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Corrosion performance of Ni-Cr-Fe alloys 
in geothermal hypersaline brines 

by R. H. Moeller and C. J. Cron

The early development of the Salton Sea geothermal re-
source proved that carbon steel tubulars do not provide 
satisfactory service life in the high-temperature, hypersaline 
brines. A large-scale corrosion test was designed to find the 
most cost-effective alloys for completing these wells. A 
series of Ni-Cr-Mo alloys were tested over several years in 
three production wells and two injection wells. The various 
alloys were made into 8⅝ in. (22 cm) outside diameter by 
 

Introduction 

Geothermal energy from the Salton Sea field is used to 
drive eleven turbines which generate 300 megawatts of 
power. Located in the Imperial Valley of California, the 
Salton Sea is one of the largest geothermal fields in the 
world. This energy exists in the form of steam or a com-
bination of steam and water. The Salton Sea fluids are 
characterized by their high salinity, having total dis- 
solved solids ranging from 13% to 30% with a pH of 5.1 to 
4.6. 

The corrosion test that is reported in this paper was 
conducted in an effort to find some alloys that were 
capable of withstanding the corrosiveness of the hot 
brines being produced from the Salton Sea field. Until the 
time of this test Unocal Corp. had been using carbon steel 
and some other relatively low alloy steels as production 
casing and the lifetimes were unacceptably low. 

The decision to put together such an elaborate full 
scale test was not made without sufficient evidence that  
 

0.400 in. (1.0 cm) wall production casing strings about 1500 
ft. (457 m) long. The well bore was divided into three 
temperature regimes and several joints of each alloy were 
tested in each regime. This paper discusses the corrosion 
effects of the brine on the various alloys for lengthy periods 
under actual flowing conditions. Long-term corrosion tests 
were also conducted on alloys considered for injection 
tubing. 

lower alloys would not work. The final incident that was the 
impetus for Unocal to initiate this study was a string of 
9Cr-1Mo steel production casing that developed holes in the 
casing walls after just 5 months of service. The 9Cr-1Mo 
alloy had been tested in another geothermal well for 3 
months and its performance indicated that it would provide a 
reasonable service life. This experience showed that 
individual wells can perform much differently from other 
wells in the same area from a corrosion standpoint. So in the 
full-scale test three production wells and two injection wells 
were chosen as test wells. 

The objectives of this test program were: 
1. To rank the alloys by corrosion resistance in the  

environment 
2. Determine the susceptibility of the alloys to stress  

corrosion cracking 
3. Determine how brine chemistry, temperature, and 
 pressure affects the corrosion rate of the alloys 
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Production Casing 

Test Procedure
All tubulars were cold worked to 110 ksi yield strength 

to prevent yielding in compression in the event they were 
cemented in the well. C-ring stress corrosion cracking 
tests were conducted on all the candidate alloys prior to 
starting the full-scale test; those alloys that cracked were 
eliminated. 

The high nickel superalloys listed in Table I were 
tested as coupons and as casing in the hottest 500 ft. 
(152 m) of the test string. They were found to be almost 
immune to any general corrosion or pitting. The coupons 
still showed the machining marks after testing. Therefore, 
further testing was conducted on alloys having a lower 
nickel+chromium+molybdenum content. These alloys 
and their nominal compositions are listed in Table II. 
Previous coupon tests and ultrasonic thickness gauging 
had shown that general corrosion is not a problem in 
these alloys; pitting corrosion is the main concern. 

The tests were conducted in three production wells 
and two injection wells. The wells and the flowing well 
conditions are listed in Table III. The typical composition 
of a Salton Sea brine is shown in Table IV. 

The pitting corrosion rates were calculated by linear 
extrapolation and extreme value statistics. 

1) The deepest measured pit, divided by the produc-
tion time, described as the optimistic pitting rate, 
gives the lowest rate when compared to the ex-
treme-value calculation. 

2) In the extreme-value statistical theory a known ex-
treme in each of several small adjacent increments of 
space (or time) can be used to predict the extreme 
value of a much larger increment. For example, the 
deepest pit in each of twenty-two inch “lengths” of 
pipe can be used to predict the deepest pit that will 
be found in a 1000 ft. (305 m) length of pipe. The pre-
dicted corrosion rate is a function of the size of the 
measured area used to generate the prediction. The 
  larger the area that is measured, 

the more accurate the predicted 
corrosion rates. This method 
gives the probable pitting corro-
sion rate which is always greater 
than the optimistic pitting rate. 

All corrosion rates are calcu-
lated using production time 
rather than installed time be-
cause it provides the highest rate 
or most conservative rating of 
service performance. 

A detailed discussion of the 
techniques used in producing the 
predicted corrosion rates is given 
in Reference 1. 

The entire production casing 
was pulled from the well and se-
lected joints were cleaned prior to 
measuring the pit depths. The 
joints were hydro-blasted to re-
move scale that was deposited 
on the casing walls. The final 
cleaning was accomplished by a 
silica sandblast. The inside di-
ameter on each (1.6 ft., 0.5 m) 
end of the tube was marked into 
four quadrants. The two deepest 
pits in each 0.2 ft. (0.06 cm) of 
each quadrant were measured 
and recorded. Both ends (a total 
of 3.2 ft., 1.0 m) of each joint 
were inspected. 
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Results 

Sinclair 20 
The six alloys listed in Table II were installed in the 

Sinclair 20 well in March of 1984. The entire string was 
pulled for intermediate inspection three times and was 

removed from 
testing in Feb-
ruary of 1991. 
The total test- 
ing time was 
2220 days. 
Table V shows 
the production 
exposure time 

for each joint and the corrosion rates as of February, 1987. 
Several joints were analyzed for corrosion at each in-

spection. The remaining joints, along with several new joints, 
were reinstalled. Table VI shows the optimistic and probable 
corrosion rates during the three exposure periods. The 
optimistic (opt.) corrosion rate is the deepest measured pit 
divided by production time in years. Probable (prob.) 
corrosion rate was determined by the extreme-value method 
and is the statistical extrapolation of pitting data at the 50% 
probability level of a 2000 ft. (610 m) string of 8⅝ in. (22 cm) 
casing. 

The probable corrosion rate is plotted in Figure 1 for the 
depth of 1000 to 1500 ft. (305 to 457 m). Based on these 
rates the life for a 0.400 in. (1.0 cm) wall tube was predicted 
and is shown as Figure 2. These figures show that based on 
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the optimistic and probable corrosion rates after the three 
exposure periods. This well, unlike the Sinclair 20 well, 
shows a significant effect of well depth with the 1000+ ft. 
(305 m) depth having a corrosion rate in some cases of 
several times higher than tubing at the 500 ft. (152 m) level. 
The only obvious difference in the wells is that the IID 12 
well has a production rate about 25% higher than the rate 
for Sinclair 20. 
 

Veysey 12 
The Veysey 12 well located in the Brawley field was 

also used for these tests. Installation was in June of 1984, 
and inspections were made after 148 days and 220 days. 

The test ended in June of 1985 af- 
ter an exposure of 368 days. All the 
joints in this well were installed 
between 3,400 and 3,900 ft. (1036 
and 1189 m), more than twice the 
depth of those in the Salton Sea 
field. Table VIII shows the optimistic 
and probable corrosion rates after 
the three exposure periods. The total 
exposure time was close to the 
shortest time (A) for Sinclair 20 and 
IID 12 and corrosion rates were 
similar. Here again the short testing 
time would probably cause a wrong 
prediction of the actual long-term 
corrosion rate. 

Injector Tubing
 
Strings of 3½ in. (9 cm) tubing were 
tested in three injection wells. Two 
wells had about 760 ft. (232 m) of 
injection tubing while the other had 
about 1800 ft (548 m). These 3½ in. 
(9 cm) tubes were suspended inside 
of 8⅝ in. (22 cm) tubes. Both sizes of 
tubing were cold worked to achieve a 
yield strength of 110 ksi at 500°F 
(260°C). 
 

Sinclair 15 
In April of 1984 an 8⅝ x 0.400 in. 

(22 x 1.0 cm) wall hangdown string 
was installed in the Sinclair 15 geo-
thermal injection well from the 
surface to 3100 ft. (945 m). A 3½ x 
0.254 in. (9 x 0.6 cm) wall tubing 
string was hung inside of the 8⅝ in. 
(22 cm) string from the surface to a 
depth of 800 ft. (244 m). 
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a 220-day test the predicted corrosion rate would have been 
so high, and the life would have been so short, that none of 
the alloys would have been used. However, based on 2220 
days of testing all the alloys would be acceptable. 

NOTE: All time periods are days of exposure to actual 
production conditions. The actual installed times are longer 
as listed in the individual tables. 
 

IID 12 
The IID 12 well tests began in March of 1984. The string 

was pulled for intermediate inspection after an exposure of 
218 and 320 days and finally retrieved in December of  
1985. Total exposure time was 633 days. Table VII shows 
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The initial 8⅝ in. (22 cm) string consisting of four Ni-
Cr-Mo alloys was pulled for inspection after 486 days. A 
replacement string made up of UNS S31260, UNS S31803 
and Cr 1Mo was installed and pulled in February of 1987 
after 170 days. The alloys tested and the optimistic and 
probable pitting corrosion rates are shown in Table IX. 

Threaded connections of the 8⅝ in. (22 cm) casing were 
visually inspected for cracking. Cracking was found on a 
duplex stainless steel connection manufactured by a cen-
trifugal casting method. End inspections were performed as 
previously described for production tubing. The probable 
corrosion rates calculated for Period A are similar to rates 
seen in other injectors and to the corrosion rates seen on 
the alloy tubing tested in this well. The pitting rates seen on 
both the UNS J92205 and the UNS 531260 installed near 
the surface during period B are several times higher than 
pitting rates seen previously. 

NOTE: All time periods are days of exposure to actual 
injection conditions. The actual installed times are longer as 
listed in the individual tables. 

At these pitting rates a 0.4 in. (1 cm) wall tubular would 
be perforated in 1.1 to 3.5 years. Samples of the duplex SS 
alloys from Period B were analyzed. The high pitting rates 
found in the upper portion of the wellbore may be related to 
the silica scale which could create under-deposit conditions 
that promote pitting. The long shut-in period and the 
possible existence of oxygen in the vapour space above the 
liquid level in the well may be another explanation for the 
high pitting rate observed. The existence of oxygen would 

definitely exac- 
erbate pitting 
corrosion under 
the silica scale. 

The 3½ in. 
(22 cm) string 
was pulled for in- 

spection in 171 days, and again after a total of 383 days. 
Since the majority of injection flow was directed down the 8⅝ 
x 3½ in. (22 x 9 cm) annulus, the outside of the smaller tubing 
string was inspected for corrosion. The pitting rates were 
based on the injection time and were calculated by dividing 
the pit depth by the time. Statistical analyses were performed 
on the injection tubing corrosion results. Table X shows the 
alloys tested and the resulting corrosion rates. Only alloy UNS 
N06255 showed improved corrosion resistance when 
compared to the duplex stainless steels. Alloys exposed 
during the Period B only show consistently higher pitting rates 
than those seen in either Period A or C. Assuming a 0.254 in. 
wall tubing and using the highest probable pitting rate after 
Period C, the UNS N06255 would last approximately 14 years 
before perforation, while the UNS S31260 would last 
approximately 11 years before perforation. 
 

IID 6 
Various Ni-Cr-Mo and duplex stainless steel alloys were 

installed in March of 1984 as an 800 ft. (244 m) tubing  
string in IID 6. The entire string was retrieved after  
175 days, and again after 464 days. Most of the string was 
also examined after an intermediate period of 289 days.  
Table XI shows the alloys tested, and the resulting corro- 
sion rates. Here again only alloys UNS N06255 and  
UNS N08825 showed a significant improvement over the 
duplex alloys. No consistent change in corrosion is seen 
between exposure Periods A and B. In both Sinclair 15 and 
IID 6 the pitting rate decreases as the exposure time in-
creases. 

However, exposure Period C does show consistently lower 
optimistic and probable corrosion rates for all alloys. A 0.400 
in. (1 cm) wall UNS N06255 or UNS N08825 tubular would 
have an expected life of 20+ years, while a duplex stainless 
steel would have an expected life of 13 to 17 years. The .254 
in. (0.6 cm) wall of the 3½ in. (9 cm) tubing would cor- 
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rode through in only 8 years if made of a duplex material 
and would last 18 to 25 years if made of alloys # UNS 
N06255 or UNS N08825. 
 

IID 5 
An 1800 ft. (549 m) string of 3½ x 0.254 in. (9 x 0.6 

cm) wall tubing was installed in the Salton Sea IID 5 well 
in August of 1985. The string was pulled after 562 days, 
and finally after 908 days. Table XII shows the alloys 
tested, their position in the test string, and time of 
exposure. 

Some of the joints of tubing and their couplings were 
cracked by chloride stress corrosion cracking. With one 
exception, UNS N08135, all the cracking was confined to 
the 22 Cr and 25 Cr duplex stainless steels. 

The required factors for chloride stress corrosion 
cracking (CI SCC) are: a susceptible alloy, a suf- 
ficient chloride ion concentration, elevated temperature, a 
sufficient tensile stress, and oxygen or low pH. If any of 
these factors is absent, Cl SCC will not occur. All of the 
factors are present normally in the injection system, ex- 
cept the oxygen. The pH is not sufficiently low to cause 
SCC. Since these injection wells take injectate on a 
vacuum, it is quite likely that air is drawn into the sys- 
tem. The operating pressure is low; so the stress level 
from internal pressure is probably not sufficient to cause 
cracking. However, the residual stress from cold work- 
ing is certainly high enough to cause SCC. Although 
there is the possibility of drawing in air because the wells 
take injectate on vacuum, every time the oxygen level 
was measured (several times) the maximum detected 
was 15 ppb, hardly enough to cause SCC. Also there are 
so many ions and other species dissolved in the hot brine 
that any oxygen is used up rapidly, almost immediately, if 
oxygen does in fact enter the injection stream. So an-
other corrodent is necessary to cause SCC. The injection 
fluid does contain about 30 ppb of Fe+3 ion which is a 

corrodent and may be the cause of the SCC that was 
seen. The Fe+2 is oxidized to Fe+3; oxygen would con-
tribute to the oxidation of the Fe+2. The final comment 
on the SCC of the injection tubing is that there is not a 
good explanation for the SCC. 

An alloy’s nickel content is very important in deter-
mining its resistance to Cl SCC. As the nickel content 
increases, the SCC resistance increases. Duplex 
stainless steels have fairly good resistance to Cl SCC 
by nature of their microstructure, but they are more 
susceptible than the other alloys that have a nickel 
content of 35% or more. If duplex stainless steels are to 
be used in this service the residual stress from cold 
working would have to be eliminated or lowered 
drastically. This is necessary because eliminating the air 
in-leakage would be near impossible. An annealing  
heat treatment would eliminate the residual 
stress. The du-
plex stainless 
steels have an 
annealed yield 
strength of 70 
ksi which is 
sufficient for  
the injection 
service; the 110 
ksi yield 
strength used 
initially is not 
necessary. If 
one wanted to 
be conservative 
where Cl SCC 
is concerned, 
the higher 
nickel alloys 
should be used. 

Corrosion performance of Ni-Cr-Fe 
alloys in geothermal hypersaline brines 

6 



Nickel Development Institute

Conclusions 

1. The most obvious and pertinent conclusion that can be made from this data taken over a 2529-day (6 years +10 days) 
period is that short-term tests predict corrosion rates up to seven and a half times higher than the actual results after 
long-term tests. This overshadows all other conclusions. 

 
2. As anticipated, the alloys having the higher combinations of nickel, chromium, and molybdenum have the higher 

resistance to corrosion. 

 
3. The duplex stainless steels are susceptible to Cl SCC in this environment; however the cracking would most likely be 

eliminated if the alloys were used in the annealed condition. 

 
4. Within the limitations of this test program, the brine chemistry did not seem to have an effect on corrosion rate.  

The brine temperature increases as the depth increases, and the pitting corrosion rates are greater at the higher 
temperatures. 

 
5. There are several high nickel alloys that are virtually immune to pitting corrosion in these brines. 
 
6. Based on short-term tests none of the alloys would be used. However, based on long-term (2220 days) all would be 

satisfactory. Therefore, initial pitting depth plus pitting rate must be considered in alloy selection. 
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