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CORROSION OF SELECTED METALS AND A HIGH· TEMPERATURE TH ERMO~LASTI C 
IN HYPERSALI N E GEOT HERMAL BRI NE 

By R. K. Conrad,l J. P. Carter, 2 and S. D, Cramer 3 

ABSTRACT 

The Bureau of Mines conducted corrosion research to determine suitable 
construction materials for geothermal resource recovery plants. Weight 
loss, pitting and crevice corrosion, V-bend stress corrosion, and elec
trochemical polarization measurements were made on selected metals in 
brine and steam process environments produced from high-enthalpy hyper
saline brine from geothermal well Magmamax No. 1 at the Salton Sea Known 
Geothermal Resources Area, Imperial Valley, Calif. 

Cadmium (and by extension cadmium coatings) and a 6061-T6 aluminum 
alloy were unsatisfactory because of high general corrosion rates and, 
in the case of aluminum, severe pittingu Molybdenum and niobium (colum-· 
bium) were resistant to general corrosion, pitting, and crevice corro
sion. Copper alloys corroded at rates that may preclude their use in 
wellhead brine. The presence of iron accelerated the corrosion of the 
copper alloys. Titanium alloys were resistant to general corrosion and 
stress corrosion cracking in all of the environments. They exhibited 
crevice corrosion in some of the brine and steam environments and 
Ti6A14v pitted in the brine environments. They exhibited passive behav
ior over a broad range of potentials. 

Exposure tests were conducted on a high-temperature polyphenylene sul
fide thermoplastic (Ryton) in the same environments. A 40-pct-graphite
fiber-reinforced Ryton composite deteriorated readily in wellhead brine 
and failed in all of the brine and steam process envir"onments; Ryton 
coatings on 316L stainless steel were adherent and performed well. 

1Chemist. 
2Research chemist. 
3Supervisory chemical engineer. 

All authors are with the Avondale Research Center, Bureau of Mines, Avondale, Md. 
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INTRODUCTION 

As part of the U.S. Department of the 
Interior, Bureau of Mines, effort to pro
mote the wise and efficient use of do
mestic mineral resources (2, 6, 12,17, 
19),4 various materials of construction 
have been evaluated in hypersaline geo
thermal brines from the Imperial Valley, 
Calif., for use in geothermal resource 
recovery plants. These brines contain 
high levels of dissolved salts, 20 wt pct 
or more, largely as alkali and alkaline
earth metal chlorides (8-9), and dis
solved gases such as C02~NH3' CH4 , and 
H2S. Downhole temperatures may exceed 
300 0 C, and wellhead pressures range up 
to 2.5 MPa. 

The brine and steam process streams 
produced from high-enthalpy hypersaline 
geothermal brines can be highly corro
sive. The Bureau1s research on corrosion 
in geothermal brines has consisted of 
both laboratory (8-9) and field studies 
(3-5). The present-work reports some of 
the- results for a large field test in
volving weight-loss measurements of up to 
45-day duration on more than 20 commer
cial and experimental alloys and a high
temperature thermoplastic in brine and 
steam environments, stress corrosion 
tests on many of the metals, and electro
chemical corrosion measurements on 45 
commercial and experimental alloys in 

wellhead brine. Only the results of the 
measurements on Cu and Ti alloys, Al 
6061-T6, Mo, Nb, and Cd, and the high
temperature thermoplastic are reported 
here. 

Titanium and copper alloys are widely 
used in corrosive service applicatlons. 
Molybdenum and niobium may find applica
tions as structural materials or as 
cladding in critical components such 
as pumps, valves, screens, or bearings. 
Cadmium coatings on steel exhibit some
what better corrosion resistance than 
zinc coatings in marine atmospheric expo
sures (16), and there was interest in 
their performance in geothermal environ
ments. A high-temperature polyphenylene 
sulfide, having the trade name Ryton5 and 
the chemical formula (-C 6H4S-)n' was used 
previously in the Bureau1s laboratory as 
a coating to protect steel autoclave com
ponents for short times (less than 5 
days) from corrosion in hypersaline geo
thermal brine at 232 0 C. While the 
operating t.empe.r.a.ture .of corrosion test 
packages in the field test was higher 
than the maximum recommended temperature 
for use of Ryton in a graphite-fiber
reinforced composite, 150 0 C (1), it was 
less than the highest working temperature 
reported for the thermoplastic, 230 0 to 
260 0 C (14-15). 

--
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Ohio (40-pct-graphite-fiber-reinforced 

4Underlined numbers in parentheses re
fer to items in the list of references at 
the end of this report. 

polyphenylene sulfide composite); 
Metallurgical Corp., Columbus, 
Kawecki Berylco Industries, New 
N.Y., and H. M. Hillman Brass and 
Inc., Willow Grove, Pa. 
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5Use of trade names is for identifica
tion purposes only and does not imply 
endorsement by the Bureau of Mines. 
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EXPERIMENTAL PROCEDURE 

Corrosion tests were conducted in brine 
and steam process streams produced by 
flash evaporation of wellhead brine from 
geothermal well Magmamax No. 1 at the 
Bureau of Mines geothermal test facility 
on the Salton Sea Known Geothermal Re
sources Area (KGRA) in the Imperial Val
ley, Calif. Figure 1 is a block diagram 
of the facility and shows the relative 
locations of the test packages for the 
corrosion measurements. The operation of 
the facility is described in RI 8350 (5). 
Weight-loss corrosion measurements and 
U-bend stress corrosion tests were made 
in wellhead brine and in the brine and 
steam process streams from the two steam 
separators. Electrochemical potentio
dynamic and linear polarization measure
ments were made in wellhead brine only in 
a separate test package operated in par
allel to the weight-loss wellhead brine 
test package Pl. 

The operating conditions for each 
test package, averaged over the approxi-
mately 45 days the test facility was in 
operation, are given in table 1. In
cluded in this table are the pH (measured 
at 25° C) and chloride concentration of 
the brine and of the condensed steam from 
the five process streams. The flow of 
wellhead brine into weight-loss wellhead 

brine test package P1 averaged 130 L/min. 
The steam separators each produced brine 
enriched in salts and an impure steam 
that contained some entrained salts. The 
temperature and pressure of the brine and 
steam process streams were the same at 
their exit from the brine sepaLators, 
and the two streams were thus considered 
to be at equilibrium. 

The chloride content of the brines 
increased with each separation owing to 
evaporative losses of water. Chloride 
was present in the steam because of 
liquid carryover in the form of spray or 
mist. Separator 1 was operated so that 
there was more carryover than from sepa
rator 2 and, hence, the steam from sepa
rator 1 had a higher salt content. 

The brine pH increased with each sepa
ration because the noncondensable acidic 
gases CO 2 and H2 S were stripped from the 
brine. These gases were evidently lost 
when the steam was condensed, as the con
densed steam had a higher pH than that of 
the brine. Scale formed on the metal 
samples in each corrosion test package. 
The composition and mineralogy of the 
scale, while not considered in this re
port, was shown to be a function of the 
environment in earlier work (l). 

TABLE 1. _. Operating conditions for corrosion test packages! 

Temp. , Absolute [Cl- ] , 
Corrosion test packages °c pressure, pH ppm 

MPa 
PI and electrochemical package 1 

(wellhead brine) ............... 215 2 0 00 5_3 115,000 
P2 (brine from separator 1) ••••• 199 1.63 5.7 127,000 
P3 (steam from separator 1) ••••• 199 1.63 6.2 8,100 
P4 (brine from separator 1) ••••• 180 1.02 5.8 129,000 
P5 (steam from separator 2) ••••• 180 1.02 6.9 1,700 
1 Input flow rate 130 L/min. 
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Steam 1. 1 3 Steam P 5 

Magmamax No.1 Wellhead brine P 1 Separator 1 

Brine P 2 Brine P 4 

FIGURE 1. - Block diagram of the Bureau of Mines geothermai test facility showing location of 

corrosion test packages (Pl-PS). 

WEIGHT-LOSS AND LOCALIZED 
CORROSION TESTS 

Weight·-loss corrosion tes ts were con···· 
ducted on the titanium alloys Ti5UA, 
TiCode 12, and Ti6A14V, and on Mo, Nb, 
and Cd. Compositions of these metals are 
given in tables 2 and 3. A high·· 
temperature polyphenylene sulfide thermo 
plastic, used both as a coating on 316L 
stainless steel ·(SS) and as part of a 
graphite fiber reinforced composite, also 
was exposed in these tests. 

Metal test samples, 25 by 44 mrn, 
were sheared from a 1.6- to 3.2-mm-thick 
sheet. A 6.4-mm-diam mounting hole was 
punched in the center of the 25-mm side, 
and the center of the hole was 6.4 mm in 
from the edge. The sample edges and the 
holes were lightly ground to remove metal 
distort.e.d b~ shearing. The samples were 
degreased with methanol in an ultrasonic 
cleaner, washed with ASTM No, 1 water 
dried in warm air, and weights were re
corded to within ±O.~ mg. 

TABLE 2. - Titanium alloy compositions, weight percent 

Alloy 
! 

Al C Fe Other 
Ti50A •••••••••••••••••• 0 0.008 0.03 0.20 o. 
TiO.2Pd •••••••••••••••• 0 .009 .13 0.20 Pd, 0.14 o. 
TiCode 12 •••••••••••••• 0 0 .31 0.44 Mo, 0.86 Ni. 
Ti6AI4V •••••••••••••••• 6.4 ,042 .15 4.08 V, 0.15 o. 
Ti6AI2NbITalMo ••••••••• 6.0 ( 1 ) ( 1 ) 2.0 Nb, 1.0 Ta, 0.8 Mo. 
1 Not measured. 

NOTE.--Balance is titani~m. 

TABLE 3. - Other metal compositions, weight percent 

Metal Ni Ta Ti Zn Other 
Cd ••••••••••• ,. •••• 0 0 0 0.02 Balance Cd. 
Mo •••••••••••••••• .1 max 0 .01 max 0 Balance Mo. 
Nb •••••••.•••••••• 0 .3 max .03 max 0 Balance Nb. 



Ryton-coated 316L SS samples were pre
pared in the following way. Substrate 
pretreatment was exactly as described for 
the metal weight-loss samples, with the 
exception that the sample surface was 
sandblasted with clean glass beads, 200-
325 mesh, prior to degreasing. A primer, 
CorroTherm CT-33, was sprayed onto the 
substrates as an aqueous slurry to a 
thickness of approximately 0.02 mm. The 
primer was air cured at 375 0 for 15 min. 
The Ryton coating was applied as multiple 
layers of equal thickness over the 
primer. Each layer was sprayed onto the 
substrate as an 80-pct aqueous slurry of 
clear, unpigmented Ryton to a thickness 
of approximately 0.1 mm. Each layer was 
air cured at 375 0 C for 15 to 20 min. A 
total of five layers was applied for a 
final coating thickness of 0.5 mm. The 
final layer was air cured at 375 0 C for 
60 min. The curing conditions for the 
primer and for the Ryton coatings were 
determined by consultation with the manu
facturers of the products and by limited 
laboratory testing to develop the coat
ings procedure. 

The 40-pct-graphite-fiber (Thornel 300) 
reinforced Ryton composite samples were 
cut to the same size as the metal weight
loss samples. They were 2.4 mm thick. 
The mounting hole was in the same posi
tion as on the metal weight-loss samples. 
The samples weredegreased with methanol, 
rinsed with ASTM No. 1 water, and air 
dried. Neither these samples nor the 
Ryton-coated stainless steel samples were 
weighed since the evaluation of the ex
posed samples was to be done optically 
with a microscope c 

The test samples were mounted, as shown 
in figure 2, on support rods for exposure 
to the process environments in the corro
sion test packages. Four samples each of 
the three titanium alloys (only two were 
cleaned for weight-loss measurements) 
were mounted on the support rods. The 
other samples were used for experiments 
not covered by this report. Single Mo, 
Nb, Cd, graphite-fiber-reinforced Ryton, 
and Ryton-coated 316L SS samples were 
mounted on the support rods on a space
available basis and, hence, only a few 
tests of each were made in the various 

TiO. II ~ 

Support rod 

Tio. insulator 

6/32 stainless steel 
screw and nut 

5 

,ep"ato, lJ) S,mole 

o 2 
LI __ -'-----__ I 

Scale, em 

FIGURE " - Weight-loss corrosion sample 

mounting assembly. 

process environments. The 2.4-m-long 
support rods were axially loaded into one 
of four sections of the corrosion test 
package, as shown in figure 3. The de
tails of the sample mounting and corro
sion test package loading are given in RI 
8350 (1). During the 45-day operation of 
the test facility, six test packages were 
exposed, one for 45 days, one for 30 
days, and four separate packages for 15 
days. All of the Ryton-coated 316L SS 
samples were exposed for 15 days and 
graphite-fiber-reinforced Ryton samples 
were exposed 45 days. 

At the end of each exposure period, the 
appropriate support rods were removed 
from the corrosion test packages and 
carefully rinsed with water to remove 
soluble salts from the samples. The rods 
and associated samples were air dried 
before being shipped to the Bureau's 
laboratory for cleaning and evaluation. 

The scale covering each of the samples 
varied from hard and thick to thin and 
powdery, depending upon the package from 
which the sample was removed. Cleaning 
of the samples involved mechanical re
moval of as much of the scale as possible 
by chipping or brushing. The remainder 
of the scale was removed chemically by 
immersing the samples in a stripping 
solution. Scale was removed from the 
niobium, Ryton, and titanium alloy sam
ples by immersing them for 2 to 10 min in 
20 vol pct nitric acid at 60 0 C. When 
the scale was particularly difficult to 
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Test section A 

Test section B 

Test section C 

Test section D 

FIGURE 3. "" Weight-loss corrosion test package. 

remove, 2 to 5 drops of HF were added to 
this solution. 

Scale was removed from the molybdenum 
samples by immersing them in concentrated 
HCl at room temperature for 2 to 5 min. 
The cleaned samples were rinsed with ASTM 
No. 1 water and dried in warm air. The 
weights of the metal samples were then 
recorded to within ±0.1 mg, and general 
corrosion rates were calculated from the 
sample weight loss. The maximum metal 
loss from the samples during the chemical 
removal of scale was determined from 
blanks exposed to the stripping solutions 
for typical cleaning times. The metal 
loss from these blanks was converted into 
an equivalent loss in sample thickness 
corresponding to the three test periods. 
These values, expressed in micrometers 
per year, are given in table 4 and cor
respond to the general corrosion rate 
detection limits. 

The metal samples were examined with a 
microscope for evidence of pitting and 
crevice corrosion. The depth of attack 
was measured using an optical micrometer. 
While the precision of the optical mi
crometer was ±2.S ~m, the minimum pit 
depth that could be resolved by this 
technique and, hence, the pit detection 
limi t, was 13 ~m. 

TABLE 4. - General corrosion rate 
detection limits based upon metal 
loss from blanks treated in typical 
cleaning cycles, micrometers per year 

Exposure per"iod, days ••••• 15 30 45 
Mo ••••••••••• I • • • • • • • • • • •• I 0.4 0.2 0.1 
Nb. • • • • • . • • • • . . . • • • • . • • • • • .3 .2 .1 
Ti SOA • •••••••••••••••••••• 1.9 .9 .6 
Ti 6A14 V •••.•.••••••••••••• 4.8 2.4 1.8 
TiCode 12 •••••••••••••••.. 6.5 3.2 2.2 

Pitting rates were computed from the 
measured pit depths and the sample expo
sure time. Pitting rates are reported as 
both maximum rates and average rates. 
The former were computed from the great-"" 
est pit depth, while the latter were com
puted from the average for the 10 deepest 
pits. However, for multiple tests, such 
as the four IS-day tests, the maximum 
rate was the highest value observed in 
any of the four tests, while the average 
rate was the mean of the averages corn
puted in each test. 

The Ryton samples were examined with 
a microscope for damage to the coat
ing, such as cracking and blistering, and 
to the composite, such as debonding 
of the graphite fibers from the Ryton 
matrix. 



u- bend stress corrosion tests of 45-day 
duration were conducted on the titanium 
alloys (Ti50A, TiCode 12, and Ti6A14V). 
The rectangular U-bend samples, measuring 
25 by 102 mm, were sheared from 1.6- to 
3.2-mm-thick alloy sheet. A 6.4-mrn-diam 
mounting hole was punched near each end 
of the sample, and the edges and holes 
were lightly ground on a wet belt sander 
to remove burrs and metal distorted by 
shearing. The samples then were bent 
into the U-bend configuration on a man
drel having a 13-mm radius of curvature. 
After bending, all of the samples were 
prepared by (1) degreasing in methanol, 
(2) ultrasonic rinsing in tapwater fol 
lowed by distilled water, and (3) drying 
in warm air. The U-bend samples were not 
weighed since previous work (9) had shown 
that geneLal corrosion rates were similar 
for the U-bend samples and unstressed 
samples. 

The corrosion test packages and support 
rods used in the weight-loss measurements 
also were used for the U-bend stress cor
rosion tests. The sample mounting proce
dure was similar, except that the legs of 
the U-bend samples were mounted on oppo
site sides of the support rod with the 
appropriate ceramic insulators, spacers, 
and Teflon washers (fig. 2). Half as 
many U-bend samples could be mounted on a 
support rod as weight·-loss samples. The 
U-bend samples were exposed to wellhead 
brine and to brine and steam process 
strp.ams from the two stearn separators for 
45 days. 

At the completion of the stress corro
sion tests, the samples were unl02ded 
from the corrosion test packages, rinsed 
with water, and dried. Subsequently they 
were returned to the Bu~eau's laboratory 
for cleaning and evaluation. The samples 
were cleaned following the same procedure 
used for the weight~loss samples. Afte~ 

cleaning, they were visually examined 
under a low power eX 10 to X 60) micro
scope for stress corrosion cracks in the 
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U-bend area. If none were observed, the 
legs of the U-bend sample were closed by 
crimping them together and the sample was 
reexamined for cracks that may have been 
exposed. If still none were observed, 
the sample edges were then examined at 
higher magnification on a metallograph. 

ELECTROCHEMICAL MEASUREMENTS 

Electrochemical potentiodynamic and 
linear polarization measurements were 
made on cylindrical electrodes of the 
copper alloys 70-30 cupronickel, 90-10 
cupronickel, naval brass, Berylco 50, and 
Berylco 717; the titanium alloys Ti50A, 
TiO.2Pd, Ti6A14v, and Ti6A12NblTalMo; and 
6061-T6 aluminum. The compositions of 
these alloys are given in tables 2, 5, 
and 6. The cylindrical electrodes were 
fabricated from rod and were 6 to 10 mm 
in diameter and 18 to 42 mm long. One 
end of each electrode was drilled to a 
depth of 13 rom and tapped for a 5-40 
thread. The electrodes were mechanically 
ground to a 240-grit surfa~e finish with 
silicon carbide abrasive, washed in dis
tilled water, rinsed with methanol, and 
dri~d in warm air. 

The electrodes were mounted on a Petro
lite M-511E industrial probe rated for 
use at 4.1 MPa and 260 0 C and designed 
for insertion and retraction of the probe 
head under pressure using a packing gland 
and an extension shaft. The electrodes 
were screwed in place on threaded-pin 
electrical feed throughs (5-40 thread 
size) lnstalled in the probe head by spe
cial glass-metal seals. A size 2-006 
Viton-A a-ring, placed between the elec
trode and the glass-metal seal, formed a 
leak-tight seal surrounding the threaded
pin electrical feed throughs, which 
eliminated electrochemical interferences 
which otherwise would occur as a result 
of brine contacting the feed throughs. 
Three electrodes (working, counter, and 
reference) were mounted on the probe 
head. 
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TABLE 5. - Copper alloy compositions, weight percent 

Alloy Be Fe Zn Ni Other 
Naval brass •••••••••• 0 0.1 35.4 0 0.2 Pb, 0.8 Sn. 
Berylco 50 ••......... .42 0 0 0 1.05 Ag, 1.59 Co. 
Berylco 717 •••••••••• .5 .7 0 31 None. 
70-30 cupronickel. ••• 0 1.0-1.8 1.0 30 1. 0 Mn. 

Cr •• 
Cu •• 
Fe •• 
Mg •• 
Mn •• 

90-10 cupronickel. ••• 0 

NOTE.--Balance is copper. 

TABLE 6. - 6061-T6 aluminum alloy 
composition, weight percent 

0.03-0.04 
.15- .40 

• 7 max 
• 8 -1.2 

.15 max 

Si •• 
Ti •• 
Zn •• 
Al •• 

0.04-0.8 
.15 
• 25 

Balance 

.4-

max 
max 

The industrial probe was mounted in the 
electrochemical package shown in fig
ure 4. At the time of mounting, the 
probe was in the retracted position, the 
0.4-L probe chamber was empty of brine, 
and the 51-mm gate valve was closed. The 
corrosion package test section contained 
hot flowing brine. The probe chamber was 
filled by first slightly and then fully 
opening the gate valve while simultane
ously venting residual air and then steam 

.7 1.0 10 1. 0 Mn. 

and brine from the chamber. After fill-
ing the probe chamber with brine, venting 
continued at a rate of 5 to 10 L/h. At 
this rate, the brine in the probe chamber 
was replaced with fresh brine in 5 min or 
less • 

The corrosion test section (used with 
the electrochemical package) and the 
electrochemical package were wrapped with 
an approximately 15.2-cm-thick layer of 
fiberglass insulation to ~nl~ze heat 
losses and maintain the brine at a con
stant temperature. Measurements of the 
brine temperature in the probe chamber, 
when vented at a rate of 5 to 10 L/h and 
aJ-sQ{lJt;:~r <! 20-mi11 .Qe_ri_od when venting 
was stopped and the 2-in gate valve was 
closed, were identical with the wellhead 
brine temperature, 215 0 C. 

-- Corrosion package test 
section 

-r Electrochemical package--

black iron pipe 

I ;j Probe chamber r---

Vent 

"""'"""'" 

51-mm gate valve 

51-mm OD----" 
black iron pipe 

FIGURE 4. - Electrochemical corrosion test package. 

probe retracted 



Linear Polarization 

Three-point linear polarization mea
surements (2) were used to obtain corro
sion rates by the technique described in 
RI 8308 (lQ). Measurements were made 
with the Petrolite M-511E probe in the 
retracted position so that the head of 
the probe was totally within the probe 
chamber. Venting of the brine from the 
probe chamber was stopped and the 51-mm 
gate valve was closed immediately before 
each measurement to prevent interference 
from pressure fluctuations due to control 
operations elsewhere in the test facil
i ty. Following each measurement. the 
gate valve was reopened and venting of 
the probe chamber resumed. 

The current source for the measurements 
was a Petrolite M-I03E portable corrosion 
rate instrument modified for independent 
measurement of current and potential. 
The current was measured by a Keithley 
616 electrometer in series with the 
counter electrode. The potential between 
the working and reference electrode was 
measured by a Keithley 616 electrometer. 
The reference electrode was a freely cor
roding electrode of the same material as 
the working electrode. The working, 
counter, and reference electrodes were 
fabricated from the same alloy, had 
identical dimensions, and were surface 
prepared and cleaned in the same way. 

A measurement consisted of a pair of 
cathodic and anodic current readings ob
tained at -10 and +10 mV from the corro
sion potential. Such measurements were 
made at roughly 5-min intervals over a 
30-min period after the probe chamber was 
filled with brine. Since a galena-based 
scale forms on metals exposed to the 
wellhead brine, the cathodic and anodic 
currents for a "scale-free" working elec
trode. ie and i a • were obtained by the 
procedure described earlier (10). In 
this procedure, the current-time data 
were extrapolated to time zero to obtain 
the values for the condition when the 
working electrode was known to be free of 
scale. All tests were run in duplicate, 
and the averages of the scale-free anodic 
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and cathodic currents were used to deter-
mine the corrosion current. The corro-
sion current, expressed as a current den
sity in amperes per square centimeter, 
jcorr' was estimated from the three-point 
linear polarization equation (2) as 

where ba and be are the anodic and ca
thodic Tafel constants. in millivolts per 
decade, ia and ie are the absolute value, 
in amperes, of the scale-free anodic and 
cathodic currents measured at +10 and 
-10 mV from the corrosion potential; d$ 
is the absolute value of the polariza
tion, 10 mV; and A is the surface area of 
the working electrode in square centi
meters. Values of the Tafel constants 
were not known, but (babe)/(ba+b e ) is 
roughly 50 mV for many systems and was 
assumed to be that value here. Further
more, the polarization resistance in ohm
square meters, Rp. was estimated from the 
three-point linear polarization equation 
(2) as 

(2 ) 

The corrosion rate, r, expressed in 
micrometers of electrode surface thick
ness lost per year, was computed by com
bining equation 1 with Faraday's law to 
give 

r == 3.268 x 10 6 .::....!:.~.L....:.-~...:. (3) 
p 

where M is the atomic weight of the met
al. z is the valence change during dis
solution of the metal, and p is its den
sity, in grams per cubic centimetEr. 
Weighted values of the ratio M/z and of 
p, determined by the mass fraction of 
each alloy constituent. were used for 
alloys in equation 3. 

At the conclusion of the 30-min mea
surement period, the gate valve was 
closed, and the vent was fully opened to 
exhaust steam from the probe chamber 
until the chamber pressure was reduced to 
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101 kPa< The M-511E probe was then re
moved from the electrochemical package, 
and the electrodes visually inspected, 
both for surface condition and for leaks 
a round the Vi ton-A a-rings. Tes ts were 
repeated in the few cases where leaks 
were discovered. 

Potentiodynamic Polarization 
Measurements 

Potentiodynamic polarization measure
ments were made using an AIS model PEC-IB 
potentiostat and Wenking VSG-72 scan gen-' 
erator. Current and voltage were mea
sured using Keithley 616 electrometers" 
Log current-voltage data were plotted on 
X-Y coordinates using an AIS model PEC-LM 
logarithmic converter. Electrodes were 
mounted on a Petrolite M-511E industrial 
probe as in the linear polarization mea
surements, The reference electrode was a 
freely corroding electrode of the same 
material as the working electrode. The 
working, counter, and reference elec
trodes were fabricated from the same 
alloy, had identical dimensions, and were 
surface prepared and cleaned in the same 
way. The resulting polari~ation curves 
could not n~ related to a thermody
namically defined potential scale because 
cf the choice of referense electrode; 
howeve~, the shape of the polarization 
curves and important feetures related 

to active-passive dissolution, suscepti
bility to pitting and crevice corrosion, 
and metal repassivation were obtained by 
this procedure. 

Measurements were made with the Petro
lite M-511E probe in the retracted posi
tion. Measurements began 10 min after 
the brine was admitted to the probe cham
ber. I=edlately before tne measure
ments, the probe chamber vent and then 
the 51-= gate valve were closed., The 
meaSIJrements consisted of a single scan 
beginning 500 to 1,000 mV cathodic to the 
open circuit potential, Ecorr ' and swept 
in the anodic direction through Ecorr and 
1nto the trans passive region at a rate of 
60 V/h. The scan direction was reversec 
in the transpassive region when the 
anodic cur~ent had inc~9ased an order of 
magnitude above the passive current or 
when the anodic current reached 1 A. The 
reverse scan was continued until the cur'
rent changed from anodic to cathodic. 
Less than 4 min wer~ required to complete 
a scan, At the conclusion of the scan, 
the vent was opened to reduce the probe 
chamber V::esSuL:e to 101 KPa and the 
~·511E probe was removed. After checking 
the electrodes for leaks around the 
Vi ton-A n'-rings, the electrodes were 
rinsed in distilled water to remove dis
solved salts, and were dried and stored 
fo~ lat~r examination, 

RESULTS AND DISCUSSION 

l,vEIGHT-LOSS ANI' LOCALIZED 
CORROSION TESTS 

General Corrosion 

General corrosion rates for Mo, Nb, and 
Cd, determined from the limited 15-, 30-, 
or 45-day weight-loss tests in the brine 
and stearn process environments, are given 
in table 7. All of the measured rates 
are above 
table 4. 

the detection limits given in 
The rates for molybdenum and 

niobium in brine and steam process envi-' 
ronments produced from Magmamax NO e 1 
geothermal brine are low, roughly 20 to 
30 times smaller than the value of 50 
~m/a used by industry in assigning an 
"ideal" rating to material that exhibits 

essentially no dimensional change during 
the life of the p~ocess (1.1). The cad
mium samples, on the other hand, com
pletely dissolved during the tests and 
cadmium-soated steel is clearly unsuit
able for these environments. 

The general corrosion rates for Ti50A, 
TiCoae .12 and Ti6Al4V determined from 
weight-loss tests in the brine and stearn 
process environments are also given in 
table 7. The rates for the 30- and 45-
day exposures are the average from two 
samples each, and ~ates for the IS-day 
exposure are the average from eight sam
ples (two samples in each of four IS-day 
tests). All measured rates equivalent to 
or less than the detection limits given 
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TABLE 7. - General corrosion rates for Mo. Nb, and Cd, and titanium alloys 
in brine and steam process environments produced from Magmamax No, 1 
geothermal well, micrometers per year 

Exposure, days PI P2 P3 P4 Ps 
Molybdenum: 

15 •••.•••••••.•••.•••••••••• 1.6 NT 3.5 NT 1.4 
30 •••••••••••••••••••••••••• NT NT NT NT 3.4 
45 ............................ NT 0.9 NT 0.3 NT 

Niobium: 
15 ............................ NT .8 NT NT NT 
30 ............................ NT NT 1.0 NT NT 
45 .................................. .4 .2 NT .8 NT 

Cadmium: 
15 ............................ NT 1)31,000 NT NT NT 
30 •••••••••••••••••••••••••• NT NT NT NT NT 
45 •.•.. 0 ......... •• • ••••••• ~,. NT NT 1)10,000 NT NT 

TisOA: 
15 2 ............................. 0 0 0 0 0 
30 ........................... c 46 0 0 0 0 
45 ....................... 0 ••• 20 0 5.1 0 0 

TiCode 12: 
15 2 •••••••••• " •••••••••••• 110: 0 0 0 0 0 
30 f'I ............................. ., ........... 0 0 0 0 0 
45 .................................................. 0 0 0 0 0 

Ti6AI4V: 
15 2 ..... . ~ ....................................... 107 0 0 0 0 
30 ............................................... 86 0 0 0 0 
45 .......... " .. . . .. .... . . ..... . .. . . .. . 160 0 0 0 0 

NT Not tested. P4 2d separated brlne. 
PI Wellhead brine. 
P2 1st separated brine. 
P3 1st separated steam_ 

Ps 2d separated steam. 
lSamp l e dissolved during test. 
2Mean of four IS-day tests. 

NOTE.---AII measured rates equivalent to or less than general corrosion 
rate detection limits (table 4) are reported as zero. 

in table 4 are reported as zeros. All of 
the titanium alloys were resistant to 
general corrosion in the separated brine 
(P2 and P4) and steam (P3 and Ps) pack· 
ages. These data also show that TisOA 
and TiCode 12 are both resistant to cor
rosion in wellhead brine and that TiCode 
12 gives somewhat better performance than 
TisOA. The TisOA data are in good agree
ment with earlier laboratory weight-loss 
measurements in deaerated Salton Sea 
KGRA-type geothermal brine at 232 0 C (1), 
and fleld linear polarization measure
ments in wellhead brine at 229 0 C (lQ). 
The TiCode 12 data agree with earlier 
field weight-loss data for wellhead brine 
(2). The data for Ti6Al4V indicate that 
this alloy is less resistant to corrosion 
in wellhead brine than either TisOA or 
TiCode 12 and that it tends to corrode at 
a rate greater than the ideal rating. 

The Ryton-coated 316L SS samples ex
posed 15 days were examined under a low 
power (X 10 to X 60) microscope for fail
ure in the coatings. Separations of the 
coating from the 316L SS substrate and 
blisters were observed in samples exposed 
to wellhead brine (PI) and brine from the 
second separator (P4). The coating edges 
weTe chipped on samples exposed to brine 
and steam from the first separator (P2 
and P3) and to steam from the second sep
arator (Ps).. In general, however, the 
coatings on these samples were very ad
herent. The varied results in packages 
PI and P4, as compared with P2, P3, 
and Ps, pOlnt toward the possibility of 
inconsistent coating technique as a 
cause of the occasional coatings failure 
due to blistering. It should be pos
sible to correct this application prob
lem, and the results suggest that Ryton 
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coatings have potentially useful appli
cations in high-temperature geothermal 
brine environments. 

Photomacrographs of the 40-pct-graph
ite-fiber-reinforced Ryton composite ex
posed 45 days in brine and steam process 
environments and cleaned to remove scale 
deposits are shown in figure 5, along 
with a photomacrograph of the unex
posed material. All photomacrographs 

were taken at the same magnification. 
Samples exposed to wellhead brine (PI) 
suffered large losses of matrix material 
(Ryton) everywhere on the surface, ex
posing the graphite-fiber reinforcement. 
Cracks formed in the composite parallel 
to the exposed graphite fibers, and some 
fibers de bonded (separated) from the 
matrix. Samples exposed to the brine and 
steam from the first and second sepa
rators were damaged substantially less 

BRINE PACKAGES 

P-1 P-2 P-4 

UNEXPOSED STEAM PACKAGES 

o 1 
~ P-3 P-5 

Scale. mm 

FIGURE 5. - Graphite-fiber-reinforced Ryton composites exposed 45 days in brine and steam 

corrosion test packages. 



t han those ~:cpos~o, to wellhead brJ..ne. 
Th2i"e ',,'aC"· some loss of matrix material 
from ~he surface, but cracks in the com
posite parallel to the fiber ceinforce
men~ were the pr~ncipal form of damage. 
Cracking and debonding prot&bly resulted 
fraw the use of the graphite'-fiber
reinfor~ed Ryton composite at tempera
tures considerably above the maximum 
recommended temperature, 150 0 C (1). The 
loss of matrix material from the sample 
surface would seem to involve o~he~ fac' 
tors as well, such as erOSlon. 

Localized Corrosion 

No evidence of pitting or crevice cor
rosion was found en the molybdenum or 
niobium samples exposed to the wellhead 
brine and to the separated brine and 
stearn process environments. None of the 
titanium alloys exposed 45 days to the 
wellhead brine and the separated brine 
and stream process environments showed 
any evidence of stress corrosion crack
ing. A number of titanium alloy samples 
exhibited evidence of crevice corrosion. 
It appeared as accele~ated cor~03ion in 
and about the crevice formed be~ween the 
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Teflon washer and the sample in the 
mounting assembly (fig. 2). This was 
observed on Ti50A in wellhead brine and 
brine and stearn from separator 1 (PI, P2, 
and P3)c on Ti6A14V in wellhead brine and 
brine from separator 1 (PI and P2). and 
on TiCode 12 in the two separated brine 
environments (P2 and P4). 

Pitting corrosion rates for the three 
~itanium alloys are reported in table 8 
for the five brine and sream process 
enVlronments. The data are reported as 
maximum and average pitting rates in 
micromet2rs per year. The minimum pit 
depth that could be Lesolved cy the opti
cal micrometer was 13 ~m, equivalent to 
detection limits for the different expo
sure periods, in micrometers per year, of 
15 days--330, 30 days,,·,160, and 45 days--
110. However, defects in the form of 
irregularities in the surface of unex
posed titanium alloy samples led to some 
detection li.mits that were higher. These 
detection limits were measured by an op
tical micrometer in the same way as pit 
depths. Maximum and average values of 
the defect depth, ~epresenting the deep 
est defects and the average of the 10 

TABLE 8. - Maximum and average pitting rates for titanium alloys in brine and stearn 
process environments produced from Magnamax No. 1 geothermal well, micrometers 
per year 

Exposure, days 

15: 
Maximum ••••••• 
Average 1 •••••• 

30: 
Maximum •••••• " 
Average ••••••• 

45: 
Maximum •••• \J.~ 

PI P2 P3 
Ti50A 

670 0 0 
o 0 0 

o 
o 

o 

o 0 
o 0 

o 0 
Average....... 0 0 0 

TiCODE 12 
71~5·:-·-------------.-

Maximum ••••••• 
Average 1 •••••• 

30: 
Maximum ••••••• 
Average ••••••• 

o 540 0 
o 355 0 

o 
o 

o 0 
o 0 

P4 P5 I Exposu:ce, days I PI JP2 I P3 Il4 Ips, 
I TiCODE 12--Con. 

o 0 I 45~ximum ••••••• I 0 1 150 I 0 I ~Io 
o 0 AVerage •• ,.~ O. 0, O. ~ 
o 0 
o 0 

o 0 
o 0 

o 0 
o 0 

580 0 
290 0 

15: 
Maximum ••••••• 
Average 1 ••• • • • 

30: 
Maximum ••••••• 
Average ••••••• 

45: 
Maximum ••••••• 
Average ••••••• 

Ti6A14V 

1,200 
o 

480 
240 

o 
o 

740 0 
o 0 

860 0 
190 0 

o 0 
o 0 

o 0 
o 0 

o 0 
o 0 

o 0 
o 0 

I 

PI Wellhead brlnen 
P2 1st separated brine. 

P3 1st separated stearn. 
p4 2d separated brine. 

P5 2d separated stearn. 
IMean of four IS-day tests. 

NOTE.--Only pitting rates that exceed detection limits for maximum and average pit
ting and corrosion rates (table 9) are reported; lower values are reported as zero. 
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deepest defects, were determined. These 
limits, expressed in terms of pitting 
rates for the different exposure periods, 
in micrometers per year, are given in 
table 9. Only pitting rates that exceed 
the detection limits given in table 9 are 
reported in table 8. All other values 
are reported as zero. 

TABLE 9. - Detection limits for maximum 
and average pitting corrosion rates 
based upon the measurement of defect 
depths and roughness in the surface 
of unexposed samples, micrometers 
per year 

Exposure, days Ti50A TiCode 12 Ti6A14V 
15: 

Maximum ••••• 590 330 650 
Average ••••• 460 330 330 

30: 
Maximum ••••• 290 160 320 
Average ••••• 225 160 160 

45: 
Maximum ••••• 195 110 215 
Average ••••• 150 110 110 

The data for Ti50A and TiCode 12 sug
gest that pitting is not a problem in the 
wellhead brine or in the separated brine 
and steam process environments. Except 
for one value in table 8, Ti50A showed no 
evidence of pitting corrosion. This 
agrees with earlier laboratory experi
ments in a Salton Sea KGRA-type brine at 
215 0 C containing dissolved methane (100 
ppm) or dissolved carbon dioxide (250 
ppm), where the pitting rate for Ti50 was 
below the detection limit (8). Pitting 
rates for TiCode 12 in the two separated 
brines (P2 and P4) are somewhat higher 
than the detection limit. Th~se values 
represent pits that formed in the crevice 
area of the TiCode 12 samples and, hence, 
are due solely to the presence of the 
crevice. Thus, it is apparent that Ti50A 
and TiCode 12 are not susceptible to 
pitting attack in the brine or steam pro
cess environments. 

The data for Ti6A14V indicate that it 
is susceptible to pitting corrosion in 
the wellhead brine (PI) and in the brine 
from the first separator (P2). Although 
the average pitting rates are at or near 

the detection limits, the maximum pitting 
rates are substantially higher and indi
cate that a few deep pits are prone to 
form in Ti6AI4V. The existence of only a 
few deep pits suggests that pit nucle
ation does not readily occur on Ti6Al4V 
in these environments. The maximum 
pitting rate declines substantially with 
increased exposure time. This decrease 
is most likely due to the deposition of 
scale on the metal surface so as to 
restrict access of the brine to the pits 
and, hence, retard propagation. No pit
ting of Ti6Al4V occurred in the two steam 
environments (P3 and P5) or in the brine 
from separator 2 (P4). 

ELECTROCHEMICAL MEASUREMENTS 

Linear Polarization Measurements 

Linear polarization measurements on 
five copper alloys, four titanium alloys, 
and one aluminum alloy in wellhead brine 
a t 2 15 0 Car e summa ri zed i n tab 1 e 1 0 < 

The polarization resistance was computed 
using equation 2, and the corrosion rate 
compu-t ·ed \:i-sing equa-t-ie-n 3. The pelar-iza· 
tion resistance values are included in 
table 10 because assumptions about the 
values of the Tafel constants are not 
used in their computationo 

The general corrosion rates of the 
copper alloys varied by a factor greater 
than 20. Stepwise multiple regression 
analysis was used to determine which of 
the alloy constituents from among Be, Fe, 
Ni, and Zn had a significant effect on 
the corrosion rate. The effect of the 
few "other" elements shown in table 5 was 
not considered. A total of 10 data 
points was available since each value in 
table 10 is the average of two measure
ments. The common logarithm of the cor
rosion rate, r (in micrometers per year), 
was correlated with various linear com
binations of the alloying element concen
trations. The null hypothesis that the 
coefficients in this analysis were zero 
was tested at the 0.10-level of signifi
cance using a t-testo The presence of 
Be, Ni, and Zn was shown not to con
tribute significantly to the general cor
rosion of the copper alloys in wellhead 
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TABLE 1.0 •.. Linear polarization measurements in wellhead brine at 215 0 C 

Alloy ~Olarization resistance 
________________ _ _____ (Rp). ohm-cm2 ____ _ 
Copper: 

Naval brass........... 347 
Berylco 50............ 259 

-------------------
General corrosion rate, 

~m/a 

1,005 ± 140 
755 ± 5 

Berylco 717........... 238 1,055 ± 230 
70-30 cupronickel..... 145 1,775 ± 350 
90-10 cupronickel..... 344 730 ± 25 

Titanium: 
Ti 50A ••••••..••••••••• 
TiO.2Pd ••••••••••••••• 

6,900 
2,620 

27.4± .7 
71.9± 11.1 

Ti6A14V............... 14,500 13.0± 1.1 
Ti6A12NblTalMo........ 22,400 8.4± .3 

Aluminum: 6061-T6...... 4.6 __________________ "-'--'-.l ___________ -'-'--_______ L-..... 51,000 ±14,500 

brine. On the other hand, the presence 
of iron in the copper alloys was strongly 
correlated with their corrosion perform-
ance. This relationship was described by 
the equation 

2.87743 + 0.21963 [Fe], (4) 

where [Fe] is the concentration of iron 
in the copper alloy, expressed in weight 
percent. Clearly the presence of iron 
increases the general corrosion rate of 
the copper alloys compared with those 
that are free of iron. The general cor
rosion rate for iron-free copper, as 
determined by the constant in equation 4, 
is 754 ~m. 

The general corrosion rates of the ti
tanium alloys varied by a factor of 8 and 
are 10 to 200 times lower than the values 
obtained for the copper alloys. Contrary 
to what might be expected, the corrosion 
rate for TiO.2Pd was higher than for 
Ti50A. This may be due to the higher 
iron content of the TiO.2Pd alloy. Addi
tions of aluminum combined with other 
alloying elements resulted in corrosion 
rates that were substantially lower than 
for Ti50A. For example, Ti6A14V cor
roded at a rate half that of Ti50A, and 
Ti6AINblTalMo corroded at a rate one
third that of Ti50A. The addition of Nb, 
Ta, and Mo in combination appears to be 
more effective in reducing the corrosion 
rate than the corresponding addition of 
vanadium. 

Given the uncertainty in comparing re
sults in two separate but similar tests, 
the general corrosion rate obtained by 
linear polarization for Ti50A compares 
reasonably well with the earlier reported 
value obtained by linear polarization, 
5.3 wm/a (10). The polarization resist
ance value-of 6,900 ohm-cm2 compares well 
with the mean of the three values re
ported by Syrett (~) of 6,500 ohm-cm2 , 
obtained from laboratory measurements in 
a Salton Sea KGRA-type brine at pH 5.4 
and 250 0 C. 

The general corrosion rates obtained 
for Ti50A and Ti6A14V by linear polariza
tion would appear to contradict the rank
ing of these materials as indicated by 
the weight-loss results reported in 
table 7. However, linear polarization 
was used here to obtain an instantaneous 
measure of the corrosion rate under 
scale-free conditions after only a short 
exposure to the brine, while the weight
loss procedure measured the corrosion 
rate in a relatively long exposure to the 
brine under scaling conditions. When 
pitting is not a factor, as in the case 
of Ti50A, the linear polarization results 
would appear to reflect the actual corro
sion rate of the material when free of 
scale other than the corrosion product. 
This value then constitutes an upper 
limit, and the value from the weight-loss 
results, representing the time average of 
the corrosion rate as scale deposits 
on the metal surface and access of the 
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brine to the surface is restricted, would 
lie below this value. The results for 
Ti50A appear to agree with such an 
interpretation. 

When a metal is susceptible to local
ized corrosion, as in the case of Ti6A14V 
in wellhead brine, interpretation of the 
results is mo~e complex. The metal loss 
due to pitting, and perhaps to a lesser 
extent crevice corrosion, in the weight
loss test substantially outweighs the 
loss due to general corrosion as measured 
by linear polarization. Thus, while the 
linear polarization measurements suggest 
Ti6A14V is more resistant to general cor
rosion than Ti50A, when localized corro
sion effects are combined with general 
corrosion in the long-term weight-loss 
tests, Ti50A appears to be the more 
corrosion-resistant material. 

The corrosion rate of the 6061-T6 a,1u
minum alloy was roughly estimated at 
51,000 ~m/a. The alloy pitted severely 
during the linear polarization measure
ments, and a heavy white corrosion prod
uct surrounded the pits. These results 
are not surprising since laboratory tests 
in a Salton Sea KGRA-type brine (9) and a 
field test at the East Mesa KGRA (13) 
both have shown that aluminum alloys 
experience severe general corrosion and 
pitting in high-enthalpy, low- and high
salinity geothermal brines. 

Potentiodynamic Polarization 
Measurements 

Potentiodynamic polarization tes t re-
sults for the copper and titanium alloys 
in wellhead brine at 215 0 C are summar
ized in table 11. Crltical current den
sities for the copper and titanium alloys 
ranged from 9 to 18 mA/cm2 while passive 
current densities ranged from 1 to 7 rnAl 
cm2 • The passive current densities are 
less than an order of magnitude smaller 
than the corresponding critical current 
densities. This represents an extremely 
narrow range of values, considering the 
widely different corrosion behaviors of 
the copper and titanium alloys and the 
fact that the linear polarization mea
surements showed up to a 200-fold vari
ation in their corrosion rate. It sug 
gests the possibility for solution spe
cies electrochemicai reactions occurring 
simultaneously with the metal dissolution 
reaction. 

Electrochemical reactions of solution 
species can have the effect of yielding 
pola:::-izatiG-n Ctlr:ves t-hat are quite dif
ferent from those for the metal dissolu
tion reaction alone. However, there has 
been no work on the electrochemistry of 
high--temperature, hypersaline geothermal 
brines that would help in the interpre
tation of the potentiodynamic polariza
tion curves. Consequently, they will be 

TABLE 11. - Potentiodynamic polarization measurements in wellhead brine at 215 0 C 

Active-passive Susce 
Alloy behavior to 10 

ptible Current density, rnA/cm L Passive re-
--,..----"'------

cali zed Critical Passive gion widt h 
corr 

Copper: 

osion (Es-E A)' 
--I----

Naval brass •••••• yes ••••••••• (I. No ••• · ...... 11. 1 7.0 0.034 
Berylco 50 •••..•• Ye s ••••••••••• No ••• · ...... 10.4 5.6 .221 
Berylco 717 •••••• Ye s ••••••••••• Yes •• · ...... 17 .8 6.1 .303 
70-30 cupronickel Ye s •••••••••• of No ••• · ...... 14.7 5.9 .309 
90-10 cupronickel Ye s ••••••••••• No ••• · , ..... 11.5 4.4 .213 

Titanium: 
Ti 50A •••••••••••• Yes ••• ~ ••••••• No ••• · ...... 12.3 1.1 1.188 
TiO.2Pd •••••••••• Ye s ••••• Q ••••• No ••• · ...... 11.0 1.0 1.437 
Ti6A14V •••••••••• Yes ••••••••••• No ••• · ...... 10.8 .95 1.133 
Ti6A12NblTalMo ••• Ye s ••••••••••• No ••• · ...... 9.3 .95 1.135 ---



discussed without regard for possible 
interfering electrochemical reactions ow
ing to solution species. 

Selected polarization curves, plotted 
as log i versus potential (arbitrary 
units on both axes), are given in fig
ures 6 and 7 to illustrate the perform
ance of the copper and titanium alloys, 
respectively. Among the features they 
show are the activation potential, EA, 
the least noble potential where passivity 
is maintained; the breakdown potential, 

'" o 
•. J 

~ 70-30 cupronickelV 

\,---- __ 1 

o 
(+) ...... r--- VOLTS---- (-) 

FIGURE 6.·· Potentlodynamic polarization 

curves for 70-30 cupronickel and Berylco 717 

exposed to wellhead brine at 215" C. 
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Eg , marking the beginning of the trans
passive region and the least noble poten
tial where pitting and/or crevice cor
rosion will initiate; and the protection 
potential, Eprot • the least noble poten
tial wherein pitting and/or crevice cor
rosion will propagate. These features 
have been labeled on the curve for 
Berylco 717 (fig. 6), but can be found on 
other curves in figures 6 and 7 as well. 

All of the copper and titanium a)_loys 
exhibited a region of active corrosion 
followed by a passive region at more 
noble potentials. Except for naval 
brass, the width of the passive region 
(Eg-E A), for the copper alloys was 200 to 
300 mV. Naval brass had a narrow passive 
region which may be due to its high (35.4 
wt pct) zinc content. The width of the 
passive region for the titanium alloys 
was 1,100 to 1,400 mV and was character
ized by several secondary peaks. 

The point where the reverse scan 
crosses the forward scan is defined as 
the protection potential, Eprot ' only 
when that point is at a potential less 
noble thar the breakdown potential, Eg • 
Such a case is illustrated in figure 6 
for Berylco 717. The attendant hyster
esis in the polarization curve is asso
ciated with a range of potentials from 
E prot ' to Eg where the materials are con
sidered susceptible to localized corro
sion through the propogation of pits and 
crevice corrosion. Berylco 717 was the 
only copper alloy to exhibit this behav
ior in wellhead brine. None of the tita
nium alloys exhibited this behavior. 
However, Ti6A14V and TiSOA were shown in 
the weight-loss measurements to be sus
ceptible to crevice corrosion in wellhead 
brine, and Ti6A14V was shown to be sus
ceptible to pitting corrosion in wellhead 
brine. 
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Ti50A 

Ti6AI2Cb1 Ta1 Mo 

(+} ...... I-----
o 

VOLTS ---~ .. (-) 
FIGURE 7. - Potentiodynamic polarization curves for TiSOA und Ti6AI2CblTalMo exposed 

to well head br ine at 21S n C. 

CONCLUSIONS 

As a result of weight loss, pitting and 
crevice corrosion, U-bend stress corro
sion, and electrochemical polarization 
measurements on several metals, and ex
posure tests on a high-temperature ther
moplastic in brine and steam process 
environments produced from high-enthalpy 
hypersaline geothermal brine from geo
thermal well Magmamax No, 1, located at 
the Salton Sea KGRA in the Imperial Val
ley, Calif., the following conclusions 
were drawn. 

1. Cadmium (and by extension cadmium 
coatings) and the 6061--T6 alumin.um alloy 

are unsatisfactory for use in these en
vironments owing to extremely high gen
eral corrosion rates and, in the case of 
the 6061-T6 aluminum alloy, severe pit
ting corrosion. 

2. Molybdenum and niobium 
sistant to general corrosion, 
and crevice corrosion in all 
envi ronmen ts • 

are re
pitting, 
of the 

3. Copper alloys corrode at rates that 
may be too high for use in Lhe wellhtad 
brine. The presence of iron in the alloy 
accelerates the corrosion. Neither 



berylium, nickel, or zinc additions sig
nificantly affected the general corrosion 
rate of copper alloys in wellhead brine. 
Although the general corrosion rates were 
high, potentiodynarnic polarization mea
surements indicated that the copper 
alloys, with the exception of Berylco 
717, were not susceptible to pitting or 
crevice corrosion. 

4. The titanium alloys are highly re
sistant to general corrosion in all of 
the brine and steam environments. Stress 
corrosion cracking was not observed in 
the titanium alloys exposed 45 days in 
these environmentsc Ti6A14V yTas suscep
tible to pitting in the brine environ
ments; whereas Ti50A and TiCode 12 were 
resistant to pitting in all of the envi
ronments. Ti50A, TiCode 12, and Ti6A14V 
were each susceptible to crevice cor
rosion in some of the environments. 
Ti6A14V and Ti6A12NblTalMo were more 
resistant to general corrosion than 
Ti50A, but in long-term tests \.here pit
ting and, to a lesser extent, crevice 
corrosion are factors, the corrosion 
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resistance of Ti6A14V was less than that 
of Ti50A. The titanium alloys exhibit 
passive behavior over a broad range of 
potentials, 1.1 and 1.4 V. 

5. The 40-pct-graphite-fiber-reinforced 
Ryton composite deteriorates readily in 
the wellhead brine and fails in all of 
the brine and steam process environments 
by the formation of cracks in the Ryton 
matrix. Cracking and, in wellhead brine, 
debonding of the graphite fibers probably 
resulted from the use of the composite 
in enviionments at temperatures above 
the maximum recommended temperature of 
150

0 c" 

6. Ryton coatings of 316L SS were gen
erally adherent and appeared to withstand 
the temperatures and to perform well in 
all of the brine and steam process envi
ronments. Occasional blistering and edge 
chipping of the coatings should be cor
rected by more consistent coatings appli
cation. Ryton coatings should have use
ful applications in these environments. 
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