge  measure upon mater ia l s  t h a t  w i l l  withstand these  severe 
environments. 

One 

For t h i s  reason, recovery of these  geobrine mineral resources 

I n  1974, the Bureau of Mines undertook an extensive program of laboratory 
and f i e l d  research and t e s t i n g  to  i d e n t i f y  the  optimum materials of construc- 
t i o n  f o r  po ten t i a l  geothermal resource recovery plants .  
t i v e s  of t h i s  e f f o r t ,  t he  Bureau's Avondale (Md.) Metallurgy Research Center 
has conducted extensive laboratory corrosion and thermodynamic s tudies  i n  
br ines  (4, 6Jr6,in addi t ion t o  materials research and t e s t i n g  i n  the  f i e l d .  

To m e e t  t h e  objec- 

The purpose of t he  f i e l d  research and t e s t i n g  was t o  determine (1) the  i n  
s i t u  corrosion proper t ies  of commercially ava i lab le  metals  and a l loys  (I, I ) ,  
(2) the  chemistry of flowing geothermal brines,  and (3) scale deposi t ion 
k i n e t i c s  (r>. 

Two series of i n  s i t u  corrosion tests were conducted i n  high-sal ini ty ,  
high-enthalpy b r ine  from the  Magmamax No. 1 geothermal w e l l  located i n  t h e  
Salton Sea KGRA (f ig .  1). The f i r s t  of these  series was conducted i n  1974 f o r  
500 hours using br ine  and steam from the  second-stage steam separator  operated 
by t h e  San Diego Gas & Electric Co. (SDG&E). The mater ia l s  se lec t ion  f o r  t h i s  
test series was based on the  r e s u l t s  of the  i n i t i a l  laboratory corrosion 
measurements (4). The second series, conducted i n  1976-77, consis ted of two 
15-day and one 30-day test of 13 a l loys  i n  seven process streams expected t o  
be typ ica l  of geothermal resources recovery p lan ts .  Materials se l ec t ion  f o r  
t he  second test series was based on the  earlier laboratory work, unreported 
corrosion r e s u l t s  from tests made during 1975 i n  the low-salinity,  medium- 
enthalpy b r ine  from the  East Mesa KGRA i n  the  Imperial  Valley, and the  r e s u l t s  
from the  1974 test series. Reported here are the r e s u l t s  of t h e  two corrosion 
test series conducted a t  t he  Salton Sea KGRA, b r ine  and steam chemistries,  and 
charac te r iza t ion  of mineral s ca l e s  and depos i t s  which formed i n  t h e  seven pro- 
cess streams. 
operation of t he  Bureau's Geothermal T e s t  F a c i l i t y  are a l s o  described. 

Material f a i l u r e s  on process equipment which occurred during 

ACKNOWLEDGMENT 

The authors express t h e i r  g ra t i t ude  f o r  the  cooperation and ass i s tance  
provided by personnel of t he  San Diego Gas & Electric Co. a t  t h e i r  f a c i l i t i e s  
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a t  t he  end of t h i s  report .  
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I IMPERIAL V A L E  

EXPERIMENTAL 

Salton Sea KGRA--1974 

The Bureau of M i n e s  i n i t i a l  f i e l d  
geothermal corrosion test was con- 
ducted during AprilandMay of 1974, a t  
Magmamax w e l l  No. 1 (f ig .  1 )  located 
on the  h igh-sa l in i ty ,  high-enthalpy 
Sal ton Sea KGRA near Ca l ipa t r i a ,  Cal i f .  
A t  the  test s i te  adjacent t o  Magmamax 
No. 1 w e l l  ( f i g .  2), SDGM was study- 
ing  methods f o r  separat ing and scrub- 
bing steam from the geobrine produced 
by Magmamax No. 1 w e l l ,  ex t rac t ing  the 
hea t ,  and disposing of the  spent br ine.  
Two Bureau of M i n e s  corrosion test 
packages were i n s t a l l e d  downstream 
from S W ' s  second-stage separator .  
These were placed i n  the concentrated 
br ine  and i n  the scrubbed steam lines 
( f ig .  3). The purpose of the test was 
t o  gain  f i rs t -hand experience i n  the 
f i e l d  operation of a geothermal system 

FIGURE 1. - Mop of Imperial Volley of California t o  enable researchers t o  study the  
showing select geothermal wells. 

FIGURE 2. - San Diego Gas & Electric Co.'s Geothermal Loop Experimental Facility near 
Cali patria, Calif ., 1974. 
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corrosion and sca l ing  which occurs. 
of se lec ted  a l loys  t o  both envirorrments a t  an average temperature of 128" C 
and a pressure of 50 psig. 

The test  consis ted of 500 hours exposure 

The brine test  package was constructed f r a n  e igh t  2-inch schedule-20 
s t a i n l e s s  s t e e l  t ee ' s  connected end-to-end by flanges ( f ig .  4). 
test samples were mounted on s t a i n l e s s  steel rods at tached t o  blank flanges 
mounted on the s ide  arm of each tee and were exposed both tangent ia l  t o  and 
normal t o  the d i r ec t ion  of br ine  flow. The samples w e r e  insu la ted  from the  
rods with Teflon6 gaskets and i n s e r t s ,  and were fastened with s t a i n l e s s  steel 
bo l t s .  A bypass line was i n s t a l l e d  t o  d i v e r t  the  br ine flow around the  test  
package so t h a t  the samples could be examined per iodica l ly  without a f f ec t ing  
f l o w  conditions i n  the SDGU f a c i l i t y .  

The corrosion 

To aim tower 

ram Test Loop 

Legend 

Brine ,-, Steam - 

FIGURE 3. - Diagram of the SDG&E facility and the Bureau of Mines corrosion test packages, 
1974. I 

'Reference t o  s p e c i f i c  t rade names o r  manufacturers is  made f o r  i d e n t i f i c a t i o n  
only and does not imply endorsement by the  Bureau of Mines. 
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FIGURE 4. - Bureau of Mines brine corrosion test package, 1974. 

The steam test package was constructed from an &inch-diameter, 18-inch- 
long carbon steel p ipe  ( f ig .  5 ) .  A steel p l a t e  was welded to  one end; the  
o the r  end had a removable cover. Two 3-inch-diameter, l - inch- th ick  304 s t a i n -  
less steel d i s c s  were welded t o  a 1/2-inch-diameter 304 s t a i n l e s s  steel sha f t ,  
and t h i s  assembly was centered longi tudina l ly  i n  t h e  test chamber. Samples 
were attached t o  t h e  c i r c u l a r  d i s c s  a t  an angle of 60" with respec t  t o  the  
plane o f , t h e  d i s c s  using s t a i n l e s s  steel b o l t s  and were insu la t ed  from the  
b o l t s  and discs by Teflon washers and i n s e r t s .  
chamber and flowed ac ross  t h e  samples. 

Steam entered one end of t h e  
, 

Corrosion test samples were sheared from 1020 carbon steel, 4130 steel, 
Inconel 625, and Hastelloy C-276 sheet 1/16-inch t h i c k  o r  less. Samples 
exposed t o  t h e  b r ine  measured 1 by 1-1/2 inches; those exposed t o  the  steam 
measured 1 by 3 inches. 
on a 120-grit  wet-belt grinder.  
pickled a t  60" C i n  12 vol-pct s u l f u r i c  ac id  containing 2.5 m l / l i t e r ( m i l l i -  
l i ter  per  liter) of Rodine 95 i n h i b i t o r  t o  remove m i l l  sca le .  

After shearing, the  edges of a l l  samples were ground 
The 1020 carbon and 4130 steel samples were 

Inconel 625 and 



6 

FIGURE 5. - Bureau of Mines steam corrosion test package, 1974. 

Hastelloy C-276 samples were degreased in methanol and dried. 
treatment all samples were washed in demineralized water, dried, weighed to 
within L 0.1 mg (milligram) and mounted in the test packages. 

Following this, 

At the completion of the test, the samples were returned to the Avondale 
Research Center for evaluation. 
were chipped from the corrosion samples for proton-induced X-ray emission 
analysis (PIXE), emission spectrographic analysis (ESA), X-ray diffraction 
analysis, and wet chemical analysis. 
electron microscopy (SEM). 
ples were removed chemically. 
rubber stopper to remove adherent products. 
steel samples were cleaned in the inhibited 12 volrpct sulfuric acid at 60' C. 
Inconel 625 and Hastelloy C-276 samples were cleaned at 60' C in 20 pct nitric 
acid containing, when necessary, several drops of hydrofluoric acid. After 
cleaning, the samples were rinsed in demineralized water, dried, and reweighed. 
The samples were microscopically examined and pit depths were determined. 

Adhering corrosion product and scale deposits 

Scales were examined also by scanning 
Scale and corrosion products remaining on the sam- 

In some cases, the samples were rubbed with a 
The 1020 carbon steel and 4130 
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Salton Sea KGRA-1976-77 

In May 1976, the Bureau's Geothermal Test Facility (GTF) was constructed 
on the Salton Sea KGRA adjacent to the SDG&E Geothetmal Loop Experimqgtal 
Facility. 
(1) a materials testing facility (MTF) containing five in situ corrosion test 
packages and two steam separators mounted on a semitrailer flatbed (fig. 8); 
(2) two steam-scrubbing towers, plus two additional in situ corrosion test 
packages located in the scrubbed-steam lines; (3) three electrochemical test 
packages for conducting in-line electrochemical corrosion measurements; 
(4) two heat exchangers to condense the scrubbed steam; (5) a 30-ft-tall atmos- 
pheric pressure flashing tower into wh'ich the high-pressure spent brines -from 
the MTF are released; (6) two 27,000-gallon Baker storage tanks for the hot 
spent brines from the atmospheric pressure flashing tower, (7) 320 ft of 
2-inch-diameter heat-exchanger pipe in one of the storage tanks to cool the 
spent brines to 80" C; (8) a diesel-powered pump to inject the cooled, spent 
brines into Magmamax No. 3 well; (9) 21 pressure-regulator and manual flow- 
control valves; (10) a systems control van; (11) a 332,000-gallon cooling- 
water pond to supply water to the storage tank heat exchangers and to the 
steam condensers; and (12) a 60-ft mobile chemistry laboratory for conducting 
chemical analyses of the brine and the steam. A chemistry line was installed 
to study the effect of piping configuration and pressure drop on the chemistry 
of the flowing brine. A bypass line was installed around the MTF to allow the 
well to flow during startup, and during repairs and changing of samples in the 
corrosion test packages. 

The GTF, shown in figure 6 and diagrammed in figure 7, consists of: 

Input brine to the Bureau's GTF was obtained from a 

I FIGURE 6. - Bureau of Mines Geothermal Test Facility near Calipatria, Calif., 1976-77. i 
i 
I 
1 



FIGURE 7. - Diagram of Bureau,of Mines Geothermal Test Facility, 1976-77. 

FIGURE 8. - Bureau of Mines Materials Test Facility (MTFdjshowing in situ corrosion test 
packages, 1976-77. 
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manifold welded to the 10-inch-diameter production lines from Magmamax No. 1 
and Woolsey No. 1 wells which allowed brine from either well to flow into the 
facility. 

The seven in situ corrosion test packages were constructed of 3-inch 
schedule-40 steel pipe, 2.9 inches inside diameter (ID), with four test sec- 
tions in each test package, (fig. 9). Test sections were 8.5 feet long with 
blank flanges on each end. A sample support rod 5/8 by 5/8-inch square 
extended axially along the length of each test section. 
the ends of the test section held the support rod in position and prevented 
the rod and samples from shifting during tests, 
samples or 41 U-bend, stress-corrosion samples tangential to the flow. 
test section A, the rod and samples were removed after each 15-day exposure, 
and a rod with new samples was inserted. 
B and C were removed after 30 days of operation. 
U-bend, stress-corrosion samples which were exposed for 30 days. 
30-day test,_4,300 samples were exposed. 
samples for the test series. 

Positioning discs at 

Each rod held 82 weight-loss 
In 

Rods and samples in test sections 

During the 
Test section D contained 

Figure 10 shows the rods loaded with 

The thirteen alloys that were selected for testing are as follows: 

1020 carbon steel Hastelloy G 
4130 steel Hastelloy S 
316 L stainless steel 
430 stainless steel Inconel 625 
E-Brite 26-1 Ticode-12 
Airco Vacuum Metals alloy 29-4 
Allegheny Ludlum alloy 6X 

Hastelloy C-276 

Titanium-1.5 nickel 

DIAGRAM OF TEST PACKAGE 
MTF-2 

FIGURE 9. - In situ corrosion test package, 1976-77. 
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Ti0 
separators 

FIGURE 10. - Support rods loaded with samples for 30-day in s i t u  corrosion test series, 

d - Sample 

2 cm c-----------r Mounting assembly 

FIGURE 1 1 .  - In s i tu  corrosion test sample mounting 
assembly, 1976-77. 

Six t o  seven samples of each 
a l l o y  were d i s t r i b u t e d  ran- 
domly along t h e  length of 
each support rod f o r  t he  
weight-loss tests and th ree  
tofoursampleswereselected 
f o r  the U-bend tests. The 
samples were mounted on 
the  support rod with s t a in -  
less steel machine b o l t s  and 
insu la ted  f r o m  the  rods and 
b o l t s  with nonconductive 
TiO, i n su la to r s  and separa- 
t o r s  ( f ig .  11). Teflon wash- 
ers were used t o  form a 
t i g h t  s e a l  between the  Sam- 
p l e  and t h e  in su la to r  o r  
separator.  

The seven steam and 
b r ine  process streams of t he  
GTF and t h e i r  associated cor- 
rosion test packages were 
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labeled P1 through P7 (fig. 7) as follows: P1-Magmamax No. 1 input wellhead 
brine, P2,-brine from the first-stage steam separator, P3-steam from the first- 
stage steam separator, P4-brine from the second-stage steam separator, 
P5-steam from the second-stage steam separator, P6-scrubbed steam from P3, and 
P7-scrubbed steam from P5. However, for this test the scrubbing towers were 
not operated and the steam entering P6 was essentially the same as from P3, 
and P7 was the same as that from P5. 

Brine and steam velocities and the Reynolds number for each of the corro- 
sion test packages were estimated for input-brine flow rates of 75 and 100 gpm 
(gallons per minute) and are presented in table 1. 
lated assuming that (1) the brine was in single-phase flow, (2) 10 pct of the 
brine flashed to steam in each steam separator, and (3) the thermodynamic data 
for pure %O could be used. Average operating temperatures and pressures used 
in the calculations for each test package were obtained during shakedown opera- 
tions of the GTF in August and September 1976. Values for the brine and steam 
viscosity under these conditions were estimated from the thermodynamic-tables 
(8). The mean velocity of the brineandsteamwascalculated using the equation 
V = Xv/A where V = mean velocity, fps (feet per second); v = specific'volume, 
cfp (cubic feet per pound); X = brine or steam flow rate, pps (pounds per 
second); and A = cross section area of the pipe, sqf (square feet). Since the 
corrosion packages have an axial rod supporting the samples running the length 
of the pipe, the Reynolds number (2) was determined using the equatim for 
flow through an annulus N R E  = 2R(l-K)V/W, where N P E - =  Reynolds number 
(>2,000 = turbulent flow); v = specific volume, cfp; R = outer radius, feet; 
K = ratio of inner radius to outer radius; V = mean velocity, fps; and 
p = viscosity, pfs (pounds per foot per second). Cross-section areas of the 
packages were determined using the dimensions of a 3-inch pipe with a 5/8-inch- 
square support centered on the pipe axis. The purpose of these calculations 
was to obtain an estimate of the hydrodynamic conditions prevailing in the 
test packages. Other assumptions, such as two-phase flow, and the use of data 
for concentrated brines would change the results of the calculations. However, 
the change would not a l t er  the conclusions that the flow through the test pack- 
ages is highly turbulent, resulting in thorough and relatively uniform expos- 
ure of the corrosion samples to the fluid, and that the surfaces of the 
corrosion samples are exposed to relatively high shear stresses, tending to 
strip away poorly adherent scale deposits; The a1 y samples were 1 b y  1-3/4- 
inches, and 1/16 inch thick or less. The material ere prepared in the same 
manner described €or  the 1974 test series. Scales and corrosion products were 
evaluated by X-ray diffraction, atomic absorption spectroscopy (AAS), and 
proton-induced X-ray emission. General- pitting-, and crevice-corrosion and 
the susceptibility to stress-corrosion cracking were determined by weight-loss 
measurements and by micr examination. 

Mean velocities were calcu- 
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Velocity, 
fp s  

4.2 
5.6 
3.71 
4.94 

41.1 
54.8 
3.15 
4.2 

85.6 
114. 
593. 
790. 
533 
710. 

TABLE 1. - Mean ve loc i ty  and Reynolds number f o r  b r ine  
and steam test packages 

Reynolds 
No., X 1 0 6  

5.36 
7.14 
4.25 
5.66 
4.11 
5.48 
2.72 
2.19 
2.73 
3.64 
5.06 
6.74 
4.5 
6.0 

Test package 

232 

205 

~ ~~~~ 

P1: Input brine.  

P2: Brine....... 

P3: Steam....... 

P4: Brine....... 

3 15 

230 

P5: Steam....... 

P6: Steam....... 

P7 : Steam.. ..... 

205 

165 

165 

100 

100 

Temper- Pressure, + 
230 

120 

120 

15 

15 

Temperature ................ C .. 
Pressure.... ..............p sig.. 
Total  dissolved so l id s .  .. .mg/l.. 
Chloride....... ........... w/1.. 

Corrosion test package 
, Brine Steam 

155 144 
50 48 

297,800 120-1,500 
152.800 90-820 

Package 
Elow r a t e ,  

pps 
10.38 
13.84 
9.35 

12.5 
1.05 
1.4 
8.4 

11.2 . 94 
1.25 
1.05 
1.4 

.94 
1.25 

RESULTS 

Salton Sea KGRA--1974 

Corrosion Measurements 

Average corrosion r a t e s ,  expressed a s  mils of surface thickness  l o s t  t o  
corrosion pe r  year of exposure (mpy), f o r  the 1974 test samples are shown i n  
t a b l e  2. (To convert mils per  year  t o  mil l imeters  per year,  mult iply mpy by 
0.0254). Typical conditions ex i s t ing  i n  the b r ine  and steam packages a r e  
given in t a b l e  3 as compiled from San Diego Gas & Electric Co. (3) and Bureau 
of Mines f i e l d  operat ions data .  
500-hour corrosion test. 

Conditions f luc tua ted  considerably during the  
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There were no d i f fe rences  i n  the  measured corrosion rates between t h e  sam- 
p l e s  exposed perpendicular t o  and those exposed tangent ia l  t o  the  d i r ec t ion  of 
flow. 
b r ine  and steam phases. 
t he  b r ine  than 4130 steel. 
dence of corrosion i n  e i t h e r  the  br ine  or steam environment. 
ina t ion  of t h e  corroded surfaces  revealed severe p i t t i n g  of the  1020 carbon 
and 4130 steel samples. 
t h e  average value for  t h e  f i v e  deepest p i t s  was 14 m i l s .  
4130 steel was 6.3 mils and the  average'value f o r  t he  f i v e  deepest p i t s  was 
5.7 m i l s .  

The 4130 steel and 1020 carbon steel samples corroded rap id ly  i n  the  
The 1020 carbon steel corroded a t  a higher r a t e  i n  

Hastellay C-276 and Inconel 625 showed l i t t l e  evi-  
Microscopic exam- 

The deepest p i t  i n  1020 carbon steel was 16 m i l s  and 
The deepest p i t  i n  

A s t a t i s t i c a l  evaluation of t he  corrosion da ta  from these  i n i t i a l  f i e l d  
tests is not possible  because only a few samples of each mater ia l  were tes ted .  
Also, some of the  sample mounting tees were opened a t  var ious times t o  visu- 
a l l y  inspect  the  samples. 
steels corrode rap id ly  i n  both the  steam and the  br ine  environments. 

However, it was apparent t h a t  carbon and low a l l o y  

Scale Character izat ion 

A l l  of t h e  samples exposed t o  br ine  were covered with a hard black sca l e  
which was examined by X-ray d i f f r ac t ion ,  ESA, SEM, and PIXE. X-ray d i f f r a c -  
t i o n  analyses showed t h a t  t h e  sca l e  contained two major c r y s t a l l i n e  phases, 
lead su l f ide  (galena) and sodium chlor ide  (halit&), and a subs t an t i a l  amount 
of amorphous mater ia l .  
t he  samples mounted perpendicular t o  or tangent ia l  t o  the  br ine  flow. The 
low-alloy samples exposed t o  the  steam were covered also with a thin,  dark 
sca l e  t h a t  was pr imari ly  magnetite. 

There were no-observable d i f fe rences  i n  the  scales f o r  

Emmission spectrographic ana lys i s  of scales removed from corrosion same 
p l e s  exposed t o  t h e  b r ine  and t h e  steam are shown i n  t a b l e  4. 
analyses of scales formed on samples exposed t o  the  b r ine  are shown i n  t a b l e  5 .  
Scales removed from the d i f f e r e n t  a l loys  had s imi l a r  compositions except f o r  
t h e i r  i r o n  content. Hence no d i s t i n c t i o n  was made i n  the  r e s u l t s  f o r  s ca l e s  
from t he  d i f f e r e n t  a l loys.  Wet chemical and ESA analyses of scales formed i n  
t h e  b r ine  are i n  reasonable agreement and show subs t an t i a l  amounts of si l ica,  

Wet chemical 

silver, manganese, and zinc.  

samples, Magmamax No. 1 w e l l ,  1974 

. e . .  i.......... 

, Zn........... 
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Element 
A g . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Al.................... ......... 
CU............................. 
Fee............................ 
M n . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P b . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Si............................. 
Zn..................f.......... 

Concentration range 
0.05- 0.53 
.30- 1.20 
.57- 7.51 

7.78-19.7 
.57- 6.51 

4.42- 7.21 

.14- 1.88 
15.1 -24.4 
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Scanning electron miczoscope examination of the scales formed in the 
brine showed that they were porous and were not an effective barrier to corro- 
sion (fig; 12). Interconnecting pores penetrated to the sample surfaces, pro- 
vided access of the brine to the metal, and favored nonuniform and localized 
corrosion such as pitting and crevice corrosion. Scale removed from samples 
that exhibited high corrosion rates, such as 1020 carbon’esteel, had a very 
rough texture at the scale-metal interface (fig. 13). Scales removed from 
samples exhibiting low corrosion rates, such as Hastelloy C-276, had a smooth 
texture at the scale-metal interface which tended to replicate the original 
texture of the sample surface (fig. 14). Because of the porous nature of the 
scale, it probably ted localized corrosion in susceptible alloys. 

FIGURE 13. - SEM micrograph of scale-metal interface of scaIe removed from 1020 carbon steel 
sample, 1974. 
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FIGURE 14. -* SEM micrograph of scale-metal interface of scale removed from Hastelloy C-276 
sample, 1974. 

Proton-induced X-ray emission analyses of t h e  ou te r  2,000 A of t h e  scales 
formed i n  b r ine  are shown i n  t a b l e  6. These r e s u l t s  i nd ica t e  t h a t  t he  composi- 
t i o n  of t he  ou te r  l aye r  of t h e  scales i s  dependent on a l l o y  composition. 
example, t h e  sca l e s  formed on 1020 carbon and 4130 steels had high i r o n  concen- 
t r a t i o n s  i n  the  outer  layer,  suggesting t h a t  t h e  corrosion product zeadi ly  d i f -  
fused through the  porous sca l e  and d i s t r i b u t e d  throughout it. 
of t he  major a l loy ing  elements were detected i n  t h e  outer  2,000 A of t he  sca l e  
formed on t h e  more cor ros ion- res i s tan t  a l l o y s  Inconel 625 and Hastelloy C-276. 
These sca l e s  contained only those elements o r i g i n a l l y  present i n  the  brine.  

For 

However, none 
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Alloy 

1020 carbon steel........ 
4130 steel............... 
Inconel 625.............. 
Hastelloy C-276.......... 

Concentration in outer 2,000 A, at. pct 
Ca C1 Fe Na Si S 
(I) 12.6 84.0 0.8 2.1 (I) 
(I) 14.4 84.4 1.1 (I) (I) 
5.6 47 (I) 24.0 16.7 5.6 
(I) 15.6 (I) 12.5 20.3 12.4 

Corrosion test package Temperature, Pressure, Chloride, 
O C  psig ppm 

Input brine, Pl..................... 229 302 118,200 

Steam, P3. . . . . . . . . . . . . . . . . . . . . . . . . . .  . 207 224 9,500 
Brine, P4........................... 17 8 140 128,000 
Steam, P5.......1.................. 17 8 140 8,620 
Steam, after scrubbing tower, P6.... 100 15 - '170 
Steam. after scrubbing tower, P7.,.. 100 15 360 

Brine, P2........................... 207 224 . 123,000 

pH1 

5.11 

5.88 
5.73 
6.70 
(") 

5.68 

(2 ) 
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224p~b Scrubbing , & P I  Heat exchanger 1 15 PSre , 
PH- 5.08 
cT=#,SOO ppm 

224 psi0 

140 psb 

Heat exchanger 2 

100 F 

207 F 

178 F 
140 Pi0 

pH= 5.73 
cr= IU).M)O ppm 

+ TO atm. tower 

Average flow=45 gpm 

FIGURE 15. - Diagram showing the mean conditions during the field corrosion test series, 
Magmamax No. 1 well. 

Corrosion Measurements 

General Corrosion 

General corrosion r a t e s  f o r  two 15-day and one 30-day exposure per iods of 
1020 carbon steel, 4130 steel, E - B r i t e  26-1, 430 and 316 s t a i n l e s s  steels, 
TiCode-12, and titanium-1.5 n i c k e l - a r e  shown i n  t a b l e  8 f o r  the  th ree  b r ine  
process streams of the GTF and t h e  r a t e s  f o r  the  four  steam process streams 
are given i n  t a b l e  9. 
steel a l l o y s  29-4 and 6X corroded a t  0.2 mpy o r  less i n  a l l  of t h e  process 
streams and therefore  were not included i n  these tab les .  
cases  noted where the  r e s u l t s  for  the  t w o  15-day tests were widely d i f f e r e n t ,  
the  15-day r e s u l t s  a r e  the  average of the r e s u l t s  from both tests. Individ- 
u a l  corrosion rates general ly  var ied  less than 10 pc t  from these  reported 
averages. Because a i r  may have intruded i n t o  s t e a m  packages P6 and P7 f o r  
s ign i f i can t  per iods of t i m e  during the  15- and 30-day tests, the re  is uncer- 
t a i n t y  about t he  ac tua l  condi t ions of the  test for  these two packages. 
Resul ts  from P7 f o r  t he  30-day exposure have been reported as t h e  range of 
measured corrosion r a t e s .  

Hastelloys G, S, and C-276, Inconel  625, and s t a i n l e s s  

Except i n  t h e  few 

Type 430 s t a i n l e s s  steel had exce l len t  corrosion r e s i s t ance  i n  t h e  concen- 
t r a t e d  b r ine  from the  f i r s t - s t a g e  separator  (P2) and, except f o r  one of the  
15-day tests, i n  the  input b r ine  (Pl). The corrosion r a t e  of 430 s t a i n l e s s  
steel i n  the o ther  packages appeared t o  increase with t i m e .  I n  steam package 
P7, t he  corrosion r a t e  of 430 s t a i n l e s s  steel var ied  considerably from sample 
t o  sample f o r  t h e  30-day period. 



........... ........... 

430 stainless steel.. ..... 
TiCode-12.. ............... 0 1.9 07 1.8 (4 1 *5 (4 1 (4 ) 

(4) (4) Titanium-1.5, nickel. . . . (4 ) (4 ) (4) (4) 0 .6 
115-day rates are the averages f o r  4 t o  5 samples i n  each of two 15-day sequences; 30-day r a t e s  are 

2P3--steam from the f i r s t - s t a g e  steam separator ;  PS-steam from second-stage steam separator ;  

3Results f o r  2 tests are reported separately because of wide differences i n  the  observed corrosion 
r 4Not t e s t ed .  a 

t he  averages f o r  8 samples. 

P6-P7--steam from the  f irst-  and secbnd-stage steam scrubbers,respectively.  

r a t e s .  
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The 1020 carbon and 4130 alloy steels exhibited fairly high corrosion 
rates in all of the test environments. 
in the brines than in the steam phase. 
bon and 4130 alloy steels decreased with exposure time in the brine, whereas 
corrosion rates increased in the steam phase. 

Corrosion rates were generally higher 
However, corrosion rates of 1020 car- 

E-Brite 26-1 exhibited good resistance to general corrosion in all of the 

Micro- 
environments. Type 316 L stainless steel also had good resistance to general 
corrosion but the results from steam package P7 were somewhat erratic. 
scopicexamination,however, showed that 316 L stainless steel was susceptible 
to intergranular corrosion in all of the process environments (fig. 16). 
General corrosion rates for the titanium alloys were low but increased signi- 
cantly with time of exposure in both the brine and steam environments. 

FIGURE .16. - SEM micrograph showing intergranular corrosion of 316 L stainless steel  exposed 
to brine from steam separator 1 (30-day exposure), 1976-77. 
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FIGURE 17. - Photomicrograph showing pitting in surface of 316 L ,stainless steel sample 
exposed 30 days to input brine, 1976-77. 

P i t t i n g  Corrosion 

Nickel- and titanium-based a l l o y s  d id  not p i t  i n  the  b r ine  or steam envi- 
ronments during the  15- or 30-day tests. However, except for  a l loy  29-4, a l l  
of t he  iron-based a l l o y s  p i t t e d  i n  the  seven process environments of the  GTF. 
The maximum and average p i t  depths (measured with an o p t i c a l  micrometer) f o r  
t he  iron-based a l l o y s  are shown i n  t a b l e s  10-11. I n  the  15-day tests, 1020 
carbon and 4130 a l l o y  steels exhibi ted g rea t e r  p i t  depths i n  the  b r ines  than 
i n  the  steam phases, while the  opposite was t r u e  f o r  t he  high-alloy steels. 
The 30-day-test r e s u l t s  showed the  1020 carbon and 4130 a l l o y  steels continued 
t o  p i t  more r ead i ly  i n  the  br ines  than i n  the steams while t he  p i t  depths for 
t he  high-alloy steels i n  the  b r ine  and steam environments were similar. 
general ,  p i t  depths increased with exposure time and, i n  some cases, notably 
316 L s t a i n l e s s  steel ( f i g .  17), p i t  depths increased by a f a c t o r  of 5 while 
exposure t i m e  only doubled, I n  the  case of 316 L s t a i n l e s s  steel from steam 
package P3, the  p i t t i n g  r a t e  computed from the average p i t  depth f o r  a 30-day 
exposure w a s  45 mpy, more than 200 times the  general  corrosion r a t e  reported 
f o r  t h i s  a l l o y  i n  t a b l e  9. 

I n  



TABLE 10. - Maximum and average p i t * d e p t h s  ( m i l s )  for  samples exposed t o  br ine ,  15- and 30-day tests, 
Mawamax No. 1 w e l l ,  1976-77' 

Alloy 

1020 carbon steel........ 

4130 steel.....,......... 

430 s t a i n l e s s  steel...... 

Alloy 6X................. 

E - B r i t e  26-l............. 

316 L s t a i n l e s s  steel 4... 

- 
15 t 

Max- 
imum 

7.3 

36.1 

4.2 

0 

3.5 

- 2.8 

- 
- 

- 
lys 
Ave- 
rage 

6.8 

3.0 

2.8 

0 

1.0 

1.9 - 

- 
30 c - 

Max- 
imum 

322.4 

37.1 

3.8 

1.5 

3.5 

- '3.0 

- 
- 
!ys 
Ave- 
rage 

14.8 

4.9 

3 .O 

.8 

2.8 

2.2 - 

- 
15 c 

Max- 
imum 

11.8 

4.2 

3.3 

0 

4.7 

61.1 

- 
- 

I 
Iy8 
Ave - 
rage 

8.5 

2.7 

1.6 

0 

2.1 

.8 

- 

- 

- 
30 t 

Max- 
imum 

314.3 

8.1 

3.1 

1.0 

5 00 

'3.0 

- 
ys 
Ave- 
rage 

12.3 

6.1 

2.3 

0.5 

3.5 

- 1.8 

- 
15 c 

Max- 
imum 

9.7 

3.6 

1.7 

1.2 

1.6 

1.8 

- 
- 

- 

ys 
Ave- 
rage 

7 *7 

3.1 

.9 

.7 

09 

09 - 

P 
Max- 

30 c 

imum 

313.6 

8.7 

4.6 

3 .O 

3 07 

=4.5 

- 
lys 
Ave- 
rage 

12.5 

7.2 

3.6 

2.0 

3.1 

3.6 - 
lAverage f o r  4 t o  5 samples using 5 deepest p i t s  on each sample. 
aPl--input br ine ;  P2--brine from f i r s t - s t a g e  separa tor ;  P4--brine from second-stage separator.  
" P i t t i n g  on edges. 
"Intergranular  corrosion ob served. 
'Cracks pene t ra te  completely through sample thickness  . 
6Microcracks on sur face  observed. 



23 

TABLE 11. - Maximum and average p i t  depths ( m i l s )  f o r  samples exposedtosteam, 
15- and 30-day tests, Magmamax No. 1 well, 1976-77l 

P32 P52 
Alloy , 15 days 30 days 15 days 30 days 

Max- Ave- Max- Ave- Max-. Ave- Max- Ave- 
imum rage imum rage imum rage imum rage 

1020 carbon steel........., "6.2 5.5 312.0 9.0 8.3 6.0 . 13.9 11.8 
4130 steel................. 3.2 2.6 36.0 4.6 4.5 4.2 9.3 7.3 
430 s t a i n l e s s  steel.;...... 3.6 2.7 4.2 3.1 4.1 3.7 9.1 5.3 
Alloy 6X... ................ 1.6 .9 2.0 1.5 1.5 1.0 2.9 2.2 
E - B r i t e  26-l............... 3.7 1.9 4.2 3.1 4.2 2.5 7.4 4.5 
316 L s t a i n l e s s  steel*..... '1.3 .8 '5.8 5.8 '3.4 2.2 '5.9 4.3 

1020 carbon steel.......... 3.4 2.4 11.6 9.5 5.7 3.5 37.0 4.3 
4130 steel..*............... 4.0 3.0 10.3 6.3 6.3 3.9 36.4 5.5 
430 s t a i n l e s s  steel........ 5.0 3.7 10.4 7.6 12.5 5.0 312.7 9.2 
Alloy 6X................... 1.5 1.2 3.9 2.9 1.2 .9 1.6 .8 
E - B r i t e  26-l............... 2.3 1.8 7.5 5.0 9.8 2.4 314.4 10.2 
316 L s t a i n l e s s  steel4..... 5.2 2.9 6.4 5.4 10.9 9.0 322 13.2 
IAverage f o r  4 t o  5 samples using 5 deepest p i t s  on each sample. 
aP3--steam from f i r s t - s t a g e  separator;  P5--steam from second-stage separator;  

aP i t t i ng  edges. 
41ntergranular corrosion observed. 
Microcracks on surface observed. 

'Cracks penetrate  completely through the  sample thickness.  

Crevice Corrosion 

P6' P72 

P6-P7--steam from f i r s t -  and second-stage scrubbers,'respectively. 

6 

Although precautions were taken i n  mounting the  samples f o r  t e s t i n g  t o  
avoid crevices, crevice corrosion occurred beneath the  ceramic in su la to r s  on a 
number of a l loys  ( t ab le  12). 
general or p i t t i n g  corrosion beneath the ceramic insulators .  
that crevice a t t ack  was least l i k e l y  t o  occur i n  the  input b r ine  package (Pl) 
and most l i k e l y  t o  occur i n  t h e  steam package (P7). 

Crevice corrosion took the  form of accelerated 
Table 12 shows 
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Stress Corrosion Crackinq 

During the 15-day tests, 316 L stainless steel weight-loss coupons devel- 
oped microcracks on exposure in some test packages (tables 10-11). Examina- 
tion of the 30-day samples showed that the microcracks had grown and in some 
cases penetrated completely through the sample thickness (fig. 18). 
seen from figure 18 that the cracks have the branch structure typical of 
stress-corrosion cracking. 
(fig. 19) showed that the cracks were transgranular. The cause for transgranu- 
lar stress corrosion cracking in these samples was probably an increase in the 
residual stresses in the metal due to cold working during sample preparation. 
Stress corrosion cracking of type 316 L stainless steel in these environments 
has been reported previously G-5). 

Equipment Corrosion Failures 

It can be 

Examination of the cracks at higher magnification 

During the period from June 1976 until October 1976, the GTF was operated 
continuously as various system components were tested, modified, and brought 
online. 
was used as the source of brine, the brines from Magmamax No. 1 well were used 
at many pressures, temperatures, and flow rates. Although there were no sched- 
uled corrosion tests in the PEF during this period, corrosion-related failures 
of various process equipment components occurred. 

Except for a 4-day period in October 1976, when Woolsey No. 1 well 

A typical example was the failure of a 3-inch-diameter schedule-40 mild 
steel pipe elbow located on the PD.F bypass lixie. 
maintain the total flow rate from Magmamax No. 1 well at a constant value 
while the flow rate through the materials test facility was varied. 
30 hours use, during which time considerable flashing of the brine occurred 

This bypass line was used to 

After 

FIGURE 18. - Composite photomicrograph showing crack in surface of 316 L stainless steel 
sample exposed 30 days to brine from steam separator 2, 1976-77. 
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FIGURE 19. - SEM micrograph showing transgranular cracking in surface of, 316 L stainless steel 
sample exposed 30 days to brine from steam separator 2, 1976-77. 

across  a valve about 10 inches upstream from t h e  elbow, the  elbow f a i l e d  when 
pin-hole leaks appeared a t  t he  vertex of the  r i g h t  angle bend ( f ig s .  20-21). 
A t  the  t i m e  of f a i l u r e ,  approximately 80,000 ga l lons  of br ine  a t  220" C had 
passed through the  elbow. Cross sec t ions  of the elbow showed t h a t  the  f a i l e d  
a rea  w a s  severely p i t t e d  and eroded. The f a i l e d  area coincided with the  point  
of impact of t he  flowing b r ine  and steam on the  pipe wal l  as t h e  f l u i d  passed 
through the  90" bend. I d e n t i c a l  f a i l u r e s  occurred a t  elbows i n  o the r  p a r t s  of 
t he  GTF and the  SDG&E f a c i l i t y  which were subjected t o  s imi l a r  operat ing 
conditions.  

Corrosion f a t igue  f a i l u r e s  occurred along severa l  of t he  welded mild 
steel j o i n t s  on one of t he  b r ine  s torage tanks. These f a i l u r e s  occurred a t  a 
t i m e  when b r ine  from the  second-stage separator  and from t h e  bypass l i n e  were 
being f lashed d i r e c t l y  t o  atmospheric pressure i n  the  s torage tank, which was 
equipped with a series of b a f f l e  p l a t e s .  
inches long and developed a t  severa l  loca t ions  over a d is tance  of 20 f e e t  

The f a t igue  cracks were 1 t o  6 
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FIGURE 20. - Cross section of 3-inch elbow removed from input brine line showing erosion and 
pitting corrosion, 1976-77. 

ank. They were caused by in t ens  i b r a t i o n s  occurring 
i n  the  s torage tank a s  the  br ines ,  t yp ica l ly  190" t o  230" C and 100 t o  250 
psig,  f lashed t o  atmospheric pressure.  Subsequent I n s t a l l a t i o n  of t he  30-ft-  
high atmospheric pressure f lash ing  tower upstream from the b r ine  s torage tank 
eliminated t h e  v ib ra t ions  and recurrenc igue cracks. 

t he  f a i l u r e  of 
used by Magma Power Co. t o  suspend a pressure-temperature probe downhole i n  
Magmamax No. 1 w e l l  during well-logging. 
period of use. 
f a i l e d  tubing. 
defec t  between t h e  inner and outer walls of the tubing. 
tube i s  the  upper port ion and the  dark l i n e  through t h e  tubing i s  the metallur- 
g i c a l  defec t .  Based on the  elongated s t ruc tu re  of t he  defec t ,  i t  was formed 
probably during ex t rus ion  o r  ex is ted  i n  the  o r i g i n a l  metal b i l l e t  and extended 
through t h e  tube during forming operation. It can be seen from f igu re  22 t h a t  
extensive p i t t i n g  occurred along the  defect  a s  w e l l  a s  i n s ide  the  tube. 

h-diameter E - B r i t e  26-1 tubing 

The tubing f a i l e d  a f t e r  only a shor t  
Figure 22 shows a composite longi tudina l  c ross  sec t ion  of t h e  
From l e f t  t o  r i g h t ,  figures 22& and 228 depic t  a meta l lurg ica l  

The in s ide  of t h e  
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FIGURE 23. - SEM micrographs showing cracked and broken 
scale deposit on the outer surface of E-Brite 
26-1 tubing used in well-logging (A) .  Remov- 
al of scale from tubing showed local corro- 
sion had begun in the area of the cracked and 
broken scale (B), 1976-77. 

A r e l a t i v e l y  th i ck  
sca l e  had formed a l s o  around 
the  outs ide  wal l  of the 
E - B r i t e  26-1 tubing during 
the  well-logging operation. 
This s ca l e  tended t o  break 
away during the  i n s e r t i o n  
and removal of severa l  thou- 
sand f e e t  of t he  tubing i n  
Magmamax No. 1 w e l l .  Figure 
23 shows a SEMmicrograph of 
a sec t ion  of tubing where 
t h e  sca l e  had broken away, 
thereby exposing the  tubing 
wal l  ( f ig .  23AJ t o  the  br ine.  
The exposed metal  underwent 
d i s so lu t ion  a t  t h i s  point  
with l o c a l  corrosion being 
i n i t i a t e d  ( f ig .  2 3 a .  

P i t t i n g  e s s e n t i a l l y  
occurred on four  sur faces  of 
t he  tube. This, coupled 
with the  da t a  f o r  E - B r i t e  
26-1 shown i n  t a b l e  10, ind i -  
c a t e s  . t h a t  ha l f  o r  more of 
t h e  wal l  thickness  could be 
penetrated i n  15 days o r  
less. A reduction of wal l  
thickness  of t h i s  magnitude 
and the  accompaning l o s s  of 
s t r eng th  would r e s u l t  i n  
t o t a l  f a i l u r e  of t h e  metal. 

Brine Chemistry 

Samples of b r ine  from 
Magmamax No. 1 w e l l  were 
obtained a t  regular  i n t e r -  
v a l s  and analyzed using 
atomic absorption spectros-  
copy (AAS) and w e t  chemical 
techniques. The average com- 
pos i t ion  of t he  input br ine,  
over t h e  period June 1976 
through January 1977, i s  
given i n  t a b l e  13 along with 
pH (measured a t  25' C) and 
geothermal w e l l  flow-rate. 
Brine flow r a t e s  through the  
GTF averaged 50 gpm o r  less 
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June 
500 gpm' 

46,200 
61,500 
7,360 

415 
192 

during t h i s  period with the  balance of the  flow from the  w e l l  being consumed 
by other  users ,  pr imari ly  SIXXE. The mean chlor ide concentration and pH of 
the  br ine  and condensed steam phases represent ing the  seven process streams 
are given i n  t a b l e  7 and are shown i n  f igu re  15. 

TABLE 13. - Average composition of br ine  from Mawamax No. 1 well 
during a 7-month per iod, l  ppm 

August 
150 gpm2 

46,900 
17,400 
9,310 

783 
149 

Element 

Cl' ................... 

Na................... 
Ca................... 

Sr................... 
Li................... 
Fe................... 
CU................... 
Pb ................... 
Ag..........e.o.....a 
Mg................... 
. . . . . . . . . . . . . . . . . . . .  
Zn.................'.. 
Si................... 
Ba................... 
PH~.................. 

K.................... 

129,000 130,000 1114,000 

7 6  
Septembers 
Octobera 
400 gpm 

47,000 
21,200 

(3 1 
(" 1 

10,400 

330 

51 
.5 

(" 1 
(= 1 
7 20 
290 
239 ~ 

140 
5.2 

October-. 
November 
500 gpm2 

22,116 
8,770 

7 25 
17 0 
26 5 

51 

95 
6 17 

47 y 900 

.5 

.6 

(3 ) 
(3 
(3 1 

5.1 
95,780 

1 during t 

1977 
Januarg 

400 -gpm 

51,300 
21,100 
10,400 
(3 ) 
(" 1 

280 

44 

100 
635 
220 

.5 

.8 

(" 1 
(3 1 

5.5 
128,700 

e same 

rac t e r i za t ion  

lyses  of t he  scales formed on the  corro- 
s ion  samples i n t h e  seven process streams are shown i n  t a b l e  14 and elemental 
analyses obtained by AAS a r e  shown i n  t a b l e  15, 
composition of t h e  scales formed i n  the  scrubbed steam packages, P6 and P7, 
during t h e  15- and 30-day tests. 
t h e  samples a f t e r  15 days and magnetite was the  major phase a f t e r  30 days. 

There was a d i f fe rence  i n  the  

Galena (PbS) was t h e  major phase present on 

d i f fe rences  i n  the  composition of t he  sca les  formed i n  each of t he  
Galena was t h e  p r inc ipa l  c r y s t a l l i n e  phase present i n  

emoved from corrosion tes t  packages P1 through P5. 
There was a l so  an amorphous phase iden t i f i ed  by Barnes, e t  al. (lJ as an alumino- 
s i l icate  material. There were, however, no s ign i f i can t  d i f fe rences  i n  the  
composition of t h e  scale formed on d i f f e r e n t  a l l o y  samples i n  the  same environ- 
ment. 
scales as  very r i c h  ores a). Referring t o  the  mineral content of t he  scales ,  Barnes described t h e  



Corrosion test  
package 

Pl.................. 

P2.................. 

- Galena (major) . 
Hal i te .  

P4.................. 

Mineral phases 

Galena (major) . 
Galena (major). 

i Halite. 

1 Halite. 

Element 

Ag.... ..................... 
Al......................... 
As.. .  ...................... 
Ca..................... .... 
CU......................... 
Fe......................... 
K.. ........................ 
h......................... 
Na......................... 
Pb......................... 
Sb......................... 
Si......................... 
Zn............... .......... 

T e s t  packagea 
P1 P2 P3 P4 P5 

0.129 0.029 0.016 0.075 0.022 
.014 .36 .25 1.03 .18 
.04 .06 .03 .lo' .OB 
.26 .55 .53 .87 1.12 
.024 .32 .63 .87 1.12 

.17 .34 .28 .76 .56 

.10 .63 .39 .89 .27 

.35 .97 .98 2.48 2.02 

.06 .07 .03 .19 .OS 

.90 2.63 2.50 7.02 6.64 

.12 .56 11.7 .45 1.42 

1.95 5.97 8.37 6.49 27.7 

76.0 58.1 23.5 31.8 22.8 
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The ou te r  sur face  ( f i r s t  2,000 A) of the  scales formed on seven alloys-- 
lo20 carbon steel, 4130 steel, 430 s t a i n l e s s  steel, s t a i n l e s s  a l l o y s  29-4 and 
6X, and Hastelloys G and C-2761-in the  seven process environments were exam- 
ined by PIXE ana lys is .  
( t a b l e  15) i n  t h a t  lead was found t o  be the  most abundant element present. 
However, i r o n  was detected i n  t he  outer  layer of t h e  sca l e  formed on 1020 car- 
bon steel, 4130 steel, and 430 s t a i n l e s s  steel i n  t h e  th ree  b r ine  packages 
(Pl, P2, and P4). The s c a l e  formed on the  o the r  four  a l l o y s  showed no concen- 
t r a t i o n  of i ron  o r  o the r  a l l o y  cons t i t uen t s  i n  t h e  o u t e r  surface region. 
These PIXE r e s u l t s  are similar t o  those described f o r  t h e  samples of 1020 car- 
bon and 4130s tee l s  exposed to the  concentrated brinefromSDG6rE second-stagesepa- 
r a t o r  during t h e  1974 tests ( t a b l e  6). SEM examination of t h e  galena-based 
scales indica ted  t h a t  they were qu i t e  porous. A cross-section ( f ig .  24) of 
s ca l e  formed i n  t h e  input  b r ine  package, P1, showed t h a t  t h e  sca l e  contained 
extensive and interconnecting voids allowing the  b r ine  t o  pene t ra te  t o  t h e  
metal surface.  
t h e  1974 tests ( f ig .  12), 

These r e s u l t s  were similar t o  those obtained by AAS 

This was a l s o  a f ea tu re  of scales deposited from t h e  b r ine  i n  

FIGURE 24. - SEM micrograph showing cross section of galena scale formed on corrosion 
samples exposed to input brine, 1976-77. 
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SUMMARY 

General-, pitting, and crevice-corrosion of 13 commercially available 
alloys were examined in seven brine and steam process environments using the 
high-salinity, high-enthalpy brine produced from geothermalwellMagmamaxNo. 1 
on the Salton Sea KGRA located in the Imperial Valley, Calif. 
15- and 30-day durations in these environments provided a general indication 
of the service performance of these alloys in brines typical of the Salton Sea 
KGRA. 

Tests of 

Stainless steel alloy 29-4, Inconel 625, and Hastelloys G, S, and C-276 
were the most corrosion-resistant alloys in all of the process environments 
General corrosion rates were 0.2 mpy or less, and no pitting and little sus- 
ceptibility to crevice corrosion was observed. 

Stainless steel alloys type 430, E-Brite 26-1, and 6X had general corro- 
sion rates of 2 mpy or less in all of the process environments. 
exhibited a tendency to pit and were susceptible to crevice corrosion in some 
process environments. 

However, they 

Type 316 L stainless steel exhibited general corrosion rates of 1 mpy or 
less in a l l  of the process environments but exhibited intergranular corrosion, 
pitted readily, and was susceptible to crevice corrosion. Pitting rates 
increased with time of exposure, particularly in the steam environments. 
addition, transgranular cracking of 316 L stainless steel weight-loss samples 
due to residual stresses from cold-working occurred in all of the process 
environments, indicating a tendency toward stress-corrosion cracking. 

TiCode-12 and titanium-1.5 nickel had general corrosion rates of 2 mpy or 

In 

less in all of the process environments and did not pit. 
rates appeared to increase with time of exposure. 
observed with the titanium alloys. 

General corrosion 
No crevice corrosion was 

Carbon (1020) and 4130 steels were the least resistant to general corro- 
sion and exhibited corrosion rates up to 120 mpy. 
ranged from 10 to 60 mpy, with the lower rates being observed for 4130 steel. 

More typically, the rates 

The major scale-forming mineral on the corrosion samples in all but the 
last two process environments (P6 and P7) was galena, with lesser amounts of 
other mineral species present. 
resulted in incomplete protection of the underlying metal from additional 
corrosion. It may, in fact, promote localized forms of corrosion such as 
pitting, crevice-, and stress-corrosion cracking, thereby rendering certain 
alloys more susceptible to failure. 

The porous structure of the galena deposits 
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