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Abstract

The objective of the present work is the identi-
fication of materials suitable for use in the con-
struction of a high-temperature liquid-metal MHD
demonstration generator. The alkali metals, in
particular sodium and lithium, are attractive for
use as the conductive fluid because of high realiz-
able conversion efficiencies; they are, however,
extremely corrosive, particularly at elevated tem-
peratures. The most severe materials problem to be
resolved is that of insulator compatibility with the
molten alkali metals. Preliminary screening studies
of candidate ceramic insulators are qualitatively
discussed in terms of generator design requirements.

I. Introduction

i The potential of liquid-metal MHD as a viable
energy source has been demonstrated, notably in £he
studies of Amend, Petrick and Cutting.i Overall
efficiencies exceed 50% for cycles that incorporate
liquid-metal MHD in conjunction with other convert-
ers. The present work is concerned with materials
selection, design, development, and testing in sup-
port of a proposed demonstration generator. The
generator will be the two-phase Faraday type and
will be designed to operate with mixtures of sodium
and argon at a temperature of 540°C.2
i
' II. Objective

Specific objectives of the materials support pro-
gram include the following:

(a) Screening and testing of materials for near-
term construction.

(b) Development of technology necessary to fab-
ricate and assemble components.

(c) Postservice examination of materials and
evaluation of their performance.

(d) Continuing development of improved or alter-
native materials to meet long-range design objec-
tives.

The major requirements of the pi
materials are outlined in Table I.
interface between the electrode and
considered separately in recognitio
that a mechanical juncture will prc
quate. Bonding studies have been
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but preliminary results3 and the wo
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either Type 316 stainless steel or
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The major requirements of the primary component
materials are outlined in Table I. The bond or
interface between the electrode and the insulator is
considered separately in recognition of the fact
that a mechanical juncture will probably be inade-
quate. Bonding studies have been deferred until the
electrode and insulator materials are identified,
but preliminary results-* and the work of Fox and
Slaughter,^ suggest that a zirconium-base active
metal braze may be satisfactory.

An examination of the literature revealed that
either Type 316 stainless steel or Haynes Alloy 25
is a satisfactory electrode choice in a liquid-
sodium environment ••> The refractory metals tung-
sten, molybdenum, or tantalum ave to be preferred
in a lithium system.& The cost critical problems
related to metallic components will probably result
from: (a) deposition and plugging effects in the
coder regions of the system5 tn4/«¥ (fe) a 4eg¥ft4a-
tion of iBschanical properties caused by nonaetallic
element (probably carbon or nitrogen) transfer.

The identification of a suitable insulator ap-
pears to be the most severe materials problem
confronting the MHD systeas designer. Only limited
data exist on the compatibility of sodium and
lithium with ceramics and such of that is incomplete
or contradictory. • It was felt that this problem
was of major near-term importance, and efforts to
date have been directed toward its solution.

III. Discussion rad Results

Theraodynamically, the stability of a compound
may be inferred if its free energy of formation is
greater (more negative) than that of the corre-
sponding alkali metal compound It will be shewn
that this criterion is necessary but not sufficient
for compatibility. Table II lists compounds that
meet or are expected to meet this criterion.
Specimens of these materials were procured or
fabricated and subjected to static exposure tests.

Requirements of Primary Component Materials for the LMMHD Duct

Electrode Insulator

Electrode-
insulator
Bond

tgh electrical
•nduetivitv

High electrical reeis-
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demonstration generator. The alkali metals, in
particular sodium and lithium, are attractive for
use as the. conductive fluid because of high realiz-
able conversion efficiencies; they are, however,
extremely corrosive, particularly at elevated tem-
peratures. The most severe materials problem to be
resolved is that of insulator compatibility with the
molten alkali metals. Preliminary screening studies
of candidate ceramic insulators are qualitatively
discussed in terms of generator design requirements.
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Table I. Major Requirements of Primary Component Materials for the LHMHD Duct

Property Electrode Insulator

Elect!
insuli
Bond

3
Electrical High electrical

conductivity

Corrosion/ Corrosion/erosion resie-
erosion tance in liquid metal

Strength Sufficient to contain high
power-density fluid without
significant creep deforma-
tion

High electrical resis-
tance, both bulk and
surface

Same as for
electrode

Sufficient to act as a
structural material for
extended periods. Good
thermal-shock resistance
for start-stop operation.

Same as
electroi

Must r«
tegrity
extends*
tion aru
tnittent
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considered separately in recognition of the fact :

that a mechanical juncture will probably be inade-
quate. Bonding studies have been deferred until the
electrode and insulator materials are identified,
but preliminary results*' and the work of Fox and
Slaughter,^ suggest that a zirconium-base active
metal braze may be satisfactory.

An examination of the literature revealed that
either Type 316 stainless steel or Haynes Alloy 25
is a satisfactory electrode choice in a liquid-
sodium environment.^ The refractory metals tung-
sten, molybdenum, or tantalum are to be preferred
in a lithium system. ̂ The most critical problems
related to metallic components will probably result,
from: (a) deposition and plugging effects in the
CQB1%C te i ioae cf tb£ ays^.«a5 §n4/ei (fe) a 4e.gr.a4a.-
tion of mechanical properties caused by nonmetallic
element (probably carbon or nitrogen) transfer.''

The identification of a suitable insulator ap-
pears to be the most severe mat-trials problem
confronting the MHD systems designer. Only limited
data exist on the compatibility of sodium and
lithium with ceramics and much of that* is incomplete
or contradictory. • It was felt that this problem
was of major near-term importance, and efforts to
date have been directed toward its solution.

III. Discussion and Results

Thermo dynamically, the stability of a compound
may be inferred if its free energy of formation is
greater (more negative) than that of the corre-
sponding alkali metal compound. It will be shown
that this criterion is necessary but not. sufficient
for compatibility. Table II lists compounds that
meet or are expected to meet this criterion.
Specimens of these materials were procured or
fabricated and subjected to static exposure tests.

Major Requirements of Primary Component Materials for the LMMHD Duct

Electrode Insulator

Electrode-
insulator
Bond

High electrical
conductivity

Corrosion/erosion resis-
tance in liquid metal

Sufficient to contain high
power-density fluid without
significant creep deforma-
tion

Higi, electrical resis-
tance, both bulk and
surface

Same as for
electrode

Sufficient to act as a
structural material for
extended periods. Good
thermal-shock resistance
for start-stop operation.

Same as for
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Must retain in-
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tion and inter-
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Table II. Candidate MHD Insulators

Compound

A12O3

MgO

BeO

ThO2

Y2°3
ZrO2

Alkali

No

Yes

Yas

Yes

Yes

Ho

Metal

Na

Yes

Yes

Yes

Yes

Yes

Yes

No Yes

CaZrO

BN

Si3N4

Yes

Yes

SiALDN

Sodium experiments were performed isothermally at
540°C, whereas lithium tests were carried out at
400°C; test duration was 300 hr. t

As indicated in Table II, AI2O3 is expected to
be satisfactory only in sodium; experimentally, a
50-hr exposure at 400°C in lithium was sufficient to
reduce all AI2O3 test specimens to a gray powder.
The AI2O3 specimens examined included five poly-
crystalline materials of varying purity and density.
A high-densitv (>99.92), high-purity (99.9%)
translucent specimen showed a barely detectable
weight loss and a slight loss of transparency. A
slip-cast body of lower purity and intermediate
density showed significant weight loss, the presence
of a corrosion-product layer, and substantial crack-
ing. The other aluminum oxide samples tested,
including the porous (61% TD) body, showed inter-
mediate behavior. Table III summarizes these
results.

Single-crystal A12O3 (Sapphire) in the form of
a tube was also tested in sodium. The crystal
remained transparent but exhibited & crack normal to
the (1000) plane as well as measurable weight loss.
A strong possibility exists that crack formation
may be the result of a stress-corrosion mechanism.
It is proposed that internal stresses produced
during the growth process remain in the crystal,
and that damage introduced by cutting with a dia-
mond saw is responsible for crack initiation.
Unusual crack mosaics were observed in specimens of

Table III. Summary of Corrosion Rei
Al_0_ Specimens in Conti

G.E. Some loss of translucency; w<
<0.2%; no degradation

Ipsen Surface discoloration; little
no degradation

CEC Substantial discoloration anc
surface cracks

Coors Porous (61% TD); showed corapl
no apparent loss of integr

ANL Slip cast; substantial cracki
product

Tyco Single-crystal tube; cracked
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materials included in this initial s
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each material.
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Table III. Summary of Corrosion Results of Various
A12°3 Specimens in Contact with Sodium >

G.E. Some loss of translucency; weight loss
<0.2%; no degradation

Ipsen Surface discoloration; little penetration;
no degradation

CEC Substantial discoloration and penetration;
surface cracks

Coors Porous (61% TD); showed complete penetration;
no apparent loss of integrity

ANL Slip cast; substantial cracking, reaction
product

Tyco Single-crystal tube; cracked normal to (1000)

In Table IV, observations made on the remaining
materials included in this initial screening are
summarized. Space permits only brief comments on
each material.

B. MgO

The results obtained with single crystals of
MgO contrast vividly with those obtained with high-
density polycrystalline material in lithium. Al-
though the MgO polycrystal was hot pressed from
reagent grade MgO, results suggest that minor con-
centrations of impurities radically alter corrosion
resistance.

C. CaZrO-

Although discolored after exposure, 3
appears to retain its integrity in lithium or
sodium. As originally tested, however, extensive
grain-boundary attack was noted. A detailed study
identified a CaSiOo phase at grain boundaries,
which was apparently the result of a direct reaction
between siliceous impurities and residual free lime
(CaO). The phase was eliminated by acid leaching
to remove CaO prior to consolidation by sintering.
The resultant material showed ao grain-boundary
attack. Extended exposure of CaZrO3 tc lithium has
resulted in the formation of * conductive layer on
exterior surfaces. The origin of this layer is not
understood, but it is known to contain calcium and
zirconium in approximately the same ratio (1:1) as
the substrate. Formation of the layer has not been
completely reproducible, and it is the subject of
continuing study. The existence of a corrosion
process, which results in a change in apparent
resistivity from 10 1 1 to 103 fi/cm, is clearly of
concern.

D. Si-N, and SiALON
3 4 .

Observations of cracking upon exposure to lith-
ium were discussed in Sect. A. It should be noted
that Si^N^ from two sources were examined, and that
the cracking all'tded to was observed in only one
of the specimens. The second specimen virtually 1
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Sodium experiments were performed isothermally at
54C°C, whereas lithium tests were carried out at
400°C; test duration was 300 hr.

A. M ^

As indicated in Table II, A12O3 is expected tc
be satisfactory only in sodium; experimentally, a
50-hr exposure at 400°C in lithium was sufficient to
reduce all AI2O3 test specimens to a gray powder.
The AI2O3 specimens examined included five poly-
crystalline materials of varying purity and density.
A high-density (>99.9%), high-purity (99.9%)
translucent specimen showed a barely detectable
weight loss and a slight loss of transparency. A
slip-cast body of lower purity and intermediate
density showed significant weight loss, the presence
of a corrosion-product layer, and substantial crack-
ing. The other aluminum oxide samples tested,
including the porous (61% ID) body, showed inter-
mediate behavior. Table III summarizes these
results.

Single-crystal AI2O3 (Sapphire) in the form of
a tube was also tested in sodium. The crystal
remained transparent but exhibited a crack normal to
the (1000) plane as well as measurable weight loss.
A strong possibility exists that crack formation
may be the result of a stress-corrosion mechanism.
It is proposed that internal stresses produced
during the growth process remain in the crystal,
and that damage introduced by cutting with a dia-
mond saw is responsible for crack initiation.
Unusual crack mosaics were observed in specimens of
polycrystalline Si3N4 and SiALON exposed to lithium.
Cracking tended to occur in preferred directions,
suggesting an orientation effect. The initiation
of the cracks and their propagation are not under-
stood, but again a stress-assisted form of corrosive
attack is suspected. Further studies of the crack-
ing phenomena are planned because of their
potential significance to MHD design and operation.
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Coors Porous (61% TD); showed complete penetration;
no apparent loss of integrity

ANL Slip cast; substantial cracking, reaction
product

Tyco Single-crystal tube; cracked normal to (1000)

In Table IV, observations made on the remaining
materials included in this initial screening are
summarized. Space permits only brief comments on
each material.

B. MgO

I The results obtained with single crystals of
MgO contrast vividly with those obtained with high-
density polycrystalline material in lithium. Al-
though the M$Q polycrystal was hot pressed from
reagent grade MgO, results suggest that minor con-
centrations of impurities radically alter corrosion
resistance.

C. CaZrC

Although discolored after exposure, ^
appears to retain its integrity in lithium or
sodium. As originally tested, however, extensive
grain-boundary attack was noted. A detailed study
identified a CaSiOq phase at grain boundaries,
which was apparently the result of a direct reaction
between siliceous impurities and residual free lime
(CaO). The phase was eliminated by acid leaching
to remove CaO prior to consolidation by sintering.
The resultant material showed no grain-boundary
attack. Extended exposure of CaZrO3 to lithium has
resulted in che formation of » conductive layer on
exterior surfaces. The origia of this layer is not
understood, but it is known to contain calcium and
zirconium in approximately the same ratio (1:1) as
the substrate. Formation of the layer has not been
completely reproducible, and it is the subject of
continuing study. The existence of a corrosion
process, which results in a change in apparent
resistivity from 10 1 1 to 10 3 fl/cm, is clearly of
concern.

.D. Si3N, and SiALON

Observations of cracking upon exposure to lith-
ium were discussed in Sect. A. It should be noted
that S i 3 ^ from two sources were examined, and that
the cracking alluded to was observed in only one
of the specimens. The second specimen virtually
disintegrated and was not recovered. Both
specimens of Si3N^ and the SiALON sample showed
no evidence of attack in sodium.
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j Table

! Material

IV. Results of Compatibility Tests

Sodium

of Ceramics with Alkali Metals

Lith

MgO, single crystal

MgO, hot pressed
polycrystalline

BeO

CaZrO,

Si3N4

(Norton)

Si3S4

(Westinghouse)

SiALON

BN

Y2°3

ZrO, V

Optical clarity unaffacted;
small weight less

Not examined

Slight cracking; minor
discoloration

Some discoloration; integrity
retained

No evidence of attack; minor
weight loss

No indication of attack;
small weight loss

No indication of corrosion;
minor weight loss

Extensive uniform attack

Not examined

Some discoloration

Optical clar
weight lo

Severe genet

Some peneera
boundaria
integrity

Integrity ma
conductiv
formation

Cracked

Destroyed

Cracked

Discolored*

corroiioi
integrity

Little evidi
attack;
boundary

Incompatiblf

E. BN

Extensive attack of the as-received BN was ob-
served in both lithium and sodium. It should be
noted that BN may contain several percent of B20o,
which is an unstable oxide in the presence of alkali
metals. Subsequent work with BN fibers has shown
that 3 thermal treatment in 1 atm. N2 at 1700°C
renders the fibers inert in the presence of
lithium.

F. BeO, ThO2, Y ^ , and

All of these oxides appear suitable for use in
sodium and, with the exception of ZrO2, in lithium
despite evidence of grain boundary attack. Addi-
tional studies are planned with high-purity
specimens to verify intrinsic corrosion resistance.
BeO is the most promising of these materials, in
terms of its physical properties. ThO2 is radio-
active and of relatively low strength; both Y2O3
|and ZrO2 exhibit relatively poor thermal-shock
resistance.

IV. Conclusions

corrosion behavior must be extsituj
before final materials selections
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ilts of Compatibility Tests of Ceramics with Alkali Metals

Sodium Lithium

Optical clarity unaffected;
small weight loss

Not examined

Optical clarity retained;
weight loss ̂ 1%

Severe general attack

Slight cracking; minor
discoloration

Some discoloration; integrity
retained

Do evidence of attack; minor
weight loss

No indication of attack;
small weight loss

Ho indication of corrosion;
minor weight loss

Exteanive uniform attack

Not examined

Some discoloration

Sorce penetration of grain
boundaries; loss of
integrity

Integrity maintained;
conductive layer
formation

Cracked

Destroyed

Cracked
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E. BN

Extensive attack of the as-received BN was ob-
served in both lithium and sodium. It should be
noted that BN may contain several percent of B2O3,
which is an unstable oxide in the presence of alkali
metals. Subsequent work with £N fibers has shown
that a thermal treatment in 1 ato. N~ at 1700°C
renders the fibers inert in the presence of
lithium.

F. BeO, > and

All of these oxides appear suitable for use in
sodium and, with the exception of ZrO2, in lithium
despite evidence of grain boundary attack. Addi-
tional studies are planned with high-purity
specimens to verify intrinsic corrosion resistance.
BeO is the most promising of these materials, in
jterms of its physical properties. ThO2 is radio-
active and of relatively low strength; both Y2O3
'and ZrO2 exhibit relatively poor thermal-shock
resistance.

IV. Conclusions

; (a) The corrosion resistance of a number of
ceramic materials to sodium and lithium has been
'evaluated on the basis of static exposure.
j (b) The corrosion resistance of ceramic
materials is an extremely sensitive function of
iimpurity concentration and phase disposition.
j (c) Present results indicate that A12O3 can be
jused in the construction of the demonstration
eadium MHD channel, subject to the imposition of
stringent chemical and microstructural requirements.
However, the effect of a dynamic environment on
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