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INTRODUCTION

Proposed multimegawatt (MMW) space nuclear power systems are designed to
operate both at high temperatures which are unprecedented and, in some
designs, with potentially corrosive working fluids. These temperatures,
levels of stress, and hostile environments may be outside the capability of
refractory alloys, which has created interest in the use of ceramic
composites as structural materials.

There are currently two MMW space reactor power cycles under consideration,
a Brayton and a Rankine cycle. The Brayton cycle Is envisioned as using
inert gas as the working fluid during continuous operation with a peak
temperature of 1500 K and hydrogen as the working fluid for short duration
(30 min), high power operation at a temperature of 2500 K. The Rankine
cycle system uses liquid and vapor potassium as the working fluid with a
peak temperature of 1450 K.

The object of this assessment is to determine the applicability of several
candidate ceramic composites for use in the proposed MMW space power
systems. Five ceramic composites have been identified as potentially
possessing the necessary high-temperature stability and mechanical
properties. These include two already developed materials, SIC
whisker-reinforced AI2O3 and SiC whisker-reinforced 813^, and three other
candidate materials, carbon fiber-reinforced ZrC, SiC fiber-reinforced ZrC,
and A12O3 reinforced A12O3.

Two approaches were taken In assessing the use of the ceramic composites in
the proposed power cycles: an equilibrium thermodynamic analysis and a
nonequilibrlum assessment based on a literature review. In the equilibrium
thermodynamic analysis, gas pressures were calculated and the stable liquid
and solid phases containing the constituent elements for each ceramic
composite power cycle combination were determined over the appropriate
temperature range. For the nonequilibrium assessment, reported results of
high-temperature compatibility studies between the ceramic phases and the
proposed working fluids were reviewed for indications of detrimental
interactions.
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EQUILIBRIUM THERMODYNAMIC ANALYSIS

The equilibrium therraodynaraic assessment was performed by calculating the
equilibrium state for each set of constituents under the appropriate
pressure, temperature, and compositional conditions. The computer program
SOLGASMIX-PV1 was used to execute the calculations to determine equilibrium
pressures of the gaseous species and the amounts of the stable solid and
liquid phases for each of the power cycle-ceramic composite systems.

Table 1. Power Cycle

Brayton—Continuous

AT = 1100 K-1500 K

Inert Gas Pressure
= 2.76 MPa

Conditions.

Brayton-Burst

2500 K (once through)

Hydrogen Pressure
=6.89 MPa

Rankine

AT = 1340 K-1450 K

Potassium Pressure
= 1.39 MPa

Brayton Cycle—Continuous Mode

Alumina is thermodynamically stable to 1500 K based on the pressures
calculated, which show no species pressures in excess of 10~5 Pa. Silicon
carbide whisker-toughened A12O3, however, is significantly less stable,
with C-0, Si-0, and aluminum species exhibiting pressures of ~10 Pa at 1500 K.

Carbon fiber-reinforced ZrC has extremely low vapor pressures to 1500 K
with only carbon species exhibiting any significant pressure (<10~' Pa).
Silicon carbide fiber-reinforced ZrC, however, is calculated to have
moderate silicon species pressures equalling 10~5 Pa at 1500 K.

Silicon carbide whisker-toughened Sij^i^ suffers from high nitrogen species
pressures over the temperature range, with a value of almost 10 Pa at
1500 K. Silicon-containing species also have substantial pressures In this
system.

Brayton Cycle-Burst Mode

The alumina-based composites are unstable in hydrogen at the high operating
temperatures, completely vaporizing the mass of material assumed In the
calculations to H-0 and aluminum species' pressures near 100 kPa at 2500 K.
Silicon carbide whisker-toughened AI2O3 also exhibits undesirable
equilibrium properties with species' pressures in excess of 1 MPa and the
formation of a liquid phase above 1500 K.

Carbon fiber-reinforced ZrC reacts with hydrogen to generate high pressures
of hydrocarbons, of the order of 1 MPa, over the entire temperature range
of the calculations (1300—2500 K). Less than 1 Pa of other species such
as carbon and Zr-H are also generated. However, silicon carbide
fiber-reinforced ZrC not only also exhibited substantial hydrocarbon
pressures under these conditions, but Indicated the formation of a liquid
phase above 1500 K as well.



The SiC whisker-toughened 813^ material generates significant nitrogen
pressures at these high temperatures, equalling >1 MPa at 2500 K. In
addition, a number of species such as the hydrocarbons, H-N, and Si-H also
maintain significant pressures down to lower temperatures (1300 K).

Rankine Cycle

The alumina ceramic composite is calculated to be relatively stable in the
presence of potassium with K-0 species pressures equalling ~10~5 Pa at
1450 K. Silicon carbide whisker-toughened AI2O3, however, has significant
aluminum, C-0, and Si-0 pressures under these conditions.

Carbon fiber-reinforced ZrC is thermodynamically stable in potassium under
these conditions with only a minor carbon species pressure calculated.
Silicon carbide fiber-reinforced ZrC also appears to be relatively stable
with the largest species' pressure being that of silicon at <10~^ Pa at
1450 K.

The SiC whisker-toughened Si^t^ shows less stability than do the other
systems, with nitrogen having an equilibrium pressure of >10 Pa.

Nonequilibrium Assessment

The nonequilibrium assessment of the candidate ceramic composites is
based on a review of the literature with regard to observed interactions
between the composite components and the environment of the proposed power
cycles. Unfortunately, there have been few studies of these interactions,
and those which have been reported are typically for temperatures well below
those of the system designs. McKee and Chatterji^ studied the corrosion of
SiC in N2 and H2 at 1173 K and found no material loss or reaction.
Horn et al.3 observed significant erosion of SiC beginning at 1400 K in
steam-hydrogen mixtures, but attributed the reaction to the effect of the
steam. Alumina was also evaluated in steam-hydrogen, but it displayed
little erosion to 1550 K, the maximum temperature used in the study.
Sheehan1* examined the effect of He containing H2, H2O, CO, and
CHif impurities on alumina and SiaN^ to 1200 K and found the alumina to be
unaffected and the 813^ to undergo passive oxidation. Strength tests
following 5000-h exposures showed no stength degradation.

Cook^ did a scoping study of the corrosion resistance of various
ceramics and cermets to liquid metals. Although potassium was not included
as a corrodent, sodium was, and it is expected that the response of the
ceramics to the two alkali metals will be similar. It was found that ZrC
exposed to sodium for 100 h at 1089 K showed zero depth of attack, zero
percentage weight change, and zero dimensional change. Alumina, SiC, and
SisNij were described as having fair to good resistance to corrosion, which
was defined as <25 jjm depth of attack, <2% weight change, and <1%
dimensional change. Blanc et al.6 studied the inclusion of potassium in
alumina at 2073 K and determined that there was little solubility for the
alkali metal (5—10 ppm), and therefore little effect of exposure to
potassium.



CONCLUSIONS AND RECOMMENDATIONS

The compatibility of the ceramic composites determined from the equilibrium
calculations may be conservative since equilibrium may never be reached due
to mass transport or chemical kinetic constraints. The conclusions of the
equilibrium assessment based on calculated pressures are summarized in Fig. 1.
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Fig. 1.
composites.

Thermodynamic equilibrium assessment of ceramic-ceramic

To illustrate the effect of significant species pressures on mass transport
in a system, consider the example of the calculated partial pressure of
silicon over SiC whisker-toughened ^i.-^^ in inert gas at 1500 K, which is
10~3 Pa. Assuming the current design criteria of 241-kg/s gas flow (72% He,
28% Xe) at 2.76 MPa, and equilibrium partial pressure maintained in the
hot (1500 K) and cold (1100 K) regions of the system, 16.7 kg/year of
silicon will be vaporized from that hotter region and condensed in the
lower temperature regions. It is likely that this rate of mass transport
would be unacceptable.

Using the criteria for the Brayton cycle-continuous mode power system,
composites containing AI2O3, ZrC, or C appear to be therraodynamically
stable. The SiC containing systems, however, are likely to have
unacceptably high silicon partial pressures.

the



The combination of hydrogen and the extreme temperature of the Brayton
cycle—burst mode system eliminates all of the ceramic composites
considered. Should the system need to operate for a very short period of
time, it may be possible to tolerate material vaporization, although such
material loss would have to be accommodated in the design. Experimental
observations at lower temperatures (1173-1550 K) of interactions with
hydrogen, however, indicate little degradation of alumina and 813^, and
little likely degradation of SiC.

For the Rankine cycle systems the AI2O3 composite, SiC fiber-reinforced
ZrC, and C fiber-reinforced ZrC appear to have acceptable thermodynamic
equilibrium stabilities. These systems also appear to have fair to good
compatibility based on experimental determinations.

Based on the above considerations, it is recommended that AI2O3
reinforced A12O3 and C fiber-reinforced ZrC be considered for the
Brayton cycle—continuous mode system and that A12O3 reinforced
AI2O3, SiC fiber-reinforced ZrC, and C fiber-reinforced ZrC be considered
for the Rankine cycle system. None of the candidate ceramic composite
systems are likely to be sufficiently stable under Brayton cycle—burst
mode conditions.
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