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CORROSION OF MATERIALS IN FUSED HYDROXIDES

G. P. Smith

ABSTRACT

Some of the fused alkali-metal hydroxides are of potential interest in reactor technology both

as coolants and as moderators. The property: which most discourages the use of these substances

is their corrosiveness,

The corrosion of ceramics and ceramic-related substances by fused hydroxides occurs both

by solution and by chemical reaction.

A few ceramics react with hydroxides by oxidation-

reduction reactions, but most have been found to be attacked by oxide-ion donor-acceptor re-

actions.

Magnesium oxide was the most corrosion-resistant of the ceramics which have been

tested, although several other ceramics ore sufficiently resistant to be useful.

The corrosion of metals and alloys by fused hydroxides takes place primarily by oxidation of

the metal, accompanied by reduction of hydroxyl ions to form hydrogen and oxide ions. Three side

reactions are known, but two of them are not important in most corrosion tests.

The corrosion

of alloys involves either the formation of subsurface voids within the alloy or the formation of

complex, two-phase corrosion products at the surface of the alloy.

Nickel is the most corrosion-

resistant metal which has been studied in fused sodium hydroxide.

Mass transfer, induced by temperature differentials, has been found to be the primary factor

limiting the use of metals which, under suitable conditions, do not corrode seriously.

1. INTRODUCTION

Some of the fused alkali-metal hydroxides are of
potential interest in reactor technology as moder-
ators, moderator-coolants, and, possibly, moderator-
fuel vehicles.! The heat-transfer properties of
these substances are sufficiently good for them
to have been recommended as heat-
transfer media.? For use as a high-temperature
moderator without a cooling function, sodium hy-
droxide possesses the virtues of being cheap and
available as contrasted with its competitors, either
liquid or solid. Furthermore, an essential sim-
plicity in reactor design is achieved by combining
in one material the two functions of slowing

industrial

There are only o few
substances which will do both at high tempera-
tures.

neutrons and cooling.3

Of the high-temperature moderator-coolants, the
fused alkali-metal hydroxides are among the most
stable with respect to both thermal dissociation
and radiation damage. It has been known for
some time that the alkali metal hydroxides should
be stable toward thermal dissociation. However,
not until recently have techniques been developed
whereby this dissociation could be quantitatively

measured. Steidlitz and Smith4 have shown that
this dissociation is relatively small, For example,
at 750°C the partial pressure of water in equi-
librium with fused sodium hydroxide is of the order
of magnitude of 0.1 mm Hg.

The radiation stability of fused hydroxides has
been reported by Hochanadel® with regard to
electron bombardment and by Keilholtz et al.® with
regard to neutron bombardment. The radiation
levels reported were very substantial, and no
evidence was found for radiation damage.

The property of fused alkali-metal hydroxides
which most discourages their application ot high
temperatures is their corrosiveness. It is the
purpose of this discussion to review the current
scientific status of studies of corrosion by fused
hydroxides. ,

During the past five years, knowledge of the
corrosive properties of fused hydroxides ot high
temperatures has increased considerably, Never-
theless, this is a new field of research and one
in which there has been found a remarkable variety
of corrosion phenomena, so that the areas of
ignorance are more impressive than the areas

of knowledge. For this reason, the writer has

UNCLASSIFIED |



chosen to place emphasis on some of the problems
which are most in need of solution. This review
will, accordingly, be concerned with the kinds of
corrosion phenomena which have been observed
rather than with the compilation of engineering
reference data. Moreover, with a view toward
stimulating further research, the writer has taken
the liberty of presenting a number of quite specu-
lative ideas on the origins of some of the corrosion
phenomena. Only in this way con many important
possible accomplishments of further research be

indicated.

In this report, the term ‘‘fused hydroxides’ is
taken to mean the fused alkali-metal hydroxides;
the exception is lithium hydroxide, which, like
the fused hydroxides of the alkaline-earth metals,
is less stable with regard to thermal dissociation
than the other alkali metal hydroxides. Most of
the available corrosion data are for fused sodium
hydroxide. Information on corrosion in fused po-
tassium hydroxide indicates that this substance
behaves qualitatively like sodium hydroxide. There
are very little dato availoble on the hydroxides
of rubidium and cesium,

2. ATOMIC NATURE OF FUSED 50DiUM
HYDROXIDE

Studies of electrical conductivity’ and of the
freezing-point depression by electrolyte solutes?
indicate that fused sodium hydroxide is a typical
fused eclectrolyte which obeys, at least approxi-
mately, the model of ideal behavior proposed for
such substances by Temkin.® Thus, sodium hy-
droxide consists of sodium ions and hydroxyl ions
held together by coulombic attraction such that
no cation may be considered bound to a particular
anion, although, on the aversge, each cation has
only anion neighbors and vice versa. When an
ionic sodium compound is dissolved in fused
sodium hydroxide, the cations of the solute become
indistinguishable from those of the solvent, The
hydroxyl anion is not a simple particle of unit
negative chorge but has o dipole structure and,
under suitable conditions, a polypole structure.10

3. CORROSION OF CERAMICS

Studies which have been made of the behavior
of ceramic materials in fused hydroxides are
limited in scope both as regards the variety of
substances tested and the information obtained on
any one substance. The use of petrography and

x-ray diffraction, which have been largely ignored

in the past, together with a proper regard for the
reactivity of muny corrosion products in contact
with moisture and carbon dioxide, is essential for
further progress.

The corrosion of ceramics and of ceramic-related
substances by fused hydroxides has been observed
to take place by solution and by chemical reaction.
A few of the chemical reactions which have been
observed were found to be oxidation-reduction re-
actions, These will be described briefly near the
end of this section. The majority of the known
reactions of ceramics and ceramic-related sub-
stances with fused hydroxides have been found
to be oxide-ien donor-acceptor reactions. This
kind of reaction in fused hydroxides may be treated
in a quantitative although formal way by appli-
cation of acid-base analeg theory. Such a treat-
ment is beyond the scope of this report. However,
some of the concepts derived from the theory of
oxide-ion donor-acceptor reactions are very useful
in describing the reactions between ceramics and
hydroxides and will be considered.

Solubility Relatiens in Fused Hydroxides, — A
ceramic material which is chemically inert toward
fused hydroxides might be limited in usefulness
because of appreciable solubility in these media.
There have besn very few quantitative measure-
ments of solubility relations in fused hydroxides,
and none of these measurements have been made
for substances which are of importance as ceramics.
However, in a discussion of the corrosion of
ceramics, such solubility relations must inevitably
be mentioned if only in a qualitative way.

There is a fundamental difference between solu-
bility relations in nonelectrolytes such as water
aond in fused electrolytes such as hydroxides.
Solutions of a simple ionic substance in water may
be described in terms of a binary system, while
such solutions in fused hydroxides are reciprocal
salt systems which require the specification of
four components provided that the solute does not
have an ien in common with the solvent. Under
special conditions reciprocal salt systems may
be treated as quasi-binary systems, but it is
unwise to assume such behavior in the absence
of confirmatory experimental evidence.

Metathesis reactions in aqueous media are, of
course, the manifestation of reciprocal salt solu-
bility relations. The corresponding type of re-
action in a fused hydroxide solution is complicated
by the fact that six composition variables would
in general be needed to describe the possible
solid phases which could precipitate from solution.



Oxide-lon Donor-Acceptor Reactions. — Many
chemical substances have a significant affinity for
oxide ions. Two well-known examples are carbon
dioxide and water, which react with oxide ions to
form, respectively, carbonate ions and hydroxyl
ions. Such substances are referred to as *‘oxide-
ion acceptors.”® Once an acceptor has reacted
with an oxide ion, it becomes a potential oxide-ion
donor and will give up its oxide ion to a stronger
acceptor. Thus, the hydroxy! ion is an oxide-ion
doner which is conjugate to, or derived from, the
oxide-ion acceptor, water. Carbon dioxide is a
stronger acceptor than water and hence will react
with hydroxyl ions to form carbonate ions and
water. Such a reaction may be viewed as a compe-
tition for oxide ions between the two acceptors,
carbon dioxide and water:

(3.1

CO, + 20H- = CO,~~ + H,0

acceptor | + donor Il = donor | + acceptor [l

The reaction goes in that direction which produces
the weakest donor-acceptor pair.

Many substances will behave toward hydroxyl
ions like carbon dioxide in Eq. 3.1; that is, they
will capture oxide ions and liberate water. This
is not necessarily because the acceptor in question
is intrinsically stronger than water. An acceptor
which is stronger than water must successfully
compete with water for oxide ions when water and
the acceptor in question are at the same concen-
tration. Frequently reactions like Eg. 3.7 take
place because water is easily volatilized from
fused hydroxides at high temperatures, and conse-
quently ifs concentration is very low compared
with the concentration of the competing oxide-ion
acceptor,
fused hydroxide may be maintained constant by
fixing the partial pressure of water over the melt.
Under this condition o comparison may be made

However, the water concentration in a

of the relative abilities of two oxide-ion acceptors
to capture oxide ions from hydroxyl ions in the
presence of the same fixed concentration of water.
Thus it is meaningful to speak of the relative
oxide-ion acceptor strengths of two substances in
fused hydroxide solutions.

As was pointed out in the preceding section,
when an ionic substance is dissolved in a fused
hydroxide, dissociation, in the sense of separation
of ions, occurs, and the cations and anions of the
dissolved substance behave as chemically separate
entities, This does not mean that compiex ions

may not form. It means that an ionic compound
such as sodium chloride dissolves as sodium ions
and chloride ions rather than as sodium chleride
molecules. . This concept of ionization is' the
foundation of most of the modern chemistry of fused
electrolytes. On the basis of this concept it is
postulated that, when an ionizable solute is dis-
solved to form a dilute in a fused
hydroxide medium, separate oxide-ion affinities
may be ascribed to the cations and to the anions
of the solute. Although there are definite limi-
tations to the application of this postulate, it is
very useful for two reasons. First, it provides a
satisfactory qualitative description of the known
reactions between solutes and hydroxyl ions in
fused hydroxides. Second, to the extent that this
postulate is true, it allows inferences to be made
about the reactivity of an untested ionic compound
composed of cations C* and anions A-, provided
that the behavior of C* and A~ is known separately
from the reactions of compounds which have as
cations only C* and other compounds which have
as anions only A~,

Considerations of the origin of the oxide-ion
affinity of cations, such as has been presented
by Dietzel'! and by Flood and Férland,'2 indicate
that cations of very low ionic potential should
have low oxide-ion affinities. The cations to be
found in this category are the alkali-metal and
alkaline-earth These ions have: ac-
cordingly been found to show only a weak-to-
negligible tendency to react with hydroxyl ions in
fused hydroxide solution.

Likewise,
small

solution

cations,

certain kinds of anions have such
oxide-ion affinities that they have been
found to show only a weak-to-negligible tendency
to capture oxide ions from hydroxyl ions in fused
hydroxide solution, The omions in this category
include the oxide ion, the halide ions, and some
oxysalt anions such as carbonate and sulfate.
Obviously, ortho-oxysalt anions belong in this
category inasmuch as they are all saturated with
oxide ions. lons which show little or no tendency
to accept oxide ions from hydroxyl ijons in fused
hydroxides will be referred to, for convenience,
as "‘saturated”’ ions. ,
Ceramics: with Saturated Cations and Saturated
Anions, - lonic compounds with soturated cations
and anions have thus far all proved to be tco
soluble for use as solid components in fused
hydroxide media. The alkali metal oxides!3 gnd
halides8:14 have been found to be quite soluble.



Barium chloride'3 showed significant solubility
in sodium hydroxide at 350°C. A sample of
calcium oxide fired at 1900°C to give an apparent
porosity of 3% was reported!® to be severely
attacked by fused sodium hydroxide at 538°C,
although other tests!3 indicate that its solubility
is small at 350°C.

Ceramics with Acceptor Cotions and Saturated
Anions, ~ A substantial proportion of the ceramics
and ceramicwrelated substonces which have been
tested in fused hydroxides is composed of cations
with appreciable oxide-ion acceptor strengths ond
anions which are saturated, Cations which accept
oxide ions from hydroxyl ions should do so by the
formation of either oxides or oxysalt anions,

The formation of an oxide by the reaction of an
acceptor cation with o fused hydroxide has been
observed in studies!3 of the reactions of mag-
nesium chloride and nicke!l chloride with fused
sodium hydroxide. These compounds reacted very
rapidly at 400°C to form insoluble magnesium oxide
and insoluble nickel oxide. The reaction of mag-
nesium chloride is given by the equation

(3.2) MgClz(solid) + 20H" (melt)

= MgO(solid) + 2CI~(melt) + H2O(gas)

Considerable data are available on the reaction
of oxides with hydroxyl ions. Three oxides, those
of magnesium, zinc, and thorium, have been tested
up to substantial temperatures without giving
evidence of reaction. Four oxides,
cerium(lV), nickel, zirconium, and aluminum, have
been shown under some conditions to have a sig-
nificant resistance toward reaction with hydroxyl
ions, although they are all known to be capoble
of reacting completely. Two oxides, those of
niobium(V) and titanium, have been found fo react
relatively rapidly at lower temperatures. Further
details on the above oxide-hydroxide reactions will
be given below.

those of

The action of fused sodium hydroxide on mag-
nesium oxide was studied by D'Ans ond L&ffler16
at temperotures up to 800°C, but they were unable
to detect any water evolution,  Steidlitz and
Smith, wheo made mass spectrometric determi-
nations of the goses evolved on heating sodium
hydroxide to 800°C in a vessel cut from a mag-
nesium oxide single crystal, found water vapor,
but its presence was accounted for quantitatively
in terms of the thermal dissociation of hydroxyl
ions in the presence of sodium ions. The chemical

stability of magnesium oxide in fused sodium
hydroxide is not surprising, since magnesium is
not known to occur in an oxysalt anion. 17

Magnesium oxide is not only chemically stable
in fused sodium hydroxide but is also quite in-
soluble. In corrosion tests, Steidlitz and Smith4
found that single-crystal specimens of magnesium
oxide in a large excess of anhydrous sodium
hydroxide at 800°C decreased in thickness by less

than 0.001 in. in 117 hr.

Water in fused sodium hydroxide has been found
to attack magnesium oxide. Boston!® reported that
anhydrous sodium hydroxide has no visible effect
on cleavage planes and polished surfaces of mag-
nesium oxide crystals up to 700°C but that the
presence of water vapor over the melt caused rapid
etching of the crystal surfaces. This effect of
water is entirely consistent with the oxide-ion
donor-acceptor concept.

The equilibrium between magnesium oxide and
water in the presence of sodium hydroxide may be
expressed as

(3.3)  MgO(s) + H,O(melt)

= 20H"(melt) + Mg (melt)

The activity of solid magnesium oxide, MgQ(s), is
Furthermore, the hydroxy! ions,
OH=(melt), are present in great excess and should
have approximately constant activity, Conse-
quently, the application of the law of mass action
to Eq. 3.3 shows that the activity of magnesium
ions in the melt should be proportional to the
activity of water in the melt; that is, an increase
in the conceniration of water in the melt should
increase the apparent solubility of magnesium
oxide.

a constant,

The practical application of magnesium oxide as
a ceramic material for service in fused anhydrous
hydroxides presents difficulties. Most sintered
compacts of pure magnesium oxide ore sufficiently
porous to absorb appreciable quantities of sodium
hydroxide. lLarge magnesium oxide single crystals
can be machined into fairly complicated shapes
when a special need for a particularly corrosion-
resistant part justifies the expense. At the Ock
Ridge Nationa! Laboratory, reaction vessels have
been machined from massive magnesium oxide
crystals, and in every instance such vessels have
proved to be very satisfactory containers for fused
sodium hydroxide,



Qualitatively, zinc oxide behaves much like
magnesium oxide in the presence of fused sodium
hydroxide. D'Ans and Léffler’® were unable to
find evidence of a reaction between zinc oxide
and anhydrous sodium hydroxide at 600°C. How-
ever, oxysalt anions of zinc are known to exist,!7?
and it is possible that a reaction occurs at temper-
atures above 600°C. D'Ans and Léffler report
that water greatly increased the apparent solubility
of zinc oxide in sodium hydroxide, This behavior
may be analogous to that of magnesium oxide, or
it may result from the formation of complex zinc
anions involving water.!? In a corrosion test!3
compressed and sintered zinc oxide was found to
have lost 8% in weight at 538°C.

Chemical studies'® on thorium oxide indicate
that it does not react with fused sodium hydroxide
up to 1000°C. However, no corrosion or solubility
data are available.

As pointed out above, cerium(lV) oxide, nickel
oxide, zirconium oxide, and aluminum oxide are
all known to react completely with sodium hy-
droxide under suitable conditions. However, they
_all have been reported to show considerable re-
sistance toward reaction under other conditions.

D*Ans and L&ffler!® found that cerium(lV) oxide
reacted very slowly with an excess of sodium
hydroxide, the interaction beginning first between
950 and 1000°C, but, surprisingly enough, an
excess of cerium(lV) oxide reacted more easily
at 900°C to give Na,CeO, and water. '

Nickel oxide was found!3 to be unreactive in
fused sodium hydroxide at 400°C, at least for short
periods of time. Williams and Miller?0 did not find
any reaction ‘even at 800°C for a period of 2 hr.
However, Mathews, Nauman, and Kruh2! found that
at 800°C nickel oxide reacted rapidly with sodium
hydroxide to give water and Na,NiQ, according to
the equation

(3.4)  NiO(s) + 2NaOH(l)
= NazNiOZ(s) + HZO(g)

The difference between the results of these two
groups of experimenters is not understood,
Zirconium oxide was found by D’Ans and Léffler!%
to react with excess sodium hydroxide to form
N022r03. However, corrosion tests on stabilized
zirconium oxide have shown this substance to be
resistant to attack. Craighead, Smith, Phillips,
and Jaffee!® found that stabilized zirconium oxide,
fired at 1700°C in either air or argon to give an
apparent density of less than 0.5%, was unaffected

by exposure to fused sodium hydroxide for 25 hr
at 538°C. Stabilized zirconium oxide differs from
the pure substance in having o different crystal
structure at the temperatures of interest here and
in having a few weight per cent of calcium or
magnesium oxide in solid solution, However, it
is difficult to see how these differences could
significantly alter the thermochemistry of the zir-

conium oxide—sodium hydroxide reoction, although

they may have an effect on the rate of reaction.
Aluminum oxide was found by D'Ans and Loffler'6
to react with sodium hydroxide to give the oxysalt
N02A|204. Craighead, Smith, Phillips, and Jaffee5
exposed a single crystal of aluminum oxide to
sodium hydroxide at 538°C and reported that the
erystal decreased in weight by 0.40% after 24 hr.
Simons, Stang, and Lagedrost22 used hot-pressed
A|203 as a pump bearing submerged in fused
sodium hydroxide ot 538°C. After 8 hr of pump
operation they were unable to detect any signs of
bearing wear or other dumage. Tests have also
been reported!5 for hot-pressed and for sintered
aluminum oxide. Weight changes which were
observed were less than those for single-crystal
material under the same conditions. This ‘sur-
prising result may have been caused by absorption
of hydroxide into pores of the hot-pressed sample,
which compensated for a weight loss. ~
The relatively good corrosion resistance of
aluminum oxide found in these corrosion tests is
confirmed by day-to-day experience at ORNL.
Vessels made of pure, binder-free, recrystallized
aluminum oxide without porosity have been found
to be excellent containers for fused sodium hy-
droxide under a wide variety of service conditions
where a small aluminate contamination could be
tolerated. It should be remembered, however, that
most commercial alumina and some so-called
“‘corundum ware’ have a silica or fluoride binder
which is readily attacked by fused hydroxides.
Niobium(V) oxide has been found to react very
readily with fused sodium hydroxide. Spitsyn and
Lapitskii?3 heated niobium(V) oxide with fused
sodium hydroxide for 1-hr periods at temperatures

of 350 to 650°C and found the reaction
(3.5) Nb205 + 10NaCH = ZNGSNBOS + SHzO

Titanium dioxide reacts readily with fused sodium
hydroxide at 800°C. D'Ans and Loffler!é studied
this reaction and concluded that when an excess of
hydroxide was present the reaction was not quanti-
tative but that an equilibrium existed, probably



between sodium orthotitanate and a metatitanate.
Such an equilibrium might be as follows:

(3.6) Na,Ti,0, + 2NaOM = 2Na,TiO, + H,0

In corrosion tests,!'? titanium dioxide ceramics
sintered at 760°C were found to be very severely
attacked by sodium hydroxide at 538°C.

Inasmuch as sodium aluminate appears to be
stable in fused sodium hydroxide, it might be
supposed that the aluminate anion is of itself inert.
It has been shown!S that ceramics with compo-
sitions in the neighborhood of MgAl,O, are quite
corrosion-resistant in fused sodium hydroxide.
This is not surprising, hecause sodium
aluminate has a low solubility and the magnesium
ion would tend to react to give magnesium oxide,
which is very corrosion-resistant.

result

Ceromics with Saturated Cotions and Accepter
Anions., — The saturafed cations, as pointed out
above, are those of the alkali and alkaline-earth
metals. Only a few tests have been made on
compounds with cations which are saturated and
anions which will accept oxide ions from hydroxyl
ions, and they have been limited to the sodium
oxysalts with high oxide-ion affinities. Obviously,
such substances should not be corrosion-resistant.
However, an examination of their behavior will
serve to illustrate the kinds of reactions which
anions undergo.

The chemical composition of a sodium oxysalt
can always be expressed in terms of the number
of equivalent weights of sodium oxide per equivalent
weight of the other oxide of which the oxysalt is
stoichiometrically composed, For convenience,
this quantity will be designated as X.

In general, the greater the 2 value of an oxysalt,
the less will be the oxide-ion affinity of its anion
as compored with other cniens composed of the
same elements. Therefore, if an oxide is found
1o react with fused sodium hydroxide to yield at
equilibrium an oxysalt with a value of ¥ equal to
o and if there are other oxysalts of the oxide in
question with values of Y less than ¢, it may be
presumed that the other oxysalts will also react
with fused sodium hydroxide. This well-known
postulate, herein colled the **% postulate,'’ under-
lies all phase-diagrom work in which an oxide-ion
donor such as sodium carbonate is used as a
source of oxide ions,

In agreement with this postulate Spitsyn and
Lapitskii2® showed that sodium metaniobate(V),

like niobium(V) oxide, reacts with sodium hy-
droxide to give sodium orthoniobate(V). This
reaction is as follows:

(3.7) NaNbO, + 4NaOH = NagNbQ, + 2H,0

Some information is available on two nonmetallic
systems of sodium oxysalts, [t has been known
for a long time that silicon dioxide, boron oxide,
the silicates with smoll 2 values, the borates of
boron{l1l) with small 2 values, and the glasses
bosed on these substances nearly all react readily
with fused hydroxides to form water and the more
alkaline silicates and borates. This reactivity has
been utilized for many years in the solubilization
of minerals by a process known as alkali fusion.
On the other hand, very little information is
available on the action of fused hydroxides on
the more alkaline silicates and borates, many of
which should be relatively unreactive toward fused
hydroxides provided that they contain unreactive
cations.

From a knowledge of the end products of alkali
fusions it would be possible to estimate the
reactivity of the silicates and borates with high
2 values by application of the X postulate. Un-
fortunately, there are very few data of this kind.
Usuolly the products of alkali fusions are not

examined until ofter they have been hydrolyzed.

The results of two experiments are available,
however.  First, Morey and Merwin?4 mention,
without giving experimental conditions, that sadium
pyroborate is stable in fused sodium hydroxide.
Second, D’Ans and L&ffler’® found that silicon
dioxide reacts with an excess of sodium hydroxide
to yield an equilibrium between the pyrosilicate
and the orthosilicate as follows:

(3.8) No,S$i,0, + 2NaOH = 2Na,Si0, + H,0

From these dota it is concluded that borates with
3 less than 2 and silicates with 2 less than 1.5
will react in a similar fashion. This rather terse
conclusion can be interpreted in terms of the
structural chemistry of the borates and the sili-
cates.

Oxygen atoms in simple borates and silicates are
of twe kinds: those which are bound to two boron
or silicon atoms and form so-called ‘‘oxygen
bridges'’ and those which are bound to only one
boron or silicon atom and carry o negative charge,
Thus, the pyroborate ion has one oxygen bridge



and may be structurally represented as
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When an oxide ion reacts with a borate or sili-
cate, an oxygen bridge is broken and is replaced
by two nonbridge oxygen atoms. Thus, the pyro-
borate ion shown above can react with one oxide
ion to form two orthoborate ions each with the
following structure:

-0 o-
N
1
The X postulate implies that the greater the number
of oxygen bridges attached to o given boron or
silicon atom, the greater the oxide-ion affinity of
that atom. Since simple borates and silicates with
¥ greater than 2 and 1.5, respectively, react with
sodium hydroxide, it is concluded that for these
compounds a boron or silicon atom with more than
one oxygen bridge has sufficient oxide-ion affinity
to accept an oxide ion from a hydroxyl ion.

There are other alternatives to the structural
interpretation of silicate and borate reactions in
fused hydroxides. For example, equilibrium 3.8
is thermodynamically consistent with the as-
sumption that, rather than the oxygen bridge in
the melt being a physical entity, the pyrosilicate
ions (known tfo exist in solids) dissociate info
orthosilicate and SiQ, 2~ ions. Another alternative
is that there is an equilibrium in the melt between
Si20 6~ on the one hand and 5i044" and Si03,2“
on the other without either one or the other pre-
dominating. The present technique of studying
fused electrolytes does not make it possible to
determine which reaction takes place. ;

Oxidation-Reduction Reactions. — Only a few
examples have been found of oxidation-reduction
reactions of ceramics and ceramic-related sub-
stances in fused anhydrous hydroxides. Further-
more, all oxides and oxysalts which contain metals
capable of existing in more than one valence state
in fused hydroxides should undergo oxidation or
reduction reactions, There are very few studies
of oxidationreduction reactions of oxides or oxy-
salts in fused hydroxides. In the former category
the behavior of silicon and carbon, two elements
which might be considered ceramics, has been
studied.

As shown by LeBlanc and Weyl,2% silicon reacts
violently when displacing hydrogen from fused
potassium hydroxide at 400°C. The over-all re-
action was not determined, but an obvious guess,
on the basis of the information in the preceding
section, is that the orthosilicate is formed ac-
cording to the equation

(3.9) Si + 4NaOH = Na45i04 + 2H2

Carbon in the form of massive graphite shows
very little tendency to react at temperatures up to
500°C but does absorb some hydroxide because
of its porosity. However, it has been demonstrated
that oxidation of graphite does occur, although not
rapidly, at temperatures as low as 500°C. Keitchen
and Overholser?® made o careful study of the
action of a large excess of sodium hydroxide on
graphite (possible oxidants other than the. hy-
droxide were excluded) and found that, above
500°C, graphite is oxidized to form sodium car-
bonate. At 815°C, graphite has been shown to
react quite rapidly.!®

D’Ans and L&ffler'é report that under an atmos-
phere of nitrogen, iron(l1!) oxide reacts with fused
sodium hydroxide to give mostly sodium ferrate(lll),
with a small amount of an oxysalt in a higher
valence state, which they suggest may have been
sodium ferrate(V1).

Corrosion of Other Kinds of Ceramics. — The
action of sodium hydroxide on a number of other
kinds of ceramics such as carbides has been
studied!d in corrosion tests. However, no experi-
mental information was obtained which would
identify the chemical reactions.

Secondary Corrosion Phenomena. — The three
causes of the deterioration of ceramic bodies,
which will be considered secondary in the sense
that they do not reflect the intrinsic chemical
reactivity of the primary ceramic constituents; are
spalling, binder attack, and pore penetration.

It is well known that many ceramics spall when
subjected fo severe thermal shock. Occasionally,
however, spalling which resulted from the im-
mersion of a cold specimen into a hot liquid has
been confused with corrosion.

Many ceramic bodies contain binders which have
different chemical properties from those of the
principal constituent., Some of the more common
binders are among the most reactive materials in
fused hydroxides, so that aitack on the binder
causes disintegration of the ceramic body. An
example of this is the attack of fused hydroxides



on magnesia ond alumina. The pure oxides MgO
and Al,O, are resistont to corrosion by fused
hydroxides. However, these substances are fre-
quently fabricated with the aid of o high-silica
binder, which is strongly attacked.

Fused hydroxides show & pronounced capillary
activity, ond they very readily penetrate small
pores and cracks in ceramic wmaterials, There is
no evidence that such pore penetrotion will of
itself couse disintegration of the ceramic. How-
ever, ceramic specimens are frequently washed
with water after test to remove adhering hydroxide

Under

these conditions o hydroxide-impregnated specimen

and are exposed to air during examination,

will disintegrate, since the hydroxide rapidly forms
hydrates or hydrated carbonates with appreciable
volume expansion. Such behavior has been obh-
served for porous specimens made of pure mag-
nesium oxide and pure aluminum oxide.

The pronounced capillary activity of fused hy-
droxides leads to other difficulties in corrosion
tests., Fused hydroxides wet o very wide variety
of substances, both metallic and nonmetallic, and
show a strong tendency to creep. This property
has not been observed to bhe serious near the
melting point of the hydroxide, but at higher
temperatures it presents significant experimental
difficulties.

Summasry. — Studies which have been made of the
behavior of ceramic materials in fused hydroxides
are limited in scope both as regards the variety of
substances tested and the information ebtained on
any one substance. The corrosion of ceramics and
ceramic-related materials has been found to occur
both by solution and by chemical reaction. A few
substances, among them graphite and silicon, were
found to undergo oxidation-reduction reactions, but
for the majority of compounds the attack proceeded
by an oxide-ion donor-acceptor reaction.

Compounds of the alkali and alkaline-earth
metals such as oxides, halides, and saturated
oxysalts have not been found to react with fused
sodium hydroxide but have usually shown ap-
preciable solubility, Compounds of other metals
with the above onions were found to react by an
oxide-ion acceptor-donor wmechanism to form an
oxide of the metal or to form an oxysalt,

Oxides of magnesium, zinc, and thorium have
been tested at substantial temperatures without
giving evidence of chemical reaction.
oxide is very corrosion-resistant in anhydrous
sodium hydroxide but is susceptible to mild attack

Magnesium

Zinc oxide is not so
corrosion-resistant as magnesium oxide, No cor-
rosion data are available on thorium oxide.

Oxides of cerium(lV), nickel, zirconium, and
aluminum have been shown under some conditions

by small amounts of water.

to have a significant resistance toward reaction
with hydroxyl ions, although they are all known to
be capable of reacting by an oxide-ion donor-
Under many conditions alu-
minum oxide is sufficiently inert to serve as o
useful container material for fused hydroxides.

Oxides of niobium(V) and titanium react fairly
readily with fused sodium hydroxide by an oxide-
ion donor-gcceptor mechanism ot relatively low
temperotures,

acceptor mechanism,

There have been very few studies of compounds
contuining reactive anions but unreactive cations.
In the few examples known, the reactions all
procesded by oxide-ion donor-acceptor mechanisms.
Indications are that the oxide-ion affinity of simple
borates in fused hydroxides is not satisfied until
the pyroborate anion is formed. Simple silicates
react by o mechanism like that of the borates, but
the end product seems to be an equilibrium between
the pyrosilicate and orthosilicate anions.

The corrosion resistance of a fabricated ceramic
body is dependent on the intrinsic solubility and
chemical stability of the primary constituents and
is also determined by porosity and the resistance
to attack of any binder material it may contain.

4, CORROSIOM OF METALS

Studies have been made of the action of fused
hydroxides on at least 31 elemental metals and
65 alloy compositions. The results of these
studies show a wide variety of corrosion phe-
nomena. In the following discussion, only the
more common types of corrosion will be treated.
These types will be illusirated by the better known
examples.

Comrosion of Metols by Oxidotion. — The oxi-
dation of metal atoms to form ions is a basic step
in the corrosion of metals by fused hydroxides.
Oxidation may be caused by the action of hydroxyl
alkali ions, or foreign substances
dissolved in the hydroxide.

Cemrasion by Hydroxyl lons, - Oxidation by
hydroxy!l ions is the most common form of corrosion
of metals in fused hydroxides.
the hydroxyl ions are reduced to hydrogen and
oxide ions, while the metal is oxidized to form
metal ions. These metal ions may dissclve as

ions, metal

In such reactions



such or may act as oxide-ion acceptors and form
an oxide or an oxysalt, Oxide-ion acceptor re-
actions were discussed in the preceding section
on ceramics.

For a metal M of valence v, the basic step:in
corrosion by hydroxy! ions may be represented as

(4.1) M + LOH= = MY* 4+ ,O-= 4+ 12- H,

It has been demonstrated that this reaction occurs
for a wide variety of metals from the most reactive
to the most inert.

In a few instances this hydroxyl ion reaction is
accompanied by a side reaction which produces o
hydride of the metal. If the hydride is volatile, it
may escape; thus arsine and stibine are evolved
from the reactions of arsenic and antimony, re-
spectively, with fused sodium hydroxide.?” If the
hydride is not volatile, it may react with the
hydroxide as do the alkali metal hydrides, This
side reaction does not seem to be important in the
corrosion of most metals. Water is formed in a
second side reaction which is sometimes observed.
The possible processes involved here will be
discussed later.

Attempts to account for the relative corrosion
resistance of different metals toward fused hy-
droxides have had only limited success. There
is some correlation between the standard free
energies of formation of the oxides and corrosion
resistance, as has been pointed out by Brasunas,?8
The metals whose oxides are most stable ore
frequently the least corrosion-resistant and vice
versa, Thus calcium with a very stable oxide
reacts vigorously with fused hydroxides, while
silver with a relatively unstable oxide is fairly
corrosion-resistant. This correlation, however, is
no more than a rough, general guide. For example,
nickel is more corrosionresistant to fused hy-
droxides than gold is, although gold oxide is much
less stable than nickel oxide. - ‘

For present purposes, elemental metals will be
classified in two groups according to corrosion
resistance toward fused sodium hydroxide. The
first group consists of those metals which seem
to be strongly and irrepressibly attocked by hy-
droxy! ions at 500°C under all conditions which
have been studied. This group includes alkaline-
earth metals, antimony, arsenic, beryllium, cerium,
niobium, magnesium, manganese, molybdenum, tan-
talum, titanium, tungsten, and vanadium., The
second group consists of those metals which show
a measure of corrosion resistance toward fused

sodium hydroxide under suitable conditions at
500°C. This group includes aluminum, bismuth,
chromium, cobalt, copper, gold, indium, iron, lead,
nickel, palladium, platinum, silver, and zirconium,
The second group is, of course, of more interest.
Some of the metals appear to be corrosion-resistant
because of protective film formation, while others
appear to be corrosion-resistant under suitable
conditions because the thermodynamic driving force
is small, Aluminum will serve as an example of
a metal which seems to be protected by film
formation, and nickel is an example of a metal
which can be maintained almost in thermodynamic
equilibrium with the melt under isothermal con-
ditions. Film formation will be considered first.

There is no thermodynamic barrier to the reaction
of aluminum with sodium hydroxide no matter
whether the reaction product is aluminum oxide
or sodium aluminate or whether the product occurs
as a solid phase or is dissolved in the melt. Free-
energy changes which accompany the possible
reactions between aluminum and sodium hydroxide
have been estimated and were shown to be quite
negative. The hydrogen pressure required 1o
reverse these reactions was likewise shown to be
much greater than any hydrogen pressures thus far
encountered in corrosion tests. Mevertheless, at
lower temperatures the reaction between aluminum
and fused hydroxides proceeds slowly, Craighead,
Smith, and Jaffee?? tested 25 and high-purity
aluminum in fused sodium hydroxide for 24 hr at
538°C. The specimen of 25 aluminum lost 0.337
mg/em? in weight and pitted slightly, while the
high-purity aluminum lost 1.68 mg/cm? but showed
no other signs of corrosion on metallographic
examination. The origin of the corrosion re-
sistance of aluminum is not known, but in view
of the corrosion resistance of aluminum oxide (see
Sec. 3, ““Corrosion of Ceramics”’) it seems probable
that the reaction of hydroxyl ions with aluminum
produces at first o thin, protective film of oxide,
which then very slowly reacts to form the slightly
soluble aluminate. '

Nickel represents a metal which can be held,
even at high temperatures, almost at thermodyriamic
equilibrium with the melt. The corrosion rate of
nickel at high temperatures has been found to be
dependent on the partial pressure of hydrogen over
the melt. Under 1 atm of hydrogen, nickel shows
only negligible signs of corrosion in fused sodium
hydroxide for 100 hr up to 815°C, provided' that

thermal gradients are absent, as shown by Smith,



Steidlitz, and Hoffman.?9 However, if the hydrogen
atmosphere is not maintained, the corrosion rate
of nickel in fused sodium hydroxide may become
very rapid at high temperotures. Williams and
Miller?® and Petersen and Smith'3 have studied
this reaction under such conditions that the hy-
drogen which formed was removed by high-speed
vocuum pumping. It was found that below 400°C
the reaction is exceedingly slow but that obove
800°C it is exceedingly ropid. The only gaseous
product found was hydrogen. The metal formed a
sodium nickelate(ll) of uncertain composition but
was probably Na,NiO,.
represented by

(4.2) Ni(s) + 2NaOH(l) = Na,NiO,(s) + H,(g)

This reaction might be

Williams and Miller?® suggested that the product
of the above reaction might be either a compound
or a mixture of sodium oxide and nickel oxide,
Petersen and Smith'? isolated single crystals of
the reaction product and were able to obtain the
unit ce!l dimensions by x-ray methods. The results
left no doubt that the reaction product which they
cbtained was a sodium nickelate(ll) compound.

In other studies at 950°C the hydrogen which
formed was not rapidly evacuated from the system
but was removed slowly so that a significant
partio! pressure existed over the melt. Under these
conditions, Peoples, Miller, and Hannan3! and
Mathews, Nauman, and Kruh?! report that con-
siderable water vapor was evolved. Mathews et al.
found that water and hydrogen were evolved ap-
proximately in an equal molar ratio and suggested
that the corrosion process consisted in two steps:
the formation of nickel oxide with the evolution of
hydrogen,

(4.3) Ni + 2NaOH = NiO + N020 + H,
followed by
(4.4)  NiO + 2NaOH = Na,Ni0, + H,0

The latter reaction was discussed in Sec. 3. The
over-all reaction would be

(4.5) Ni + 4NaOH
= NazNiO2 + NozCl 1 HZO + H2

Peoples, Miller, and Hannan®! did not check the
hydrogen-water correlation, but they, also, sug-
gested eguations similar to those above as a
source of water,

An additional source of water was also postu-
lated by both Williams and Mitler2? and by Pecples,
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Miller, and Hannan,3! namely, the reduction of

oxide ions by hydrogen when the latter is present
in sufficient concentration., Such a reduction of
oxide ions would have to be accompanied by «
reduciion of positive ions such as nickel ions
either in NiQ or in NazNioz.

There are several kinds of evidence which
support the plausibility of this second postulate.
It is known from the work of Pray and Miller32
that the sodium nickelate(!!) which is formed from
the hydroxide-nickel reaction can be reduced to
metallic nickel by a partial pressure of hydrogen
of 0.1 atm at 950°C.
and sodium hydroxide, particulate nickel is fre-
quently found in the hydroxide phase. Mathews,
Nauman, and Kruh2! found particulate nickel in
the experiments from which they deduced Eqgs. 4.3
and 4.4. Willioms and Miller?® reported that in
their experiments there was a definite correlation

In reactions betwesen nickel

beiween the occurrence of particulate nickel in
the melt and the occurrence of water in the gas
phase and that neither particulate nicke! nor water
occurred if the hydrogen evolved was removed
rapidly enough for its partial pressure over the
melt to remain low.

Data on the action of hydroxy! ions on the metals
bismuth, chromium, cobalt, copper, gold, indium,
iron, lead, polladium, platinum, and silver are very
fragmentary, and no attempt at a review will be
made here except to point out two facts which are
important  in
generally.

First, Lad®3 has shown that, when chromium
reacts with fused sodium hydroxide, it is oxidized
first to a lower valence state and is followed by
a very slow oxidation to a higher valence state.
Similar data are not available for other metals
which have more than one oxidation state in fused
hydroxides, but the work of Lad suggests that the
reaction kinetics of such metals in fused hy-
droxides may be quite complicated.

evaluating corrosion mechanisms

Second, although the reaction between nickel and
sodium hydroxide can be inhibited by hydrogen,
Williams and Miller?® have shown that hydrogen
has no inhibiting effect on the reaction of iron with
sodium hydroxide. Furthermore, they were unable
to find any metallic iron resulting from attempts
at hydrogen reduction of iron corrosion products
in the presence of fused sodium hydroxide. This
result is important in a consideration of the
mechanisms of mass transfer in fused hydroxides
and will be discussed in Sec. 5.



Corrosion by Alkali Metal fons, ~ The ability
of metals such as iron to reduce alkali metal jons
in fused alkali-metal hydroxides has been known
for more than a century and was at one time used
in the laboratory preparation of the alkali metals.
LeBlane and Weyl?® reported that chromium, mo-
lybdenum, fungsten, magnesium, and sodium were
found to displace potassium metal, as well as
hydrogen, from fused potassium hydroxide. Villard¥4
found that fused sodium hydroxide was reduced to
give sodium or sodium hydride by magnesium,
chromium, tungsten, iron, cobalt, nickel, and fervo-
manganese. Brasunas?® found that zirconium
reduced sodium hydroxide to give sodium metal
and hydrogen.

Williams and Miller?® reported that nickel acts
on fused sodium hydroxide in ¢ two-step process
by which hydroxy! ions are reduced and, stter they
are consumed, sodium ions are reduced. This
sequence of events corresponds to the reaction
in which sodium nickelate(il) is formed and then
the sodium ions are reduced in the nickelate,

From the standpoint of over-all reactions it might
be concluded that (1) mild reducing agents such
as nickel act first on hydroxyl ions and when they
are reduced to a low concentration, sodium ions
are attacked; (2) very strong reducing agents like
zirconium act on both kinds of ions at the same
time. However, the experimental findings are also
consistent with the postulate that hydroxyl ond
sodium ions are simultaneously reduced by all

metals. Sodium-ion reduction may be represented
as
(4.6) Ni + 2Na™ = Ni*™ + 2Ng

The sodium thus generated con react with hydroxyl
ions as follows: :

(4.7) 2Na + 20H~ = 2Na® + 207~ + H,

't reaction 4.7 proceeds as rapidly as sodium is
generated, the net result is as though only hydroxyl
ions hod been reduced. As the concentration of
hydroxy! ions decreases, reaction 4.7 will proceed
more slowly, until finally sedium is generated
faster than it is consumed. In the case of the very
active metals such as zirconium, the rote of gener-
ation of sodium may be much more rapid than the
rate of reaction 4.7 even for a high concentration
of hydroxyl ions. Petersen and Smith!? studied
the reduction of sodium hydroxide by sodium and
found thot it was not by any meuns so rapid os
reduction by such active metals as calcium,

The action of weok reducing agents such as
nicke!l on alkali metal ions in fused hydroxides
would be brought to equilibrium by a very small
concentration of the alkali metal. Hence, the
generation of appreciable quantities of alkali metal
is only possible under conditions in which the
alkali metal can escape from the reacting mixture,
Gold forms an alloy with sodium, so that in the
sodium hydroxide—gold reaction some sodium may
be removed from the field of reaction by alioy
formation, as was pointed out by Williams and
Milier.?% [n corrosion tests ot temperatures above
800°C smoll amounts of sodium metal have some-
times been found on cooler parts of the apparatus
above the liquid, Presumably, this metal had
distilled out of the melt. However, under the
conditions of most corrosion fests on relatively
corrosionresistant metals in fused hydroxides
below 800°C, appreciable quantities of alkali’ metal
are never found, Therefore, from the standpoint of
the thermodynamics of corrosion, over-all reactions
in which alkali metals are produced would seem
to be of: little importance. MNevertheless, such
reactions may be quite significant in the kinetics
of corrosion. ,

Corrosion by Oxidizing ‘Solutes., — Dissolved
oxygen and the peroxide ion are known to be
powerful oxidizing agents in fused hydroxides. By
using such solutions, Dyer, Borie, and Smith33
were able to cause very rapid corrosion of nickel
with the production of oxysalts in a valence state
greater than 2.

Water at sufficient concentrations seems o act
as o weak oxidizing agent. Peoples, Miller, and
Hannan®? reported that at 950°C small additions
of water to the blanketing atmosphere over fused
sodium hydroxide had little effect on the corrosion
rate of nickel but that substantial amounts of water
made the corrosion much more severe.

Comosion of Alloys. —~ Although nickel has a
superior corrosion resistance in fused hydroxides
at high temperatures, it has a low mechanical
strength. Consequently, studies have been made
of the effect of alloying constituents on corrosion
behavior with the ultimate aim of obtaining a4 ma-
terial which is both corrosion-resistant and use-
fully strong.

There is no evidence as yet that the corrosion of
alioys by fused hydroxides involves any kind of
chemical reaction which is different from that en-
countered with elemental metals. However, an
examination of microstructures shows two corrosion
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phenomena distinciive of alloys: (1) the formation
of pores or voids beneath the surface of the cor-
roded alloy and (2) the fomnation of complex, iwo-
phase, corrosion products at the surface and along
the grain boundaries of the corroded alloy. Ex
amples of each of these forms of corrosion will be
cited below from the work of Smith, Steidlitz, and
Hoffman, 30

The formation of pores or subsurface voids was
found to be characteristic of the attack of fused
sodium hydroxide on high-purity nickel-iron alloys.
Nickel exposed to fused sodium hydroxide at 815°C
for 100 hr in an evacuated capsule was found to be
slightly etched, with an average loss in thickress
of 4.5 x 1073 in. as compuied from weight-change
data. lron under the same conditions was found
to lose about 100 times as much in thickness. A
high-purity nickel-iron alloy containing 20 wt %
iron not only suffered attack by removal of surface

Fig. 1.

metal but also developed subsurface voids to a
depth of 3to 5 x 1073 in.

Subsurface void formation is not an uncommon
phenomenon in high-temperatfure corrosion. Manly
and Grant38 proposed a mechanism for this form of
coirosion based on the well-established theory of
void formation during interdiffusion of metals.
Brasunas3’ has discussed this theory ond has
presented some peitinent experimental data. Quali-
tatively, the theory con be applied to hydroxide
corrosion of nickel-iron alloys as follows. During
the enrly stages of corrosion, the iron atoms at the
surface of the metal specimen are oxidized much
more rapidly than the nickel atoms. As a result,
the surface becomes depleted in iron. This deple-
tion establishes a concentration gradient in the
proper direction to cause a diffusion of iron from
the interior of the specimen to the surface, where

reaction continues. The diffusion of iron is pre-
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Complex Corrosion Product Layer Formed on Surfoce of Carpsnter Compensator 30 Alloy

(Nomina! Composition 30% Ni, 70% Fza) by Action of Fused NaOH for 100 hr ot 815°C. 250X. (From the

studies of Smith, Steidlitz, and Hoffman, ORNL)
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sumed to occur by o vacantlaitice-site mechanism
so that there is a flux of vacencies diffusing from
the surface into the interior of the specimen. Since
the crystal lattice cannot maintain more then a
certain concentration of vacant lattice sites, the
excess vacancies, which eccumulate from inward
diffusion, “‘precipitate’’ as voids. These voids
continue to grow as long as the inward flux is
maintained.

Subsurface void formation has been found not
high-purity nickel-iron alloys but also
in high-purity nickel-molybdenum and nickel-iron-
molybdenum alloys with a high nickel content,
Pure molybdeaum under the same test conditions
was severely atracked.

As an example of the second kind of comosion
phenomenon characteristic of the corosion of
alloys by fused hydroxides, Fig. 1 shows in cross
section a corrosion product layer which formed on

only in

o specimen of Carpenter Compensator 30 colloy
(nomina! composition 30% Ni, 70% Fe) exposed 1o
fused sedium hydroxide for 100 hr at 815°C. - The
corrosion product layer consisted of three zones:
(1) an irregular, gray layer of nonmetailic material
in contuct with the fused hydrexide; (2) beneath
this layer, a zone consisting of a mixture of me-
tallic ond nonmetallic phases; (3) last, a zone of
intergranular penetration. The formation of such
complex layers of corrosion products was charace
teristic of the comresion of ¢ number of alloys, in-
cluding the commercial nickel-iron-chromium alloys.
Very few alloys show all .three zones seen in
Fig. 1. Usually the zone of massive nonmetallic
material is obsent, and, under suitable conditilons,
one of the other two zones may be absent.

Figure 2 shows the carrosion preduct formed on
Timken 35-15 alloy (nominal composition 35% Ni,
15% Cr, 50% Fe) after exposure to fused sodium

Fig. 2. Corrosion Product Layer Formed on Timken 35-15 Alloy {Mominal Composition 35% Ni, 15%

Cr, 50% Fe) by the Action of Fused NaOH for 100 hr at 815°C.

Steidlitz, and Hoffman, ORNL)

100X, (From the studies of Smith,
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hydroxide for 100 hr ai 815°C. Here, only the zone
consisting of a metallic and nonmetallic phase is
to be seen, with a rudimentary grain boundary at-
tack appearing at the comosion product--base alloy
interface.

Of the various metals which form complex cer-
rosion-product layers in fused hydroxides, only
Incone! has been extensively studied. Results
with this metal illusirate the structural complexity
of the layers. Most of the tests have been con-
ducted for various times up to 100 hr, at various
temperatures up to 800°C, and under blanketing
atmospheres of purified helium and of purified hy-
drogen at 1 atm. The results obtained for tests
under helium were quite different from those ob-
tained for tests under hydrogen with regard to both
coirosion rate ond microstructure of the corrosion
product,

Under a blanketing atmosphere of hydrogen,
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lncone! showed a slight amount of corrosion ofter
100 hr at 600°C. From 600 to 800°C the corrosion
increased very ropidly. At all temperaiures core
rosion begon as grain boundary attack, an example
of which is shown in Fig. 3. When these grain
boundaiy regions were examined at a high magnifi-
cation, it was found that a corosion product had
formed in these regions and that this corrosion
product consisted of a metallic matrix within which
were acicular particles of a nonmetallic phase.
After grain boundary attack had advonced a few
thousandths of an inch into the alloy, a mossive,
twe-phase, corrosion product layer had begun to
form on the surface and to thicken with time. Fig-
ure 4 shows the microstructure of this two-phase
layer at a high magnification,

The corrosion rate of Inconel at a given tempera~
ture waos significantly greater under o blanketing
atmosphere of helium than under hydragen. A mas-
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Fig. 3. Grain Boundary Attack ot the Surface of an Inconel Specimen Exposed to Fused NoDH for 100
hr ot 600°C. 250X. (From the studies of Smith, Steidlitz, and Hoffman, ORNL)
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Fig. 4. Microstructure Typical of the Corrosion Product Layer Formed on Inconel by Exposure o Fused
NaOH Under o Blonketing Atmosphere of Hydrogen for Periods of up to 100 hr ot Temperatures above
650°C, 1000X. (From the sfu:dies of Smith, Steidlitz, and Hoffman, ORNL)

sive, two-phase zone also formed under helium, but
the microstructure was gquite different, as can be
seen in Fig. 5. ,

Other, quite different, two-phase, corrosion prod-
uct microstructures were observed when Inconel
was corroded by fused sodium hydroxide to which
various inorgonic compounds had been added. - In
oll cases the layer of corrosion product consisted
of various geometric arrangements of nonmetallic
particles within a metallic matrix.

A study is now being made to determine the
chemical nature of the phases which occur in the
corrosion product layers on Inconel. It is as yet
too early for any firm conclusions to be drawn other
than those that the metallic matrix is depleted in
chromium and that the nonmetallic particles have o
relatively high content of a sodium oxysalt.

Summary. -~ Studies have been made of the action

of fused hydroxides on at least 31 elemental metals
ond 65 alloy compositions. Most of the results
can be interpreted in terms of the oxidation of the
metal accompanied by the reduction of hydroxyl
ions to form hydrogen and oxide ions. The oxidized
metal may occur either as an oxide or as an oxy-
salt, Three complicating side reactions are some-
times found: the formation of a metal hydride, the
reduction of alkali metal ions, and the production
of water, S

Film formation is apporently important in the
corrosion resistance of aluminum in fused sodium
hydroxide. _

The corrosion of nickel by fused sodium hydrox-
ide under isothermal conditions con be stopped
almost cltogether at temperatures as high as 815°C
by the application of a pressure of hydrogen of
1 atm over the melt.
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Fig. 5. Microstructure Typical of the Corrosion Product Layer Formed on Incore! by Exposure to Fused
NaOH Under o Blanketing Atmasphere of Helium for Pariods of up to 100 hr at Temperatures above 650°C,
The Cu plate was applied after test to protect the edge of the specimen during metallographic polishing.
1000X. (From the studies of Smith, Steidlitz, and Hoffman, ORNL)

The chemistry of the reaction between nickel and
sodium hydroxide has been extensively investi-
gated but is still not well understoad. For all
metals other than nickel, details on the chemistry
of corrosion reactions in fused hydroxides are very
fragmentary.

The corrosion of alloys by fused sodium hydrox-
ide does not seem to involve any kind of reaction
which is different from the reactions encountered
with elemental metals. However, the microstruc-
tures of comreded alloys show the distinctive cor-
rosion phenomena of the formation of subsurface
voids and the formation of complex, two-phase cor-
rosion products at the surface of the alloy and
along grain boundaries near the surface.
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5. MASS TRANSFER

When liquids are circulated through metal plumb-
ing systems at high temperatures, it is offen found
that the hot parts of the plumbing are corroded and
that the metal thus removed is deposited in the
cool parts of the system. This cormosion-related
phenomenon, usually called “mass transfer,” is a
particularly serious problem with fused hydroxides.
Mass transfer has been observed in sodium hydrox-
ide for nickel, iron, copper, silver, gold, and a
number of alloys. Moreover, nickel has been ob-
served to mass-fransfer in all the fused alkali-
metal hydroxides and, it might be mentioned, in
all the fused alkaline-earth hydroxides.3® Mass
transfer is the primary foctor limiting the use of



metals which, under suitable conditions, do not
corrode seriously.

The mechanisms of mass transfer in fused hy-
droxides are not known. However, several pos-
sibilities exist, and they will be discussed af the
end of this section. First, however, some of the
empirical facts of mass transfer will be presented.

Nickel. « Some of the characteristics of mass
transfer of nickel in fused hydroxides are illus-
trated with the results of thermal-convection loop
tests.38:3% Figure 6 is a photograph of a nickel
thermal-convection loop which was cut open to
show the appearance of the inside wall surfaces
after test. During fest the loop was filled with
fused sodium hydroxide aond placed in an upright
position. One side of the loop was heated and the
other cooled to maintain the temperature distribu-
tion shown in Fig. 6. The highest temperature
measured was 825°C, near the bottom of the hot
leg {(left side in Fig. 8), and the lowest tempera-
tfure measured was 535°C, near the bottom of the
cold leg (right side in Fig. 6). This temperature
distribution caused a flow ‘of fused hydroxide
around the loop because of thermal convection.
The numbers.in Fig. 6 from 5 to 45, at intervals of
5, identify positions around the loop.

Before the loop was exposed to the hydroxide,
the inside walls were somewhat rough and had a
dull appearance. After fest, as seen in Fig. 6, the
hot leg from position 25 to position 45 became
polished, whereas the cold leg from position 5 to
position 20 become encrusted with o deposit of
dendritic-nickel crystals. Grain boundary grooving
occurred in the polished zone, but the groove angle
was wide and there was no serious grain boundary
attack. The polishing observed in the hot leg is
characteristic of the corrosion step of mass trans-
fer at high temperatures in a number of different
kinds of systems, including some containing liquid
metals. ‘

Figure 7 shows a deposit of dendritic nickel
crystals from a cold-leg section of a loop with the
solidified hydroxide intact. In: the initial stages of
deposition it was found that the crystals grew as a
dense deposit, forming an almost continuous plate
over the cold-leg surface. The crystal grains in
this plate frequently continued the orientation of
the grains in the base metal,: which necessitated
the use of special techniques for metallographic
deteminations of the place at which the base metal
ended ond the deposit began. When this dense
plate became several thousandths of an inch thick,

UNCLASSIFIEDY
i vse

-

810°C i |

25 8000

Fig. 8. Nickel Thermal-Convection Loop Cut
Open to Show Appearance of inside Wall Surfaces
After Test. The numbers 5 through 45 identify
positions around the loop. ' (From the studies of

Smith, Cathcart, and Bridges, ORNL)

very long dendrites began to appear. Becavse of
the dendritic form of the thicker deposits, a rela-
tively small amount of nickel was found to have a
large effect in restricting flow through a pipe.
When the flow of liquid was sufficiently rapid,
dendrites became dislodged and they collected in
irregular masses which formed plugs that effec-
tively stopped fluid flow altogether. Figure 8
shows a section of pipe from o large loop which
contained several such plugs, and Fig. 9 shows a
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Fig. 7. Section of Tubing Removed from the Coo! Parts of a Nickel Thermal-Convection Loop and Cut
Open After Test with the Frozen NaOH Intact. Dendritic nickel crystals may be seen attached to the
inside walls of the tube. (From the studies of Smith, Cathcart, and Bridges, ORNL)

| UNCLASSIFIEDR
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Fig. 8. Section of Nickel Pipe Cut from the Cocl Portions of a Thermal-Convection Loop. lrregular
masses of nickel dendrites which stopped the flow of fused NaOH in the pipe may be seen, (From the
studies of G. M. Adamson, ORNL)
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Fig. 9. Plug Formed of Nickel Dendrites Token
from the Section of Nickel Pipe Shown in Fig. 8.
The plug was about 1 in. across. (From the studies

of G. M. Adamson, ORNL)

single plug removed from the loop.

Because the corrosion accompanying mass frans-
fer tended to occur uniformly, while deposition
produced long dendrites, the constriction of How in
the cool parts of the system usually reached seri-
ous proportions long before the corrosion in the
hot parts of the system became troublesome.

Necarly all studies of mass transfer in fused hy-
droxides have been carried out in thermal-convec-
tion systems, although some forced-circulation
work has been reported.?® Several different de-
signs of thermal-convection apparatus and several
different methods of measuring mass transfer have
been used. The only extensive studies in which
numerical valves of the amount of mass transfer
were obtained were the work of Lod and Simon4?
on the mass tronsfer of nickel in sodium hydroxide
and the work of Smith, Steidlitz, and Hoffman®? on
several metals and alloys in sodium hydroxide.
These two groups used not only different designs
of thermal-convection apparatus but also different
means of measuring mass transfer, Lad and Simon
measured mass transfer by determining the weight
loss of a specimen in the hottest part of the sys-

tem, while Smith, Steidlitz, and Hoffman micro-
scopically measured the thickness of deposits
formed in the coldest parts of the system. Never-
theless, confirmatory results were obtained when
the two studies overlapped.

Nickel, because of its excellent corrosion re-
sistance, has received more attention than other
Studies have
been made of the effect of several variables on the
rate of mass transfer of nickel in fused sodium
hydroxide. These variables were temperature level
of the system, temperature differential, time of op-
eration, composition of the atmosphere over the
melf, and composition of the melt itself.

Lad and Simon?® and Smith, Steidlitz, and Hoff-
man>® found that the rate of mass transfer accel-
erated with linearly increosing temperature level,
Smith, Steidlitz, and Hoffman found that mass
transfer of nickel in fused sodium hydroxide under
helium could be detected by their techniques after
100 hr ot a maximum system temperature of 600°C
and a temperature differential of 100°C but not at
a maximum system temperature of 550°C, other
conditions being constant. The lowest maximum
system temperature for which Lad and Simon re-
ported data was 538°C, at which temperature under
helium with a temperature differential of 46°C they
found a very small amount of mass transfer after
about 100 hr, ,

The studies by lLad and Simon showed that,
under helium, mass transfer of nickel was de-
pendent upon the time of operation and the tempera-
ture differential. They found thot the rate of trans-
fer decreased slightly over the first 50 hr and
thereafter remained constant. The initial tronsient
in the rate agreed with the change of nickel con-
centration ' in the melt; both rates built up to a
steady-state value after 100 hr. The rate of trans-
fer increased rapidly with temperature differential
and then became independent of the differential at
higher values. Lad ond Simon suggested that at
higher temperature differentials the rate of fiow
in their apparatus was too great to permit complete
saturation -of the fluid with nickel compounds.’

Because of the ability of hydrogen to suppress
corrosion it might be expected that this element
would be effective in inhibiting mass transfer,
This inhibiting effect was demonstrated by Smith,
Cathcart, and Bridges3? in 1951, but only recently
has it been subjected to extensive quantitative
test. Lad oand Simon found that at 815°C the

inhibiting ‘action of hydrogen on the mass transfer

metals in mass-transfer research,
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of nicke! was considerable. Smith, Steidlitz, ond
Hoffman confirmed this result for temperctures
below 815°C and found that the maximum system
temperature at which no mass transfer was meas-
urable was gbout 75°C above that found under
In addition, Lad and

Simon found that 3% water vapor in the blanketing

helium in comparable tests.

atmosphere is beneficial with and without hydrogen
at 815°C,

Lad and Simon4® studied the effect on mass
transfer at 815°C of additions fo the melt of up to
5 wt % of 33 substances. Many of the materials
which they odded react with sodium hydroxide ot
this temperature; some ore soluble, while some
are insoluble ond relatively inert. Sodium car-
bonate, a common contominont in commercial
sodium hydroxide, was found to have no effect for
additions up to 1 wt %. Above this concentration,
sodium carbonate was found to accelerate muass
transfer, Sodium chloride and sodium orthophos-
phate, both soluble, had no sffect. Sodium and
lithium hydrides had very detrimental effects. Lad
and Simon suggested that these compounds react to
form sodium oxide which is ‘‘very corrosive.”’
However, tests made by adding sodium oxide, as
such, caused only about half as much mass transfer
as was caoused by the addition of amounts of hy-
dride which would give roughly the some oxide
concentration after reaction.

Other
metals other than nickel are meager.
transfer of iron in fused sodium hydroxide has been

Elemental Metals. = Data on elemental
The maoss

found to be wore severe than that of nickel under
comparable conditions, For example, Smith, Steid-
litz, and Hoffman3% found that under hydrogen at
550°C the nuss transfer of iron wos worse than
thai of nickel at BO0°C, other conditions being
constant. However, iron wos not observed to form
the long dendrites thot werz found for nickel.
Rather, the crystals in the iron deposits remained
somewhat equiaxed in habif.

Copper in sodium hydroxide under hydrogen was
found®® to mass-transfer appreciably in 100 hr at
600°C with a tempercture differential of 100°C.
Thus, copper mass-transfers maore readily thon
nickel under these conditions but not so severely
as irom.

The mass transfer of silver and of gold has not
beern quantitatively studied, but it has been ob-
served repsatedly.

Alloys. - Hastelloy B ond the stainless steels
have been observed3? to undergo mass transfer in
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fused sodium hydroxide under hydrogen, but at
elevated temperatures cofrosion is o serious prob-
lem with these metals whether mass transfer occurs
or not. Monel also showed3? mass transfer under
both hydrogen and helium.

The most extensive studies of mass transfer of
an alloy have been those made on Inconel.?0 |t
was found that Incone! showed corrosion in fused
sodium hydroxide at roughly the same rate whether
mass transfer took place or not and that mass
transfer took place at roughly the same rate as for
Mass-
transfer deposits formed in [nconel systems con-

pure nickel under the same conditions.

taining fused sodium hydroxide under an atmosphere
of helium were virtually devoid of chromium., Hy-
drogen suppressed mass transfer of Inconel with
about the same effectiveness as it did for pure
nicke!.

Bimetallic Effects. ~ When two different solid
metals are immersed in o liquid — for example, a
liquid metal — under isothermal conditions at high
temperatures, it is frequently observed that one of
the solid metals contominates the other metal or
that the metals contaminate zach other.  This
process of metal transport without a temperature
differential is usuclly referred to as *‘isothermal
mass transfer.,””*!  In the case of liguid-metal
systems, the diiving force for isothermal mass
transfer seems to be the tendency of the two solid
metals to form alloys.

A number of experiments have been conducted in
which
mersed
sumably
Bergmann*?

two different metallic elements were im-
in the some hydroxide melt under pre-
LLeBlanc and

performed a series of experiments in

isotherma! conditions.

which different metals were immersed in fused
sodium hydroxide contained in a gold crucible at
700°C under nitrogen. When copper was immersed
in the melt, they found thot the gold crucible be-
come alloyed with copper; when silver wos im-
mersed, the silver specimen become alloyed with
gold; hut when nicke! was immersed, nothing was
observed fo happen. Brasunas?® heated sodium
hydroxide in an evacuated nickel capsule together
with a copper specimen at 815°C, He reported
that nicke! plated out on the copper.

It would be tempting to conclude that the in-
stances of metal transport cited above are analo-
gous to isothermal mass transfer in liquid metal
systems if it were not for some studies by Williams
and Miller.?® They immersed strips of nickel in
fused sodium hydroxide contained in a gold vessel



under a hydrogen atmosphere and found that the
nickel became gold-plated,
convincing evidence that this plating occurred only
duting cooling. This observation shows that the
transfer of gold to nickel which was observed was

However, they gave

not an example of isothemal mass tronsfer, «l-
though Williams and Millet's techniques would not
have detected small amounts of alloying which
might have taken place in addition to the much
grosser plating effect,

Craighead, Smith, and Jaffee?? report the trans-
fer of nickel #rom a container vessel onto o number
of metals immersed in sodium hydroxide at 677 and
815°C, However, they point out that thermal gradi-
ents, which were known fo exist, could have ex-
plained their results.

Mechanism of Mass Transfer. ~ The mechonism
of mass transfer of metals in fused hydroxides is
not known nor do the proper kinds of data exist
which are necessary to distinguish among several
possible mechanisms., The pumpose of the foilow-
ing discussion isto point out the various processes
by which a chemically reactive fused electrolyte
such as sodium hydroxide might transport metals
under the influence of a femperature differential,
These mechanisms are all possible in the sense
that they do not violate known principles. How-
ever, they are all quite speculative.

It is assumed that the mode of metal transport
involves either solution of the container material
as metal atoms or its solution as metal ions plus
electrons. If the solute consists of metal atoms,
mass transfer could be considered in temms of dif-
ferential solubility. If the solute consists of metal
ions plus electrons, several possibilities exist,
depending on the mechanism of transport ot the
electrons.  These various possibilities will be
discussed in the following sections,

Differential Solubility {Mechanism 1). -~ In a
superficial way the mass transfer of metals in
fused hydroxides appears to obey a simple solu-
bility-temperature relation. Mass transfer in liquid-
metal systems usually follows such a relarion, and
it can also, in principle, be applied to fused hy-
droxide systems. Every metal must have a finite
solubility in a fused hydroxide, just as every metdl
must have a finite vapor pressure at all tempera.
tures, although this solubility :moy be so small as
to have only a stafistical meaning.
this process may be represented as

(5.1

Symbelically

M(s) = Mfmelt)

It is postulated here, however, that metals have
a negligible solubility as metal atoms in fused
hydroxides, This postulate is difficult to justify
Nevertheless, the differences

which exist in the intemal pressures and in the

by formal argument,

binding forces for metals and fused hydroxides
strongly suggest that the solubility of the metal
as atoms in the fused hydroxide will be exceed-
ingly small.

There are no direct experimental studies of the
solubility of any metals in
There is indirect evidence!3:18
has a significant solubility in fused sodium hy-
droxide and that it dissolves before reacting. This

fused hydroxides,
that sodivim metal

phenomenon appears to be analogous to the solu-
tion of a metal in its fused holide.4® This process,
however, is not simply a case of the solution of
metal otoms but is dependent on some inferaction
between the valence electrons of the metal atoms
and the ions of the same metal in the melt,

The dissolving of sodium in a sodium halide and
possibly in sodium hydroxide can be schematically
represented by the equation

(5.2 Nalg) = Na*(melt) + O{melt)

where the electrons 6(melt) may be thought of as
“excess’ or "solvated’ electrons which are more
or less associated with the cotions of the melt. In
some instances the dissolution of a metal in its
tused halide seems to involve the formation of a
diatomic cation; for example, Cdz‘M is formed
when cadmium is dissolved in cadmium chloride.

It is possible, in principle, for any metal to dis-
solve to some extent in o fused electrolyte as metal
ions plus excess electrons which may be con-
sidered as more or less ussociated with the cations
of the electrolyte. This process will be discussed
further in the section “Mechanism IV."

Oxidation-Reduction Processes {Mechanisms i
¥1). ~ The mechanisms considered most probable
for mass transfer in fused hydroxides all involve
oxidation-reduction processes. The two basicsteps
for all such processes may be schematically repre-
sented for a metal M of valence v by the following
At the hot metal-melt interfaces there
occurs the oxidation

equations.,

hot

(5.3) M(S) ey Mv(meh) + vl

where @ indicates an electron ond where MY{melt)
represents a metal in whatever form in which it may
be stable in the melt, that is, as an uncomplexed
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cation or as a suitable oxysalt anion. At the cool
metal-melt interfaces thers occurs the raduction

|
M¥(melt) + 20 —> M(s)

(5.4)

which is the reverse of Eq. 5.3. For all kinds of
oxidation-reduction mechanisms the M¥melt) ions
will be transported by diffusion through boundary
layers at the interfaces and by fluid flow within
the bulk of the melt,
move by two quite different routes.

However, the electrons may
They may be
conducted through the metallic parts of the system,
or they may be transported through the melt by
some chemical species which is reduced at the hot
metal surfaces and oxidized at the cool surfaces.
The first method of electron transport represents
local cell action. The second method might be
effected by amy of a number of chemical species.
It is convenient to classify these species into four
groups according to the oxidized form of the elec-
tron carrier: hydroxyl ions, sodium ions, foreign
solutes, and a higher valence state of the metal
undergoing transport. These five modes of electron
transport may be considered as representing five
additional mass-transfer mechanisms.

Leocal Celfl Action (Mechanism ). ~ If the elec-
trons are transported through the metallic parts of
the system, Fq. 5.3 represents the anodic dissolu-
tion of M, and £q. 5.4 the cathodic deposition of M.
The driving force for this process can be thought
of as o thermoelectric potential. Such potentials
have been measured in fused electrolytes.?4 In
order for such a process to tcke place at all, the
transported ions M¥(melt) must be already present,
However, any oxidizing substunce, including the
hydroxide itself, could serve this purpose.

lnasmuch as Pray and Miller3? have induced
nickel to depcsit preferentially on on Alundum
ring immersed in o sodium hydroxide melt, local
cell action connot be the exclusive mode of mass
However, there is no reason why local
cell action might not be the primory mechanism
under selected conditions.

Reduction of Hydroxyl lons (Mechonism 1), -
In Sec. 4, ""Corrosion of Metals,’’ it was pointed
out that the most common over-all corrosion reac-
tion was the reduction of hydroxyl ions represented

by Eq. 5.5
(5.5)

transfer.

M(s) + vOH~(me!lt) = M¥Y(melt)

+ 10"~ (melt) % H,(melt)

i N e
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and that, at least in the case of nickse!, M¥(melt)
ions may be reduced to the metal again by hydre-
gen. It would not be surprising, therefore, to find
that hydrogen molecules serve to transport elec-
trons, the hydrogen acting together with an oxide
ion as an electron donor conjugaie to o hydroxyl
ion.” This mechanism was proposed independently
by Skinner?> in 1951 and by Williams and Miller in
1952. Since then it has received wide acceptance
as the only mechanism for the mass transfer of,
nickel, ‘

There is no doubt that £q. 5.5 represents a likely
mechanism of mass transfer under many conditions.
However, the evidence in favor of this mechanism
is ambiguous, and mass transfer has been observed
to occur under conditions where the operation of
this mechanism seems doubtful. The evidence most
frequently cited in its support is the effectiveness
of a blanketing atmosphere of hydrogen in suppress-
ing mass transfer. However, regordless of the
nature of the electron carriers, hydrogen should, to
a greater or lesser extent, suppress all oxidation
processes in fused hydroxides and thereby depress
the concentration of nickel ions moving through the
fluid. Furthermore, Smith, Catheart, and Bridges3?
have conducted seversl kinds of experiments in
which nickel preferentially deposited on a surface
at which the hydroxide was saturated with atmos-
pheric oxygen. In these experiments mass transfer
cannot be accounted for by E£q. 5.5. According to
this equation, hydrogen must be present at the
interfoce of deposition of @ concentration greater
thar the minimum necessary to reduce M¥(melt)
ions.
Bridges, this condition could not have heen ful-
filled.
only according to Eq. 5.5, the absence of hydrogen
at the hot surfaces would accelerate the solution

In the experiments of Smith, Cathcart, aond

In other words, if mass transfer occurred

step, but an abssnce of hydrogen at the cool sur-
faces would likewise prevent ithe deposition step.

The quontitative specification of the hydrogen
wncentrations or, via Henry’s law, of the hydrogen
pressures necessary to couse mass transfer under
given circumstances is dependent, among other
things, on the temperatures and nickel concentra-
tions at both hot and cold interfaces, Data are not
yet available with which to make such specifica-
tions, but outstanding progress is being made
toward this end for the case of nickel by Kertesz,
Knox, and Grimes.4¢

Iron has been shown®? to undergo mass transfer
in sodium hydroxide much more rapidly than nickel



did under the same conditions. However, Williams
and Miller?® have pointed out that the reaction be-
tween iron and sodium hydroxide is notr reversed or
even inhibited by hydrogen at pressures up to Taim,
It is, therefore, doubtful that hydrogen is an im-
portant electron carrier in this instance,

Reduction of Alkali Metal lons (Mechonism
{V), = |t does not seem likely thar alkali metal
iens would be effective agents in mass tronsfer
under most conditions, because they are thermo-
dynamically - inferior oxidizing agents compared
with other possible species such as hydroxyl ions.
On the other hand, alkali metal jons and alkali
metal atoms could, «at least in principle, act as
conjugate electron acceptor-donor pairs for electron
transport in fused hydroxides. Therefore, this
possible mechanism will be discussed briefly.

Every metal must be capoble of effecting the
reduction of a finite number of sodiym ions in fused
sodium hydroxide. Hence, it is possible for mass
transfer to occur by the following process:

(5.6) M(s) + vNa*(melt) = M¥(melt) + tNalmelt)

where Na{melt) is to be censidered as sodium ions
plus excess electrons, as discussed under Mecha-
nism |. However, sodium dissolved in fused sodium
hydroxide will react with hydroxyl ions:

(5.7} Na(melt) + OH=(melt) = Na*(melt)

+ 07~ (melt) + J H,(q)
The reverse of this reaction is also known, 47 so
that Eq. 5.7 may be taken as representing an
equilibrium. (For reasons of simplicity, the inter-
mediate equilibrium invelving hydride ions is
omitted.) Therefore, if local thermodynamic equili-
brium exists in the melt, both Eqs. 5.6 and 5.7
must be simultaneously satisfied, and the over-all
equilibrium {(the summation of Egs. 5,6 and 57)
becomes identicol with that represented by Eq. 5.5,
Therefore, if local thermodynamic equilibrium
exists, Mechanism 1V is the same as Mechanism
Li; that is, the same end result is achieved if it is
assumed that either the sodium iens or the hydroxyl
ions are the electron acceptors. On the other hond,
the reaction between sodivm metal and sodium hy-
droxide has been found to be surprisingly slow,*®
and it is possible that Nalmelt) is net in local
thermodynamic equilibrium according to Eq. 5,7.
Under this latter circumstance, the kinetics of
Mechanism {V could be quite different from the

kinetics of Mechanism 11,

Reduction of Solutes {Mechanism V). — In some
instances  dissolved substonces which are more
easily reduced than the fused hydroxide moy serve
as electron gcceptors in the moss<transfer mecha-
nism, Such o substonce mighi be the ions of
another metal, A, with two dvailuble valence states
yand y — 1. Then a reaction such as

5.8) M(s) + vA”{melt) = M¥melt) + vAY " {melt)

would be expected to cccur. Displacement of this
equilibrium could couse mass transfer. This mech-
anism will not account for the maoss transter ob-
served in most of the systems investigoted, since
suitably high concentrations of anions A” do not
usually exist, However, if such ions are present,
it is possible that mass transfer would be ccceler-
ated.

One possible source of ions of A is from impuri-
ties in the original sample of metal undergoing
mass transfer. Willioms and Miller?® have shown
that iron is selectively leached from the surfoces
of somples of commercial nickel which originally
contained 0.09 to 0.41 % iron as an impurity.

Disproportionation {Mechanism Y1), = If the metal
M exists in more thun one valence state, it is pos-
sible for disproportionation te cause mass transfer,
For example, with M having the valence states v
and v+ 1, s'hezf .

i
.

(5.9) Mis) + M U melt) = (v MY (mels)

For this reoction to occur, ions of M must be pres-
ent in the melt, as wos true for the local cell
mechanism, Any of the oxidotion mechanisms just
described could generate them., The possibility
that disproportionation might serve as a mechanism
for mass transfer in fused hydroxides was first
pointed out by Grimes and Hill, 47

it wos noted above that hydrogen is an unlikely
electron carrier in the mass transfer of iron. How-
ever, o disproportionation mechanism might be
very effective in this case. Little is known about
the valence states of iron which are stable in fused
hydroxides, but the indications are that more than
one valence state occurs. D'Ans and Lffler 18
report thaot, under an atmosphere of nitrogen,
iron(lll) oxide reacts with sedium hydroxide 1o give
mostly sodium ferrate(lll}, with a small omount of
oxysalt in g higher valence state, which they sug-
gest may be sodium ferrate(VI). Thus it is pos-
sible that o' disproportionation process takes place
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involving iron{l{l) and iron{Vl). Under reducing
conditions, such as under a blanketing atmosphere
of hydrogen, iron(ll) and iron(lll}) might be the
active valence states.

Nickel has been shown®3 to occur in both the
valence states Il and 11l in fused sodium hydroxide
in the presence of oxidizing agents. It has also
been found33 that under suitable conditions, the
ratio of nickel(ll) to nickel(Ill} in the fused hy-
droxide changed with thermal cycling in the way
required by a mechanism based on Eq. 5.9. The
absence of hydrogen at the cool interfaces does not
interfere with mass transfer by this mechanism.
Consequently, it is possible that mass transfer of
nickel in a hydroxide saturated with atmospheric

oxygen may toke place by a disproportionation

Observations of mass transfer of
nicke! in sodium hydroxide saturated with atmos-

mechanism.

pheric oxygen were cited in Sec. 5, '"Mass Trans-
fer — Nickel.” From what little is known,%3 it ap-
pears that the presence of nicke!{!ll) ions in fused
hydroxides is favored by oxidizing conditions, and
in the absence of these conditions its concentration
is quite low,

Summary of Mechanisms, = Six mechanisms were
discussed as possible modes of metal transport in
fused hydroxide media. These mechanisms are
summarized, and some of their interrelations shown
by the following outline. The symbolic processes
and reactions presented in this summary are to be
considered as taking place from left to right at the
hot metal-melt interfaces. The interpretation of the
symbols was discussed in the preceding section.

A. Transport as metal atoms, that is, differential solubility — Mechanism |

M(5) T M(melt)

B. Transpoit as metal atoms plus electrons

M(s) == M*(melt) + 20

(See Eq. 5.1)

(See Eqgs. 5.3, 5.4)

1. Electrons transpoited by metallic conduction, that is, local cell action — Mechanism {1

% hot metal) —> tHcool metal)

2. Electrons transported by the reduced form of some species in the melt

a. Reduced form of hydroxyl ions — Mechanism 11!

10 + OH ™ (melt) ;_T_\:VO”M(meH) 2 Hz(meh)
2

Over-all reaction

v
M(s) + YOH (melt) ﬁMV(melf) + YO7 T (melt) +— H2(meh)
2

b. Reduced form of sodium jons -~ Mechanism IV

V9 + '/Nq+(me|1):: vNa{melt)

Over-all reaction

M(s) + vNa't(melt) —

c. Reduced form of a solute Ay(ll1e|f) — Mechanism V

10 + vAY (melt) == vA” (melt)

Over-all reaction

M(s) + vAY (melt) T

=

d. Disproportionation — Mechanism VI

10 + v melt)

Over-a!l reaction

M(s) + M (melt) == (v + 1) M*(melt)

24

(See Eq. 5.5)

M¥(melt) + vNal(melt) (See Eq. 5.6)

My(meh) + VAy~](nle|t) (See Eq. 5.8)
fr——— MY (melt)

(See Eq. 5.9)



Mechanism I, transport of metal atoms as such,
inasmuch as the solubility of
metals as atoms in fused hydroxides would be ex-
pected to be very smalf.

was discounted

The remaining mechanisms, il through Vi, are all
No single one of
these mechanisms will account for all observations

oxidationweduction processes.

of metal transport in fused hydroxide media. It
seems that no one process is always the exclusive
mode of transport but rather that different mecha-
nisms predominate under different conditions. Much
further research will be needed before specific
modes of metal transport can be proposed as the
probable mechanisms of mass transfer under stipu~
lated conditions.

Two substances, hydregen and water, have been
noted to suppress mass transfer of nickel in fused
sodium hydroxide.  This
cited in support of any particular one of the oxida-

information cannot be

tion-reduction mass-transfer mechanisms. Hydrogen
should suppress the corrosion step for all oxidation-
reduction mechanisms.

The role of water in moss transfer is unknown,
It is possible that water functions to suppress the
oxide ion concentration in the melt and thereby
causes the corrosion steps to produce a film of
relatively insoluble nickel oxide. The action of
water might be expressed by an equilibrium such as

(5.10)  NaNiO,(melt) + H,O(melt) = NiO(s)

+ 2NaQOH(melt)

This film could function as o diffusion barrier fo

slow down the corrosion step. If water were fo act

in some way such as this, it would be effective in
suppressing mass transfer by olmost any mecha-
nism.

Symmary. =~ Moss fransfer hos been observed in
fused sedium hydroxide for nickel, iron, copper,
silver, and a number of alloys. Moreover, nickel
has been observed fo mass-transfer in all the fused
in the
majority of investigations undertoken, mass transfer

alkali-metal ond alkaline-eorth hydroxides.

was induced by a temperature differential in the
system.

The rate of the moss transfer which takes place
under the influence of o temperature differential
was found to bs affected by the following variobles:
nature of the metal undergoing transfer, composition
of the melt, composition of the atmosphere over the
melt, temperature level of the system, temperature
differential within the system, and geometry of the
system. Undoubtedly, the rate of fluid flow is a
very important factor, but existing dota ars in-
adequaote for evaluation of this variable.

Under a particular set of comparoble conditions,
copner was found faster fthan
nickel, and iron to mas s-iransfer faster than copoer,

to mass-transfer

With olloy systems, moss transfer and corrosion
were found to cccur simultaneously.

The mechanisms of mass transfer in fused hy-
droxides are not known. Some of the possible
modes of mass transfer were exomined, and five
mechanisms were proposed as being possible, It
was suggested that no one process is always the
exclusive mode of transport but that different
mechanisms predominate under different conditions.
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