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ABSTRACT
temperature process heat. Molten salts can store sensible heat at
temperatures up to 1100°C in a therrnocline system. Salt corro-
sion of the insulating and containment materials is a major area
of concern. and current results of research on corrosion in molten
hydroxide and molten carbonates are described.

Research is being conducted with advanced molten salts (hy-
droxides, carbonates and chlorides) for solar thermal applica-
tions. These salts may be used in the receiver working fluid and in
thermal energy storage. Potential applications include electric
power production, fuel and chemical production, and high-

INTRODUCTION

Molten salts have been used for many years in the chemi-
cals and metals industries. Common applications include
removing heat from exothermic reactors and providing
heat to processing equipment such as evaporators and con-
centrators (Watt and Kerridge, 1979). They have also found
widespread use as a bath medium for heat treating metals
(Foreman, 1980). Recently, interest in molten nitrate salts
has heightened because of their proposed use in solar en-
ergy systems (Tallerico, 1979). Because the molten nitrate
salts will decompose above 600°C, new salts have been
identified for applications up to 1100°C (Copeland, Leach,
and Stern 1982). These applications include solar thermal
process heat, electric power and fuels production (e.g., hy-
drogen from solar energy and water). The candidate molten
salts include carbonates, chlorides and hydroxides and are
to be used as the fluid for heat transfer and thermal energy
storage. This paper describes the solar thermal system in
which they will be used and the current research using car-
bonate and hydroxide salts that has been done in identify-
ing suitable materials to contain the salts.

SOLAR ENERGY SYSTEMS

Central-Receiver System

Solar-thermal central-receiver systems are being devel-
oped for electric power and other applications. This type
of system is exemplified by the Solar One plant in Barstow,
California, which is illustrated in Figure 1. It consists of a
heliostat field, a receiver, a thermal energy storage system

Figure 1. illustration of a Solar Central Receiver System for
Generating Electricity.

and an electric power generation system. In operation,
solar radiation strikes a field of heliostats (computer-
driven mirror reflectors) that focus the radiation onto a
central receiver. There the energy is absorbed by a heat-
transfer fluid (water at the Barstow plant) that is then di-
verted to the thermal energy storage system. The storage
system serves two purposes, to extend the time of operation
beyond the hours where there is adequate insolation and to
buffer the electrical generation equipment from the inter-
mittent nature of the radiant flux that is inherent in a solar
energy source. By using a secondary water and steam heat-
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transfer loop, the thermal energy storage system converts
water to superheated steam, which is then used to drive the
electric generating turbines of a steam Rankine cycle.

The energy from the receiver may also be used to generate
electricity directly. In this case, if the primary heat-transfer
fluid is not water, a secondary heat exchange loop is neces-
sary to generate the steam. A convenient system concept is to
have one fluid serve as the heat-transfer fluid as well as the
storage medium. Molten nitrate salt is such a heat-transfer
fluid that can also be used for thermal energy storage up to
600°C (Battleson et al., 1980, Mar and Carling, 1980). For
higher operating temperatures, advanced systems using
other molten salts show promise of being cost-effective
(Copeland, 1982; Copeland, Leach and Stern, 1982).

Electric Power Generation Application

A concept for an advanced, high-temperature molten salt
system for generating electric power is presented in Figure 2.
In this concept an advanced molten salt receiver collects
solar thermal energy at temperatures as high as 1100°C.
Thermal energy is then stored using the salt as a medium in
an internally insulated tank with a thermocline. Heat is
transferred to pressurized air in a direct-contact, molten salt
heat exchanger, and a combined cycle system (Brayton/
Steam-Rankine) generates the electric power.

A conceptual tank design for storage at 1100°C that uses
the salt itself as inexpensive insulation in the sides of the
tank is shown in Figure 3. Although the conductivity of the
salt is low, a rigid internal structure is needed to prevent
natural convection in the salt. This design uses a stainless
steel honeycomb with cell dimensions of approximately
0.63 cm (0.25 in.) for the rigid structure of the insulation.

For this type of insulation the liquid level in the tank must
be maintained nearly constant to prevent the 1100°C salt
from flowing into the honeycomb and contacting the car-
bon steel outer tank structure. Therefore, a thermocline
tank design that maintains a constant liquid level is most
appropriate. Additionally, since the radiation exchange
between the hot and cold layers of the thermocline can be
significant, a raft (shown in the figure) is included to reduce
this heat transfer.

The receiver, shown schematically in Figure 4, uses di-
rect absorption of the concentrated solar radiation in the
molten salt. The salt is blackened with a suitable transition
metal oxide (e.g., cobalt oxide) to promote absorption. Ex-
periments with molten nitrate salts show that this direct ab-
sorption concept is functional (Brundeve, 1978). The vapor
pressures of the candidate salts are sufficiently low so that
the vapor can be contained within the receiver cavity with
minimal losses.

Figure 2. Concept for an Electric Power Generation System with a High-Temperature Molten Salt Stor-
age Tank.



Insulation

Transport —
Fluid

Exit Port

Overhead
Reflector

Concentrated
Sunlight

From HeliostatsCanted
Aperature

inlet Manifold

X trapo iated

Legend

o baseline Waler,Sleam
o No Reheat WaterlSteam
A Advanced Wateikteam
• Sodium
A Salt, Nitrate

50
0 0	 0 1	 0.2	 0.3	 0 4

Capacity Factor
0.5 0.6 0.7

Chromel-alumel
thermocouple

in sheath

Gas
purg o
tube

Alumina
sample
holder

Support wire clamped
above crucible

Crucible lid

rdolv

..•

Wire

Molten
$411

Coupons

Furnace

Water-
cooled
plate

Spacers

Molten Salts Use in Solar Thermal Energy Systems	 589

Figure 4. illustration of a Direct Absorption Receiver Concept.

Several salts can be used as the thermal storage media
and also as the receiver working fluid. Sodium hydroxide
(NaOH), carbonates and chlorides are all inexpensive and
stable up to 1100°C. Because of the high operating temper-
atures that they permit, all three of these molten salts can
be used in systems that are less costly than the lower tem-
perature molten nitrate system.

We compared systems containing high-temperature
molten salt storage to other central-receiver power genera-
tion systems, and Figure 5 presents the results. The data for
all but the high-temperature molten salt system were re-
ceived from Sandia National Laboratory (Battleson, 1980).
The same data base for costs was used for the high-temper-
ature molten salt system and other systems. Although these
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results are preliminary, the advanced molten salt system
shows a high potential.

CORROSION OF MATERIALS IN MOLTEN SALTS

Experimental Techniques for Corrosion

An apparatus for measuring the corrosion rate of can-
didate containment materials is shown schematically in
Figure 6. Two Lindberg crucible furnaces each contain
three of these 99.8% pure aluminum oxide crucibles to
hold the molten salt. The crucibles are capped with a water-
cooled plate through which are mounted thermocouples to
monitor the crucible temperature and gas purge tubes to
maintain the desired atmosphere above the molten salt.
Mass flow controllers maintain a constant flow of purge as
to the crucibles, and gas flow meters distribute gas equally
into the three crucibles of each furnace. The gas control sys-

Figure S. Solar Central Receiver Busbar Electricity Cost as a 	 Figure 6. Schematic of a Crucible for Conducting Molten Salt
Function of Capacity Factor. Corrosion Experiments.
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tern allows two different gases to be mixed in the desired ratio
to achieve suitable composition for the purge gas. The tem-
peratures in the crucibles were continuously monitored by
chromel-alumet thermocouples connected to a Fluke scan-
ning digital thermometer system that includes a printer.

Test coupons of ceramic and alloy candidates were cut to
1.3 x 1.9 cm and were typically about 0.3 cm thick. A typi-
cal coupon is shown before and after testing in Figure 7.
Holes of about 0.4 cm diameter were made in the coupons
so that we could mount them on a 99.8% aluminum oxide
sample holder with 99.8% aluminum oxide spacers. We
lowered the sample holder into the crucible using a support
wire that was attached to the ceramic on one end and
clamped on the other end about 50 cm above the water-
cooled plate. We slowly lowered them into the crucible by
unclamping, lowering a short distance, then clamping and
waiting for the sample holder to rise in temperature.

All of the experiments in this work were done at 900°C.
Each crucible contained about 300 cc of molten salt that
filled the crucible to a depth of about 19 cm. All of the sam-
ples were immersed in the salt, and the temperature gradi-
ent in the molten salt was about 4°C.

Molten Salt Chemistry

Several studies of the influence of molten salt chemistry
on the corrosion of materials have been published (Rapp
and Goto, 1980; Smith, 1956; Littlewood, 1962; Ingram
and Janz, 1965). The acid-base character of the molten salt
as well as its oxidation potential provide valuable insight
for understanding the dissolution of materials in these
fluids. For carbonate salts the dissociation reaction of the
carbonate ion can be written (Ingram and Janz, 1965; In-
man and Wrench, 1966).

CO32-	02 + CO2 ,

where COi - acts as a base in the Lux-Flood (Lux, 1939;
Flood, Forland, and Motzfeld, 1952) acid-base scheme by
supplying the oxide ion, and CO 2 is the conjugate acid. The
oxide ion is also the controlling factor in the acid-base be-

a	 b
Figure 7. Al203 , 99.8%, before and after Exposure to Hydrox-
ide at 900°C for 48 Hours.

havior of neutral salts such as chlorides because of oxygen
impurities present in the chlorides (Littlewood, 1962).

This acid-base behavior as well as the oxidation-reduc-
tion potential for a material is commonly represented on
phase stability diagrams such as the one shown in Figure 8
for Al 203 at 1200 K in Na2 SO4 (f) (Rapp and Goto, 1980).
Similar diagrams for carbonates and hydroxides can be
constructed from appropriate thermochemical data where
S03 is replaced by CO 2 and H20, respectively, for the car-
bonates and hydroxides. The more acidic salt condition
corresponds to positive values for log P503 and more oxidiz-
ing conditions for the melt are at the more positive values of
log P02 . At low oxygen pressures, Al 2 S3 becomes stable; for
carbonate and hydroxide molten salts Al metal would be
formed under low P02 reducing conditions. For oxide
ceramic materials, such as Al 20 3 , the principal factor in
judging corrosion reactions in molten salts is the acid-base
value of the salt as seen in the diagram. The acid-base value
is also important for alloys oxidized by the molten salt, be-
cause dissolution of the oxide would leave the alloy suscep-
tible to further oxidation.

Al +3 ions as Al2(504 )3 become the stable phase at the
most positive values of log Ps03 in Figure 8. At values of log
Pso3 in the vicinity of zero, ei-Al203 is the stable phase but in
equilibrium with a substantial concentration of Al T3 in the
molten Na2 SO4 . Thus, significant corrosion of the x-Al 203
must occur to establish this concentration. At log Ps0 3
values in the vicinity of — 10, the Al .3 ions are complexed
to form an A102 molecule that is insoluble in the presence
of alkali ions and forms a sodium aluminate phase. The po-
tential for forming complex molecules under highly basic
conditions can lead to increased corrosion in a system that
does not form an insoluble compound such as the NaA10 2
in this system.

Figure 8. Phase Stablity Diagram for Al 2 03 in Na2 SO4 at 1200
K from Rapp (1980).
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Molten Carbonates and Hydroxide Fluids

Two of the candidate heat-transfer and storage fluids
that show promise for operation at 900°C are carbonates
and hydroxides. We used a eutectic mixture (Danz et al.,
1979) of reagent grade Na 2 CO3 and reagent grade K2 CO3
that contained 58 mot % (51.5 wt %©) of Na 2CO3 to evaluate
the compatibility of materials in carbonates at 900°C. The
molten carbonate was purged during the experiment with
dry nitrogen containing 20 ppm of CO 2 ; a flow rate of 50
cc/min was used.

We used thermochemical data (Anderson, 1975) on the
activity coefficient (Klotz, 1964) for the oxide in the reaction,

	

(Na,K)2 CO3(e)	 (Na,K)2 0(e) + CO2(g),

where the alkali liquids are of eutectic composition to calcu-
late the mole fraction of the oxide in the melt at equilibrium
with 20 ppm CO 2 . We found it to be 10 –2 ; however, for the
experiments done in this work we estimated that the actual
mole fraction was about 10- 3 since the purge rate for remov-
ing the CO 2 was only 50 cc/min and the time for the experi-
ment was about 50 hours.

We used reagent grade NaOH at 900°C for the hydroxide
screening tests. The molten hydroxide was purged at 50 cc/
min with nitrogen containing about 1 ppm H 20. Activity co-
efficient information on the decomposition reaction

	

2 NaOH(f)	 Na2 0(e) + H 20(g)

was not available as for the carbonate salt so we could not cal-
culate the equilibrium concentration of Na 20. However,
estimates of the H 2O partial pressure from the thermochem-

ical data (Stull and Prophet, 1971) along with the informa-
tion on purge rate and time of the experiment (80 hours) indi-
cated that the mole fraction of Na 2 0 in NaOH would be
about 1%. This is 10 times higher than in the carbonate and
indicates that NaOH molten salt is more basic than the car-
bonate under the conditions used for these experiments.

For both the carbonate and hydroxide, free moisture was
removed from the salts before they were melted by heating in
a vacuum oven at 100°C for 16 hours.

Corrosion Tests

The corrosion screening tests on candidate molten salt
containment materials consisted of submerging test cou-
pons in the molten salt at 900°C for a period of 50 to 100
hours. About 16 coupons were tested simultaneously in a
crucible. The weight of each coupon and its thickness was
measured before and after exposure to the molten salt. The
purpose of these tests was to identify the most promising
types of materials for containing molten salts and to rank
the candidate fluids for corrosiveness.

The results of the studies are shown in Tables 1, 2 and 3,
where the type of material is indicated as well as its chemi-
cal composition. The loss by corrosion from the coupons is
given in Am/day per exposed side along with the exposure
time in hours, which is given in parentheses. Most of the
corrosion rate data were derived from the weight change
information for the coupon; however, for some coupons
that fractured during testing, the thickness change was
used. Weight losses were converted to thickness losses in

TABLE 1

Apparent Corrosion Rate for Alloys in Molten Salts at 900°C

Material

Apparent
Corrosion Rate (am/dayl*

CommentsComposition Carbonate Hydroxide

Inconel 600 74 Ni/15.5 Cr/8 Fe 5(50) 10(84)
Cabot 600 74 Ni/15.5 Cr/8 Fe 5 (50) ---16 (84)
Incoloy 800 43 Fe/32.5 Ni/21 Cr 13(50) —24(84)
Cabot 800H 43 Fe/32.5 Ni/21 Cr 10(50) —32(84)
Inconel X750 73 Ni/15.5 Cr/7 Fe/2.5 Ti 1(50) —13 (84)
Stainless 304 68 Fe/19 Cr/10 Ni/2 Mn 15(50) d (84)
Stainless 316 67 Fe/17 Cr/11 Ni/2 Mo/2 Mn 10(50) d (84)
Nickel 99.99	 Ni 10(50) 18.3 (84) Showed gain boundary etching

in hydroxide.
Haynes 230 56 Ni/22 Cr/14W/2 Fe/2 Co/2 Mo —10(50) d (84)
Haynes 556 32 Fe/21 Cr/20 Ni/20 Co/3 Mo/3 W 5(50) —47(84)
Cabot 214 75 Ni/16 Cr/4.5 Al/4 Fe 11(50) 66(84)
Haynes 188 38 Co/22 Ni/22 Cr/14 W/3 Fe 14(50) 0(84)
Cabot R-41 52 Ni/19 Cr/ 1 Co/I0Mo/5 Fe/1.5 A1/3 Ti 3(50) d (84)
Hastelloy S 64 Ni/ 16 Cr/15 Mo/3 Fe/2 Co 8(50) —2(84)
Hastelloy N 71 Ni/17 Mo/7 Cr/5 Fe 10(50) 0(84)
Hastelloy 48 Ni/22 Cr/18.5 Fe/9 Mo/1.5 Co —2(50) --8(84)

*Exposure time in hours is in parentheses; d indicates the coupon disintegrated. Apparent corrosion rates with superscript I are deter-
mined by thickness change: the rest are determined by weight. Negative corrosion rates indicate a weight gain.
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TABLE 2

Apparent Corrosion Rates for Fused-Cast and Dense Al 203 Ceramics in Molten Salts at 400°C

Material Composition

Apparent
Corrosion Rate (am/dayl*

Carbonate Hydroxide Comments

Window Sapphire 0 (48) 11 (92) 1 Single crystal clouded after carbonate and
hydroxide exposure

Mg Al204 1(48) / Polycrystalline, translucent after carbonate
exposure

Fused-Cast 99.3 AI 203 40 (40) 60 (65) 1 Slightly friable
94.5 Al2 03 /3.9 Na20/1 Si02 —12 (40) d(65) Increased thickness in carbonate, slightly fri-

able
93.9 Al203/5.6 Na20 — 10 (48) d (65) Increased thickness in carbonate
78 Cr2 03 /8.7 Mg0/7.9 Fe203 /4 Al 203/ 110 (40) d (65)

1.6 Si02
60 Al203 /27 Cr203 /6 Mg0/4 Fe2 03/ 20 (40) 45 (92) 1

2S102
50 Al203 /36 Zr0 2 /12 Si02 30 (40) d (65) Increased thickness in carbonate
MgO Al 203(72 Al203 ) 16 (40) d (92)
Eutectic MgO • Al2 03 (55 Al203 ) 13 (48) 30 (65) i

Dense
alumina 99.8 Al203

99.5 Al203
1 (48)

2.5 (40)
110(65) 1
110(65) 1

Orange peel surface in hydroxide
**

99.0 Al203 1(48) **
96 Al203 31(60) d(65) **
96 Al 203 25 (60) 60(65) 1 **
95 Al203 25 (60) d (92) **

*Exposure time in hours is in parentheses; d indicates the coupon disintegrated. Corrosion rates with superscript 1 are determined by thickness
change; the rest are determined by weight. Negative corrosion rates indicate a weight gain.

"All dense Al 203 coupons lost thickness after exposure to the carbonate salt.

TABLE .3

Apparent Corrosion Rates for Ceramics in Molten Salts at 900°C

Apparent
Corrosion Rate (unilday)*

Material Composition Carbonate Hydroxide Comments

Dense alumina 94 Al2 03 16 (60) d (92) **
91 Al 203 29 (60) d (65) **
90 Al2 03
86 Al203
85 Al203

30 (60)
29 (60)
42 (60)

d (92)
d (92)
d (65)

**
**
**

Porous Zr02 Y2 03 stabilized —18 (48) d (92) 8% closed pores, increased thickness in carbonate
Porous Zr0 2 MgO stabilized —16 (48) d (92) 8% closed pores, increased thickness in carbonate
Porous MgO 99.5 MgO —100 (48) 100 (65) 1 17% pores***
Refractory 98.2 MgO/1 CaO/0.5 Si02 50 (28) d (92) 17% pores***
Refractory 61.5 MgO/17.3 Cr2 03 /11 Fe203 / 50 (28) d (92) 14% pores***

8 Al 203
Refractory Super duty fireclay, premium —150(48) d (92) 11% pores"*
Refractory Super duty fireclay —60 (28) d(65) 10% pores***
Refractory 99.2 Al 203 /0.4 Si02 30 (28) d (92) 20% pores***
Refractory 71,2 Al203 /25 Si02 /2.8 Ti0 2 /1 Fe 203 d (28) 16% pores***
Refractory 36 MgO/25 Cr203 /22 Al 203 /12 Fe 203 150 (28) 20% pores ***
Refractory 66 7102 /32 Si02 /1 Al203 —60 (28) d (92) 22% pores****

*Exposure time in hours is in parentheses; d indicates the coupon disintegrated. Corrosion rates with superscript I are determined by thickness
change; the rest are determined by weight. Negative corrosion rates indicate weight gain.

**Ad dense Al203 coupons lost thickness after exposure to the carbonate salt.
***All refractories were friable after exposure to the carbonate salt.
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the tables by using the bulk density of the coupon. A
positive corrosion rate indicates a loss of weight while a
negative value indicates a gain in weight.

Corrosion Results for Alloys

Many of the alloys completely disintegrated in the
hydroxide at 900°C after 84 hours (Table 1). The remain-
ing coupons from the hydroxide experiments all showed
evidence of extensive corrosion. For instance, alloy 214 in
hydroxide showed a blackened surface, cracking along the
edge of the coupon, and flaking of the corrosion product. A
protective oxide coating did not form. This cracking of the
coupon or flaking of the oxide layer occurred with all alloy
coupons tested in both hydroxide and carbonate. The alloy
214 in carbonate molten salt did not crack, but the oxide
layer flaked. The damage was generally less severe in the
carbonate than in the hydroxide.

The corrosion rate values reported in the table for these
alloys were all derived from weight loss information and
most of the results indicated a gain in weight for the cou-
pon (in these studies the corrosion product was not re-
moved prior to weighing and measuring the coupon). Ad-
ditionally, the thickness measurements indicated a gain in
thickness for all of the alloys after exposure to both hy-
droxide and carbonate molten salts. For the alloys with
thick oxide scales the weight gain was caused by oxidation
of the alloy, and the thickness gain was probably caused by
the porous nature of the oxide scale. For some coupons, for
instance 99.99 + 71) Ni in hydroxide, there was no evidence
of scale, but the coupon had gained in thickness despite
weight loss. This swelling of the coupon may result from
dissolution of Na metal from the melt or formation of a
high volume grain boundary phase. The seemingly low
corrosion rates in Table 1 mask the fact that metal was be-
ing lost from the alloys and converted to scale.

For all of the alloys evaluated it appeared that in hydrox-
ide and carbonate molten salts the alloys readily corroded
without forming a protective coating and would not be ex-
pected to exhibit long life. This rapid oxidation rate oc-
curred despite making both melts low in oxidation poten-
tial by excluding oxygen in the atmosphere above the melt
and by maintaining low partial pressures of CO 2 and H2O
in the respective melts. To further lower the oxidation po-
tential would require using hydrogen in the gas above a hy-
droxide melt, which reportedly results in low corrosion
rates for Ni (Smith, 1956).

Corrosion Results for Ceramics

The corrosion results for a number of ceramic materials
at 900°C are shown in Tables 2 and 3 (as with the alloys, the
corrosion product was not removed prior to weighing and
measuring; however, it appeared to be very thin). The sap-
phire window material exhibited the best corrosion resis-
tance of the materials tested for both the carbonate and

hydroxide molten salts, showing no detectable corrosion
rate for the former and an 11 gm/day corrosion rate for the
latter. Figure 9 shows one of the sapphire window coupons
before testing and after exposure to carbonate molten salt
(note that the coupon fractured during testing) where a
white deposit formed on the sapphire; a similar deposit was
seen after exposure to the hydroxide melt. We think that
this deposit is a protection layer of sodium aluminate
(NaA102 ), which has been reported to protect Al2 03 from
corrosion in carbonate melts (Grantham and Terry, 1976).
Figure 10 illustrates what we think is the mechanism that
protects sapphire and other high purity Al 203 ceramics.
The Al 203 reacts with Na l-in the melt to cover the surface
with an insoluble layer of NaA10 2 . The MgAl 204 spinel win-
dow material also showed a very low corrosion rate in the
carbonate but was not tested in the hydroxide.

a

Figure 9. Sapphire before and after Exposure to Carbonate at
900°C for 48 Hours----Coupon Fractured, Top Right, in the Car-
bonate.

Figure 10. Illustration of the Corrosion of High Purity M 203 in
Na* Containing Molten Salt.
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In agreement with the results on the window materials,
the high Al203 and the eutectic MgO • Al203 fused-cast
materials in Table 3 had low corrosion rates in both salts.
Another fused-cast material that performed well in both
molten salts was the 60 Al 2 03 / 27Cr203 . Two of the high
alumina fused-cast materials showed increased weight—
indicated by a negative corrosion rate—after exposure to
carbonate, as seen in Table 2, and showed increased thick-
ness as well. Additionally, the fused-cast material with
36%© Zr02 (Table 2) as well as the three materials in Table 3
that contain 2r0, all showed thickness increases. The rea-
son for the swelling of these coupons is not presently clear;
however, it may indicate an attack by the salt at grain
boundaries.

Another type of material that resisted corrosion well in
both salts was the high-purity, dense A1,0 3 materials. The
best of these materials, as seen in Table 2, appear to resist
corrosion vety well in the carbonate but not as well in the
hydroxide. Figure 7 shows 99.8% Al 203 before testing and
after testing in hydroxide. Corrosion pits are seen on the
surface after the hydroxide exposure; however, the same
material in carbonate is virtually untouched (it looked the
same as the untested material seen in the figure). Figure 11
illustrates the influence of corrosion in these high density
Al2 03 materials. The grains of Al 203 are represented by
large and small circles bonded together with a glass such as
Ca0 • Si02 . Increased amounts of glass phase are com-
monly found in the grain boundaries of oxide materials as
the purity of the material decreases. The molten salt readily
attacks the glass (Grantham and Ferry, 1976; Janz and
Tompkins, 1979), which tends to loosen and remove the
smaller particles, leading to a rougher appearance under a
microscope and a rougher feel to the coupon.

Another material that resisted corrosion well in both
salts was MgO. As seen in Table 3, this material had 17%
porosity and after carbonate exposure showed a weight

gain, probably caused by the salt trapped in its pores, and
a gain in thickness.

The refractory materials in Table 3 were porous, showed
friability after carbonate exposure and disintegrated after
hydroxide exposure. Figure 12 shows a refractory material
before and after exposure to molten carbonate. The mate-
rial has crumbled along the edges after exposure, , has
become lighter in color and the large grains are more in
evidence than before testing, which indicates that the
small grains have fallen away. Figure 13 illustrates how
molten salt has access to the interior of such a sample
through the pores and can readily loosen larger pieces of
material by attacking the silicate bonding material inside
the sample as well as on the surface, as with the dense
Al203 materials.

The carbonate corrosion results for ceramics shown in
Tables 2 and 3 indicate that several fused-cast materials,
the high purity window materials, several dense Al2 03 ma-
terials, 2102 and MgO are all promising candidates for
use in contact with the molten carbonates. The results for
the hydroxide salt indicates that some of the fused-cast
materials and the sapphire window material are the most
promising.

Comparison of Carbonate and Hydroxide Molten Salts

A comparison of the corrosion results in the tables for the
carbonate and the hydroxide indicates that the hydroxide

Figure 11. Illustration of the Influence of the Grain Boundary
Bonding Phase on the Corrosion of Ceramics.

Figure 13. Illustration of the Influence of Open Pores on the
Corrosion of Ceramics.
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is about 3 to 10 times more corrosive toward alloys and ce-
ramics. However, as discussed earlier, the corrosiveness
generally depends on the chemistry of the salt. Thus, re-
sults for a range of CO, and H 2O partial pressures for the
carbonate and hydroxide, respectively, need to be done to
more fully explore the corrosiveness of these salts. Under
the conditions in this work there was 10 times more sodium
oxide in the hydroxide than in the carbonate, which may
explain the greater corrosiveness of the hydroxide.

SUMMARY AND CONCLUSIONS

This paper presented the applications for high-tempera-
ture molten salts as well as the chemical character of molten
salts as applied to corrosion. We also presented the results
of experiments on the corrosion of materials in molten
eutectic Na2CO3/KzCO3 and in molten NaOH at 900°C.
The coupon exposure time in the carbonate salt was about
50 hours, while in the hydroxide salt it was about 80 hours.

We found the high-purity aluminum oxide, magnesium
oxide, zirconium oxide and magnesium aluminate to be the
most corrosion resistant along with several types of fused-
cast refractories.

The corrosion results suggested that increased glass
phase leads to lower corrosion resistance. Increased amounts
of glass phase are commonly found in the grain boundaries
of oxide materials as the purity of the material decreases.
Refractories also contain relatively large amounts of glass
phase.

Higher porosity of the material also leads to decreased
corrosion resistance because the molten salt has better ac-
cess to the interior of the material. Open porosity, as exhib-
ited by the refractory materials, coupled with large amounts
of glass phase appears to lead to very low corrosion resis-
tance, as the results on the refractory materials indicate.

We observed in these experiments that alloys developed
an oxide scale that continually spalled. Thus, the amount
of metal phase was continually decreasing while the alloy
was being exposed to these salts.

These results indicated that the hydroxide molten salt
was more corrosive to both alloys and ceramics than car-
bonate molten salt at 900°C. Under the conditions used in
these experiments, estimates of the oxide ion content for
the salts indicated that the hydroxide had 10 times more ox-
ide ion than the carbonate. This higher oxide ion content
makes the hydroxide melt more basic, which may explain
the higher corrosion rates in the hydroxide.
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