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Prefdc®

In one of his last recorded educational television broad-
casts, Nobel Laureate Richard Feynman observed that the
generation of new knowledge is a slow, and often painful,
process. This was certainly true in ths Rover Program.
Not only was our way beset with uncertainties in what
materials to use and how to make them, but there were
equally troublesome questions of how to evaluate the
materials we had. The thermal conductivity of Rover
materials is one illustration. The 1961 Thermophysical
Properties Research Center Handbook, published by
Purdue University, showed that the reported values for the
thermal conductivity of graphite (the material we used
most extensively in Rover) at room temperature varied by
a factor of 10 000. It was clear that we did not know how
to uniquely characterize the materials we were using, and
moreover our measurement methods for thermal conduc-
tivity were not totally credible. The point to this is to
emphasize that this report is a judgmental distillation of
knowledge gained through approximately 75 manyears of

research to define materials of engineering value, make
those materials, and then verify their properties through
thermophysical measurements. While detailed documen-
tation of these activities would occupy several volumes,
we feel that all the essential technological information can
be transferred by this report.

The author received his Ph.D. in physical chemistry in
1952 from the University of Rochester. He performed
research in materials science and high-temperature
thermophysical measurements for the Rover Program
from early 1956 until the program was abandoned in
1973. Largely as a result of these research efforts, he
received the International Thermal Conductivity Award
in 1989: only the sixteenth such award in the past 30 years.
This recognition is a tribute to the vigorous effort exerted
by the scientists and engineers involved in Rover as well
as a recognition of the accomplishments of the individual.



MATERIAL SCIENCE EXPERIENCE GAINED FROM THE
SPACE NUCLEAR ROCKET PROGRAM : INSULATORS

by

Paul Wagner

ABSTRACT

Although Rover reactors are viewed as the ultimate in high-temperature operating
systems, many of the materials used in these reactors (for example, support rods,
control drums, and the reflector) have to be held at relatively low temperatures while
the reactor operates, in order to maintain their structural integrity. Thus the insulators
needed to separate these temperature domains are crucial to the reactor's ultimate
operating times and temperatures. All of the reactors that were tested used pyroly tic
graphite as the primary insulator. However, it had been long planned to replace the
graphite with zirconium carbide and a lengthy and intensive effort to develop the
zirconium carbide insulators had been made at the time Rover was terminated. This
report details research and development and the experience we gained with both these
insulator materials.

I. INTRODUCTION

One of the primary goals of the 1955-1972 nuclear rocket
propulsion (Rover) program was the development of
reactors capable of heating hydrogen to an extremely high
temperature to obtain a much higher engine specific
impulse than the 400-500 s"1 obtainable from chemical
rocket engines. The long-range goal for the temperature
of the nuclear enginechamber was approximately 3000 K,
but short-range goals were more modest, progressively
increasing from about 2000 K to 2500 K. Near the end of
the program, average fuel element exit-gas temperatures
slightly above 2500 K were demonstrated during reactor
tests. Coupled with the need for high temperature is the
requirement for a sufficient engine lifetime to allow it to
perform one or more missions. Thus, at least a portion of
the reactor fuel and associated core components must be
able to operate at temperatures at least slightly greater
than the hydrogen chamber temperatures for 1 to 10 hours.
On the other hand, the best materials for other reactor
components can survive only at much lower tempera-
tures. Therefore, there is a need for an insulating material
in several reactor locations that can both withstand the
high-temperature-hydrogen environment and sharply re-
duce the heat load to the low-temperature components.
Furthermore, the thermal conductivity of the insulator
should be as low as possible so that the insulator does not

take up too much space. The progressive development of
nuclear-rocket-reactor fuel elements able to operate at
higher temperatures for longer times has been described
in several recent publications. The purpose of this report
is to describe the accompanying developments in insula-
tors, which are also vital to improvements in nuclear
engine performance.

These high-temperature insulato; applications in Rover
reactors are shown in Fig. 1. In Fig. la, the insulator
reduces the neat flow to the metallic components of the
core axial-support system; in Fig. lb, the insulator pro-
tects the aft end of the support system; and in Fig. lc, the
insulator protects reactor components at the radial edge of
the core.

The use of pyrographite (PyG or PyC for pyrolytic car-
bon) for the various insulator applications began with
reactors built in 1961 and continued for the duration of the
reactor test program.

While the choice of PyG as the insulating material was
probably optimal from the standpoint of high-tempera-
ture thermophysical properties, neutronics, weight, cost,
and ease of fabrication and machining, the PyG had major
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flaws for the space reactor application. The major prob-
lem is corrosion. The PyG reacts chemically with the
hydrogen propellant at high temperatures as follows:

Thus, as the reactor continues to operate, the carbon is
removed from the insulating PyG and is either redeposited
at another part of the reactor or exits with the propellant
as agas. In addition, at sufficiently high temperatures, the
layered PyG structure undergoes a change in which the
ultimate result is the structure of polycrystalline, isotropic
graphite. This is energetically the most stable form of
graphite and predictably is found in nature. Thus, the
reactor operating lifetime was limited by the length of
time that the PyG could maintain its integrity and fulfill its
insulating function. When this no longer happened, the
lower temperature materials that had been insulated from
the high-temperature reactorparts could not withstand the
high temperatures and would melt or creep, presaging
ultimate destruction of the reactor (this never actually
happened).

To mitigate the insulator corrosion problem, the Rover
Program investigators sought an insulating material that
would be structurally stable, neutronically acceptable,
and chemically inert in the 'eactor environment. The
material of choice was zirconium carbide, which fulfilled
many of the material requirements but is not an insulator.
The successful research program to alter this.material to
allow it to be used as an insulator is described in this
summary,

II. PYROLYTIC GRAPHITE

A. Structure and Properties

Pyrolytic graphite (also called pyrographite, pyrocarbon,
PyG, or PyC) is graphite fabricated as a layered structure
that gives it unique thermophysical properties. To under-
stand this, it is important to understand the structure and
how it influences the properties. Figures 2 and 3 show the
structures of an idealized crystal of pyrolytic graphite.
Figure 2 shows the structure viewed perpendicular to the
layer planes. The planes are composed of carbon atoms in
a two-dimensional set of hexagons with the carbon atoms
at the apex of the hexagons, as shown in Fig. 2, by the solid
line (a). The plane above (a) is displaced as shown in Fig.
2 by the dotted line (b). The next plane above is position&i
directly above (a), the next above (b), and so on. This is
called an (ab) stacking order. Figure 3 shows an angled
view of the same structure with some key dimensions
included. In Fig. 3 we can also more easily see the
difference between the in-plane carbon-to-carbon dis-
tance (1.42 A) and the inter-planar (this is labelled the "c"
direction) distance (3.35 A). These differences in dimen-
sions give rise to the very anisotropic behavior of PyG.
Because of the closeness of the carbon atoms in the "ab"
direction, the interattractive forces and the lattice and

electron field coupling are stronger than they are between
the more distant planes in the "c" direction. Because of the
relatively large distance between the planes, heat flow
(which is related to the lattice and electronic coupling) in
the "c" direction is greatly reduced compared to the "ab"
direction. Thermal conductivities in the "c" direction
have been measured at l/200th of the value in the "ab"
direction.1 Similarly the decrease in interatomic force
between the planes makes for a thermal expansion in the
"c" direction about 10 times greater than that in the "ab"
direction. Other properties are similarly affected. Taylor
reported the thermal conductivity for PyG at room tem-
perature to be 4-8 W/mK making it one of the better
thermal insulators known.1 The fact that the thermal
conductivity doesn't change by a large factor at reactor
operating temperatures (2273 K or greater) would make
PyG an almost ideal choice for a Rover insulator if the
structure and the hydrogen corrosion could be controlled.
There are two caveats to this statement relating to the use
of the PyG at temperatures above approximately 2273 K.
The idealized crystal structure that has formed the basis
for this discussion will transform into an isotropic, poly-
crystalline system if unconstrained and kept at high tem-
perature for a sufficiently long time. This polycrystalline
graphite commonly forms rapidly at temperatures in the
vicinity of 3000 K; however, it has been observed to form
at much lower temperatures (2000 K), but because the
transformation rate is an exponential function of the
temperature, the polycrystalline transformation can take a
long time at the lower temperature. It is difficult to assign
quantitative rates to this process because there are other
influences on the crystallization process.

B. Improving the Structure of Pyrographite

Under the correct circumstances, the nature of the PyG
structure may be improved by high-temperature treatment
as can be noted from the following excerpt from an
August 196S Rover Progress Report. (This work was done
at about 2973 K).

Simultaneous application of compression and
torsion at high temperatures has converted a
continuously-nucleated pyrolytic graphite, hav-
ing a well-developed fine cone structure, into a
highly-ordered graphite having essentially the
interlayer spacing of an ideal single crystal and
very high degree of order in the orientation of
layer planes. Periodic rotational disorientations,
however, at intervals of about 500 to 1000 A,
have not so far been eliminated, and means of
producing large single crystals from this
pyrographite have not yet been developed.2

Similar studies were done by Ubbelohde in the 1960s in
which the heat-treated PyG, compressed in the "c" direc-
tion, yielded very nearly perfect crystals. Without these
artificial constraints, however, the PyG will appreciably



transform to the polycrystalline form at the temperatures
at which the reactor was designed to operate (2673 K and
up) to the detriment of the desirable thermophysical
properties.

The other caveat has to do with the hydrogen corrosion.
The rate of the reaction of the hydrogen with the graphite
is exponential with temperature. An extremely rough rule
of thumb is a doubling of the reaction rate for every 10 K
rise in temperature. Appreciable corrosion was observed
on some Rover test materials at 2223 K (see Part II.D. of
this summary). It is clear that a relatively small increase

Fig. 2. Stacked planar structure of graphite viewed perpen-
dicular to the ab planes. Solid lines ( —)are the "a" layer,
while dashed lines (- - -) are the "b" layer.

in operating temperature could have an enormous effect
on the corrosion rate of the insulators with a concommiuant
decrease in the reactor's operating lifetime. It was largely
because of these problems and potential problems that the
Rover program embarked, in the 1960s, on an intensive
study to identify insulator materials that would retain their
structural integrity and resist any corrosive attacks under
the reactor environment under optimized temperature and
flow conditions.

3.35 A

Fig. 3. Graphite crystal structure.

Pyrolytic graphite is fabricated by allowing a hydrocar-
bon gas (e.g. methane, ethane, or ethylene) to decompose
at elevated temperatures (pyrolysis) and having the car-
bon deposit on a cooled pre-shaped substrate. By appro-
priate choice of gas, pressure, temperature, etc., the
structure and the shape of the vapor-deposited artifact
could be controlled. While ideal crystals, like that shown
in Fig. 3, are not necessarily formed during the chemical
vapor deposition (CVD) without further treatment, the
properties of PyG made in this manner for commercial
purposes are closer to the crystal properties than they are
to those of the more common polycystalline-electrode
graphites made by either extrusion or by hot pressing and
as such were quite useable for the Rover reactor applica-
tions.

Attempts to clad the PyG to prevent hydrogen corrosion
were largely unsuccessful. Corrosion- and ablation-resis-
tant carbonaceous materials that were developed for the
U.S. space program probably have better corrosion resis-
tance than the PyG we have described; however, the
corrosion resistance comes at the expense of some of the
more desirable properties of the PyG, such as the low
thermal conductivity. It is to be noted however, that other
carbonaceous materials may become important in future
high-temperature reactors if some of the severe dimen-
sional restrictions in the Rover designs are relaxed.



C. Experience with PyG In the Rover Program

Because of the large number of confusing units com-
monly used to report heat flow, Table I is included to show
the relationship between various systems of units. The
commercially procured PyG used in the Rover program
had "c" direction thermal conductivities comparable to
the values reported for the idealized materials already
described. As an example, Table II (taken from a May
1969 Progress Report3) records thermal conductivities
measured in the radial (i.e. "c") direction on PyG tubes
made for Rover. The values are comparable to those
reported by Taylor.3 The thermal conductivities are simi-
lar because of offsetting influences from the crystal struc-
ture and interplanar cracks that form when the tubes are
cooled from the fabrication temperature (which is in
excess of 1000 K). While the crystal structure is not ideal,
tending to increase the thermal conductivity in the "c"
direction, the crack formation balances the increase. The
cracks tend to decrease the thermal conductivity at tem-
peratures below about 1500 K. Other influences from
impurities and mechanical flaws in the material cannot be
evaluated at this time, but experience suggests strongly
that these influences would be much less pronounced than
those observed. In retrospect, more careful and direct
control of the quality of the structural and physical char-
acter of the manufactured artifacts (something that would
be far easier to do now with the tools available to us in the
1990s) could yield a product better fitted to the ultimate
application.

A departure from ideality is also noted in the measure-
ments of thermal expansion reported in August 1969.

D. Properties of PyG

Thermal Expansion of PyG Tubes. The ther-
mal expansion of PG tubes, 0.633-in. o.d. by
1.71-in. long by 0.040-in. thick, was measured.
The longitudinal expansion was 1.86 x lOVC
and the transverse expansion was 2.40 x 10Y*C
from 20 to 1750°C [293 to 2023 K]. These tubes
were similar to those used in Pewee 1 support
elements and to those to be used in Pewee 2
support elements.

Here, instead of a "c" to "a" (i.e., "transverse" to "longi-
tudinal") thermal expansion ratio of about 10, as expected
for the idealized material, the ratio is about 1.3. This is
probably caused by a combination of crystal imperfec-
tions and partial exfoliation of the layer planes in the tubes
used for the measurement. The cracking between the
planes in the tubes (already described) decreases the
measured thermal expansion in the "c" direction as well as
the thermal conductivity. This was indeed observed in the
tubes and the explanation was supported by the relatively
low densities that were observed. Effects of impurities
and mechanical flaws are minimal for this type of mea-
surement of averaged thermal expansion. Again, if it is
important that the properties of the artifact be closer to
ideal, direct control of the crystal structure (and in the case
of the tubes or other special shapes, the physical structure)
will be crucial to that attempt.

The reactions between hydrogen and carbon have been
known and reported in the open literature for many years.
This was manifested in the Rover experience by corrosion
of PyG by hydrogen coolant. Most of the studies reported

Table I. Conversion Factors for Thermal Conductivity

To Go From To •
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an accelerated corrosion and attack at the edges of the PyG
in the "ab" direction. The implication is that the carbon
atoms at the edges of the carbon planes are more reactive
than those in the plane. A reasonable approach to control-
ling the corrosion problem is to allow the layer planes to
wrap around the edges of an artifact thus presenting only
a "c" direction to the hydrogen corrosion. This was
considered and reported in August of 1969 and is quoted
below.

Hydrogen Corrosion of Specially Oriented
Pyrographiie. Hot gas tests were performed to
determine the corrosion resistance of pyrolytic
graphite which had been formed into shapes
intended to test the corrosion resistance of
pyrographite in the "c" direction. One type re-
sembled the button of a mushroom and the other
a shear pin completely overcoated with
pyrographite. Corrosion was not entirely uni-
form, but attack seemed [to] occur more rapidly
on one area than on another. Exposure of 3 min
to Hj at 4500°R [2500 K]often removed carbon
to a depth of ~ 100 mils or more. It is clear that
pyrographite is vulnerable to H, corrosion in the
"c" direction at all temperatures above 4000°R
[2222 K].4

In an effort to blend the desirable high-temperature integ-
rity and corrosion properties of ZrC with the excellent
thermophysical properties of the PyG, ZrC-PyG compos-
ites were prepared and thermal diffusivities of U:e ailoys
measured. (Note: the thermal conductivity is the product
of the thermal diffusivity, density, and heat capacity. To
a first approximation, the trend in thermal diffusivity is
the same as the trend in thermal conductivity.) The results
of these measurements were reported in August of 1968
and are reproduced here.

Thermal Diffusivity of ZrC-PyC Composites.
The thermal diffusivity of four ZrC-pyrolytic
graphite (PyC) composites, prepared by simulta-
neous deposition by [The] Raytheon [Co.], was
measured from 800 to2100°C [1073 to 2373 K]
by the laser flash technique. The composites

contained 15,50,70, and 80 wt % ZrC, respec-
tively. The thermal diffusivity values vs compo-
sition at 1000, 1500, and 2000°C [1273, 1773,
and 2273 K] are plotted on a semilogarithmic
scale [see Fig. 4].

There is an exponential relationship between the
thermal diffusivity, a, and the wt % ZrC in the
ZrC-PyC composite, and k = 0.0036 cm2/sec.5

E. Summary and Recommendations for Future Use

Overall, we learned some lessons. The assumption that
properties of PyG could be controlled by specifying
processing conditions was certainly well founded, but
hardly sufficient. As we commented earlier, with the vast
variety of analytical techniques available today (1991),
specifications that spell out the required structural, physi-
cal, and chemical parameters may be monitored directly
on production runs of PyG, thus allowing these materials
to more closely match the engineering specifications (see
Table HI).

HI. ZrC BASED INSULATORS

A. Overview

It was recognized early in the Rover program that any
materials chosen for use in the high-temperature region of
the reactor would have to resist hydrogen corrosion and
radiation damage and maintain their integrity while not
interfering with the reactivity and the control functions in
the reactor. In the earliest days of the program, R. Schreiber
(the Division leader) and I discussed the desirability of
finding that most-important, all-purpose material with no
negative characteristics, "impervium," that we both re-
membered from the Buck Rogers fantasies of the 1930s.
If we could have legislated the materials for the program
rather than been forced to use what nature willed to us, we
would have done it. Having no other option, it became the
job of the Rover management to pursue research and
development on materials thatoffered the most tenable set
of compromises for the job to be done. It was recognized
in the 1950s that the most promising material would be a

Table II. Thermal Conductivity of PyG Sleeves

Gaseous
Environment

Hydrogen
Helium
Nitrogen
Vacuum

Temperature

(10
1366
1366
1366
1366

Thermal Conductivity

K H K ) x 10-3

10.4 (upper limit)
8.5-10.1
6.6-7.2
2.7-4.9

Temperature

(K)
1921
1921
1921
1921

Thermal Conductivity

KnK)x l0 - 3

11.4 (upper limit)
10.1-11.1
8.1-8.6
4.8-6.3



refractory zirconium compound, probably an oxide or a
carbide. This was hardly startling in view of the country's
power reactor experience, but even that experience had
little to offer in terms of direct technology transfer.
Rover's demands exceeded all engineering practice. For
these reasons, an ever-accelerating, in-depth research
program was initiated as the limit of usefulness of the PyG
systems was approached in the 1960s.

Figure 5 shows the areas of concentration and how they
finally culminated in the vigorous and successful devel-
opment of porous, sub-stoichiometric zirconium carbide
insulators.

B. ZrO2-ZrC

Development of the ZrC and the ZrC-ZrO2 composite
materials was spurred by the desire to replace the PyG in
the Pewee reactors, especially inside the beryllium reflec-
tor at the core periphery (see Fig. lc). Various composites
were made by hot pressing the materials at 2073 K and
6400 psi. Measurements of thermal conductivity at room
temperature are shown in Table IV (reported 11/69).6

Additional research yielded thermal conductivity mea-
surements on materials exposed to various temperatures
up to 2773 K (see Table V).

o.ioo —
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Fig. 4. Thermal diffusivUy ofZrC-PyC composites.

Analysis of heat transfer in the Pewee 2 reactor using
these composites showed that the composite, while effec-
tive, was far from the requirements specified in the engi-
neering design. This is illustrated in Fig. 6.

Measurements were also made to demonstrate the viabil-
ity of the concept of increasing the porosity of the insula-
tor materials to decrease the thermal conductivity.
Measurements of this genre on ZrC at room temperature
are reproduced in Table VI.

The influence of added porosity on the insulators intro-
duced another dimension to the use of these ceramic
materials because changes in density affected strengths,
creep properties, moduli, and potential operating charac-
teristics of the reactor.

Once the decision was made to operate Pewee 3 with a
core temperature of 2573 K or greater, the use of ZrO2-
ZrC composites was ruled out and in late 1970 the com-
posites were dropped from consideration as peripheral
insulators. It was decided that ZrC or a ZrC-C composite
in some form would be more appropriate for future re-
search.

C. ZrC-C

Experiments were also performed with ZrC-C to examine
its viability as an insulator. In August 1970, ZrC-C extru-
sions with about 5 wt % free carbon were reported. Initial
measurements of these materials revealed that the thermal
conductivity was substantially greater than that of hot-
pressed ZrC. The samples were then heat treated in hot
hydrogen and the thermal conductivities remeasured with
the result that as the free carbon was removed by this
treatment, the thermal conductivity was reduced. These
data are reproduced in Table VII.

The conclusion was reached that ZrC would be a better
insulating material if it contained no free carbon. Further
experiments then concentrated on ZrC.

D. ZrC

The research on ZrC started in earnest in 1971. Initially
there were investigations of the various thermal, physical,
and mechanical properties of ZrC made at near theoretical
density and with deliberately introduced porosity. While
these efforts were not definitive, it was at about this time
that discussions about the best way to measure the thermal
conductivity (an area of uncertainty at the time) of the
experimental insulator materials began to converge and
the flash diffusivity method was adopted as the standard.1

We obtained a thesis written in one of the Max Planck
Institutes (Stuttgart) which when translated led us toward
looking carefully at substoichiometric ZrC made with
vacancies in the carbon lattice because this alone was
most effective in decreasing the thermal conductivity.
This new information, combined with the fabrication of
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ZrQ2
75vol%ZrO225vol%ZrC* 4.970
75voI%ZrO225vol%ZrC** 5.394 93.91
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Fig. 5. Materials investigated during the Rover insulators
program: 1969-1973.

porous materials with the substoichiometric ZrC, (as it
came to be known), led to a series of experiments and a
redirected research and development program that had
every indication of yielding a successful insulator mate-
rial. Unfortunately, as this was coming to closure, the
Rover program was terminated and all work in this area
ceased.

E. Porous Substoichiometric ZrC, Insulators

Fortunately, a comprehensive and timely report on this
effort was written and published at Los Alamos. This
report, LA-5224, "Research, Development, and Produc-
tion of Substoichiometric Zirconium Carbide for High-
Temperature Insulation," (July 1973), written by Paul
Wagner, is the final portion of this report on Rover
insulators.



Table V. Effect of Time anc

Exposure Time at
Temperature Temperature

(K) (h)

2073 0

1

2573 0

1

2

4

8

16

2773 0

1

2

8

1 Temperature on Hot Pressed

Room Temp.
Thermal

Conductivity

0.022

0.011

0.020

0.015

0.0145

0.0198

0.0124

0.024

0.022

0.0155

0.011

0.0072

Room
Temperature

Density

-

5.52

5.29

5.20

5.09

5.24

5.26

;

-

-

75:25 Vol % Zr@-ZrCx Composites

Microstructure

Specimens exposed for up to 8 h showed
little change. Exposure in flowing H 2 for
8-16 h showed formation of substoichio-
metric ZrC.

Sample showed some formation of
substoichiometric ZrC but there was no
evidence of melting or dimensional changes.

Formed some substoichiometric ZrC.
Pronounced evidence of melting with
increased time at temperature.

The samples treated at 2073 K showed a drop in conductivity from 0.022 to 0.011 W/cm K after 1 h suggesting the
possibility of a chemical reaction taking place. The sample treated at 2073 K for 16 h gave a value of 0.019 W/cm K
which was approaching that of the as-hot-pressed material. Mesallographic examination showed what appeared to be
increased migration of ZrC into the ZrOfc with increasing time and temperature. There was no evidence of a skin or
surface reaction on these samples.

Table VI. Effect of Density on Thermal
Conductivity of ZrC

Density
to/cm3) (%theoretical)
6.43 97.3
6.18 93.5
4.48 67.8
4.30 65.1
4.08 61.7

Thermal Conductivity
(W/cmK)

0.243
0.119
0.077
0.0428
0.0278



Table VII.
Leachinga

Temperature

(K)

300
500
1000
1500
2000
2400

Thermal Conductivity of Extruded,

Hot-Pressed ZrC
95%

theor. dens.

0.20
0.21
0.23
0.28
0.32
0.36

Low-Density ZrC Before and

Calculated Thermal Conductivity, (W/cmK)

ATJ-S Graphite

1.51
1.27
0.71
0.53
0.45
0.41

As Received
71.7%

theor. dens.

0.43
0.38
0.28
0.25
0.23
0.23

^ e a t flux measuredl to extrusion direction, i.e., across grain.

After Hydrogen

Extruded, Low-Density ZrC

H2-Leached
67.2%

theor. dens.

0.05
0.06
0.07
0.08
0.11
0.15

Leach+ lhr at 2498 K
65.8%

theor. dens.

0.09
0.11
0.12
0.13
0.15
0.17

944

0.100 0.200 0.300 0.400
Insulation Thickness, in.

0.500
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RESEARCH, DEVELOPMENT, AND PRODUCTION OF SUBSTOICHIOMETR1C ZIRCONIUM

CARBIDE FOR HIGH-TEMPERATURE INSULATION

by

Paul Wagner

ABSTRACT

Zirconium carbide is a chemically stable, high-melting material uniquely
suited to reactor applications. This report describes the research, development,
fabrication, and evaluation of porous ZrC as an insulator intended for use in
die high-temperature, gas-cooled Rover reactors. ZrCx is a stable, single-phase
carbide in the 0.98 > x ~> 0.59 region. The thermal conductivity of ZrCx is
very sensitive to the vacancy concentration in the carbon sublattice (1-x). To
decrease sufficiently the thermal-conductivity value of ZrCx to make die
insulator, die carbon-zirconium ratio was decreased to an optimum value and
die thermal conductivity was decreased further by introducing porosity in the
ZrCx matrix. By these techniques, die thermal conductivity of ZrCx at 300 K
was decreased from 50 W nf1 K"1 to less dian 1 W nf' K"1. Forty and seventy
percent porosity ZrCx were investigated and their properties were measured.
The production material was a 70% porous fiber-based ZrCx having satis-
factory strength, thermal stress resistance, insulating power, and uniformity.

INTRODUCTION

As the Los Alamos Scientific Laboratory's (LASL)
gas-cooled Rover reactor program progressed, reactor
designs utilizing higher temperatures and longer use times
evolved. Early designs employed pyrolytic graphite to
insulate the thermally hot fuel elements from the cooler
reactor components. Because pyrolytic graphite reacted
with the hot hydrogen environment, reactor lifetimes
were limited by the corrosion of the insulators. Interest
was focused on the substoichiometric monocarbide of
zirconium (ZrC ) as the more chemically stable insulator.
Fabrication development on this material resulted in an
end product that was a satisfactory insulator; also, an
insulator system was generated where trade-offs could be
made on the thermal conductivity, strength, and density
of the ZrCx- However, because of the structural nature of
the ZrC fiber insulators, they were not wholly inter-
dependent. It was possible to hold the density constant
and yet to vary the strength and conductivity. With this

kind of flexibility, the ZrCx system can be tailored to a
set of specifications in conductivity, strength, density, or
related properties unique in refractory materials.

Of the various materials considered for the insulator,
the carbides in the elements of groups 4a and 5a are the
most attractive; all of which exhibit high melting points,
chemical inertness in reducing atmospheres, and a spec-
trum of neutronic properties. Zirconium carbide was
chosen because it has the lowest neutron capture cross
section but it still retains the desired refractory qualities.

Using ZrC to insulate the hot fuel elements has one
major drawback: in its theoretically dense state, ZrC is
not an insulator. The thermal conductivity (X) of ZrC is
about 50 W m"1 K"1 at 300 K, whereas an effective insula-
tor should have a X in the vicinity of 1 W nf1 K"1 or less.
Thus, developing a ZrC insulator for the Rover reactors
was reduced to a fabrication program wherein the prime
figure of merit, the thermal conductivity, was to be
minimized. This was done by combining several methods.
First an understanding of the effects of stoichiometry on
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ZrCx properties was gained. Then, by using an optimized
C/Zr ratio, porous artifacts were manufactured with the
intent of increasing the tortuosity of the heat-flow path
and of increasing the thermal resistance. Of the several
techniques employed in the fabrication investigations, the
most successful was converting carbon fibers directly to
ZrC by reaction with ZrCl4. When the Rover project was
terminated, insulator units of pure ZrCx with thermal
conductivities less than 1 W ni"1 K"1 were being fabricated
on a routine schedule.

Our investigations were complicated by the uncer-
tainty of whether or not X measurements could be made
accurately on the very porous materials. For this reason,
various aspects of thermal-conductivity measurements and
analyses are an essential part of the insulator develop-
ment. 0.6 0.7 08 09

C/Zr Atom Ratio

II. PROPERTIES OF SUBSTO1CHIOMETRHC ZrC

The first step in the ZrC insulator development was to
define the effects of structure of the substoichiometric
ZrCx on the thermal-conductivity and associated prop-
erties. Some work had been done in this area;1 however,
large gaps existed in the available information. We made
an effort to generate self-consistent information that
would demonstrate unambiguously the dependence of the
thermal conductivity on the ZrCx structure in the mono-
phase region (0.98 > x > 0.59). Similar work was done
with NbCx partly because NbCx has many of the prop-
erties that make ZrCx so attractive and partly to aid in
interpreting the ZrCx results.

These researches consisted of a group of measurements
done on carefully made and characterized samples of
single-phase ZrCx. Details of the methods used for sample
preparation, sample characterization, thermal-diffusivity
measurements, density determinations, porosity correc-
tions (for nearly theoretically dense samples), heat capac-
ity estimation, electrical resistivity measurements, and
impurity influences are given in Appendix A.

The data on the effect of C/Zr atom ratio on X at
300 K are summarized in Fig. 1. The crystal structure of
both ZrC and NbC are of the rock-salt type (type B 1,
face-centered cubic). The metal and the carbon atoms
form interlocking face-centered cubic sublattices. The
zirconium sublattice is stable only when all the lattice
sites are occupied, but the ZrCx is stable when there are
vacancies in the carbon sublattice and when the sub-
stoichiometric carbide is formed. The change in X shown
in Fig. 1 was caused by an increase in the vacancy concen-
tration in the carbon sublattice; the effect of impurities
such as oxygen, nitrogen, and sulfur is minimal (for
details see Appendix A). A similar dependence of X on the
carbon-to-metal ratio was observed in NbC.

Fig. 1.
Effect of stoichiometry on thermal conductivity in

ZrCx.

The data in Fig. 1 and the electrical resistivity measure-
ments made at 300 K on these samples show that about
37% of the thermal energy is carried by electrons and the
other 63% is carried by lattice waves (phonons). If one
estimates that, based on the pure material, a 1% increase
in the vacancy concentration doubles the electrical re-
sistivity (observed for a variety of metals such as copper,
zinc, and aluminum) and if the phonon scattering is
proportional to the square root of the defect concentra-
tion,2 then the very sharp dependence of X on C/Zr is
understandable. The electronic component of the thermal
conductivity is related to the electrical resistivity by

LT
electronic

where T = temperature; p R = resistivity, ohm m; and
L = Lorenz function, 2.45 x 10"8 V2 K~2. For C/Zr = 0.9,
that is, for a vacancy concentration of 10% in the carbon
sublattice, the above-type calculation predicts a
X = 12 W nf1 K~l, which is very close to the value shown
in Fig. 1. The behavior of the thermal conductivity with
temperature is also consistent with this mechanism. The
high-temperature measurements reported in Refs. 3 and 4
show a monotonic increase in X with temperature.
Because these measurements are made at temperatures
that exceed the Debye temperature, the phonon contri-
bution will decrease as the reciprocal of the absolute
temperature, but the behavior of the electrical resistivity
indicates that a simultaneous filling of the conduction
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band occurs with sufficient magnitude to cause a net
increase in X. This increase was confirmed by observations
made at LASLS where the electronic component of the
total thermal conductivity increased to about 75% at
temperatures above 1500 K.

NbC acts similarly to ZrC despite the difference in the
band structure of the two materials. This is a powerful
indication that the mechanistic description of the
behavior of the conductivity is realistic.

Russian data6 indicate that the linear coefficient
thermal expansion (CTE) is nearly constant with stoichi-
ometry. The following CTEs were reported.

Composition CTEOC1)

ZrC ,.o f6

»-6

ZrC0 6S

6.57 x 10
6.62 x 10
6.66 x 10"6

6.70 x 10
6.75 x 10-'

v-6

Note: CTE averaged from 300 K to 1273 K.

III. FABRICATION METHODS FOR POROUS ZrC

Several methods were used to manufacture porous ZrC
during the development program. These methods are
indicated in Table I. In addition to the methods listed in
Table I, fabric, papers, carbonized bodies, and extruded
carbons and graphites can also be converted into porous
ZrC. A combination of these methods can also be used.
The table gives those methods that proved most promising
for the Rover applications.

Hot-pressing techniques may be applied by using pure
ZrC at sufficiently elevated temperatures and pressures.
To achieve desired porosities, most of the hot-pressing
work was done with mixtures of ZrC, ZrO2, carbon in
some form, and a variety of pore-formers, such as Teflon.
Excess carbon was removed by reaction with hot hydro-
gen (leaching). There is an endless variety of raw materials
from which porous ZrC can be made by using this tech-
nique. The final product is strong and the porosity may
be controlled by a combination of the material formula-
tion and the pressing pressures. One Westinghouse Astro-
nuclear Laboratory ZrC made by this method had
P = 55%, X = 2Wrn"1K~1, a=13.8MPa, and E =
13.8 GPa. This hot-pressing method was used to fabricate
parts used in LASL's Nuclear Furnace No. 2 (NF-2);
however, specifications other than the thermal conduc-
tivity had to be met for this application.

The fiber impregnation method was used by the
McDonnell Douglas Astronautics Company under con-
tract to the National Space Aeronautics and Space
Administration (Contract No. SNPC-67).7 In this method,
woven fiber made of carbon or of carbon precursor mate-
rials was soaked in a Zr(NO3)4 solution, which formed
ZrC when heated. This process could be repeated as often
as desired to build the density up to the desired value.
Measurements of X on these materials are reported to be
as low as 0.5 W m"1 K"1; however, LASL tests proved
uncertain because relatively large amounts of residual
carbon fibers were found to exist in The purported ZrC
matrix. The technique is attractive because of the poten-
tial control of the geometric structure of the ZrC fibrous
phase.

Direct reaction of carbon or graphite bodies with
ZrCl4 gas to yield ZrC was tried by using hollow carbon

TABLE I

FABRICATION METHODS FOR POROUS ZrC

Method

Hot-pressing
Extrusion
Fiber impregnation
Carbospheres + ZrCl4

gas
Carbon foam + ZrCl4

gas
Carbon fibers + ZrCI4

gas

Porosity
Range

(%)

0-70
20-50
15-60

80

80

65-90

Minimum Thermal
300K Conductivity

(Wnf'lC1)

3.0
3.0
0.5

0.8

5.0

0.4

Comments

Strong
Strong
Flexible technique

Slow process

Slow process

Fast, flexible method
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spheres (carbospheres) that were bonded together with a
polyfurfural alcohol binder, using carbon foam and
carbon fibers. The carbospheres and foams are relatively
impermeable to the reacting gas and, as a consequence,
the reaction times required for conversion are extremely
long in comparison with those for the fiber systems. The
interlocked spheres in the ZrC carbospheres created a
strong material, and the point contacts between the
spheres provided an effective thermal resistance for a X
(300 K) = 0.8 W m"' K"1. The carbon-foam system suffers
from the same deficiencies as the carbospheres except
that a high value of X may be expected for a foam matrix.
In particular, a trial test8 of the 72% porous ZrC made
from foam yielded X (300 K) = 5 W m"1 K"1 or higher, the
modulus of rupture was 10.5 MPa, the elastic modulus
was 14.9 GPa, and the average strain to failure was about
0.07%. It took ten times longer to fabricate this material
than it did to fabricate the carbon-fiber systems of the
same mass.

The extrusion methods used for porous ZrC and the
carbon fiber-gas conversion to ZrC were the most success-
ful techniques employed. Both systems were important to
the Rover insulator program and are discussed separately
in this report.

IV. EXTRUDED POROUS ZrC

An extensive study was made on the fabrication and
properties of extruded ZrC of approximately 40%
porosity during the insulator development program. In
general, this material was made by extruding a mixture of
ZrC, ZrC>2 a polyfurfural alcohol (binder), carbon or
graphite powder, and Teflon or nylon. This mixture was
then sintered in helium or argon at 2773 K for 7.2 ks
(2 h), excess carbon was removed by exposure to hydro-
gen at 2573 K for 28.8 ks. This gave a very high-strength
material of about 60% theoretical density that was grey in
appearance, was machineable, and was quite tractable.
The results and details of the fabrication development
effort on these materials is included in greater detail in
Appendix B, and will not be discussed further here.

A. Thermal-Conductivity Measurements at 300 K

Although the thermal conductivity (X) of the porous
ZrC insulators was the prime figure of merit, disparities in
early X results and the uncertainty about whether or not
transient methods could be successfully applied to
systems of 40% void stimulated a vigorous effort to define
the accuracy, the reproducibility (using a variety of
methods), and the precision of the measurements. The

first step was to assure the inherent accuracy of the
equipment used-two flash-diffusivity systems, a contact
probe system and a cut-bar steady-state apparatus.
Standardization was done using Armco iron (which had
been calibrated vs a sample of Round Robin Armco),
pyroceram (Code 9606), and fired Lava A.9 The second
step was to have different investigators make X measure-
ments on the porous ZrC to assure that the introduction
of the porosity did not influence adversely the repro-
ducibility of the thermal-conductivity measurements. The
third step was to make a relative measurement of X for
ZrC against well-known standards to assure that the re-
sults obtained by the flash method still retained the
necessary degree of accuracy.

Three investigators measured the room temperature
thermal conductivity, and thermal diffusivity of four ZrC
extrusions.10 Where possible, identical samples were used
to obtain characteristic data for production materials
(Lots 4558, 4575, 4706, 4742) and some statistics on the
reproducibility of the measurements made by the differ-
ent investigators. These data, compiled in Table II, show
no disparity in measured results and show a data spread of
less than 10% where identical samples were used. For one
of the extrusions, the sample thickness was varied from
0.0202 m to 0.0383 m (a factor of 3.6 in influence in the
diffusivity measurements because the thickness term is
squared). Measurements were made in vacuum, argon (at
0.1 MPa and at 10 kPa), helium, and air and were cor-
rected for the convective heat losses. All these data are
shown in Table II. In general, there were no contradic-
tions in the measurements. If samples of identical
materials (but not identical samples) were used, variations
in the investigators results could exceed the 10% precision
demonstrated for the measurements. It is inferred from
this that the variability in these materials from one point
to another was greater than the uncertainty in the meas-
urements.

The third step in verifying the methods used was to
make a direct comparison of the results obtained by
steady-state techniques with those obtained by transient
methods on identical samples of the porous ZrC in ques-
tion. The thermal conductivity of a 40% porous ZrC
sample was measured near room temperature using an
axial-flow, steady-state comparison. A detailed descrip-
tion of this apparatus is given in Ref. 9. These measure-
ments were compared with those made by the flash-
diffusivity method on samples used for the steady-state
measurements.11 The results of these investigations are
summarized very briefly as follows.
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TABLE II

COMPILATION OF THERMAL CONDUCTIVITIES OBTAINED AT LASL
ON CONTROLLED SAMPLES OF 40% POROUS, EXTRUDED ZrC

ALL DATA IN Wm"1 K"1 UNITS

Sample

4706

Condition

NF-1 production
material.
Leached

Sibbitt's
Results

4.6 (2 det)
4.4 (2 det)
4.5 (2 det)

Wagner's
Results

4.7
4.9
4.3

Vacuum

4.8
4.7
-

4.3
4.0
4.3

Air

4.7
4.1
4.6
4.4
4.3

Morrison s Results

Helium

4.9
4.8
4.1
4.4
4.3
4.3

Argon

4.9
-

4.1
-
-

Argon*

-
4.0
4.4
4.1
4.4

4706

4558 Zr-1

4574 Zr-2

4742 Zr-1

Leached

Leached

Leached

Leached

4.4 (2 det)
4.7 (2 det)
4.5 (2 det)
3.7 mean
4.9 max

(9 det)

3.4 mean
3.7 max

(5 det)

4.2 mean
4.5 max

(8 det)

-
-
-

4.7
4.8
4.6
4.4
3.7
3.5
3.4
3.8
4.4
4.6
4.7
4.8

-
-
-

4.7
4.8
4.4
-

3.7
3.5

H
-

4.4
4.6
4.8

aAt0.1MPa(l atm)
NOTE: Underlined data indicate identical samples (horizontally).

Method

Steady state

Transient
(flash dif-
fusivity)

Sample
Orientation

Parallel to
extrusion
axis

Parallel to
extrusion
axis

Temp
(K)

380

295

Thermal
Conductivity

Wnf1 KT1

6.3

6.2

The indeterminate error is estimated to be ~10% for the
steady-state results and ~5% for the flash-diffusivity re-
sults.

It is clear from the preceding that the X measurements
reported here occupy a very high confidence level. Of the
various techniques employed during this project, all but
one gave accurate and self-consistent answers. The excep-
tion was the Colora method which gave self-consistent
results, but the answers were invariably lower than all
others.12 The necessity for proving the validity of the
measurements upon which an entire development pro-
gram is based cannot be over-emphasized.

B. Thermal-Conductivity Measurements at Elevated
Temperatures

The questions concerning the validity of the X meas-
urements at 300 K also existed for measurements of 40%
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porous ZrC materials at elevated temperatures. One of the
first groups of experiments was performed to demonstrate
the reproducibility of the change of the thermal conduc-
tivity with increasing temperature.13 Samples from differ-
ent extrusion lots, but with nominally similar properties,
increased in A as the temperature was increased from 300
to 2600 K. In vacuum, X(2600 K)/X(300 K) was approxi-
mately 2.75 for all the extruded materials studied. The
reliability of the transient laser flash-diffusivity technique
for elevated temperature measurements using porous ZrC
was demonstrated by sending samples, measured at LASL
by this method, to the Thermo-Physical Properties Meas-
urement Facility, Sandia Laboratories (Albuquerque,
NM), for the same type measurements. The LASL and
Sandia results were in excellent agreement.14 The final
step in the experimental X(T) program was to make
measurements of X(T) using a radial heat flow, steady-
state measurement on the 40% porous ZrC. All these
A(T) resultss-14>ls are shown in Fig. 2. Figure 2 shows
that although details from the steady-state measurements
are not available below 1300K, excluding X(300 K), in
regions of overlapping temperature there is little to
choose between the results obtained from the flash-
diffusivity measurements and those obtained from the
steady-state experiments. The error-estimate bands shown
in Fig. 2 imply that high-temperature results of X meas-
urements are very difficult to make with the same level of
confidence as those reported for 300 K.

C. Modeling Porous ZrC

Originally, the insulator was to be used in an environ-
ment of high-pressure hydrogen, but because no facility
existed for making X(T) measurements in this environ-
ment, it was necessary to model the porous ZrC to calcu-
late X(T) for the reactor applications. If we postulate that

125

Flash diffusivity

* Measurements made at Sandia Lab.
I I 1

300 500 1000 1500 2000 2500
Temperature(K)

Fig. 2.
Thermal conductivities of40% porous ZrC shown as
a function of temperature.

the porous ZrC consists of three phases, one a continuous
matrix of the ZrC, one a discontinuous phase (of fixed-
bed), and one a void structure, it is possible to calculate
some of the system properties. This was done for extru-
sion lot No. 4706 by utilizing published data for X(T) of
continuous ZrC3'4 and predicting, from engineering prin-
ciples, the conductivity of the fixed-bed phase. The void
structure was postulated to be isometric and calculations
were made for two pore sizes.16 The results of these
studies are summarized in Fig. 3. Here the calculated X(T)
is compared directly with the measured X(T) for the same
material as that used for the modeling. The agreement is
quite good. Note the sharp upturn of the measured values
compared with the calculated values for the thermal con-
ductivity at higher temperatures. This is probably associ-
ated with the difficulty in characterizing the void
geometry. A photomicrograph of the 40% void extruded
ZrC is included (Fig. 4) to illustrate this point. It is likely
that the postulated void structure gives a smaller radiation
heat transfer component than actually noted in the ex-
periments.

D. Factors Which Influence the Thermal Conductivity

Section II reports the effect of vacancies in lowering
the thermal-conductivity. The introduction of the
porosity, as in the 40% porous ZrC, was also a large step
forward in decreasing the heat-conducting power of the

20
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Fig. 3.
Thermal conductivities vs temperature for 40%
porous ZrC. Comparison of experiment with values
calculated for two porosities.
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Fig. 4.
Photomicrograph of 60% dense extruded ZrC (I SOX),

insulator. These two factors operate in parallel; therefore,
the insulator system may be generalized by the following
formula (Matthiesen's Rule).

R Total " RMatrix + RPores + RInterfaces

Here, R is the thermal resistance and is equal to X"1.
Factors that influence \ fall into one of the categories on
the RHS of the equation, and will be discussed separately.

RMatrix: The e^ect °f vacancies has already been
discussed. It has been demonstrated that optimizing the
C/Zr ratio can decrease X by 3 to 4 times17 even in the
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40% void ZrC. Chafik18 reported that when the C/Zr ratio
is greater than one, that is, when the phase limit is
exceeded and the ZrC contains excess carbon, X may
increase sharply. This conclusion is neither confirmed nor
denied in the work done at LASL. It has been confirmed
that the introduction of nitrogen or oxygen at elevated
temperatures will elevate the thermal conductivity.19 In
this case, the oxygen or nitrogen atoms occupy vacancy
sites in the carbon sub lattice; the effect in elevating X is
not as large as if the sites were occupied by carbon atoms,
but it is considerable. For example, ZrCo. 9$ (40% porous)
when exposed to nitrogen at 1773 K for 23.4 ks (6-1/2 h)
underwent an unambiguous increase in X of a factor of 2
or greater."

R P o r e s : Introducing porosity will increase the thermal
resistance of a system unless the X contribution from
radiation or from contained gases is intrinsically greater
than that of the matrix. To some degree this is attribut-
able to the increase in the tortuosity of the heat-flow
path. The shape of the pores, as well as their concentra-
tion, influences the increase in tortuosity. For example,
pores shaped like platelets with their largest dimensions
normal to the direction of the flow of heat would cause a
greater impedance than would pores oriented so that the
long dimension was parallel to the heat-flow path. For
this reason, it is not possible to correlate properties such
as the thermal conductivity with the densities of the
manufactured ZrC without completely characterizing the
concentration, structure, and distribution of the included
voids. Figure 4 emphasizes the difficulty in doing this.
Similar complications arise when analyzing the influences
of gaseous conduction in the pores and when considering
radiation heat transport.

^•Interfaces'- The degree °f intimacy of contact will
define the ability of the interface to carry the heat, ft has
been demonstrated that the thermal transport mechanism
is by phonons and electrons and any disruption of the
periodicity of the lattice (grain boundaries, crystallite
interfaces, etc.) will increase the thermal impedance.
Large particles would have relatively large masses of
matrix and few intercrystalline junctions and would be
expected to demonstrate relatively high thermal imped-
ances. Mixing particles with a wide range of sizes would
increase the number of interconnections between particles
with a relatively small increase in total mass, thus decreas-
ing the net thermal resistance. These effects have been
observed in the 40% porous ZrC. This point is made in
Sec. IV.C: by varying the relationship between the con-
tinuous matrix and the fixed bed, the thermal conduc-
tivity may be varied.

E. Properties of the Production Porous ZrC

Room-temperature thermal conductivities were meas-
ured on samples taken from a large production run. The
sample materials were nominally 38% porous, extruded,
leached ZrC microslates collectively labeled Lot 4887.
The material was single phase, with no free carbon, and
with a C/Zr = 0.96 (i.e., ZrCo.9e)- Measurements of
X(300 K) were done on 88 samples.20 The results are
displayed in Fig. 5 where, the measured thermal conduc-
tivities are plotted against the frequency of the appear-
ance of X, tabulated in 0.1 W m"1 K"1 units. The average X
for all 88 samples is 6.8 W m"1 K"1 with a standard devia-
tion (a) of 1 W m"1 K"1. Eighty-four of the 88 determina-
tions fall within the 95% limit (± 2a). Densities averaged
4.10 Mgm"3 (4.10 gem"3) with a standard deviation of
0.13 Mg m~3. Three of the above specimens were sub-
jected to hydrogen at 2575 K, at a pressure of 3.1 MPa
(450 psi) for 3.6 ks in an effort to leach out some of the
carbon.17 At the conclusion of the experiment the C/Zr
had decreased from 0.96 to 0.86 and the average of the
X(300 K) was 3.4 W m1 IT1 .

Measurements made on the linear thermal expansion of
the 40% porous extruded ZrC yielded results identical to
those listed in Sec. II of this report. As expected, the
porosity had no significant effect on the CTE. Little
additional work was done in this area because engineering
information could be taken from the measurement? :.iade
on the dense material.

I
I*

0"r
4.0

i n rn I
4.5 5.0 5.3 6.0 6.5 7.0 7.5 s o 8.5 9.0

Thermal Conductivity (W in'tc')

Fig. 5.
Frequency distribution for thermal-conductivity
measurements of porous ZrC insulators from NF-2
production run (Lot 4887 Zr).
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Because of the minimal strength requirements placed
upon the insulators used in the reactors associated with
the Rover program, little effort was expended in this area.
Some exploratory work was done21 on the compressjve
strength properties of the extruded ZrC and the results
are shown in Table III.

During the course of the high-temperature, steady-
state, thermal-conductivity measurements,5 surprisingly
high-temperature gradients were attained, and survived,
by the test specimen. For a long hollow cylinder, resist-
ance heated and cooled by radiation on its outer surface,
the maximum tensile strains occur on the outer surface
and are given by

= ez=a[T-Tmin]

ez are the maximum tensile strains in thewhere eg and
azimuthal and axial directions, a is the instantaneous
coefficient of thermal expansion at temperature T, T is
the mean temperature of the cylinder, and Tm jn is the
minimum temperature which occurs at the outer wall.

If the thermal conductivity and the power density are
constant across the wall of the specimen, then the
quantity ( T - T m i n )
quantity T m a x - T m i n

can be related to the measured
by the following equation.

1

2

i -

i

a

a

+ a

a xn a
1

a
fin a

1

where a is the square of the ratio of outer radius to inner
radius.

The ZrC extrusion used survived temperature gradients
as high as 150 K at the higher temperatures, which

TABLE HI

SOME COMPRESSIVE DEFORMATION AND STRENGTH
PROPERTIES OF POROUS, EXTRUDED ZrC

Sample porosity
(%)

4Oa

40 a

40 a

4 0 h
3 4 h
3 4 K

34b

Temperature
(K)

1673
2775
2775
2775
1673
2775
2775
2775

Stress
(MPa)

7.0
0.7
2.1
7.0
7.0
0.7
2.1
7.0

Deformation Rate
(ks)'1

0
0.003
0.0167
0.0556
0
0
0.0028
0.0194

aOriented parallel to the extrusion axis. Ultimate strength at
300 K, 123 MPa.

Oriented perpendicular to the extrusion axis. Ultimate strength
at 300 K, 186 MPa.

corresponds to a strain of 0.1% that was survived by the
specimen. This is surprisingly high for a brittle material
such as ZrC and suggests that creep and/or plastic flow
can relieve thermal stresses in this material at high temper-
atures.

F. Reactor Performance of the Porous Extruded ZrC

Two of the 49 cells in LASL's Nuclear Furnace No. 1
used ZrC in the interstices between the fuel element and
the water-cooled cell wall (the other cells used pyrolytic
graphite). The function of the ZrC was that of a barrier
and a spacer for keeping the fuel element centered. The
hydrogen that flowed in the channel provided the neces-
sary insulation. The configuration of the NF-1 ZrC is
shown in Fig. 6. These tests are the only in-reactor tests
made using ZrC, and they provide some qualitative in-
formation on the ability of the ZrC to withstand the
environmental combination of hydrogen at 2700 K
temperatures and the radiation field. The postmortem
work on NF-1 was not completed when the Rover pro-
gram was cancelled. The ZrC spacers showed longitudinal
cracks; however, because of the tight dimensions, it was
not clear whether the cracks were formed by mechanical
loading during the reactor heat-up or by thermal stress.
The general appearance of the ZrC weighted the

Coolant gap(H2O)

Cell tube

Fuel element

Cell sleeve
Insulating gaps ( H 2 )

Insulator-filler

Fig. 6.
Cross section of NF-1 cell showing location and
shape of the experimental porous ZrC insulators.
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mechanical loading rationale. There were no indications
of reaction with hydrogen nor any indication of any form
of degradation in the appearance of the material. The one
thermal-conductivity measurement was made on a sample
taken from a section halfway between the cold inlet and
the hot-gas exit which should have seen the maximum
temperature and radiation field intensity. The thermal
conductivity of this irradiated ZrC was 3.2 W m"1 K"1 at
300 K, which may be compared with the NF-1 produc-
tion X(300K) of about 4.5-5.0 W irf'K"1 (Lot 4706)
listed in Table II. The expected change in X from the
introduction of a high concentration of point defect scat-
tering centers is not an unreasonable value.

V. VERY POROUS ZrC MADE FROM CARBON
FIBERS

The insulator system chosen for NF-2 and the system
that would have been used for high-performance flight
reactors was made by the solid-gas reaction of carbon
fibers with ZrCl4. Because of the compressed time scale
(the decision to use ZrC made in this manner was made
about seven months before the "parts on hand" date) the
development, evaluation, and production proceeded along
parallel paths. As a result, descriptions of production and
properties of the very low-density ZrC are inevitably tied
to the NF-2 design needs. A discussion of the porous,
fiber-based ZrC would include an interlacing of various
aspects of these factors. Appendix C is a LASL internal
document describing some aspects of the fabrication pf
the NF-2 insulator units.

Figure 7 is a sketch of the NF-2 insulator configura-
tion. The reactor consisted of 49 such cells. We expected
that the fuel element would run as hot as 2900 K, the
aluminum tube was water cooled and the inner surface of
the aluminum tube was not expected to exceed 500 K.
Thus, the 2400 K temperature drop would have to be
taken by the ZrC insulator; and since the mean thickness
was about 4.0 mm (5/33 in.), the extent of the insulating
power required is amply demonstrated (Fig. 8). Figure 8
shows the radial heat-flow leak vs the value of X for the
insulator configuration shown in Fig. 7 and for the full-
power operation for an NF-2 cell. Figure 8 shows that to
transfer 95% of the thermal energy to the coolant gas, a
300 K X of about 0.5 W m"1 K"1 would be required. This
then set the goal for the NF-2 insulator design and for the
target thermal conductivity of less than 1 W m"1 KT1 at
300 K.

TOP

SECTION A-A

BOTTOM

NF-2 INSULATOR

Fig. 7.
NF-2 ZrC insulator configuration.
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A. Fabrication

The NF-2 insulator units were produced in a multiple-
step, single-pass operation. The tubular carbon-fiber raw
material was premachined to approximate cross-section
dimensions and was converted directly to the final prod-
uct. The starting material and the finished product are
shown in Fig. 9. The carbon-fiber tube was converted to

Fig. 9.
The carbon-fiber tube before conversion and the
finished ZrC product (right).

ZrC by exposure to a mixture of ZrCl4,H2, argon, and
HCI at 1600 K for 40 h, which resulted in a product com-
position of ZrC0.9s and a 76% porosity (24% theoretical
density). The temperature was then dropped to 1500 K
and CH4 was added to the gas mixture; under these
conditions, a coating of ZrC was deposited on each fiber.
After 10 h of this latter treatment, the porosity was
decreased to about 72%. Finally, the temperature was
raised to 2800 K and the insulators were held at this
temperature in an argon environment for 2 h. The insula-
tors were ready for final machining after they were
remov.d from the conversion furnaces. Figures 10, 11,
and 12 are scanning electron micrographs of the carbon
fibers, the converted ZrC, and the fiber-coated converted
ZrC, respectively. Note that the fiber coating increases the
degree of filleting and fiber interconnection. Intuitively it
would be expected that fiber coating would increase both
the strength and the thermal conductivity, which proved
to be the case. The 2800 K heat treatment seemed to
ccunteract the coating effects by decreasing the thermal
conductivity, although the reason for this phenomenon is
obscure.

Fig. 10.
Scanning electron micrograph of carbon-fiber
starting material (1000X).

Fig. 11.
Scanning electron micrograph of fiber ZrC after
conversion (1000X).
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TABLE IV

ROOM TEMPERATURE THERMAL CONDUCTIVITY
OF PRODUCTION POROUS FIBER-ZrC

t- •

Fig. 12.
Scanning electron micrograph of ZrC after conver-
sion and vapor-deposited ZrC fiber coat (1OOOX).

B. Thermal Conductivity of Ve ; Porous ZrC at 300 K

All the thermal-conductivity measurements nude at
300 K on the very porous ZrC were made with the flash-
diffusivity method. Despite all the precautions taken to
assure the accuracy of such measurements (see Sec. 1V.A),
unpublished work done in LASL Group N-7, just before
the group was dissolved, indicated that the flash-diffusiv-
ity measurements yielded answers that were too high.
The insulating power of the ZrC insulators, as reported in
this document, is probably pessimistic and the fibrous
ZrC insulators are, in fact, more effective than the num-
bers indicate. Results of X measurements made at 300 K
using the flash-diffusivity method22"13 are compiled in
Table IV. This work was done independently by two
investigators with essentially identical results and shows
the variation of thermal conductivity with degree of
completeness of the fabrication. The increase in X due to
the fiber coating is explained by the increase in the
intimacy of contact of the fibers and by a slight increase
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Sample Condition

Convened to ZrC

Fiber coated
with ZrC

After 2800 k
heat treatment

Porosity
(%)

74
71
75
73
79
75
66
65
92
72
72
72

X (300 k)"
(Wm"'f')

0.65
0.65
0.62
0.85
0.42
0.45
1.00
1.32
0.35
0.35
0.43
0.36

Standard
Deviation

(Wm-'k'1)

0.04
0.04
0.10
0.25

0.04
0.02

Measurements made in air.

in the density. Table IV shows that the heat treatment is
very effective in reducing X, but before we could make
further studies, the project was terminated.

Figure 9 shows a void orientation in the converted ZrC
in the form of circumferential cracks. This was a particu-
larly fortunate development because such cracks serve as
thermal-stress fracture relief modes and, because of the
configuration of the insulator (Fig. 7), would not be
expected to have deleterious effects on the reactor opera-
tion. Another consequence of this void structure was the
introduction of an anisotropy in the thermal conductiv-
ity. Measurements made parallel and perpendicular to the
insulator tube axis showed that this anisotropy could be
as large as a factor of five.25 The effect of the cracks as
thermal barriers was great enough that having a
C/Zr = 0.95 proved to be no disadvantage; as a matter of
fact, this slightly high value resulted in a product with
more desirable handling and machining characteristics
than the systems with lower carbon contents.

C. Modeling the Very Porous ZrC Insulators

Before discussing the high-temperature measurements
of the very porous ZrC, it is necessary to consider the
mechanism by which heat is transferred in a hetero-
geneous medium of this type. In principle, the modeling



rationale is the same as that discussed in Sec. IV.C for the
40% void ZrC. In practice, the situation is far more
complex.36 In the very porous systems, with porosities in
the 70 to 75% region, the nature of the voids will be
imporrant in determining the thermal conductivity, not
only at temperatures where the radiation is effective but
also at lower temperatures where the nature of the gas in
the voids is significant. The critical factor is the descrip-
tion of the pores; however. Figs. 10 ,11, and 12 show that
characterization of such a void structure presents a formi-
dable problem. Added to this are the anisotropic effects
described in the previous section. Thus, altering the ratio
of the continuous-fiber ZrC to the fixed-bed ZrC and
changing the void structure afford an endless group of
combinations. This is the heart of the ZrC system. For a
given density, the variations described permit the fabrica-
tor to tailor the value of the thermal conductivity and
related properties (Fig. 13). In Fig. 13 we assumed that
the fiber diameter was fixed, that a pore diameter could
be assigned to the system, and the overall porosity of the
ZrC was taken to be 80%. The three curves were gener-
ated by varying the ratio of the fixed bed to the continu-
ous ZrC, by including the effect of the hydrogen at

5.5

5 0

4 5

o3.0

"25
o

»2.0
I-

1.5

1.0 -

0 5 -

Fiber diamefer, 10/im
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H2 Conduction* radiation

I I I I

0 500 1000 1500 2000 2000 3000
Temperature (K)

Fig. 13.
Calculated thermal conductivities for 80% porous ZrC.

3.4 MPa (500 psi), and by thermal radiation effects. The
hydrogen effects were included originally because there
are no facilities available for measuring X in high-pressure
hydrogen at elevated temperatures. Hydrogen effects were
included here to illustrate the drastic effects that the
environment may have on the intrinsic properties of such
a porous material (compare Figs. 13 and 2).

Practical lower limits of the thermal conductivities to
be expected from highly porous ZrC were calculated and
the results are displayed in Fig. 14. Here the pore struc-
ture was taken to be similar, except for the magnitude of
the void fraction; the matrix structure was fixed (i.e.,
ratio of the continuous ZrC to the fixed bed = constant).
Thermal-conductivity measurements were calculated for
the insulators with radiation, and hydrogen gas inclusion
at 3.4 MPa was considered. Porosity effects are of a
magnitude similar to that effected by changing the matrix
structure (Fig. 13). This was important in fabrication
considerations because it demonstrated clearly that the
ZrC could be fabricated with densities high enough to
retain any required structural integrity without sacrificing
the desirable insulating properties.

0 500 1000 1500 2000 2500 3000
Temperoture(K)

Fig. 14.
Calculated limiting values for thermal conductivities
of ZrC of different porosities.



These ideas were tested by making thermal-conduc-
tivity measurements of very porous ZrC at elevated tem-
peratures. A ZrC tube (with 84% porosity, C/Zr = 0.93,
and fabricated expressly for this purpose) was used for
steady-state radial heat-flow measurements of X(T) in
vacuum from 1300 to 2450 K.27 These data arc shown in
Fig. 15 where the experimental points, fitted curve, and
predicted16'26 curve are compared. As shown in Fig. 2,
the upturn of the experimental data at the high tempera-
tures is somewhat greater than would have been pre-
dicted; however, the difficulty in characterizing the void
structure is probably at the root of this problem and was
not solved when efforts in this area ceased.

laser-flash technique X[a(T)l from 300 to 2200 K.24

These measurements were made in vacuum. Because of
the inherent uncertainties associated with the X[a(T)j
method for these very porous materials, the data are
shown along with normalized predicted values of the
thermal conductivity16'26 in Fig. 16. The material used
had a porosity of 72%, was heat treated, and had a
X(300K) in air of 0.38 W nrf'K"1. As in other compar-
isons of this type, the agreement is quite good until
temperatures in excess of 2000 K are reached, then the
experimental data rise faster with temperature than would
be expected.

D. High-Temperature Thermal Conductivity of NF-2
Insulators

Samples cut from production NF-2 insulators were
used for thermal-conductivity measurements using the

Errot estimate

3 0 0 1000 1500
Temperature (K )

2000 2500

Fig. 15.
Comparison of predicted thermal conductivity with
experiment for 84% porous fiber ZrC.

300 POOO 1500
Temperature (Kl

2000 2500

Fig. 16.
Thermal conductivities of NF-2 production insula-
tors compared with predicted temperature trend.

E. Effect of Temperature on the Compressive Strength of
ZrC

It was necessary to define the temperature limits of the
usefulness of the insulators in terms of their resistance to
compressive stress.28 Standard NF-2 production materials
(72.5% porosity, ZrCo.94, heat treated at 2800 K) were
subjected to compressive stress from 300 to 3073 K. The
stress was applied parallel to the cylinder axis of the
insulator units with a fixed strain rate of 42.3 jumsec"1.
These tests were done at 300, 1273, 1873, 3073, 2273,
2473, 2773, and 3073 K, in a helium environment. The
strength of the ZrC was (somewhat arbitrarily) defined as
that stress level where yield first occurred. From the data
generated during these experiments, it appeared that the
yield time was short enough to make the creep phenom-
ena unimportant. The curve showing the effect of temper-
ature on the yield stress for these materials is given in Fig.
17. The shape of the curve is reasonably characteristic of
that for a brittle material which undergoes plastic defor-
mation at temperatures greater than half the melting
temperature. The data suggest that 3100 K is an upper
limit for ZrC use to avoid excessive deformations.

^ 3000

- 2000 C

- 1000

3000300 1000 2000
Temperature (K)

Fig. 17.
Effect of temperature on yield stress for 72.5%
porous fiber ZrC.
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F. Insulator Simulation Tests TABLE V

The porous fiber-based ZrC was never reactor tested;
NF-2 was scheduled for testing when the Rover program
was cancelled. As part of the performance evaluation of
the insulator units, a test was made to investigate the
behavior of ZrC in a simulated NF-2 fuel cell.29 An
8-cm-long piece of full cross-section NF-2 insulator was
slipped over a standard thermal-stress fuel element speci-
men (Fig. 7). The insulator was centrally located on the
fuel element so that the heat flux was normal tc the
insulator axis. The outer surface was free to radiate to the
water-cooled furnace wall. This insulator came from an
early NF-2 production run. It was converted but was not
fiber-coated and had not been heat treated. The insulator
was 77% porous (23% theoretical density). The test pro-
cedure was the same as that followed for a fuel element
thermal-stress fracture experiment where the coolant flow
is established and the power is increased until the speci-
men fractures. In this case, the test was terminated by the
fracture of the fuel element at a power density of about
4050 MW m"3. At the conclusion of the test, the insulator
was cracked but did not break up. The minimum temper-
ature drop across the insulator unit was estimated to be
1000 K. Based on these very rudimentary experiments,
(the only simulation experiments performed) the outlook
for a satisfactory reactor performance from the porous
ZrC insulators was optimistic.

Similar evaluation tests30 were made on converted and
fiber-coated ZrC tubes (63% porous). These insulators
were made expressly for evaluation purposes. These tubes
were subjected to temperature gradients as great as 900 K
across the tube walls. Examination of the insulators after
two cycles revealed no significant changes in the struc-
ture. These tests suggest that the fiber-coating process
improved the structural integrity of the fiber ZrC under
high-temperature test conditions.

G. Production Evaluation and Quality Assurance

The only figure of merit available for the entire pro-
duction run of about 500 insulator units was the gross
density. Some nondestructive measurements of density
variations along the length of the insulator units were also
made. From these two sets of information, two facts
appear: the density was not uniform within the insulators,
and the gross density of the insulator units was dependent
on the position it had occupied in the conversion furnace.
If the densities are broken down according to furnace
positions, there are four groups of about 125 insulators
each and, with this size sample, a meaningful standard
deviation was calculated (Table V). So far as could be

GROSS DENSITIES OF ZrC INSULATOR PRODUCTION

Gross Density Standard Deviation
Furnace Position % theoretical (%)

Top
Middle upper
Middle lower
Bottom

30.09
28.48
28.01
28.04

4.0
4.0
3.5
2.0

determined during the insulator evaluation work, these
variations in densities, in the individual insulator units and
for the insulator production as a whole, were insignifi-
cant. The variation seen in measured properties had an
undetectable effect on the anticipated (in the reactor) and
measured performances.

Techniques for making measurements [X(a)l of the
overall average thermal conductivity for an entire insula-
tor unit at room temperature had been developed. The
plans called for a 100% survey of the production insula-
tors to pass on to the reactor operation personnel the best
values for X. Unfortunately, the X(a) techniques devel-
oped had jus* proved effective for this task when the
efforts ceased. The only number reported for an insulator
unit was 0.8 W m"1 IT1 at 300 K. Little more than this
was reported, h did appear, however, that the goal for
fabricating a pure ZrC insulator with a thermal conduc-
tivity of less than 1 W m"1 K"1 had been reached.

H. Insulators and Reactor Design

A very brief outline of the design concepts for which
the insulator applications were intended is given in
Appendix D. The likelihood that the porous ZrC insula-
tors could be tailored to fit the designs then on the
drawing boards, or being evolved, was very good.

VI. SUMMARY

The development of a satisfactory substitute for the
pyrographite insulators, which had been used in all but
the very last of the Rover reactors, was very successful.
The overall loss of insulating power due to the change to
the substoichiometric porous ZrC occurred largely at
elevated temperatures and was of a manageable magni-
tude. After considering other properties, including den-
s i ty , strength, thermal-stress resistance, chemical
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inertness, ease of procurement, controllability in fabrica-

tion, uniformity of production, and machinability, we

favored the ZrC as the more desirable insulator system.

The details in this report demonstrate the flexibility of

the ZrC and related carbides and indicate, in a very

positive manner, the desirability for using the carbides, in

particular ZrC, where such flexibility in physical proper-

ties might be required.
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APPENDIX A

CHARACTERIZATION AND MEASUREMENTS ON ZrC

I. EXPERIMENTAL

A. Sample Preparation

The samples were prepared as 12.7-mm-diam by
2.5-mm-thick disks by hot pressing the powdered carbides
at 3000 K under a pressure of 100 MN/cm2 using a graph-
ite die. The billet was ground to the desired diameter and
sliced into disks with a wire saw. These disks were then
ground to thickness and repurified by heating in vacuum.
Measurements were made on three disks from each billet.

B. Sample Characterization

All samples were analyzed for total carbon by combus-
tion in oxygen and for oxygen by platinum fusion.
Except when the impurity content was high, the remain-
der of the material was assumed to be the major metal.
All samples were single phase and, except for the sample
containing sulfur, had sharp powder patterns. Photo-
micrographs showed a collection of crystals of various
sizes and relatively large isolated voids.

C. Thermal-Conductivity Measurements

All measurements of thermal conductivity (X) were
made at 300 K using the flash-diffusivity technique. The
description of the apparatus used and its characteristics
have appeared in the literature.1 This equipment is capa-
ble of generating data with a standard deviation of about
3% accuracy when used with well-known, well-character-
ized materials. However, because of the uncertainty in the
specific heat and the necessity for correcting all measure-
ments to theoretical density, it is estimated that the
accuracy of the reported values of the thermal conductiv-
ity will lie within a 5% standard deviation band.

Thermal conductivities were calculated from

X = apCp (A-l)

where a is the thermal diffusivity, p is the density, and Cp
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is the specific heat. The data were reduced to that for a
theoretically dense material by

2 + P
2 ( 1 - P )

(A-2)

Here P is the fractional porosity (= 1 - p'/p) and the
primed quantities are the measured values, whereas X and
p refer to values for the theoretically dense ZrC. In
deriving Eq. (A-2), Maxwell2 assumed that the pores were
isolated and isotropic. For the densities of the specimens
used in this work, the assumption of pore isolation is
reasonable; however, the assumption of pore isotropicity
is more difficult to demonstrate and, as such, adds to the
uncertainty in the derived results.

D. Density Measurements

The densities used for the calculation of X from a [Eq.
(A-l)] were obtained by measuring and weighing the
samples used for the a measurements. Because a knowl-
edge of the theoretical density (p) is required for calculat-
ing the porosity and because the theoretical density
depends on the carbon-to-metal ratio, this also had to be
measured. The theoretical densities were calculated from
measured lattice parameters for different values of C/M
and the dependence of the densities on the C/M ratio was
established (Fig. A-l).

6 6 -

1.0

Fig. A-l.
Densities of substoicbiometric ZrCx.



E. Specific Heat for ZrCx

The specific heat for NbCx is known over the C/Nb
range considered here. The specific heat for ZrCx is
known only for ZrC0.98 (Ref- 3)- The Cp's used in Eq.
(A-l) for ZrC were obtained by estimating these values by
analogy with the NbCx system. This is shown in Fig. A-2
where the NbC and ZrC Cp's are displayed as f(C/M).

F. Electrical Resistivity Measurements

Measurements of electrical resistivity (pR) were made
at 300 K using a Kelvin double bridge. The p'R measure-
ments were made on specimens cut from the disk-shaped
A samples, thus the A' and p' R values were obtained in
orthogonal directions. In principle, the direction of meas-
urement should not influence the results because the
samples used were polycrystalline and ZrC has a rock-salt
structure. The electrical conductivities (= l/po) were
reduced to the value for the theoretically dense material
by Eq. (A-2).

II. RESULTS

A. ZrC

The data obtained during the experimental investiga-
tions on ZrC and NbC are compiled in Tables A-l and
A-II. As shown in the tables, not all the data were gath-
ered on all the samples because the samples were prepared
for very specific purposes. For example, as seen in Table
A-I, some of the samples were purposely prepared with
large amounts of impurities so that the relative effects of
vacancies and impurities could be compared. The rela-
tively large concentrations of oxygen and sulfur did not
affect the electrical and thermal properties nearly so
much as did a change in the vacancy concentration (i.e.,
change in C/Zr). The dependence of the thermal conduc-
tivity upon the C/M ratio in the single-phase ZrC and NbC
is shown in Fig. A-3. A more detailed curve of A vs C/Zr is
presented in Figs. A-4 and A-S where the data from this
investigation are collected and compared with data taken
from the literature.*6 Figure A-6 displays the behavior of
the electrical resistivity with C/Zr plotted along with p R

data and an interpretation of the electrical data in terms
of the thermal conductivity. The electronic component of
the thermal conductivity was obtained from the
Weidemann-Franz relationship

where the value of L used was that for fully degenerate
electronic energy states, L = 2.45 x l(T8(i>/K)2. It appears
that on this basis, the electronic component of the ther-
mal conductivity is about 37% from ZrC0.6s to ZrC0.gs.
From ZrCo.8s to ZrC, Afil may be smaller; however, be-
cause of the steepness of the A and p R curves with C/Zr,
measurements of greater accuracy in the dependent and
independent variables would have to be made to establish
this firmly. With this in mind, it is proposed that for the
monophase ZrC system at 300 K,

Ae,/A = 0.37 and Aph/A = 0.63 (A-4)

where A . is the phonon contribution to the thermal
conductivity.

B. NbC

Four substoichiometric samples of NbCx were used for
A' measurements. The data obtained on these specimens
are shown in Table A-II. The behavior of the thermal
conductivity for NbCx is demonstrated in Fig. A-3 where
a striking similarity between the behavior of the A's for
NbC and ZrC can be seen. Further, the electronic com-
ponent of the thermal conductivity for NbC is of the
same magnitude (~34%) as that calculated for ZrC.

0375

0.6 1.0

Fig. A-2.
Heat capacities of substoichiometric NbCx and

*.» = — , (A-3)
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TABLE A-I

ZrCx DATA

Analized

1.000"
0.982
0.980
0.975
0.96S
0.946
0.915
0.897
0.870
0.839
0.790

0.750

0.743
0.736
0.682
0.648
0.64
0.64

Oxygen
(ppm)

525
400

260
300
80O
870
148
640
380
940

8100
(1.4675)

300
200

1250
420

1300
1250

Lattice
Parameter

(nm)

0.46988
0.46983

0.46992
0.46992
0.46997
0.46988
0.47014
0.47015
0.47016
0.47013

0.47149

0.47001
0.46990
0.46972
0.46970
0.46939
0.46955

Measured
Density

Wig HI /

4.93
6.27
5.96
5.38
6.00
5.38
5.60
5.75
5.33
5.54
5.55

5.90

6.00
5.12
6.22
6.17
6.20
6.17

Theoretical
Density
(Mgnf5)

6.60
6.60
6.60
6.59
6.60
6.56
6.54
6.32
6.50
6.47
6.44

6.41

6.41
6.39
6.37
6.35
6.35
6.35

Porosity

0.25
0.05
0.08
0.18
0.09
0.18
0.14
0.12
0.18
0.14
0.14

0.08

0.06
0.19
0.02
0.03
0.02
0.03

Heat
Capacity

(Jkg'ie1)

368
368
368
368
368
367
366
363
362
360
355

351

351
349
343
339
339
339

Measured
Thermal
Conduc-

tivity
(Wm'rT1

24.5
44.5
41.5
28.6
32.2
13.1
12.9

8.9
7.5
7.8
6.2

7.3

7.8
5.9
7.5
8.3
6.3
6.5

Thermal
Conductivity,
Corrected for

Porosity
) (Wm'l f 1 )

36.8
48.0
44.7
37.3
36.9
17.4
16.1
11.1
9.9
9.7
7.7

8.3

8.6
8.0
7.7
8.7
6.5
6.8

Measured
Electrical
Resistivity

(Jim)

205

296

259

232
233

Electrical
Resistivity,

Corrected for
Porosity
(am)

167

238

237

222
222

"Sample contained 0.5% free carbon.

c/Zr
Analized

0.975
0.925
0.815
0.702

Oxygen
(ppm)

1600
520
840

Lattice
Parameter

(run)

0.44700
0.44671
0.44519
0.44335

Measured
Density

(MgmJ)

6.50
6.49
6.64
6.74

Theoretical
Density

(Mgnf3)

7.78
7.75
7.72
7.72

TABLE A-II

NbCx DATA

Porosity

0.16
0.16
0.14
0.13

Heat
Capacity

(Jkg'K-1

352
351
341
329

Measured
Thermal
Conduc-

tivity
HWrn-'K")

18.8
11.0

7.7
5.8

Thermal
Conductivity,
Corrected for

Porosity
(Wm'K"1)

24.2
14.1
9.6
7.0

Measured
Electrical
Resistivity

(nm)

114

Electrical
Resistivity,

Corrected for
Porosity

(IiB)

87
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Fig. A-3.
Thermal conductivities of NbCx (300 K) and ZrC
(300 K).
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APPENDIX B

FINAL BRIEF SUMMARY OF ZrC INSULATORS FOR THE ROVER PROGRAM

by

J. M. Dickinson, D. H. Schell, and K. V. Davidson

This brief summary of the work on ZrC-related insula-
tor materials in LASL Group CMB-6 is in two sections.
The first section discusses material made by hot pressing
and the second section discusses extruded insulators.

A. Hot-Pressed ZrC Insulators

The hot-pressing approach was started in 1969 and was
continued intermittently, until the recent demise of the
Rover program. The insulators produced for the program
fall generally into two classes-the carbide-oxide mixtures
and the porous carbides.

Mixtures of ZrC-ZrO2 and of HfC-HfO2 were made at
85% of theoretical density, and thermal conductivities
below 2 W/m-K were achieved. The ZrC-ZrO2 mixture
was stable for 8 h at 2575 K and the HfC-HfO2 was stable
for several hours at 2825 K and for 1 h at 3075 K. Details
of the procedures and results are reported by Riley and
Taub.1

Porous hot-pressed ZrC insulators were also investi-
gated during this period with interesting results. By lim-
iting the density to about 40% theoretical, hot pressings
having thermal conductivities of less than 2 W/m-K can be
made; some have reached less than 1 W/m-K. Control of
particle size is particularly important in the porous car-
bides to obtain low conductivities and some reasonable
strength level. These materials appear to be stable for at
least 10 h at 2575 K.

Very recently, some studies of ZrC + ZrO2 + C to give
porous ZrC have shown that thermal conductivities of less
than 1 W/m-K can be obtained and that thermal conduc-
tivities below 2 W/m-K are not uncommon at densities of
50%. These are moderately strong materials and were
being considered for hot-end washer applications. The
procedures and results of the hot-pressed porous carbides
will be described in a later report.

B. Extruded ZrC Insulators

Porous ZrC insulators were made for the Rover pro-
gram by the extrusion process in an attempt to provide a
method for mass producing insulators that would be
easier and more reproducible than the hot-pressing meth-
od.

We feel that a good insulator should have a micro-
structure consisting of large, dense ZrC particles with
large, clean voids between the particles. Such a structure
has been shown to have low conductivity, reasonable
strength, and to be thermally stable. The insulators should
have thermal conductivities less than 2 W/mK.

Insulators were extruded either as tubes, up to 1.3-cm
o.d. or with a rectangular cross section, usually 1 cm by
2 cm.

The following three types of extrusions were made in
attempts to obtain the desired microstructure.

1. ZrC at about 60% of theoretical density contained
little or no free carbon when heat treated. These extru-
sion mixes contained ZrC, ZrO2, carbon, pore former,
and binder.

2. Composite extrusions containing 40 to 50% ZrC and
from 9 to 24% free carbon when heat treated. The extru-
sion mixes contained ZrC, carbon, pore former, and
binder.

3. Extrusions containing ZrC at 25 to 45% of theoretical
density and very little free carbon. These mixes contained
ZrC, ZrO2 carbon, pore former, and binder; or ZrO2

carbon, pore former, and binder.

A large variety of materials and particle sizes of mate-
rials were used to make the insulators. Practically all
mixes contained coarse, dense ZrC particles. These
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particles were usually in the - 65 to +150 mesh range,
but in some instances were in the - 150 to + 270 mesh
range. Particles having such a small range of sizes tend to
pack poorly thus leaving large voids between the particles.

The ZrO2 powder available for most of the develop-
ment period consisted of fine particles, 1- to 2-/am, or
coarser particles that consisted of porous agglomerates of
the fine particles. When these particles converted to the
carbide they tended to retain their size, shape, and posi-
tion in the extrusion. The fine ZrC>2 powder ended in
voids between the large ZrC particles. The net result was a
porous ZrC network in these voids that increased the
conductivity of the insulator. This was not always the
case because some good insulators were made that con-
tained fine ZrO2 in the extrusion mix.

Coarse, dense ZrO2 particles became available late in
the development program. These particles, when con-
verting to the carbide, migrated into the surrounding
carbon forming a shell of ZrC with a void where the ZrO2

particle had originally been. This was fortunate in that it
provided a method of making stoichiometric extrusions
containing large, clean voids.

Free carbon was added to the extrusion mix to aid in
the extrusion operation and, in the case of the composite
extrusions, to produce discrete voids after the carbon was
leached. The carbon added as an extrusion aid was always
- 200 mesh and for many extrusions was a graphite flour
having an average particle size of 0.6 jum. Carbon added to
the composite extrusions to create voids was usually
smaller than 200 mesh and was either equiaxed graphite
flour or spherical particles.

All extrusions contained some pore-forming material
that would decompose or vaporize during the insulator
heat treatment. Powdered Teflon was the preferred pore
former and could be added to the extrusion mix in almost
any desired quantity. Pores were desirable in the heat-
treated insulators to reduce the overall density, to reduce
the amount of carbon in the composite extrusions, and to
provide access for the hydrogen leaching gas.

All insulators were extruded using Varcum, a partially
polymerized furfuryl alcohol, as the extrusion binder.
During heat treatment, the Varcum decomposed leaving a
carbon residue.

As mentioned previously, three types of extrusions
were made, two of which contained ZrO2 in the extrusion
mix. The main purpose of the ZrO2 addition was to use

up free carbon during the heat-treating operation when
the oxide converted to ZrC. This allowed heat-treated
extrusions to be made that contained little or no free

carbon.
The final insulator could not contain any free carbon.

Even a small amount of carbon increased the conductivity
dramatically. Therefore, all insulators were leached with
hydrogen to remove all traces of free carbon. Normal
leaching conditions in LASL Group CMB-6 were 8 h at
2575 K in flowing hydrogen. It proved to be quite diffi-
cult and time consuming to leach all of the free carbon
from the composite extrusions, although once the carbon
was removed, these extrusions made good insulators.
Later extrusions concentrated on essentially stoichio-
metric extrusions made with mixes containing appreciable
amounts of ZrO2.

The following heat-treating procedure was used on the
insulator extrusions.

1. Cure (polymerization of the thermosetting Varcum
binder) to 520 K for 93 h.

2. Vacuum bake to 1110 K for 48 h.

3. Heat treat to 2775 K and hold at this temperature
for 2 h.

Leached insulators were evaluated in relation to den-
sity, electrical resistivity, thermal conductivity (diffusiv-
ity), and metallography. Some thermal stability and
strength measurements were made. Unfortunately, this
work had barely started when the program was termina-
ted.

A large number (well over a hundred) of insulator
extrusion batches were made whose products had conduc-
tivities in the 4- to 7-W/mK range. However, several extru-
sions using a variety of mix formulations had conductivi-
ties less than 2 W/mK. In general, the goals of the pro-
gram were met. Data on selected extrusion batches are
tabulated in Table B-I.
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Batch
No.

4575
5042
5045
5075
5201
5266
5268
5270

ZrC
Size

-65+150
-65+150

-150+270
-65+150

None
-150+270
-150+270
-150+270

ZrO,
Size

5.4 Mm
None
None
None

-150+270
-200
-200
-200

Zr-C-ZrOj
Ratio

75-25

75-25
50-50
50-50

TABLE B-I

EXTRUDED ZrC INSULATORS

Pore Fonnci*
<g/cm3)

0.10 Teflon
0.1O Teflon
0.1O Teflon
0.10 Reflon
0.10 Teflon
0.70 Teflon
0.7O Teflon
0.40 Teflon

Free Carbon
and Size

-325+Thermax
8 Mm spherical

-200+325
-200+325
-200+325

0.6 Mm
0.6 Mm
0.6 Mm

%Free
Carbon as

Heat Treated

None
17
16
24
24
1
2
2

Leached
Density

g/cm3

3.9
3.2
3.4
2.6
1.7
2.7
2.6
2.9

%

60
49
51
40
25
40
39
43

Conductivity
<W/mK)

1.1
1.7
1.5
1.2
0.4
0.8
0.8
1.2
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APPENDIX C

BRIEF SUMMARY OF NF-2 INSULATOR WORK

by

A. R. Driesner

The NF-2 insulators were manufactured by a process
developed in 1971 and early 1972 by Filmore F. Crissof
LASL. This process consists of converting carbon-felt
cylinders, obtained from the Y-12 Plant at Oak Ridge, to
ZrC and then coating each fiber with ZrC. The conversion
and coating are done by a vapor deposition process uti-
lizing zirconium tetrachloride.

The carbon felt manufactured by Y-12 had a density
of about 0.18g/cnv\ The manufacture of this felt mate-
rial is described in a Union Carbide Corporation docu-
ment Y-1803 "Carbon-Fiber Thermal Insulation" by Z. L.
Ardary and C. D. Reynolds.

Previous development work at LASL indicated that
this carbon felt, when completely converted to zirconium
carbide, would have a density of ~1.56g/cm3 (24% of
theoretical). Although the thermal conductivity in air of
this material was quite low (0.4 W/m'K), there was con-
cern that the converted-only material would not possess
satisfactory strength to withstand reactor environment
and the reactor compressive loads. Consequently, again
based on previous development work, a ZrC coating was
applied to each fiber to enhance its strength. Because the
maximum temperature to which the material was exposed
during the conversion-coating process was ~1800 K and
the reactor operating maximum temperature was to be
~275O K, it seemed advisable to heat treat the insulators.
This heat treatment was conducted in an argon atmo-
sphere at ~2770 K for 2 h.

The carbon-felt pieces received from Y-12 were
~l-3/8-in. o.d. by 0.6-in. i.d. by 8-in. long. These pieces
were premachined to 1.175-in. o.d. by O.75O-in. hex
across-flats inside dimension by ~7-5/8 in. long. After
machining, all insulator pieces were identified sequentially
and were packed 12 each in a styrofoam box. Each box
was numbered in the 1000 series.

Each piece was inspected by a DXT device to ascertain
density variation along the length of die felt piece and
also to check variations between pieces. Figure C-l shows
two typical traces of insulator densities. The calibration
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units shown on the upper right-hand corner of each trace
is the equivalent thickness of carbon felt. In fact, Piece
No. 1 was cut to various thicknesses and used as a stand-
ard.

Development work on previous carbon-felt pieces indi-
cated that satisfactory thermal conductivity and strength
values were obtained if the final density of the ZrC
insulator was about 28% of theoretical (1.9 g/cm3).

Approximately 50 h are required to convert the carbon
felt to zirconium carbide. Another 10 h are required for
the fiber-coating process.

Following the conversion-coating run, each insulator
was heat treated at ~2770 K for 2 h in an argon

J

Fig. C-L
Typical densities of Y-12 cwrbon felt.



atmosphere. This heat treatment was considered necessary
to remove any impurities and to make the insulators
dimensionally stable.

Again, each insulator was inspected, nondestructively,
for density vs length in a device called MULE (mass per
unit length examination). An equivalent density (equiva-
lent to zirconium metal thickness in millimeters) was
recorded for each 10 mm of axial length. The first reading
is 1 cm from the serial number end of the insulator. The
densities for two typical insulators following the
conversion-coating run and the heat treatment are shown
in Table C-l.

in addition to the density measurements, each insula-
tor was weighed before and after the conversion-coating
run and after the heat-treatment run. The data for Runs
B3-444 and B2-122 are shown in Table C-ll for two
typical insulators.

Following the nondestructive testing, the insulators
were to be machined to meet NF-2 reactor requirements.
Unfortunately, the conversion and heat treating of the
insulators had barely been finished when funding for the
Rover Program was terminated. Machining requirements
for the NF-2 insulators were specified on LASL Drawings
43Y-151129 C2 and C3. but machining was not finished.

A summary of the 11 production batches showing
coating and heat-treatment batch numbers plus some
technical data are shown in Table C-II1.

The density data for Insulator No. 324 shown on Table
C-l indicates that the average density was .equivalent to
3.104 mm of zirconium metal (density equal to 6.44
g/cm3). Since the insulator material is ZrC (density equal
to 6.61 g/cm3), if one assumes that the ratio of densities
would convert directly to insulator thickness, then the

thickness of ZrC would be 3.024 mm. This thickness of
ZrC would indicate a theoretical density of 38% since the
entire insulator thickness is equivalent to 10.80 mm.

The percent of theoretical density for Insulator No.
324 is 30.8% in Table C-II. However, this number is based

TABLE C-I

EQUIVALENT Zr METAL THICKNESSES
OF CONVERTED ZrC INSULATORS

Insulator No. 324
(mm)

2.870
2.835
2.955
2.915
3.010
3.000
3.065
3.086
3.129
3.141
3.191
3.184
3.219
3.184
3.274
3.346
3.356

Av 3.104

Insulator No. 332
(mm)

2.802
2.774
2.733
2.774
2.781
2.813
2.822
2.869
2.899
2.934
2.986
2.949
2.982
2.956
2.984
3.011
2.941

Av 2.883

TABLE C-II

TYPICAL PRODUCTION DATA FOR THE CONVERSION-COATING
HEAT-TREAT RUNS

NF-2 Insulators
Coat Date: 11-27-72
Heat-Treat Date: 12-5-72

Boxes 1012 A, B, C, 1013A
Bertha Run No. B3 444
Bertha Run No. B2-122

Insulator
No.

324
332

Box
No.

1012A
1012B

Received
Wt,g

12.74
12.36

Converted
Wt,g

140.40
124.16

Conversion
Factors

11.02
10.05

Percent
o f T . D . a

30.8
28.1

Heat Treat
Wt,g

139.46
12355

Heat Treat
Loss, g

0.94
0.61

"Theoretical Density (calculated from piece volume and weight).
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TABLE C-III

NF-2 INSULATOR SUMMARY

Box
Number

1003ABC

1004ABC

1005ABC
1006A

1006BC
1007 AB

1007C
1008ABC

1009 ABC
1010A

1010BC
1011BC

1012ABC
1013A

1013BC
1014AB

1014C
101SABC

1016A
B

1017Ab

Bb

Quantity

36

36

48

48

48

48

48

48

48

48

12
6

12
12

Conversion
Batch

B3-437

B4-598

B4-596

B3-440

B3-441

B3-442

B3-443

B3-444

B3-M5

B3-446

B3-451

Heat Treat
Batch

B2-112

B2-111

B2-113

B2-115

B2-117

B2-119

B2-12O

B2-122

B2-124

B2-126

B2-129

T. D.a Percent
Av

34.8

27.5

30.0

30.8

28.9

29.0

27.3

27.7

27.8

23.6

30.5

28.2

Range

32.4
36.4

26.4
29.3

27.2
33.1

28.9
34.1

27.2
31.6

25.1
32.6

21.4
31.1

24.4
32.0

22.5
33.4

19.7
24.9

28.1
33.5

26.5
29.7

Evaluation
Pieces

14

12

5

4

1

3

1

1

1

3

Good
Pieces

22

24

43

44

47

45

47

47

47

45

18

24

498

*T. D. * theoretical density (calculated from piece volume and weight).

These 24 pieces to be used for 4.4-mm carbide elements.
cThis box has about 50 unmachined carbon felt pieces.

45 453
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on nominal dimensions and consequently can be in error,
but it was a convenient number to use during insulator
production. Had the program continued, each insulator
would have been machined to rather closely controlled
dimensional tolerances, been weighed, and a revised per-
cent of theoretical density would have been calculated.

Evaluation Data

Approximately 45 insulators were removed from the
production pipeline for evaluation purposes, and although
all the data and results produced cannot be reported here,
a few of the pertinent measurements will be summarized.

Samples

One insulator was taken from each representative pro-
duction conversion-coating batch and cut into evaluation
samples after the heat treatment. These samples included
pieces for chemistry, metallography, compressive strength
and deformation, and room-temperature thermal conduc-
tivity. Unfortunately, the Rover Program termination did
not permit completion of the chemistry and metal-
lography samples. However, the strength and

thermal-conductivity values were measured on the sam-
ples listed in Table C-IV.

CTE

The longitudinal coefficient of thermal expansion was
measured on two NF-2 production insulators. One was
Piece No. 10 from Box 1003A, which had a density of
2.36 g/cm3 (35.8% of theoretical density), and the other
was Piece No. 55 from Box 1004B, which had a density
of 1.76 g/cm3 (26.7% of theoretical density).

The average coefficient of thermal expansion as meas-
ured to 2300 K was

Piece 10:
Piece 55:

7.72fim/m'K
7.47/um/nvK

Time did not permit similar measurements in the trans-
verse direction, nor on more pieces, but measurements
made in both directions on development material indi-
cated that the material was essentially isotropic.

TABLE C-IV

THERMAL CONDUCTIVITY AND INSULATOR STRENGTH
AS A FUNCTION OF THEORETICAL DENSITY

Box
Number

1003 B
1004 A
1005 A
1006 B
1007 C
1009 A
1010 C
1012 B
1013 C
1015 B

Piece
Number

15
51
84

124
180
225
282
340
379
442

Batch
Number

B3^37
B4-598
B4-596
B3-440
B3-441
B 3-442
B 3-443
B 3-444
B3-445
B3-446

Percent of
T.D.»

36.4
27.4
31.9
34.0
30.9
30.1
25.0
26.6
22.5
19.7

Compressive
Deformation'*

(%AI)

2.3
8.5
5.2

10.0

34.

45.

Compressive
Strength,0

(pa)

6526
2450
4317

3414

4568

2108

Thermal
Conductivity4

(W/m°K)

0.79
0.37
0.90
0.87
0.72
1.44
1.85
1.99
1.63
1.37

*T. D. = theoretical density.

''Compressive deformation at 2775 K for 1 h at 100 psi load.
cCompressive strength of full cross-section sample.

^Thermal conductivity as measured in air at room temperature.
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Chemistry and Metallography

Chemical analyses were completed on three insulators
that had also been used for compressive deformation and
strength measurements (Table C-IV).

These insulators had been heat treated and then ma-
chined to remove any surface layer effects. The chemical
analyses are shown in Table C-V.

TABLE C-V

CHEMICAL ANALYSES OF PRODUCTION INSULATORS

Insulator No. Ar wt%

1OO4A-51
1OO5A-84
1OO7C-18O

89.1
88.6
88.8

10.58
11.18
11.04

490
630
410

C to Zr Ratio

0.90
0.96
0.94

Chemistry results indicate that the insulators were
slightly substoichiometric and this in turn contributes to
the low thermal-conductivity values reported.

Metallographs of these insulators indicate that the
entire carbon fiber has been converted to ZrC; very little,
if any, free carbon can be seen as substantiated by the
chemical analyses. The metallographs also show that the
coating process has been applied uniformly across the
entire insulator cross section. Each converted fiber had
received essentially the same amount of coating. The
careful control during the coating process had not re-
sulted in the coating being deposited on the insulator
surface to form a "can" coat, but the coating had pene-
trated completely.
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APPENDIX D

CONTRIBUTIONS FOR FINAL INSULATOR REPORT

Design Considerations for Insulator Development

by

T. J. Merson

Introduction

As originally conceived, the program was to provide
insulators for three separate applications.

1. Flight reactor tie tube
2. Flight reactor periphery
3. NF-2 cell tubes

Each application had specific design requirements and
functions. A later charter was given to consider an insula-
tor for the NF-2 hot-end washer.

Flight Reactor Tie Tubes

The purposes of the tie tube insulators are to

1. Protect the tie tube from excessive temperatures,

2. Reduce heat flux from the fuel (reducing fuel ther-
mal stress),

3. Meter the heat flow to the support system coolant
such that the gas exit conditions were proper for turbine
operation, and

4. Maintain structural integrity during the life of the
reactor.

Specific operating conditions are defined in another Los
Alamos Scientific Laboratory report.

Flight Reactor Periphery

The purposes of the insulator for the flight reactor
periphery are to

1. Protect the metallic wrapper and beryllium slat
from excessive temperatures,

2. Reduce the heat flux from the fuel to the slats, and
3. Support any bundling load that was needed exter-

nal to the core.

Calculations showing operating conditions are given in
another Los Alamos Scientific Laboratory report.

NF-2 Cell

The purposes of the insulators in the NF-2 cells are to

1. Reduce heat loss from the fuel
a. To reduce fuel thermal stresses
b. To keep the aluminum cell tube temperatures

below redline with the limited water cooling rates avail-
able, and

2. Provide some radial mechanical support to the fuel
element.

Design calculations are presented in several LASL internal
documents for effect of thermal conductivity, 19-hole
carbide cluster, thermal stress, axial expansions, size cal-
culations, and effect of thermal transients.

NF-2 Hot-End Washer

The purpose of the hot-end washer is to provide a
temperature transition and thermal impedance from the
hot fuel and support tip to the aluminum tube bundle.
This insulator had a compressive strength requirement
because it took the entire fuel pressure drop while at
operating temperature.

ALT: 381(110)
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