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INTRODUCTION

This geothermal corrosion program is to determine why gecthermal brines
are so corrosive to economical iron-base alloys. Geothermal resources that can
be developed with iron-base alloys will have a significant economic advantage
over geothermal sites that would require extensive use of expensive alloys.
Data developed in this program will be used to guide selection and design of
near-term plants.

The program objectives are:

o To clarify corrosion factors important to materials selection
for geothermal power plants.

o To establish a set of brine composition and temperature Timits
for carbon steels in geothermal brines and report final results
by the end of FY 1978.

The program involves tests of many materials in high pressure equipment
where a wide variety of brine chemistries can be studied. The validity of
these lab tests is checked by field tests in actual geothermal brine.

SUMMARY AND CONCLUSIONS

A series of 30 refreshed autoclave tests and one field test have been
completed to define how various chemical components in geothermal brines
affect uniform corrosion of 35 materials.

The data indicate uniform corrosion rates of carbon steels will be
satisfactory for most major components of a geothermal power plant for Tow
salinity, neutral to alkaline pH reservoirs, when 20 mpy (mils per year)
corrosion allowances are permitted. Corrosion rates of carbon steels proba-
bly will be excessive under the following conditions:

° Carbon dioxide saturated, low pH (<pH 6) brines at ambient to
100°C temperature, and C02 saturated steam condensate system,

° Applications near 250°C and above in salinities above 5 to
10%.



° Thin sections such as heat exchanger tubes (may fail by
pitting).

o Applications where any oxygen may be present, such as steam
condenser and waste injection systems.

While some minor alloy effects were observed among the 10 carbon steels
tested, the alloy composition of the carbon steel was a second order effect
compared with important brine chemistry variables such as pH, salinity, and
temperature. Acidification of East Mesa geothermal brine to pH 4.8 increased
carbon steel corrosion 3 to 4 times in agreement with lab tests.

The corrosion rates of carbon steels were found to be largely controlled
by the composition and structure of the corrosion product film that formed on
the metal. These films followed thermodynamic predictions. This also means
mineral scale deposits could significantly affect corrosion rates and must be
investigated further.

A number of alloys were found in the screening tests that showed negli-
gible corrosion under all conditions tested up to 250°C and 22% salinities.
Alternate materials to carbon steels include: high chromium alloys above
23% Cr including E-Brite 26-1, 446, 29 Cr-4 Mo, 29 Cr-4 Mo-2 Ni, 26 Cr-1 Mo-1
Ti, Al 6X; nickel alloys Hastelloy C276, Inconel 625, Incoloy 825; four titanium
alloys; and zirconium.

The tests to date only cover uniform corrosion resistance. Although no
significant pitting was observed in these tests, further work needs to be
done on nonuniform corrosion (pitting and crevice corrosion). All of the
experimental test environments were very low in oxygen (<0.01 ppm) and
contained no other ions to raise the redox potential. Slight increases in
oxygen or sulfate jon could affect pitting or crevice corrosion and must be
investigated further.

The tests to date have only lasted two weeks' duration. The field test
lasted six weeks and will be reported in the next report. It is clear
longer time testing is needed to confirm the trends indicated by the short-
term tests.



THEORY

The uniform corrosion of carbon steels in geothermal brines is an
electrochemical process. This means that in order for iron to corrode, some
other species in the brine must be chemically reduced. The iron and the
brine must be electrically coupled to permit electron flow. The anodic
corrosion reaction is:

Fe » Fe'™ + 2¢~ (1)

Two of the most important cathodic reactions required to complete and sustain
the electrochemical corrosion process are:

2H" + 27 > H,(gas) (2)
0, + 2H,0 + 4e” > 40H (3)

Equations 2 and 3 show that the acidity (pH) and the oxygen content of the
brine are very important in controlling corrosion of carbon steels. Marshall(])
and Tskhvirashvi]i(z) report corrosion rate control in geothermal brines is

by Equation 2.

This electrochemical mechanism of carbon steel corrosion has several
important implications:

° The pH of the brine at temperature is important, and corrosion
will increase as acidity increases.

° Dissolved oxygen will increase corrosion,

° The presence of corrosion product films or mineral scale on
the steel surfaces can slow corrosion by slowing the transport
of chemical species through the scale. The composition and
structure of the films on the metal surface will be important.

L Corrosion of carbon steel in dry steam will be lowered because
the electrochemical cell requires water to be present.

° Temperature will be important because it changes the chemical
equilibria affecting pH and changes reaction and diffusion

ates.
rate 3



Eh-pH Diagrams

It is very useful in both geochemistry and corrosion to plot the
oxidation-reduction potential (Eh) of a system vs the pH of that system.
Since Eh is related to the oxygen and redox couples in the brine, and pH to
the acidity, such a diagram correlates two of the important chemical factors
controlling corrosion. The Eh of a brine is related to the partial pressure
of dissolved oxygen (POZ) at 25°C by:(3)

Eh = 1.23 + 0.0148Log P, - 0.059pH (4)

05
(4)

Note that all the values are bounded by the voltage where water decomposes
into oxygen at the top and hydrogen at the bottom. Natural waters near the

In Figure 1 are plotted the Eh-pH values of many natural waters.

top have much dissolved oxygen, while strongly reducing waters (such as
geothermal brines) have negative values of Eh approaching the hydrogen
discharge Tine.

It is interesting to calculate the Eh and Py _of a typical éeotherma]

brine containing 10 ppm HZS and 10 ppm 504-2 at pﬁ 6 at 25°C:
_ -2 + -
h = 0.303 - 0.0739pH + 0.0074L (s0,)°" (5)*
Eh = 0. - 0. pH + 0. 0g
ST
10 ppm HyS = 2.94 x 107m
10 ppm 50,74 = 1.04 x 1077m
1.04 x 1077
Eh = 0.303 - 0.0739 (6) + 0.0074Log =22 X 10 _

2.94 x 107/

-0.143 volts

*Eq. 5 from Pourbaix, 1974.



FIGURE 1. Distribution of Eh-pH Measurements of the Na%usa]
Aqueous Environments (Source: Bass, et al.)(4

_-1.23 + 0.059pH + Eh
LogPy,, = 0.0748 (4)
Py = 1.4 x 10"%%tm

2

This oxygen value of 10769

atm is so low as to only be of thermodynamic
interest, but illustrates that geothermal brines containing HZS are unlikely

to contain detectable dissolved 02 unless air inleakage occurs during or



after production of fluids. If air is mixed into the brine, both HZS and
02 can co-exist for awhile before thermodynamic equilibrium is 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(s)) a geochemical Eh-pH diagram is
reproduced. It is a very useful diagram for considering corrosion of
carbon steels in geothermal brines because it interrelates the thermo-
dynamic stability of various corrosion product films on carbon steels with
the Eh and pH of the brine. Most geothermal brines are buffered near neutral
within 22 pH units, contain no dissolved oxygen and have negative Eh values.
Iron oxide, iron carbonate, and iron sulfides are all possible corrosion product
films depending on the specific chemistry (Fig. 2). Note that ferric ion cannot
normally exist in oxygen-free geothermal brines in any measurable activity.
(Fig. 2 is only valid at 25°C.)

pH at 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 salinity. In Table 1 are listed some of the impor-
tant acid-base equilibria that affect pH.

ATl 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. In general, most acids become less dissociated
at high temperature.

E1115(7) has pointed out an important effect of salinity 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 salinity

*2 activities cause the H activity to

increases, the increased Na+, K+, Ca
increase also in order to maintain chemical equilibrium with feldspar minerals
(Table 1). Thus high saline geothermal reservoirs will tend to be more

acidic.
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TABLE 1. Some Important Temperature Dependent Equilibria
Affecting Geothermal Brine pH

- + -
CO, + H,0 2 H + HCO,

HT + HS™

4

- - +
NH3 + H20 < OH + NH4

3/2K-Feldspar + H' I 1/2K-Mica + 35i0, + K

7 Albite + 6H' + 3,0 2 3Na-Montmorillinite + 10Si0, + 10510, + Na*
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FIGURE 3. The Dissociation Constant of Carbonic Acid



When geothermal fluids are produced as two-phase water-steam mixtures,
the gases COZ’ HZS’ and NH3 fractionate almost completely to steam phase.
This can cause dramatic shifts in pH in both residual brine and steam conden-
sate. Where CO2 controls the pH, the brine will become more alkaline and the
steam condensate acidic after flashing. However, if the steam contains more
NH3 the condensate will be more alkaline. The measured pH values on field
samples taken from geothermal systems can vary widely, and unless gas losses
during sampling are carefully controlled, the measured pH value can be in
serious error.

EXPERIMENTAL PLAN

A series of refreshed autoclave experiments were run in synthetic brines
to investigate how variations in pH, temperature, salinity, silica, and HZS
levels affect the uniform corrosion of carbon steels, chromium steels, nickel
alloys, titanium alloys, and zirconium (Table 2). The test series were
planned to investigate the corrosion effects of varying pH at temperature at
various salinities. Al1 pH values reported were measured at 25°C; the actual
pH in the test at temperature could be quite different.

These tests were to prepare background information for the interpretation
of field corrosion data. We do not believe laboratory tests can ever exactly
duplicate the complex chemical and surface effects controlling corrosion in
real geothermal fluids. However, tests in simple brines can form a basis for
interpretation of field data.

The tests were run in a refreshed Inconel 600 autoclave shown in
Figure 4. Synthetic brines were made up in 300-Titer batches. Oxygen was
eliminated by first gas sparing with C02; then adding 20 to 30 ppm hydrazine.
Oxygen in all brines was below analytical detection limits of 0.01 ppm oxygen.

The pH was adjusted by varying the CO2 partial pressure in the sparge
gas or by using pure CO2 sparge gas at 1 atm pressure and adding NaOH to the
tank to form bicarbonate. HZS was added as NaZS. Silica was added as sodium

meta-silicate.



Ol

TABLE 2. Materials Studied

Carbon Steels Carbon  _Ma P S _Si Ni Cr _ Mo N Cu Fe W 0 Al ____ Other
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 0.020 0.009 0.04 0.00% 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  Rem. - -- -~
SAE 1010 Tube* 0.03 0.27 0.017 0.006 0.005 0.03 0.00% 0.006 -- 0.06 Rem. -- -- --
A53B Tube* 0.23 0.71 0.010 0.019 0.15 0.26 0.010 0.007 -- 0.008 Renm. -- -- --

API Grade Well Casing Steels

75 0.44 1.56 0.003 0.17 0.2) - - 0.21 -- --  Rem.  -- -- --
€95 -- -- 0.0¥4 0.02) -- -- - -- -- -~ Rem. -- -- --
J55 0.4} 1.08 0.011 0.013 0.08 0.03 0.03 0.004 -- --  Rem. -- -- --
K55 0.32 1.03 0.010 0.020 0.09 0.09 0.01 0.009 -- 0.07 Rem. -- .- --
L80 0.29 1.22 0.02) 0.033 0.07 -- -- -- -- -~ Rem. -- b --
N80 0.28 1.20 0.010 0.002 0.13 ¢0.08 J.04 0.01 -- 0.12  Rem. -~ - --
P10 -- -- 0.019 0.027 -- -- -- -- -- --  Rem. -- -- -
Chromiun Steels
4130 Tube* 0.23 0.48 0.009 0.011 0.25 0.0% .82 0.16 -- 0.007 Rem. -- -- --
E-Brite 26-1 <0.001 0.020 0.010 0.011 0.21 0.14 26.23 1.0 0.910 0.020 Rem. -- -- --
405 0.020 0.25 0.0l0 0.009 0.44 0.28 13.05 0.002 -- 0.05) Rem. -- -- 0.27
410 0.12 0.20 0.009 0.014 0.27 0.24 12.23 0.05 -- 0.08 Ren. -- --  <0.01
430 0.051 0.24 0.011 0.009 0.29 0.34 15.89 0.19 -- 0.07 Rem. -~ -- .05
446 0.067 0.45 0.014 0.011 0.22 0.29 23.20 0.06 -- 0.06 Rem. -- -- 0.02
406 0.11 0.36 0.011 0.005 0.26 0.23 12.45 0.10 -- 0.04  Rem. -- -- 1.75
439 0.052 0.41 0.03) 0.010 0.43 0.22 16.89 0.18 -- 0.09 Rem. -- -~ 0.11
29-4* 0.01 max.-- -- -- -- 0.15 max.29 4 0.02 max. -- Rem. -- -- --
29-4-2* 0.01 max -- -- -- -- 2 29 4 0.02 max. --  Rem. -- -~ --
26-15* 0.06 max -- -- -- -- 0.05 max 26 1 0.04 max. --  Rem. -~ -- -~ 1.00 wax. Ti
2-1/2 Cr, 1 Mo 0.12 0.50 0.012 0.014 0.22 0.11 2.4 1.05 -- 0.18  Ren. -- -- --
6X* 0.03 max 1.5 -~ .- - 24 20 6.5 -- -- Rem. -- -- -
€-Brite 26-1 Tube’ 0.01  <0.10 0.015 0.011 0.18 0.09 26.2 1.06 -- 0.005 Rem. -- - 0.05
410 Tube‘ 0.10 0.39 0.010 0.009 0.51 0.33 11.89 0.03 -- 0.03  Rem. -- .- 0.17
Titanium
35-A 0.18 -- “- -- -- -- -- -- 0.0 -- 0.34 0.006 0.09 --
15 Ni 0.01 -- -- -~ -- 1.5 -- -- 0.008 -- 0.04 67 ppn 0.08 --
0.2 Pd 0.03 -- -- -- -- -- -- -- 0.01 -~ 0.16 <100 ppn 0.122 -- 0.18 Pd
6A)-4V* -- -- -- -~ -- -- -- -- -- -- - -- -- 6 4y
Special Materials _
Hastelloy C-276* 0.02 1 0.03 0.03 0.05 Rem. 14.5-16.5 15-17 -- -~ 4-7 -- -- -- W 3-4.5, Co 2.5, v 0.35
Inconel) 625* 0.05 0.15 -- 0.008 0.25 6l 21.5 9 -- -~ 2.5 -- -- 0.2 0.2 7i, 4 Cb
Inconel 600* 0.08 a.5 -- -- 0.25 76 15.5 .- -- 0.25 8 -- - -
Incoloy 825* 0.03 0.5 -~ 0.015 0.25 42 21.5 3 -- 2.25 30 -- -- 0.1 Ti 0.9
Zirconium* Pure Crystal Bar

*Nominal
+Heats used in field test
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Brine was pumped from these tanks at 1.5 liter/m by a high pressure pump
which maintained a single phase hydraulic system in the autoclave at 68.9 Bars
(1000 psig). This kept all gases in solution. The brine was dumped to drain
after leaving the autoclave. This resulted in a changeout of the autoclave
volume every 3.3 hours. Preliminary tests showed autoclave refreshment is
essential to maintain constant chemistry, especially pH. If the autoclave is
not 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 grit paper. The
titanium alloys and zirconium were etched in HNO3-HF. A1l samples are weighed
to 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 at test 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 at 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 alloy effects were
minor compared to the temperature and pH effects. There is a definite pH
effect observed, as expected, with corrosion increasing at lower pH values.
The effect is most dramatic at 50°C however. The strong temperature depen-
dence may be related to the higher H activity at low temperature (Fig. 3),
but is more likely caused by a change in corrosion film composition from no
films at 50°C, to FeCO3 at 150°C, to Fe304 at 250°C which was observed on X-ray
diffraction patterns. These data suggest the commonly observed corrosive
effects of dissolved CO2 will become less serious at the higher temperatures
observed in geothermal wells.

12
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FIGURE 5. Average Corrosion of Ten Carbon
Steels in NaC1-CO, Brines vs pH

The uniform corrosion rates of all nickel alloys, chromium steels,
titanium alloys, and zirconium were 0 to 0.05 mm/yr (0 to 2 mpy) at the 1%
NaCl Tlevel.

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 salinity. In Figure 6 the average
corrosion rates of 10 carbon steels are plotted vs temperature at salinities
of 1% and 22% NaCl. Corrosion tended to decrease as temperature increased as

more protective Fe304 was formed on the steels. However, at 250°C, as tem-

perature and salinity both increased, corrosion rates increased.

13
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The Role of Salinity on Corrosion

At temperatures of 50°C and 150°C salinity did not affect carbon steel
corrosion nearly as much as pH, temperature, or film composition effects.
The marked effect of salinity at 250°C was investigated separately in a test
series in Figure 7. These data show a marked increase in corrosion as salin-
nity increases up to at least 20%. The cause of this increase in corrosion
appears due both to increased solution conductivity and changes in corrosion
film structure. The corrosion films at 1% NaCl and 22% NaCl were both Fe304
by X-ray diffraction, however, the high salinity films were composed of fine
particles rather than a coherent film. At the 10% salinity level some carbon
steel alloy differences were seen in 250°C uniform corrosion as listed in

Table 3.
14
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TABLE 3. Effect of Alloy Composition on Uniform Corrosion

Temperature 250°C

Pressure 68.9 Bar (1000 psi)
Oxygen <0.01 ppm
pH 4.6 to 4.8

Corrosion Rate mm/yr (mpy)

Alloy 1% NaCl 5% NaCl 10% NaCl 20%
A570 0.3 (12) 0.9 (35) 1.1 (43) 2.8
A53B Heat 1 .3 (11) 0.6 (24) 0.9 (36) 2.8
A53B Heat 2 - 0.4 (16) 0.6 (23) 3.2
C75 .2 (9) 0.4 (16) 0.2 (7) 2.0
1010 0.4 (14) 1.0 (38) 1.0 (41) 3.5
4130 - 0.2 ( 7) 2.3
2 1/4 - 1Mo 0.08( 3) 0.6 (23) 0.3 (12) 1.8
410 Heat 1 0.08( 3) 0.1 ( 4) 0.8 (30) 3.5
410 Heat 2 - 0.2 (9) 0.5 (20) 3.8
E-Brite 26-1 Heat 1 0.05( 2) 0.01(0.3) 0.02(0.7) 0.0
E-Brite 26-1 Heat 2 - 0.02(0.7) 0.02(0.8) 0.0
Hastalloy C-276 0.02(0.9) 0.03(1.2) 0.04(1.7) 0.0
Inconel 625 0.01(0.3) 0.01(0.12) 0.01(0.2) 0.0
Inconel 600 0.02(0.6) 0.02(0.9) 0.05(1.8) 0.0
Incoloy 825 0.01(0.4) 0.01(0.2) 0.01(0.3) 0.0
29Cr-4-2 0.08( 3) 0.01(0.2) 0.02(0.6) 0.0
6X 0.01(0.4) 0.01(0.3) 0.01(0.3) 0.0
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The Role of Dissolved H,S and Silica on Corrosion

The corrosion of carbon steels in 1% NaC]-CO2 brines with eitherrHZS or
S1‘02 additions is given in Table 4. These data indicate a slight reduction
in corrosion with the addition of HZS or 5102. The presence of HZS changed
the corrosion product films from FeCO3 to FeS and FeS2 at 150°C (by X-ray
diffraction). While not very protective, the sulfide films were more pro-
tective than the thin carbonate films.
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TABLE 4. Effect of HZS and Dissolved Silica on Corrosion

Temperature 150°C Pressure 68.9 Bar (1000 psig)

25°C pH 4.6 Oxygen  <0.01 ppm

NaCl 1% Average corrosion rate mm/yr (mpy)

1% NaC1-CO0» 1% NaC]-C02

Alloy ]jLﬂng:QQQ + H2$ 10 mg/1 + 5102 400 mg/1
A570 0.53 (21 mpy) 0.53 (21 mpy) 0.41 (16 mpy)
AL3B 0.53 (21) 0.41 (16) 0.36 (14)
1010 0.38 (15) 0.28 (11) 0.36 (14)
AT06 0.41 (16) 0.43 (17) 0.36 (14)
C75 0.51 (20) 0.28 (12) 0.38 (15)
€95 0.58 (23) 0.33 (13) 0.38 (15)
K55 0.58 (23) 0.28 (11) 0.41 (16)
L80 0.58 (23) 0.33 (13) 0.38 (15)
P110 0.58 (23) 0.30 (12) 0.41 (16)

-It was thought that the silica in solution might react with the iron to
form a protective iron silicate film. The corrosion was reduced slightly
with 5102 additions, but no silicates were identified on the surface of the
one sample examined. More samples need to be studied.

The HZS had no observable effect on any of the chromium steels, titanium
alloys, or zirconium. With the nickel alloys, some sulfide corrosion took
place forming nickel sulfide films on Inconel 600, with a corrosion rate of
0.25 mm/yr (10 mils/yr) at 250°C in 1% NaCl-pH 5. In the same test Hastelloy
C-276 and Inconel 625 corroded only 0.01 mm/yr (C.2 mpy).

Corrosion of Alternate Alloys

The uniform corrosion of chromium, nickel, and titanium alloys and
zirconium were measured along with the carbon steels. No 300 series stain-
less steels were included because of their well-known susceptibility to
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chloride stress corrosion cracking. In most of the 1% NaCl tests all the
alternate alloys performed well with little uniform corrosion and no signifi-
cant pitting observed. In some of the 250°C tests 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 is the major observation with HZS present. When exposed to high
temperature, high salinity (20% NaCl) conditions, it can be seen that high
chromium content above 23% is very beneficial to corrosion resistance.

Especially notable in their corrosion resistance to 250°C, oxygen free,
salt 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 statistically significant. The aluminum containing alloy type
406 is of interest, since it showed much lower corrosion than the other 12 Cr
alloys, although the corrosion was still much higher than the high chromium
alloys.

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

An obvious question is whether the trends reported for the refreshed
autoclave results are applicable to real geothermal brines. To answer this
question a corrosion experiment was conducted at the Bureau of Reclamation
geothermal well 6-1 near Holtville, CA. This test involved a full factorial
experiment of 5 alloys x 3 temperatures x 3 velocities at well head pH of 5.8
and with acid injection to lower the pH to 4.6-4.8. Only preliminary data,
Tables 6 and 7, from this field test are ready at this time to provide a
reference point to this paper. The data in Table 6 indicate excellent agree-
ment on corrosion rates at 150°C in real and synthetic brines. However, the
strong inverse temperature dependence on corrosion seen in the autoclave at
50°C was not confirmed in the field data. The cause of the reduced corrosion
in the actual geothermal fluid at 50°C may be due to a silica film that
deposited and became rate controlling. Extensive work on film composition
and structure is in progress.
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TABLE 5. Comparison of Alternate Alloys with Carbon Steels
in Oxygen Free Brines - 68.9 Bar (1000 psig)

250°C 1% NaCl 250°C - 20% NaCl

pH 4.8 HZS 10 mg/1 pH 4.6
Average of ten carbon steels 0.18 (7 mpy) 2.2 (87 mpy)
Chromium Alloys -
2 1/4 Cr 1 Mo 0.08 (3) 0.48 (19)
E-Brite 26-1 (26 Cr-1 mo) 0.02 (0.6) 0.02 (0.6)
405 (13 Cr) 0.06 (2.5) 2.5 (98)
410 (12 Cr) 0.04 (1.4) 3.0 (120)
430 (16 Cr) 0.04 (1.7) 1.6 (62)
446 (23 Cr) 0.02 (0.7) 0.02 (0.8)
406 (12 Cr 1.8 A1) 0.06 (2.2) 0.43 (17)
439 (17 Cr) 0.04 (1.4) 0.38 (15)
29 Cr-4 Mo 0.02 (0.6) 0.02 (0.8)
29 Cr-4 Mo - 2 Ni 0.02 (0.4) 0.02 (0.8)
26 Cr-1 Mo - 1 Tid 0.02 (0.6) 0.02 (0.8)
6X - (20 Cr-24 Ni-6.5 Mo 1.5 Mn) 0.003 (0.1) 0.01 (0.5)
Nickel Alloys
Hastelloy C-276 0.04 (1.5) 0.01 (0.5)
Inconel 625 0.005 (0.2) 0.003 (0.1)
Inconel 600 0.23 (9.2) 0.01 (0.4)
Inconel 825 0.005 (0.2) 0.008 (0.3)
Titanium Alloys
Ti 35A <0.005 (0.2) <0.005 (0.1)
Ti 1.5 Ni <0.005 (0.2) <0.005 (0.1)
Ti 0.2 Pd <0.005 (0.1) <0.005 (0.1)
Ti 6 Al-4V <0.005 (0.2) <0.005 (0.1)
Zirconium <0.005 (0.1) <0.005 (0.1)
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TABLE 6. Comparison of Corrosion in Refreshed Autoclave Tests
with Corrosion in Actual Geothermal Brines

Corrosion Rate in mm/yr (2 week exposures)

150°C 50°C
Attey M Spheme) M) )
1010 0.11 (4.2 mpy) 0.15 (6.0 mpy) 0.36 (14 mpy) 0.042 (1.7 mpy)
A533 0.12 (4.7 mpy) 0.14 (5.5 mpy) 0.46 (18 mpy) 0.045 (1.8 mpy)
4130 0.17 (6.6 mpy) 0.17 (6.8 mpy) 0.32 (12 mpy) 0.088 (3.5 mpy)
410 0.04 (1.6 mpy) 0.03 (1.3 mpy) 0.015 (0.6 mpy) 0.03 (1.3 mpy)
E-Brite 26-1  0.003 (0.1 mpy) 0.003 (0.1 mpy) 0.0067 (0.27 mpy) 0.0076 (0.3 mpy)

(1) Synthetic Brine - pH 5.6-5.8, NaC1-24,000 mg/1iter, 5102-320 mg/liter, st-lmglliter, <0.01 ppm 02

(2) East Mesa Well 6-1 - pH 5.6-5.8, Salinity-22,000 mg/liter, 510,-300 mg/1iter,
HZS-1.3 mg/liter, 02 <0.01 ppm



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

Corrosion mm/yr in Corrosion mm/yr in
East Mesa 6-1 -Refreshed Autoclave Tests
Geothermal Brine 150°C-1 ft/sec 150°C
Wellhead Acidification
Alloy pH 5.6 - 5.8 pH 4.6 - 4.8 pH 5.6 - 5.8 pH 4.6 - 4.8
1010 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)
4130 0.17 (6.8 mpy) 0.56 (22 mpy) 0.17 (6.6 mpy) -
N 410 0.03 (1.3 mpy) 0.04 (1.8 mpy) 0.04 (1.6 mpy) --
E-Brite 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 to 4 times with a
1 pH unit acidification. This was the same order of change of corrosion with
pH observed in the refreshed autoclave data. These acidification data are of
considerable interest since acid injection is one method being considered for
mineral scale control.

The 410 chromium steel and the E-Brite 26-1 showed 1ittle or no pH
dependent corrosion in the field test.

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-
ria at temperature, effect of salinity on activity coefficients, and sulfur
activity. These calculations are compared in Table 8 with the observed film
compositions. In most cases the predicted film is near the composition that
is found, indicating thermodynamic stability of the films is very important.

Refering back to Figure 2, we see the carbonate and sulfide stability
fields are very important at 25°C to 50°C. OQur data indicate Fe304 becomes
the dominant film at 250°C. Considering the minor changes in pH, Eh, or
temperature that can change the stable film composition, it is not surprising
that widely varying corrosion of carbon steel is seen in geothermal systems.

We believe that the composition 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 test of alloys in refreshed autoclave tests indicates
that most common carbon steels have satisfactory uniform corrosion rates in
low salinity, 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 not studied which could be important in
specific cases, such as heat exchanger tubes. As temperatures and salinity
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TABLE 8. Calculated Thermodynamic Stability of Iron Compounds Compared
with Observed Film Composition on A570 Carbon Steel

1% NaCl, pH 7.5 ' 1% NaCl, pH 4.8 1% NaCl, pH 4.8 + H, S
T°C Calculated Observed Calculated Observed Calculated Observgd
++
50 FeCO3 none Fe 85% Fe Fe52 FeS
detected 10% FeCO3
150 Fe304 Fe304 FeCO3 FeCO3 FeCO3 80% FeCO3
FeS2 10% FeS
N 0
w 5% Fe52
250 Fe304 Fe304 Fe304 70% Fe304 Fe304 not run
+
30% FeCO

3




rise together, carbon steel corrosion increases to unacceptable rates at pH 5.
Acidification of a slightly acid (pH 5.8) brine to pH 4.8 increased corrosion
of carbon steels three to four times. The pH at temperature was found to be
very important.

Films that formed on the metal generally followed thermodynamic predic-
tions and appeared to play a major role in corrosion rate control. If this
is the case, local breakdown of the film could lead to pitting attack which
should be investigated further.

Except for 250°C - 20% NaCl brines, alloys with the low corrosion rates
include the chromium steels containing 17 Cr or more, titanium alloys, zir-
conium, and nickel alloys. The titanium alloys, E-Brite 26-1, 6X and other
high chromium alloys and zirconium survived every test with little more than
film formation.
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