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ABSTRACT

Reyearch is baing conducted with advanced molien salts (hy-
droxides, carbonmtes and chlorides) for sofar theramal upplica-
tions, These seles may be used in the receiver working fluid and in
thermmal energy storuge. Potential applicarions mclude electriv
power production, fuel and chemical production, and high-

temperature process hear. Molten salts can store senvible heat a
temperatures up to 1100°C in a thermocline system. Selt corra-
sion of the insplating ond containment muterials is @ major areq
aof enncern, and current results of research on corrosion in molten
hvdroxide and molten carbonates ure described.

INTRODUCTION

Malten salts have becn used for many yvears in the chemi-
cals and metals mdustries. Common applications include
remaving heat from exocthermic reactors and providing
heat to processing equipment such as evaporators and con-
centrators {Watt and Kernidge, 1979). They have also found
widespread use as a hath medium for heat treating motais
{ Foreman, [980), Recently, interest in molten nitrate salts
has heightened because of thelr proposed nse in sofar en-
ergy sysrems (Tallerico. 1979). Because the molien nitrate
salts will decompose above 600°C, new salts have been
wdentified for apphications up to 1100°C (Copeland, Leach,
and Stern 1982}, These applications include sofar thermal
process heat, cleciric power and fuels production (e.2., hy-
drogen from solar energy and water). The candidare molten
saits include carbonates, chlorides and hydroxides and are
to he used as the fluid for heat transfer and thermal energy
sturage. This paper describes the sofar thermal syster in
which they will be used and the current research using car-
bonate aad hydroxide sults that has been done in idenrify-
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 exemplifiad by the Solar One plant in Barstow,
California, which is ilustrated in Figure 1. {t consists of 4
heiiosiat field, a recever, a thermal energy storage system
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Figure L. [Iilusteation of a Solar Central Receiver System for
Generating Electricity.
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and an electric power gemeration system. Ia uperation,
solar radiation strikes a field of heliostats {compufer-
driven misror 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 sysfem. The storage
system serves two parposes, to extend the time of operation
beyond the honrs where there is adequate insolation and to
buffer the electrical peneration equipment from the inter-
mitient nature of the radiant flux that is inherent in a solar
energy source. By using a seeondary water and steam heat-

587




588

transfer loop, the thermal energy storage system converts
water to superheated stear:, which is then used to drive the
electric penerating turbines of a steam Rankine cycle.

‘The encrgy from the receiver may also be used to generate
electricity directly. In this case,  the primary heat-transfer
fluid is not water, a secondary heat exchange loop is neces-
sary to genetate the Steam., A convenient system concept is ro
have one fluid serve as the heat-transfer fluid as well as the
storage medinm. Molten nitraie salt is such 4 heat-transfer
fluid that can also be used for thermal energy storage up to
600°C (Bartleson et al., 1980, Mar and Carding, 1980}, For
higher operating temperatures, advanced systems using
other moilten salts show promise of being cost-effective
(Copeland, 1982; Copeland, Leach and Stern, 1982},

Electric Power Generation Application

~ A conrcept for an advanced, high-terperature 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 3 medium in
an mternally insulated tank with a thermocline. Heat is
transferred 1o pressurized wir 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 steucture is needed to prevent
natural convectien in the salt. This design uses a stainless
steel honeycomb with cell dimensions of approximately
0.63 ¢m (.25 in.) for the rigid structure of the insulation.

Sclar Colgcior
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For this type of insulation the liquid level in the tank must
be maintained nearly constant to prevent the 1100°C sakt
from flowing into the honeycomb and contacting the car-
bon steel outer tank structose. Therefore, a thermocline
tank design that mainiains a constant liguid level is most
appropriate. Additionally, since the radiation exchange
hetween the hot and cold layers of the thermocline can be
significant, a rafr (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 vadiation in the
molten salt. The salt is biackened with a suffable transition
metal oxide (e.g., cobaki oxide) to promote absorption. Ex-
periments with mokten nitrate salts show that this direct ab-
sorption concept is functional (Brumtieve, 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.
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Fignre 3. Hustration of a2 High-Temperature Molten Salt Stor-
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Severzl salts can be used as the thermal siorage media
and alse as the receiver working fleid. Sodium hydroxide
{MNaOH), carbonates and chiorides 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 systerms that are less costly than the lower tem-
perature inolten nitrate systens,

We compared systems containing high-temperatore
molten salt storage to other central-receiver power genera-
tion systems, and Figure S presents the results. The data for
all but the high-temperature molten salt system were re-
ceived from Sandia National Laboratory { Battieson, 1980).
The same data base for costs was used for the high-temper-
ature mokten salt system and other systems. Although these
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results are prefiminary, 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 alumtnuom oxide crucibles to
hold the moiten 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 confroliers maintain a constant flow of purge gas
fo the crucibles, and gas flow metcrs distribute gas equally
intothe three crucibles of each furnace. The gas control sys-
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Figure 6. Schematic of & Crucible for Conducting Molten Salt
Corrosion Experiments,

LIS Ty g b A P g b A A+ =



590

tem allows two different gases to be mixed in the desired ratio
10 achieve suitable composition for the purge gas. The tem-
peratures in the crucibles were continuously monitored by
chromel-alume! 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 ¥ L.Gem and were typically about 0.3 em thick. Atypi-
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% aluminam oxide
sample holder with 99.8% aluminum exide spacers. We
towered the sampie holder inte the crueible using a support
wire that was attached to the cerami¢ or one end and
clamped on the other end about S0 cm above the water-
cooled plate. We stowly lowered them into the crucible by
unclamping, lowering & short distance, then clamping and
waiting for the sampie holder to rise in temperature.

All of the experiments in this work were done at 900°C,
Each crucible contaimed about 300 cc of molten salr that
fitled the crucibie to a depth of about 19 cm. Allof the sam-
ples were immersed in thesalt, and the temperature gradi-
ent in the nolten: salt was about 4°C.

Molten Salt Chemistry

Several studies of the influcnce of molten salt chemistry
on the corrasion of materials have been published {Rapp
and Gaoto, 1980; Smith, 1956; Littlewood, 1962; Ingram
and Janz, 1965). The acid-base character of the moiten salt
as well as its oxidation potential provide valuable insight
for understanding the dissolution of marerials in these
fluids. For carbonate salts the dissociation reaction of the
carbonate ion can be written (Ingram and Janz, 1963, In-
man and Wrench, 1966).

CO ™ === Q¥ +(0;,

where CO3 * acts as a base in the Lux-Flood (Lux, 1939;
Flood, Forland, and Motzfeld, 1952} acid-hase scheme by
supplying the oxide ion, and CQO; is the conjugate acid. The
oxide iof i5 also the controliing factor in the acid-base be-

a b

Figare 7.  ALO;, 99.8%, before and afier Exposure to Hydrox-
ide at 900°C for 48 Hours.
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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 Oy at 1200 K in Na;SO, (£) {Rapp and Goto, 1980).
Similar diagrams for carbenates and hydroxides can be
constricted from appropriate thermochemical data where
80 is replaced by CO; and H, O, respectively, for the car-
bonates and hydroxides. The more acidic salt condition
corresponds to positive values for log Pso, and more oxidiz-
ing conditions for the melt are at the more positive values of
log Po,. At low oxygen pressures, Aly5; becomes stable; for
carbonate and hydroxide molten salts Al metal woirid be
formed under low Po, reducing conditions. For oxide
ceramic materials, such as AL O,. 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
15 afso important for alloys oxidized by the molten salt, be-
cause dissolution of the vxide would leave the alloy suscep-
tible 10 further oxidation.

A3 jons as AlL{S04); become the stable phase at the
most positive values of log Pso; in Figure 8. At values of log
Pyo; in the vicinity of zero, a-Al; Oy is the stable phase but in
equitibrium with a substantial conceniration of Al 73in the
molten Na;SOy. Thus, significant corrosion of the e-ALO,
must occir to establish this conceniration. Al log Pso,
values in the vieinity of — 10, the Al + ions are complexed
toform an AlO; molecule that is insoluble in the presence
of alkali ons and farms a sodium aluminate phase. The po-
tential for forming complex molecules under highly basic
condlitions can fcad to increased corrosion in a system that
docs not form an insoluble compound such as the NaAIO,
in this system,
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Figure 8, Phase Stablity Dingram for ALQ; in Nay SOy at 1200
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Molien Carbonates and Hydrexide Fluids

Two of the candidate heat-transfer and storage finids
that show promise for operation at 900°C are carbomates
and hydroxides. We used a eurectic mixture (Janz et al.,
1979) of reagent grade Na,CQ, and reagent grade K,CO,
that contained 58 mot %o (51,5 wt %) of Na; CO; to evaluate
the compatibility of materials in carbonates ar 900°C. The
molten carbonate was purged during the experiment with
dry nitrogen containing 20 ppm of CO.; a flow rate of 50
ce/min was used.

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

(Na, K) CO4(8) =5 (Na, K0} + COx{g).

where the alkali liguids are of eutectic composition o calcu-
tate the mole fraction of the oxide in the melt at equilibrium
with 20 ppm CO,. We found it to be 10™2; however, for the
experimenis dore in this work we estimated that the actual
mole Fraction was about 1077 since the purge rate forremov-
ing the CO» was only 30 co/min and the time for the experi-
ment was about 30 hours,

We used reagent grade NaQH at 900°C for the hydroxide
screening tests, The molten hydroxide was purged at 50 ec/
min with nitrogen containing sbaut 1 ppm H,O. Activity co-
efficient information on the decomposition reaction

2NaOH(#) = Na, () + H,0()

was not available as for the carbonate salt so we could not cal-
culate the equilibrium concentratton of NapyO. However,
estimates of the H,O partial pressure from the thermochem-
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ical data {Stull and Prophet, 1971) along with the informa-
tion on purge rate and time of the experiment {80 houss} indi-
cated that the mole fraction of Na;O in NaOH would be
about 1%. This is 10 times higher than in the carbonate and
indicates thar NaOH molen salt is more basic than the car-
honate under the conditions used for these experiments.

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

Carrosion Tests

The corrosion screening tests on candidate molten salt
containment materials consisted of submerging test cou-
pons in the molien salt at 900°C for a period of 30 to 100
honrs. About 16 coupans were tested simultaneously ina
crucible. The weight of each coupon and its thickness was
measured before and after exposure to the molten salt. The
purpose of these fests was to ideniify the most promising
types of materials for containing molten salts and to rank
the candidase 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 #ts chemi-
cal composition. The loss by corrosion from the conpons is
given in gm/day per cxposed side along with the exposure
time in hours, which is given in pareniheses. Most of the
corrosion rafe data were derived from the weight change
information for the coupen; however, for some coupons
that fractured during testing, the thickness change was
used. Weight losses were converted to Lhickness losses in

TABLE |
Apparent Corrosion Rate for AHoys in Molren Salrs at 900°C
Apparent
Carrosion Rate (ym/day}*
Material Campasition Carbonate Hydroxide Comments
Inconel A0 T4 NS S v /R Fe S{50y TR{B4y
Cahot 600 74 Nis15.5 Cr/8 Fe 5303 - 16(84)
Encoloy 8GO 43 Fe /325 Ni/21 Cr 13(30) — 24 ()
{abot 800H 43 Fe/32 3N Cr 10(50) —32{84)
Inconel X753  TINIS15.3Cr/7 Fe/2.5 T FESO - 13{84)
Stainless 304 68 Fe/19 Cr/10 Ni/2 Mn E5 {50} 484
Stainless 316 67 Fe/17 Cr/11 Ni/2 Mos2 Mn 10{54) d (84)

Nickel 99.90 + Ni 10¢50) 18.3 (B4} Showed guin boundary etching
in hydroxide.
Flaynes 230 56 Ni‘22 Cr/14We2 Fe/2 Cns2 Mo — IHEO) d {84}
Haynes 556 32 Fers21 Cra20 N20Cor3 Mo 3 W 3(50) — 47 (84}
Cahot 214 75 Wi/16 Crrd.5 AlJd Fe 114360} - G B4
Haynes {88 I8 Co/22 N2 Ce/14 W3 Fe 1-4€50) d (84}
Cabot R-41 FINIA9CH 1 Co/ 10 Mo/ SFe/ 1.5 A3 T 3050 d{84)
Hasellay S 64 Wi/ 16 Ce/15 Ma/3 Fe 2 Co R(50) ~2(84}
Hastedlov N TENIAIT Mo/ 7 Cr/S Fe 1045() d {84
Hastefioy X 48 Ni/22 Crs18.5 Fe/9 Mo 1.5 Co —2{50 ~8(84}

*Exposure time in hours i in parentheses; d indieates the coupon disintegrated. Apparent corrosion rates with superseript | are deter-
mined by thickness change: ihe rest are determined by weight. Negative covrosion rates indicate & weight gain,
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TABLE 2
Apparent Corrosion Rates for Fused-Cast and Desnse AlyOs Ceramics in Molten Sahs ar 900°C
Apparent
Corrosion Rate (um/day)®
Materinl Compuosition Carhonate Hydraxide Camments
Windaow Sapphire {1 ¢48) 11928 Single crystal clouded after carhonate and
hydreside exposure
Mg Ak, 1(48)! Polycrystaifine, transiucent after carbonate
. exposiye
Fused-Cast  99.3 AL;O3 40 1485 60(83)'  Slightly frinble
94.5 AL 05/3.9 NanO/1 Si0), + 12 {40} d (65} Increased thickness in carbanate, slightly fri-
able
93.9 Aly03/5.6 Nay O -- 10 {48} d (65)  Increased thickness in carbonate
78 Crak)3/8.7 Mg/ 7.9 Fey 0374 AlyOy¢ 110 (40) d (65}
1.6 S04
860 Al 04727 Cry05/6 MgO/ 4 Fea O3/ 20 (40) 45(u2)!
2510,
58 AL O/ 36 250, /12 3i0; 300 d(68) Incressed thickness in carbonate
MgO'+ ALO;(72 ALOy) 16 (40 4 {92)
Euteetic Mgl - ALD;{55 ALO;R) 13 (48) an{6s)!
Dense
aluming  99.8 ALO; 1(48) IJ.G(SS}T Orange peel surface in hydroxide
9.5 AlLO, 2.5 (40 HID(G5)- ==
99.0 AL, 1 (48} cen i
96 Al O 3t (8D} d o5y ¥
96 Aly0), 25 (61) s0(65)  w*
95 Al (4 25 (60) a{%2} ™=

*Exposyrg lime in hours is in parentheses; d indicates the coupon dismnicgrated, Corrosion rates with superseript 1 are determined by thickness
change; the rest are determined by weight. Negative corvosion rates indicate a weight gain,
* AL dense Al,G; coupons lost thickness after exposure to the carbonate salt.

TABLE 1
Apparent Corcosion Rates for Cerntics in Molten Salts at 900°C
Apparent
Covrosion Hate {pm/day)*
Material Caznpuosition Carbonate  Hydroxide Comanents

Dense alumina 94 AL O; 16 (60) dig) *+

91 Al;04 29(60)  d(65) =

90 ALO, 3 (60} d92) =

&6 AI;():; 29 (60) d {927 ##*

85 Al Oy 42605 d(65) **
Porous ZrQy Y, O stabilized — 18 (48) d (92} 8% closed pores, increased thickness in carbonate
Porous ZrQz  MgO stabilized - 16 [48) d (92) 8% closed pores, increased thickness in carbonate
Porous MgO  99.5 MgO — 100 (48) 100 (65)' 17% porestts
Refractory  98.2 MgO/1 CaO/0.5 50, 30¢28) A(92) 177 poresser
Refractary 61.5 Mg0s17.3 Crp¥y/11 Fepldy/ 50 (28) d4{92) {4% pores**+

8 ALO;

Refractory Super duty fireclay, premium — 150 (48} d (92} 11% pores¥¥s
Refractory Super duty fireciay — 60 {28} d (65] 10% porest*
Refractory 9.2 AL0y/0.4 510, 30 (28) d (92} 20% poresgt**
Refractory  71.2 ALD3/25 Si0;72.8 Ti,/1 Fey 0, d (28) 167 pores?¥*
Refractory 36 MgO725 Cr;04/22 Al 03712 Fey(Oy 150 (28) e )% pores ¥
Refraciory 66 Zr(, /32 8i0y /1 ALQ, -- 60 (28) d{92} 217 pores*¥Ts

*Expostire tme in hours i3 in purentheses; d indicatex the coupon disintegrated, Corrosion rates with superseript | are determined by thickness

change: the rest are determined by weighe. Negarive corrosion rates indicare weight gain,
WAL dense AlyQ, coupons lost thickness after exposure to the carbonate salt.
#3200 refractories were friable after exposiire to the carbonair sajt.
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the tables by using the butk 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 Allnys

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 alf showed
evidence of extensive corrosion. For instance, alloy 214 in
hydroxide showed 2 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
coupen or flaking of the oxide layer occurred with all atioy
coupons tested in both hydroxide and carbonate. The alioy
214 in carbonate molien salt did nol crack, but the oxide
laver flaked. The damage was generally less severe in the
carhonate than in the hvdroxide.

‘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
mstance 99.99 + % Ni in hydroxide, there was no evidence
of scale, but the coupen had gained in thickness despite
weight loss. This swelling of the coupon may result from
dissoletion of Na metal from the melt or formation of a
high velume grain boundary phase. The seemingly fow
corrosion rates in Table I mask the fact that metal was be-
ing lost from the alloys and converted to scale.

For alf of the alloys evaluated it appeared that in hydrox-
ide and carbonate motien salts the alloys readily cotroded
without forming a protective coating and would not be ex-
pected fo exhibit Jong lfe. This rapid exidation rate oc-
curred despite making both melts low in oxidation poten-
tial by excluding oxyvgen in the atmosphete above the mek
and by maintaining low partial pressures of COy and H,0
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 materiais
at 900°C are shown in Tables 2 and 3 (as with the alloys, the
corrasion 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 materals tested for both the carbonate and
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hydroxide molten salfs, showing no detectable corrosion
rate for the former and an 11 gm/day corrosion rate for the
larter., Figure 9 shows one of the sapphite window coupons
before testing and after exposure to carbonate molten salt
{note that the coupon fractured during testing) where a
white depostt formed on the sapphire; a simitar deposit was
seen after exposure to the hydroxide melt. We think that
this deposit i a protection fayer of sodium aluminate
{NaAlD;), which has been reported to protect ALQ; from
corrosion in carbonate melts (Grantham and Terry, 1976).
Figure 10 itlustrates what we think is the mechanism that
protects sapphire and other high purity ALO; ceramics.
The AL O, reacts with Na* in the melt to cover the surface
with an insoluble layer of NaAlO;. The MgAl Oy spinel win-
dow material also showed a very low corrosion rate m the
carbonate but was not tested in the hydroxide,

a b

Figure 9. Sapphire before and after Exposire to Carbonale at
A C for 48 Hours—Coupon Fractured, Top Right, in the Car-
bonate.

Sapphire NaAlO.

Exposed
Side

Molten Sait
800°C

Figure 10,  Iilustration of the Corrasion of High Purity ALO; in
Na™ Containing Molten Sait.
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In agreement with the resulis on the window nraterials,
the high Al:O; and the eutectic MgO - ALO; 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 ALOL27CHL Oy, Two of the high
alumina fused-cast materials showed increased weight—
indicated by & negative corrosion rate——after exposure to
carbonate, as seent in Table 2. and showed ncreased thick-
ness as well, Additionally, the fused~cast material with
36% ZrO, (Table 2} as weil as the three materials in Table 3
that contain Zr(), afl 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 #t grain
boundaries.

Another type of material that resisted corrosion well in
both salts was the high-purity, dense ALO: materials. The
best of these materials, as seen in Table 2, appear to resist
corrosion very well in the catbonate but not as well in the
hydroxide. Figure 7 shows 99.8% AL O; before testing and
after testing in hydroxide. Corrosion pits are seen on the
surface after the hydroxide exposure; howsver, the same
material in carbonate is viriually untouched (it looked the
same as the untested material seen in the figure). Figure 11
iltustrates the influence of corrosion in these high density
AL O, materials. The grains of ALQy are represented by
large and small cireles bonded together with a glass stich as
Ca0 - 5i0,. 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, 1970; Janz and
Tompkins, 1979), which tends fo loosen and remove the
smaller particles, keading to a rougher appearance undera
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

Exposed

Side Exposed

Slde

Molien Salt -
apacC

Al2Q5 Particles
Bonded with
Cal*8iD; Glass

Glass Altacked
Remaoaving Smaller
Particles on the
Surface

Figure 11, Ilustration of the Influence of the Grain Boundary
Bonding Phase on the Corrosion «f Ceramivs.

Sixth Intarnationai Syrmposium an Salf, 1983— Vol it

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
hefore and after exposure {0 molten carbonate. The mate-
tial has crumbled along ihe edges after exposure, has
becore Jighter in color and the large grains are more in
evidence than before testing, which indicates that the
smalf grains have fallen away. Figure 13 illustrates how
molten salt has access to the interior of such a sampile
through the pores and can readily lcosen larger pieces of
matetial by attacking the siicate bonding material inside
the sample as well as on the surface, as with the dense
AlO, materiaks.

The carbonate corrosion resuits for ceramics shown in
Tables 2 and 3 indicate that several fused-cast materials,
the high purity window materials, severat dense Al;Q; ma-
terials, Zr(>; 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 materiai are the most
promising.

Comparisen 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

a b

Figuve 12. Refraciory Brick before and after Carbonate at
S00°C for 28 Hours.
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Side

e ————
Moiten Salt

v C ()O

Figure 13.  Iilustration of the Influence of Open Pores on the
Corroston of Ceramics.
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is abont 3 o 10 times more corrosive toward alloys and ce-
ramics. However, as discussed ecarlier, the corrosiveness
generally depends on the chemistry of the salt., Thus, re-
sults for a range of CO, and HyO 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
axide in the hydroxide than in the carbonate, which may
explaim the greater corrosiveness of the hedroxide.

SUMMARY AND CONCLUSIONS

This paper presented the applications for high-tempera-
ture molten salts as well as the chemical character of molen
sahis as applied to corrosion. We also presented the results
of experiments on the corrosion of materials in molten
cutectic Na,CQ,/K,CO; and in molten NaOH at 900°C.
The coupon exposure time in the carbonate saltf was zhoul
50 hours, while in the hydroxide salt it was about 8 hours.

We found the high-purity aluminuem oxide, magnesium
oxide, zirconium oxide and magnesium aluminate 1o be the
mast cotrosion resistant along with several types of fused-
cast refractories.

The corrosion results suggested that increased glass
phase leads to lower currosion 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 berter ac-
cess to the inferior of the material. Open porosity, asexhib-
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 spalted. Thus, the amount
of metal phase was continually decrcasing while the alloy
was being exposed {o these zales,

These results indieated that the hydroxide molten sait
was motre corrosive to both alloys and ceramics than car-
bonate molten salt at 900°C. Under the conditions ased in
these experiments, estimates of the oxide ion content for
the safrsindicated that the hydroxide had 10 times more ox-
ide ion than the carhonate. 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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