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Preface

In onc 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 the Rover Program.
Not only was our way beset with uncertaintics in what
malcrials 10 use and how to make them, but there were
equally troublcsome questions of how to evaluaie the
matcrials we had. The thermal conductivity of Rover
matcrials is onc illustration. The 196! Thermophysical
Properties Research Center Handbook, published by
Purduc University, showcd that the reported values for the
thermal conductivity of graphite (thc matenial we used
most cxtensively in Rover) at room temperature varicd by
a factor of 10000. It was clear that we did not know how
to uniquely characterize the materials we were using, and
morcover our measurement methods for thermal conduc-
tivity were not totally credible. The point to this is to
emphasize that this repont is a judgmental distillation of
knowledge gained through approximately 75 manyears of

researcl. to definc materials of enginecring value, make
those materials, and then verify their properties through
thermophysical measurcments. While detailed documen-
tatic n of ihese activities would occupy several volumes,
we feel thatall the essential technological information can
be transferred by this report.

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



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

Paul Wagner

ABSTRACT

Although Rover reactors are vicwed as the ultimate in high-temperatuse operating
systems, many of the matcrials used in these reactors (for cxample, support rods,
control drums, and the reflector) have io be held at relatively low temperatures while
the reactor operates, in order to maintain their structural integrity. Thus the insulators
needed to separate these temperalure domains are crucial to the reactor’s ultimate
operating times and temperaturcs. All of the reactors that werc tested used pyrolytic
graphitc as the primary insulator. Howcver, it had been long planned to replace the
graphite with zirconium carbide and a lengthy and intensive cffort to develop the
zirconium carbide insulztors had been made at the time Rover was terminated. This
report dctails rescarch and development and the experience we gaincd with both these

insulator materials.

1. INTRODUCTION

Onc of the primary goals of the 1955-1972 nuclear rocket
propulsion (Rover) program was the devclopment of
reactors capable of heating hydrogento an extremcly high
tempcerature to obtain a2 much higher engine specific
impulse than the 400-500 s obtainable from chemical
rocket cngines. The long-range goal for the iemperature
of the nuclcar engine chamber was approximatcly 3000K,
but short-range goals were more modcest, progressively
increasing from about 2000 K 10 2500 K. Near the end of
the program. avcrage fuel clement exit-gas temperatures
slightly above 2500 K were demonstrated during reactor
tests. Coupled with the need for high tempcerature 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 fucl and associated core componcnts must be
able 10 operate at temperatures at least slightly greater
thanthe hydrogen chamber temperatures for 1 to 10 hours.
On the other hand, the best materials for other reactor
componcnts can survive only at much lower tempera-
tures. Therefore, there is a need for an insulating material
in scveral reactor locations that can both withstand the
. high-tcmperature-hydrogen environment and sharply re-

duce the heat load to the low-temperature components.
. Furthermore, the thermal condoctivity of the insulator

should be as low as possible so that the insulator does not

take up too much spacc. The progressive devclopment of
nuclear-rocket-reactor fuel elements ablc to operate at
higher iempceratures for longer times has been described
in several rccent publications. The purpose of this report
is to dcscribe the accompanying developments in insula-
tors, which are also vital to improvements in nuclear
engine performance.

These high-temperature insulator applications in Roves
reactors are shown in Fig. 1. In Fig. 1a, the insulatos
reduces the heat flow to the met.llic components of the
core axial-support system; in Fig. 1b, the insulator pro-
tects the aft end of the support system: and in Fig. Ic, 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 builtin 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



Hex Flal 0.7531.913
Hex Inside Diameter 0.6401.626
Insulalor Outside Diameter 0.6351 613
Insulator inside Diameter 0 5551.410
Outer Tie Tube 0.8501.410
Outside Diamaeter
Quter Tie Tube 0.5341.356
Inside Diameter
ZrH Outside Diameter 0.4501.168
ZrH Inside Diameter 0.2100.533 ‘
Inner Tie Tube 0.2050.321 ‘
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Inner Tie Tube 0.1650.419
inside Diameter

Fig. 1a. Nuclear cﬁgine reactor tie tube and support element
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Fig. 1e. Reactor-core cross section.
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Fig. 1b. Hot-end-support axial section.
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flaws for the space reactor application. The major prob-
iem is corrosion. The PyG reacts chemically with the
hydrogen propellant at high temperatures as follows:

>;C+12’-H2=C,‘Hy.

Thus, as the tcactor continucs to operate, the carbon is
rcmoved from the insulating PyG and is cither redeposited
at another part of the reactor or cxits with the propellant
asagas. In addition, at sufficicntly high tempceratures, the
layered PyG structurc undcrgoes a change in which the
ultimate resnlt s the structure of polycrystalline, isotropic
graphitc. This is cncrgetically the most stable form of
graphitc and predictably is found in naturc. Thus, the
rcactor operating lifctime was limited by the length of
time that the PyG could maintain its intcgrity and fulfill its
insulating function. When this no longer happened, the
lowcr temperature matcrials that had been insulated from
the high-temperature reactor parts could not withstand the
high tcmperatures and would melt or creep, presaging
ultimaic destruction of the reactor (this never actually
happened).

To mitigatc the insulator corrosion problem, the Rover
Program investigators sought an insulating material that
would be structurally stable, ncutronically acceptable,
and chemically inent in the reactor cnvironment. The
matcrial of choice was zirconium carbide, which fulfilled
many of the matcrial requirements but is not an insulator.
The successful rescarch program to alter this matcrial to
allow it to be used 25 an insulator is described in this
summary.

Il. PYROLYTIC GRAPHITE
A. Shuclwe and Properties

Pyrolytic graphitc (also called pyrographite, pyrocarbon,
PyG. or PyC) is graphitc fabricaled as a laycred structurc
that gives it unique thermophysical properties. To under-
stand this, it is important to understand the structure and
how it influcnccs the propertics. Figures 2 and 3 show the
structures of an idealized crystal of pyrolytic graphite.
Figure 2 shows the structure viewed perpendicular to the
layer plancs. The plancs arc composed of carbon atoms in
atwo-dimensional sct of hexagons with the carbon atoms
at the apex of the hexagons, as shown in Fig. 2, by the solid
linc (a). The planc abovc (a) is displaced as shcw: in Fig.
2 by the dotted line (b). The next plane above is positioned
direcly abovc (a), the next above (b), and so on. This is
called an (ab) stacking order. Figure 3 shows an angled
view of the samc structure with some kecy dimensions
included. In Fig. 3 we can also more casily scc the
diffcrence between the in-plane carbon-to-carbon dis-
tancc (1.42 A) and the inter-planar (this is labelled the “c”
dircction) distance (3.35 A). These diffcrences 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

clectron field coupling arc sironger than they arc between
the morc distant planes in the “‘c” dircction. Because of the
relatively large distance between the plancs, heat flow
(which is related to the lattics and electronic coupling) in
the “¢” dircction ts greatly reduced compared to the "ab”
dircction. Thermal conductivitics in the “c” direction
have been measured at 1/200th of the valuc in the “ab”
dircction.! Similarly the decrease in interatomic force
between the plancs makes for a thermal expansion in the
"¢” direction about 10 times greatcr than that in the “'ab”
dircction. Other propertics arc similarly affected. Taylor
reporicd the thermal conductivity for PyG at room tem-
peraturc to bec 4-8 W/mK maki.2 it onc of the bater
thermal insulators known.! The fact that the thermal
conductivity docsn’t change by a large factor at rcactor
opcrating temperatures (2273 K ar greater) would make
PyG an almost idcal choicc for a Rover insulator if the
structure and the hydrogen corrosion could be controllcd.
There are two cavcats to this statement relating to the usc
of the PyG at temperatures above approximately 2273 K.
The idcaiized crystal structure thist has formed the basis
tor this discussion will transform into an isotropic, poly-
crystallire system if unconstrained and kept at high tem-
perature for a sufficicntly long time. This polycrystalline
graphite commonly forms rapidly at temperaturces in the
vicinity of 3000 K; however, it has been obscrved to form
a: much loveer temperatures (2000 K), but because the
transformation ratc is an cxponcntial function of the
tempceraturc, the polycrystalline transformation can lakc a
long time at the lower temperature. It is difficult to assign
quantitative rates to this process because there arc other
influcnces on the crystallization process.

8. Improving the Slruclure of Pyrographile

Under the correct circumstances, the nature of the PyG
structurc may he improved by high-temperature treatment
as can be noted from the following excerpt from an
August 1965 Rover Progress Report. (This work wasdone
at about 2973 K).

Sirnultancous application of compression and
torsion at high temperatures has converted a
continuously-nuclcated pyrolytic graphitc, hav-
ing a well-devcloped fine cone structure, into a
highly-ordcred graphite having essentially the
interlaycr spacing of an idcal singlc crystal and
very high degree of order in the oricntation of
laycr planes. Periodic rotational disoricntations,
howevcr, at intervals of about 500 to 1000 A,
have not so far been eliminated, and mcans of
producing large single crystals from this
pyrographite have not yet been developed.?

Similar studics were done by Ubbelohde in the 1960s in

which the heat-treated PyG, compressed in the “c” direc-
tion, yiclded very ncasly perfect crystals. Without these
astificial constraints, however, the PyG will apprcciably

‘a



transform to the polycrystallinc form at the temperatures
at which the reactor was dcsigned to operate (2673 K and
up) to the detriment of the desirable thermophysical
propertics.

The other caveat has to do with the hydrogen corrosion.
The rate of the reaction of the hydrogen with the graphite
is cxponcntial with temperature. An extremely rough rule
of thumb is a doubling of the rcaction ratc for cvery 10K
risc in temperature. Appreciable corrosion was observed
on some Rover (cstmalcrials at 2223 K (see Part 11.D. of
this summary). It is clcar that a relatively small incrcase

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

it operating temperatusc could have an cnormous cffect
on the corrosion rate of the insulators with aconcommittant
decrceasc in the reactor’s operating lifctime. It was largely
because of these problems and potential problems that the
Rover program cmbarked, in the 1960s, on an intensive
study tc idcntify insulator materials that would retain their
structural intcgrily and resist any corrosive attacks under
the reactor cnvironment under optimized temperatuse and
flow conditions.
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Fig. 3. Graphite crystal stracture.

Pyrolytic graphite is fabricatcd by allowing a hydrocas-
bon gas (c.g. mcthanc, cthanc, or cthylenc) to deconpose
at clevated temperatures (pyrolysis) and having the car-
bon dcposit on a cooled psc-shaped substrate. By appro-
priatc choice of gas, pressurc, temperature, cic., the
structurc and the shape of the vapor-depos.ted artifact
could be controlled. Whilc idcal crystals, like that shown
in Fig. 3, arc not necessarily formed during the chemical
vapor dcposition (CVD) without further trcatment, the
propertics of PyG madz in this manncr for commercial
purposes arc closer to the crystal properties than they are
to those of the more common polycystallinc-clectrode
graphitcs made by either cxtruston or by hot pressing and
as such were quite uscable for the Rover reactor applica-
tions.

Attempts to clad the PyG to preveni hydrogen corrosion
werc largely unsuccessful. Corrosion- and ablation-resis-
tant carbonaccous matcrials that were devcloped for the
U.S. space program probably have better corrosion resis-
tance than the PyG we have described: howcever, the
cofrosion resistance comes at the expensc of some of the
more desirable propertics of the PyG, such as the low
thermal conductivity. I8 isto be notcd however, that other
carbonaccous materials may become important in future
high-tcmperature reactors if some of the severe dimen-
sional restrictions in the Rover designs arc refaxed.



C. Erperience with PyG In the Rover Program

Bccause of the large nuniber of confusing units com-
monly uscd to report heat §low, Table Lis included to show
the relationship between various systems of units. The
commercially procured PyG uscd in the Rover program
had “¢” direction thermal conductivitics comparable to
the valucs reporicd for the idcalized materials alrcady
described. As an example, Table II (taken from a May
1969 Progress Repont®) records thermal conductivitics
mcasured in the radial (i.c. “’c”) dircction on PyG tubes
madc for Rover. The values arc comparable to those
reported by Taylor.” The thermal conductivitics are simi-
lar becausc of offsctting influcnces from the crystal struc-
turc and interplanar cracks that form when the tubes are
cooled from the fabrication tcmperature (which is in
cxcess of 1000 K). Whilc the crystal structure is not idcal,
1ciding o 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
impuriics and mechanical flaws in the material cannot be
cvaluated at this time, but cxpericnce suggests strongly
that these influences would be much less pronounced than
those obscrved. In retrospect, more carcful and direct
control of the quality of the structural and physical char-
acter of the manufactured artifacts (something that would
be far casicr to do now with the tools available tous in the
1990s) could yicld a product betie s fitted to the ultimate
application.

A dcparture from idcality is also notcd in the measurec-
ments of thermal cxpansion reported in August 1969.

D. Properties of PyG

Thermal Expansion o! £y Tubes. The ther-
mal cxpansion of PG tubes, 0.633-in. 0.d. by
1.71-in. long by 0.040-in. thick, was mcasurcd.
The longitudinal cxpansion was 1.86 x 104/°C
and the tzansverse cxpansion was 2.40 x 104/°C
from 20 10 1750°C {293 10 2023 K]. Thesc tubes
were similar 1o thosc used in Pewee 1 support
clements and to those to be used in Pewee 2
Support clcments.,

Here, instead of a “c” to “a” (i.c., "transverse™ to “longi-
tudinal”) thermal cxpansion ratio of about 10, as cxpected
for the idcalized material, the ratie is about 1.3. This is
probably causcd by a combination of crystal imperfec-
tions and partial cxfoliation of the laycr plancs in the tubces
used for the mcasurement. The cracking beiween the
plancs in the tubes (alrcady described) decreases the
mcasurcd thermal expansion inthe “c” direction as weli as
the thermal conductivity. This was indced observed in the
tubes and the cxplanation was supported by the relatively
low densitics that were observed. Effects of impuritics
and mcchanical flaws arc minimal for this type of mea-
surcment of averaged thermal expansion. Again, if it is
important that the propertics of the artifact be closer io
idcal, dircct control of the crystal structure (and in the case
of the tubes or other special shapes, the physical structurc)
will be crucial to that attempt.

The reactions between hydrogen and carbon have been
known and reported in the open literatuse for many years.
This was manifcsted inthe Rover cxperience by corrosion
of PyG by hydrogen coolant. Most of the studics reported

Table I.  Conversion Factors for Thermal Conductivity
To Go l'rom To ==t~ ' ' cal kcal B Buin.
‘ Muiiply By ~| ™ K cmK cmsK mh °F fth°F f2 h °F
—0—or _W_ 1 1x102  |2388x103 ]| 08598 | 05778 6.933
m?s°C 4K
—dm __or w 1%102 |1 0.2388 85.98 57.18 693.3
cm?s°C  mK
1-Salemor o1 | 41868 | 41868 1 360 241.9 2903
cm?s°C  cmsK
jkealcm o _keal 1163 | 1.163x10-2f27178x103 | 1 0.6720 8.064
m2h°F mh°F
1-Bofl o Bru 173 11312102} 4134x103 | 1488 ! 12
feh°F fth°F
m 0.1442 |1.442x103|3445x104 | 0124 8333x102] 1




anaccelerated corrosion and attack at the cdges of the PyG
in the “ab” disection. The implication is that the carbon
atoms at the edges of the carbon plancs arc more reactive
than those in the planc. A rcasonablc approach to control-
ling the corroston problcm is to allow the laycr plancs to
wrap around the cdges of an artifact thus presenting only
a “c” dircction to the hydrogen corrosion. This was
considcred and reported in August of 1969 and is quoted
below.

Hydrogen Corrosion of Specially Oriented
Pyrographite. Hot gas tests were performed to
determine the corrosion icsistance of pyrolytic
graphitc which had been formed into shapes
intended to test the corrosion resistance of
pyrographitc in the *“c” dircction. Onc type .c-
scmbled the button of a mushroom and the other
a shcar pin completcly overcoated with
pyrographitc. Corrosion was not cntircly uni-
form, but attack sctmed [to] occur more rapidly
on one arca than on another. Exposure of 3 min
to H, at4500°R {2500 K often remaved carbon
to a depth of ~ 100 mils or morc. It is clear that
pyrographilc is vulnerable to H, corrosion in the
**c” dircction at all temperaturcs above 4000°R
(2222 K).*

In an cffort to blcnd the desirablc high-temperature integ-
ri'y and corrosion propertics of ZrC with the excclient
thermophysical propertics of the PyG, ZrC-PyG compos-
itcs were preparcd and thermal diffusivitics of the alloys
mcasured. (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 thesc measurcments were reported in Augost of 1968
and are reproduced here.

Thermal Diffusivity of ZrC-PyC Composites.
The thermal diffusivity of four ZrC-pyrolytic
graphite (PyC) composiles, prepared by simulta-
ncous deposition by [The) Raytheon {Co.), was
measured from 800 to 2100°C [1073 10 2373 K]
by the lascr flash technique. The composites

contained 15, 50, 70, and 80 wt % ZrC, respec-
tively. The thermal diffusivity valucs vs compo-
sition at 1000, 1500. and 2000°C {1273, 1773,
and 2273 K| arc ploticd on a semilogarithmic
scale [sce Fig. 4).

There is an exponcntial relationship between the
thermal diffusivity, o, and the wt % ZsC in the
ZC-PyC campasite, and k = 0.0036 cm?/scc.’

£. Summary and RecommendationsforFulure Use

Overall, we Icamcd some Iessons. The assumption that
prapertics of PyG could be cantrolled by specifying
processing conditions was certainly well founded, but
hardly sufficicnt. As we commcnted carlicr, with the vast
varicty of analytical tcchniques available today (1991),
specifications thae spell out the required structural, physi-
cal, and cheinical parameters may be monitored dircctly
on production runs of PyG, thus allowing thesc matcrials
to more clescly match the engincering specifications (sce
Tablc 11).

fll. ZrC BASED INSULATORS
A. Overview

It was recognized carly in the Rover program that any
matcrials choscn for usc in the high-temperature region of
the rcactor would have to resist hydrogen corrosion and
radiation damagc and maintain their integrity while net
intcrfering with the reactivity and the control fuiictions in
thereactor. Inthe carlicstdays of the program, R. Schreiber
(the Division Icader) and 1 discusscd the desirability of
finding that most-insportant, all-purposc material with no
negative charactenistics, “impervium,” that we both re-
mcmbered from the Buck Rogers fantasics of the 1930s.
If we could have legislated the matcrials for the program
rather than been forced 10 usc what nature willed to us, we
would have done it. Having no other option, it became the
job of the Rover management to pursue rescasch and
devclopmenton matcrials that offcred 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 Slecves
Gascous Temperature Thermal Conductivity Temperature Thermal Conductivity
Environment X) (Memx) = 10° X) (Mepx) x 107
Hydrogen 1366 104 (upper limit) 1921 11.4 (upper limit)
Hclium 1366 8.5-10.1 1921 10.1-11.1
| Nivrogen 1366 6.6-7.2 1921 8.1-8.6
Vacunm 1366 2.7-49 1921 4.8-6.3




refractory zirconium compound, probably an oxide or a
carbide. This was hardly startling in view of the country’s
powcr reaclor expericnce, but cven that expericnce had
little to offcr in terms of direct technology transfer.
Rover’s demands exceeded all ecnginoering practice. Foy
these reasons, an ¢ver-accelerating, in-depth rescarch
program was initiated as the limit of usefulncss of the PyG
systems was approached in the 1960s.

Figurc S shows the arcas of concentration and how they
finally culminatcd in the vigorous and successful dcvel-
opment of porous, sub-stoichiometric zirconium carbide
insulators.

B. 2r0,-uC

Devclopment of the ZrC and the ZrC-ZrO, compositc
matcrials: was spurrcd by the desire to replace the PyG in
the Pecwece rcactors, cspecially inside the beryllium reflec-
tor at the core periphery (sec Fig. 1¢). Various composites
were made by hot pressing the materials at 2073 K and
6400 psi. Mcasurcments of therma! conductivity at room
tempceratuee arc shown in Table 1V (reported 11/69).¢

Additional rescarch yiclded thermal conductivily mea-
surcments on matgrials exposed to various ecmperaturcs
- up 102773 K (sce Table V).
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Fig. 4. Thermal diffusivity of ZrC-PyC composites.

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

Measurcments werc also made to demonstrate the viabil-
ity of the concept of increasing the porosity of the insula-
tor matcrials to dccrecasc the thermal conductivity.
Mecasurcments of this genre on ZrC at room temperature
arc reproduced tn Table V1.

The influence of added porosity on the insulators intro-
duced another dimension to the usc of these ceramic
matcrials because changes in density affected strengths,
creep propertics, moduli, and potcntial operating charac-
teristics of the reactor.

Oncc the decision was made to operate Pewee 3 with a
core temperature of 2573 K or greater, the use of ZrO,-
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 ZsC-C composite
in some form would bc morc appropriate for future re-
scarch.

C. IC-C

Expcriments were also performed with ZrC-C to cxaminc
its viability as an insulator. In August 1970, Z:C-C cxtru-
sions with about 5 wt % frce carbon were reported. Initial
mcasurcmentsof these matcrials revealed that the thennal
conductivity was substantially greater than that of hot-
pressed ZrC. The samples were then heat treated in hot
hydrogen and the thermal conductivitics remecasured with
the result that as the free casrbon was removed by this
trcatment, the thermal conductivity was reduced. These
data are reproduced in Table VII.

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

D. ZC

The research on ZrC started in camest in 1971. Initially
there were investigations of the various thermal, physical,
and mechanical propertics of ZrC madc at near theoretical
density and with deliberately introduced porosity. While
these cfforts were not definitive, it was at about this time
that discussions about the best way to measure the thermal
conductivity (an area of unccrtainty at the time) of the
experimental insulator matcrials began to converge and
the fash diffusivity method was adopicd as the standard.!
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 latticc beeause this alone was
most effective in decreasing the thermal conductivity.
This ncw information, combined with the fabrication of



Table 1. Measured;liropenies of Pyﬁ Produced for the Rover ?'-rogram Compared with Literature
Data for More Neasly Ideal PyG
PyG Dcnsity Thermal Conductivity Thermal Expansion
(g/cm=) (W/mK) (cm/cmK)
” cll " abll " dl " abll
Rover 1.7-195 1-5 not done 26 20
Ideal 1.9-2.05 4-8 800-1600 100 10
Table 1V. Thermmal Conductivity Data
Density Therma! Conductivity
Composition g
em? % Theor. (W, k)
ZrOp 0.017
75 vol % ZrO; 25 vol % ZrC* 4970 -- 0.018 10 0.023
75 vol % ZsrO7 25 vol % ZrC**  5.394 93.91 0.0155
50 vol % ZrO3 50 vol % ZrC** 5487 90.24 0.026
25vol % ZsrO2 75 vol % ZC** 5362  92.60 0.035
ZC 0.273
*Ca0-stabilized ZrO
**Unstabilized ZrO 3
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Fig. S. Materials investigated during the Rover insulators
_program: 1969-1973,

porous matcrials with the substoichiometric ZrC_ (as it
camc to bc known), lcd to a scries of experiments and a
redirected rescarch and development program that had
cvery indication of yiclding a successful insulator mate-
rial. Unfortunatcly, as this was coming to closurc, the
Rover program was tcrminated and all worsk in this arca
ccascd.

E. Porous Substoichlometric 2rC_insulators

Fortunately, a comprchensive and timely rcport on this
effort was wrilten and published at Los Alamos. This
rcport, LA-5224, “Resecarch, Development, and Produc-
tion of Substoichiometric Zirconium Casbide for High-
Temperature Insulation,” (July 1973), written by Paul

" Wagner, is the final portion of this report on Rover

insulalors.




Table V. Effect of Txmc and Temperature on Hot Pressed 75:25 Vol % ZrQ-ZrCx Composites
Room Temp. Room
Thermal Temperature
Exposure Time a\ Conductivity Density
T ral T L Microstruc
emac() ure cm;():;a ure (w/c . x) (,/m‘) icrostructure
2073 0 0.022 . Specimens cxposed for up to 8 h showed
little change. Exposure in flowing H 2 for
1 0.011 - 8-16 h showed formation of substoichio-
metric ZrC.
2573 0 0.020 5.52 Sample showed some formation of
substoichiometric ZrC but there was no
1 0.015 5.29 evidence of melting or dimensional changes,
2 0.0145 5.20
4 0.0198 509
8 0.0124 524
16 0.024 : 5.26
273 0 0022 : Formed some substoichiometric ZrC.
: Pronounced evidence of melting with
I 0.0155 . increased time at temperature.
2 0.011
8 0.0072
The samples treated at 2073 K showed a drop in conductivity from 0.022 10 0.011 W/cm K after I 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/ecm K
which was approaching that of the as-hot-pressed matevial. Metallographic examination showed what appeared to be
increased migration of ZrC into the ZrOy with increasing time and temperaturc. There was no evidence of a skin or
surfacc reaction on these sampics.

m
Table V1. Effect of Density on Thermal
" | Conductivity of ZrC
Density Thermal Conductivity _{
_(glem®) _ (%theoretical) (WhmK)
643 97.3 0.243
6.18 93.5 0.119
448 6138 0077
4,30 65.1 0.0428
408 _617 0.0278
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Fig.6.Predicted pcrfomnu of prospactive insulation mate-
rials in Pewee 2 core periphery.
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Table VI Thermal Conductivity of Extruded. Low-Density ZrC Befare and Aficr Hydrogen
Leachingh
Calculated Thermal Conductivity, (W/cmK)
Extruded, Low-Density ZrC
Temperature  Hot-Pressed ZrC  ATI-S Graphite  As Reccived  H)-Leached Leach + 1 hr at 2498 K
95% 71.7% 67.2% 65.8%
(K) theor. dens. theor. dens. theor. dens. theor. dens.
300 0.20 1.51 043 0.05 0.09
500 0.21 1.27 0.38 0.06 0.11
1000 0.23 0.71 0.28 0.07 0.12
1500 0.28 0.53 0.25 0.08 0.13
2000 0.32 045 023 0.1 0.15
_2400 0.36 041 0.23 0.15 0.17
3Hcat flux measured L to ¢ strusion dircction, i.c., across giain.
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- Research, Development, and Production of Substoichiometric Zirconium Carbide
for High-Temperature Insulation

LA-5224
originally published In July 1973

Editor’s notc:

The following is a reprint of a Los Alamos Scicatific
Laboratory report. It has besn photographed from an
original copy, with only the page numbers altercd to fit
with this report. The tables and figur=s retain their original
numbering and sequence and hence are numbered sepa-
rately from the first 10 pages of text.
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RESEARCH, DEVELOPMENT, AND PRODUCTION OF SUBSTOICHIOMETRIC ZIRCONIUM

CARBIDE FOR HIGH-TEMPE.RATURE INSULATION
by

Paul Wagner

ABSTRACT

Zirconium carbide is a chemically stable, high-melting material uniquely
suited to reactor applications. This report describes the rescarch, development,
fabrication, and cvaluation of porous ZrC as an insulator intended for use in
the high-temperature, gas-covled Rover reactors. ZrC_ is 2 stable, single-phase
carbide in the 0.98 2 x 2 0.59 region. The thermal conductivity of ZrC_ is
very sensitive to the vacancy concentration in the carbon sublattice (1-x). To
decrease sufficiently the thermal-conductivity value of ZrC, to make the
insulator, the carbon-zircontum ratio was decreased to an optimum value and
the thermal conductivity was decreased further by introducing porosity in the
ZrC_ matrix. By these techniques, the thermal conductivity of ZrC_ at 300 K
was decreased from SOW m ' K* 1o l2ss than | Wm ™' K'', Forty and seventy
percent porosity ZeC_ were investigated and their propeitics were measured.
The production material was a 70% porous fiber-based ZrC_ having satis-
factory strength, thermal stress resistance, insulating power, and usniformity.

INTRODUCTION

As the Los Alamos Scientific Laboratory's (LASL)
gas-cooled Rover rractor program progressed, reactor
designs utilizing higher temperaturcs and longer use times
evolved. Early designs cmployed pyrolytic graphite to
insulate the thermally hot fucl clements from the cooler
reactor .»mponcnts. Because pyrolytic graphite reacted
with the hot hydrogen environment, reactor lifetimes
were fimired by the corrosion of the insulators. Intcrest
was focused on the substoichiometric monocarbide of
zirconium (Zer) as the more chemically stable insulator.
Fabrication devclopment on this material resulted in an
end product that was a satisfactory insulator; also, an
insulator system was gencrazed where trade-offs could be
madc on the thermal conductivity, strength, and density
of the ZrC_. However, because of the stiuctural nature of
the ZeC fiber insulators, they were not wholly intes-
dependent. It was possible to hold the density constant
and yet to vary the strength and conductivity. With this

kind of flexibility, the ZtC_ system can be tailored to 2
set of specifications in conductivity, strength, density, or
rclated properties unique in refractory materials.

Of the various materials considered for the insulator,
the carbides in the clements of groups 4a and 5a are the
most attractive; 21l of which exhibit high melting points,
chemicai inertness in reducing atmospheres, and a spee-
trum of neutronic propertics. Zirconium carbide was
chosen because it has the lowest ncutron capture cross
section but it still retains the desired refractory qualities.

Using ZrC to insulate the hot fuel clements has one
major drawback: in its theorctically dense state, ZeC is
not ar insulator. The thermal conductivity (A) of ZeC is
about SO W ni' K' at 300 K, whereas an effective insula-
tor should have a A in the vicinity of 1 Wm ' K' or less.
Thus, devcloping 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 effccts of stoichiometry on
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ZrC, propertics was gained. Then, by using an optimir-d
C/Zt ratio, poraus artifacts were manufactured with the
intent of increasing the tanuasity of the heat-flow path
and of increasing the thermal resistance. Of the several
techniques cmployed in the fabrication investigations, the
most successiul was converting carbon fibers directly to
ZtC by reaction with ZrCl,. When the Rover project was
terminated, insulator units of pure ZrC o with thermal
conductivitics less than 1 Wm™ K were being fabricated
on a roatine schedule.

Qur investigations wcere complicated by the uncer-
tainty of whether or not A measurements could be made
accurately on the very parous materials. For this rcason,
various aspects of thermal-conductivity measurements and
analyses are an essential part of the insulator develop-
ment.

11. PROPERTIES OF SUBSTOICHIOMETRIC ZrC

The firsi step in the Zr(C insulator development was ta
define the effects of structure of the substoichiometric
Zr(. an the thermal-conductivity and assodated prop-
ertics. Some work had ticen done in this arca:' however,
large gaps cxisted in the available informatinon. We made
ar effort to generate sclf-consistent information that
would denwinstrate unambiguausly the dependence of the
thermal conductivity on the ZrC_ structare in the mono-
phase region (0.98 > x> 0.59). Similar work was done
with NbC_ partly because NbC has nany of the prop-
crties that make ZrC_ so attractive and partly to aid in
interpreting the ZrC_ results.

These rescarches consisted of a group of measurcments
danc on carefully made and characterized samples of
singlc-phase ZrC_. Details of the methods used for sample
preparation, sample characterization. thermal-diffusivity
mcasuremcents, density dcterminations, porosity correc-
tions (lor ncarly theoretically dense samples), heat capace:
ity estimation, clectrical rcsistivity measurements, and
impurity influences are given tn Appendix A.

The data on the effect oi C/Zr atom ratio on A ar
300 K arc summurizeid in Fig. 1. The crystal structure of
both ZrCC and NDC are of the rocksalt type (type B 1,
face-centered cubic). The metal and the carbon atoms
form inmterlocking face-ceniered cubic ssblattices. The
zicconium -ublattice is stable only when all the lattice
sites are occupicd. but the 7rC_ is stable when there are
vacancics in the wirbon sublattice amil when the sub-
stoichiometric carbide is formed. The change in A shown
in Vig. | was caused by an increase in the vacancy coneen-
tration in the carbon sublattice; the cffect of impunties
such s oxygen, nitrogen, and sulfur is minimal (for
details sec Appendix A). A similar dependence of A on the
carhon-to-m-tal ratio was observed in NbC.
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The data in Fig. 1 and the clectrical resistivity measure-
ments made at 300 K on these samples show that about
37% of the thermal encrgy is carried by electrans and the
ather 63% is carried by lattice waves (phonons). If one
estimates that, based on the pure material, 2 1% increase
in the vacancy concentratiun doubles the clectrical re-
sistivity -.-bserved fos & varicty of meials such as copper,
zinc, and aluminum) and if the phonon scattering is
proportional to the square root of the'defect concentra-
tion,’ then the very sharp dependence of N on C/Zr is
understandable. The clectronic component of the thermal
conductivity is related ta the clectrical resistivity by

LT
R

. A
elecironic

wherc T = tempenature: pp = resistivity, ohm m; and
L = Larenz function, 2.45 x 10°* V2 K2 For C/7: = 0.9,
that is, for 3 vacancy concentration of 10% in the catbon
sublatticec, the abevetype calculation predicts a
A= 12Wm 'K, which is very close to the valuc shown
in ¥ig. 1. The behavior of the thermal conductivity with
temperature is also consistent with this mechanism. The
high-1emperature measurements reported in Refs. 3 and 4
show s monotonic increase in A with temperature.
Because thesc measurcments arc made at temperatures
that exceed the Debye temperature. the phunon contri-
bution will decrcase as the recipracal of the absolute
temperature, but the behavior of the clectrical resistivity
indicates that a simultancous filling of the conduction



band occurs with sufficent magnitude to cause = net
increase in A. This increase was confirmed by observations
made a1 1.ASL} where the clectranic camponent of the
sotal thermal conduetivay increased to about 75% at
temperatures abuove 1500 K.

MNbC acts similarly @ ZeC despite the difference in the
band structure of the two materials. This is a powerful
indication that the mechanistic descniption  of the
behavior of the conductivity s realisiic,

Russiam Jata® indicate that the hincar oetficient
thermai expansion (CTE) is ncarly constam with storchi-
ometry. The fuilowing CTEs were reported.

Compfition_ __(.‘T F(K')
71Cy 0 657 x L67°
71Ca 0 6.62 x 10°*
Z1Co no 6.66 x 1O0°°
71Co 75 6.7 x 107
z’Co_“; 6.75 x |0-.

Note. 1.7, averaged frim JOO K 0 1273 K.

1L FABRICATION METHODS FOR POROUS ZrC

Several methods were used te manufacture porous ZrC
duning the development program. These methods are
indicated n Table 1. In additian 10 the methods listed in
Table 1. fabric. papers. carbonized badies, and exiruded
cartbons and graphites can also be converted into porous
ZsC. A combination of these methods can abo be used.
The table gives those methods that proved most promising
for the Rover applications.

11ot-pressing 1echniyucs may be appbed Ly using purc
ZrC at sufficicntly clevated temperatures and pressires.
To achieve desired porasities, mast of the hint-pressing
work was done with mixtures 1f 7€, ZrO,. carbon
soric fursm, ang a variety of pore-formers. such as Teflon.
Excess carbon was removed by reaction with hot hydro
gen (leaching). Theee is an endless varicty uf raw materials
fzom which porous 7¢C can he maite v osing this rech-
nique. The 1mal product is strong and the porosity may
be anntrolled by 4 comizination of the matensl formula-
tion and the pressing pressures. One Westinghnuse Astrir-
nuclear labe ratory  7eC made by this meihed had
P=55% A-2Wm'K', 0-138MP: und K=
13.8 GPa. This hot-pressing method was uszd 61 fabricare
parts uscd in LASL's Nuclea, Furnace No. 2 (NF-2).
however. specifications other thar - thermal condud
tivitv had to be met fur this app-

The fiber impregnation me:
McDonnell Douglas Astrenautic 'y under con-
tract w the Natiomal Space . wmar s and Space
Administration (Contract N 1. SNPC-07). i this method,
woven fiber made nf carbor or of carbon precursor mate-
nals was seaked in a ZrINQ,)4 solution, which formed
Z1C. when heat~d. This process could be repeated as ofreis
as desired to build the density up ta the devred value.
Mcasurements of X on these materials are reported to be
as low as 0.5V "K', hawcver, 1ASL. tests proved
uncertain because relatively lirge amounts of ressdua!
casbon fibers were foomd 10 exist in the purposted ZrC
matrix. The technique 1s attractive because of the poten-
tial comrol of the geometne structure of the Zr( fibrous
phase. :

Direct reaction of carbon or graphite hodies with
75Cly gas 1 yicld ZeC was tried by using hollow carbon

. wsed by the

TABLF. |

FABRICATION METHODS FOR POROUS ZrC

Porosity
Range
Mcthod (%)

Hot-pressing 0.70

Extrusion 20-50

Fiber impregnation 15-60

Carbospheres ¢+ ZrCl, ' '

gas - 80
Carbon foam + Z¢Cl,

gas 80
Carbon fibers » ZrCiq

Kas HS-90

Minimum Thermal
300K Condoctivity
LML Comments

3.0 Strong
3o - Strong
0.8 Pleaible technique
o8 Slow process
5.0 Slow process
H.4 +ast tTexible micthrd
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spheres (carhospherces) that were bonded tagether with a
pulvfurfuril alcobal binder, wsing ashon foam and
catbon fibers. The carbuspheres and foams are relatively
inpermeable to the rracring gas and. as a consequence,
the reaction times required foer conversnn arc extremely
L ia comparisor. with those for the fiber systems. The
intcrlocked spheres e the 7eC carhosplicres created 3
strone matenal. ond  thr point contacts between the
sphenes provided an cffcctive thermal resistance for 2 A
(300K) = 08 Win 'K The carban-toam system suffers
from the same deficicneies as the carhospheres except
ihat 4 high value of N nuy be expected for a foam matrx.
In particwlar. a trial test” of the 72% porous ZrC niade
from feam vielded A (300 K) = 5 W m ' K' or higher, the
madolos of rupture was 1.5 MPa. the clasbe modulus
was 14.9 GPa. aiul the average strin to failare was dbout
0.07%. It 100k ten imes kanger to falincate thicmatenal
than it did to fabricate the carban-filier systetns of the
<HTIC Nlass.

‘The cxtrusion ticthads nsed for porous ZrC and the
carhon liber-gas conversion to ZeC were the most success:
1al techmques emploved. Bak systems were impostani to
the Rover insalator program and are discussed separately
i this repost

IV. EXTRUDED POROUS 7Z¢C

An extensave study was niade on the fObricanon and
propertice of  extraded  ZeC of approumatcly  40%
porasty dunng the insulator development program. In
gencral, this maicral was muade by extending 4 mixture of
7e¢. 7e0yy a4 polyfurfural alcohol (Ianiler). cathon or
grapinie powder. and Teflen or nylon. This mixture was
then smtered in helinm or argon at 2773 K dor 7.2 ks
(2 1), cxcess carion was removed by expmute to hylro-
gen al 2573 K for 28.8 he. This gave 2 very highstrength
matcerial of about 660% thearetical density 1hat was grey in
anpearance, was nuachineable. anl was quite tractable.
The results and details of the fabnication development
cffort on these materialsy 16 included in greater detail in
Appendix 125, and wili net be discisssed further here.,

A. Thermal-Conductivity Measirements at 300 K

Although the thermal sonductivity (X) uf the porous
ZrCinsulstors was the pnme fignre of merit. disparitics in
carly ) results and the uncertainty about whether or not
transicnt  methods could he successfully applied to
systems of 40% void stimulated a vigorous effort to define
the accuracy. the repraducibility (using 2 vanety of
methods). aml the precisinn of the measurements. The
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first step was to assure the iherent acenracy of the
cquipment uscd-two flash-hffusivity systems. a contact
frobe system and a cur-har steady-state apparatus.
S1andardization was done usit.g Armco iron (which had
been calibrated vs 2 sainple of Round Robin Armow),
pyroceram (Code 9606), sud fired 1.va &.° The sccond
step was fee have different investigators oake M nicasure-
mrents on the porous Zot to assure that the introduction
of the porosits dul not influcnce adversly the repro-
ducibility of the thermal-conductivity measiaremenis The
third sicp was to nabe a relative micasurement of A for
70 agonst well-hnown standards to assure 1that the re-
sults abiained by the tiash ncthad sull retained the
neceasary degree of accuracy.

Three nvestigators micacured the room  icniperature
thennal conductavity, amd thermal diffosiviny of four Ze(;
extrusions.'” Where possibic, slenneal aumples were used
to obtan characternistic data tor production matenals
(Lot 3558, 4575, 4706, 47421 and winic statistics on fhic
reproducibnliny of 1he measurenienis made by the differ-
ent investigators. These datis. compiled 1n Table 10, show
no disparity in measiired resulis and show a data spresod of
less than 10% where uleniical amples were used. For ane
of the estrusions, the sample thickness was vancd trom
NOZO2 m to 0.0383 m (a4 tactier of 3.6.1n intluence 1 the
diffasieity measurements because the thickness term is
spudreil)  Measagements were made iy vacaum., argon (at
0.1 MPa and ac 1D kPai. hehum, amnd air and were cor-
recied for the convective heat losses. All these data are
shown in Table 1. In general, there were no coniradic-
twns in the ncasoremems. If amples of identical
matcrials (hut nut wdentical samples) were used. variations
in rhe investigarors sesults eould exceed the 10% precision
demonstrated fur the imeasuremenis. It s inferred from
this that the varuibility in thee matenals front one point
to another was greaicr than the pacerianty in the meas-
urements.

The third step in verifving the incrhoils used was to
make 3 direct companson of the results obtained by
steadystate technigques winh those chtained by transient
methods on idemical sanples of the porous Ze(C in gues-
tion. The therm.l conducticity of 1 $0% pocous ZrC
sample was measured mear room temperature using an
axial-flow, steady-state campanson. A detailed deserip-
tion of this apmaratus is given in Ref. 9. These measure-
ments were ¢omparcd with those made by the flash-
diffusivity methnd on samples used for the steady-statc
measurements.!’ The resalts of these investigations are
summasized very bricfly as follows.



COMPILATION OF THERMAL CONDUCTIVITIES OBTAINED AT LASL

TARLE 11

ON CONTROLLED SAMPLES OF 40% POROUS, EXTRUDED Z¢C.

ALL DATA IN W' KU UNITS

Sibbitt’s Wagner's
_Sample Londition Resulis Results
4706 NF-1 production 4.6 (2 det) 4.7
material. 4.4 (2.de) 39
l.eached 4.5 (2 det) 43
4706 l.cached 4.4 (2 det -
4.7¢2 der) -
4.5 (2 der) -
4558 711 l.cached 3.7 mean 4.7
4.9 inax 48
(9 det) 16
34
4574 Zr-2 Leached 3.4 mccn 3.7
3.7 max 1S
(S der) 5—_3:_
38
4742 713 l.eached 4.2 mcan 4~
4.5 max 46
(8 det) 4.7
48

A1 0.1 M Pa (1 um) .
NOTE: Underlined data indicste identical samples (hovizontally).

Thermal
Sample Temp Conductivity
Mechod Orientation (X) wWm'K'
Steady state  Paralicl to 380 . 6.3
cxtresion :
axis
Transient Paralicl to 295 6.2
(Mash dif- cxtrusion
fusivity) axis

The indeterminate error is estimated 10 be ~10% for the
- stesdy-state resuits and ~3% for the fash-diffusivity re:
sults.

_ Mg:r_riu»n'_s Rfmlu o
Vacuum  Air  Mclium  Argon  Argon
48 4y 49 .
& s 4E T -
S X B N .Y
4.3 4.6 4.4 44
4.0 4.4 4.3 - 4.1
4.3 4.3 4.3 - 4.4
47 - - - -
4.8 - - -
3 - - -
3.7 - -
7 - - - -
-‘:-s- - - v -

It is clear from the preceding that the A measurements
reported here occupy a very high cunftdence level. Of the
vatious techniques ecmployed during this project, all but
one gave accurate and scif-consistent answers. The excep-
tion was the Colora method which gave. self-comistent
results, but the answers werc invaniably lower tiisr i
others."! The nccessity for proving the valid. Ne
measurements upon which croage di.oepme. o
gram is based cannot be over-e.nphasized.

B. ThermakConductisity Measurements at Flevated

Temperatures

The questions concerning the validity of the X meas-
urements at 300 I also existed for measurements of 40%
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pcrous Zr(: matcrials at clevated temperatures. One of the
first groups of expcriments was peformed to demonstrate
the reproducibility of the change of the thermal conduc-
tivity with increasing temperature.'® Samples from differ-
cit extrusion lots, but with nominally simiilar propertids.
increased in N as the temperature was inareased from 300
to 2600 K. In vacuum, A(2600 K)/A(300 K) was approxi-
mately 2.75 far all the extruded matenials studicd. The
reliability of the transient laser flash-diffusivity technique
for clevated temperature measurements using porous Zr(:
was demonstrated by sending samples, incasured at 1LASI.
by rhis method, to the Vhermo-Physical Properties Meas:
urement  Facilily. Sandia laboratories  (Albuguerque,
NM), fur the sanic type measurements. The 1.ASL. and
Sandis results were in excellem agreement." The final
step in the cxperiviental A(T) prigram was to niake
nicasurements of AT) using 2 radial heat flow, steady-
statc measurement on the $0% porous ZrCo All these
NT) results®'*" arc chown in Fig. 2. Figure 2 shows
that although dctails from che sicadys1ate measuremenis
are not avail.ble helow 1300 K, excluding A(300 K). in
tegions of averlapping tcmperature there is hitle to
choose between the resulis obtained from the flash-
diffusivity nicasurements and those obtained from «he
steady-state experiments. The crrier-estimate hands shawn
in Fig. 2 impiy that hightemperature results of X maas-
orcimnents are very difficult tn make with the same level of
confidence as those reported for 36O K.

C. Modcling Porous Z¢C

Originally, the insulazinr was to be used in an environ-
ment of high-pressu-e hyvdrogen, hut hecause no facility
existed for muking A(T) measurements m this cuviron-
ment, it was necessary to model the 2orous Zr( to caleu-
fate A(T) for the reactor applications. if we postulate that

IO B 1 1 : 3
_'E‘ ob. €1 Ehmare s eooor erve sp0e
2
; ’-/0"
s . ' 4+
L, S * . ]
€ | F2an 10008 o)y
2 |
> @ Megiutements made 1t Sarde0 LoD JF
. ] . b U |
%0 o0 1000 1800 2000 2%00
Temperalure:R)
Fig 2.

Thermal conduztivities of 40% porous Zr(. shown as
o function of temperature.
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the porous Ze(C cunsists of three phases, onc a continvous
mai:ix of the ZrC, onc a discontinuous phase (of fixed-
bed). and one « void struciure, it is possible to calculate
same of the system prapertics. This was dune for extru-
sivn lot No. 4706 by mtilizing published data for A(T) of
continuous 7ZrC:>* and predicting. from engincering prin-
ciples, the conductivity of the fixed-bed phase. The void
structure was postulated to he isometric and calenlations
were made for two pore sizes.'® The results of 1hese
studics are summarized in Fig. 3. lHere the caleulated A(T)
is compared dircctly with the measured M(T) for the same
material as chal used tor the modeling. The agrecment is
quitc good. Note the sharp npturn of the micasured values
compared with the calenlated values for the thermal con-
ductivity at higher tempcratures. This is prohably assaci
ated with the difficulty in characteriang the void
geometry. A pholamicrigraph of the 40% void extruded
Z¢C is included (Fig. 4) taillustrate this point. 1t s likely
that the postulated void «ructure gives a smaller radiation
heat transfcr component than actually noted in the ex-
periments.

D. Factors Which Influence the Thermal Conductivity

Scction 1 reports the cffect of vacar dies in lowering
the thermal-conductiviny. The inroduction of the
porasity, as in the #% porous ZrC, was also 3 large step
forward in decreasing the heat-conducting power vf the
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Fig. 3.
Thermal conductivities vs fempevature for 40%
porous ZrC. (Comparison of expeviment with values
calculated for two porositics.



g 4.
Phutumscrograph of 60% dense extruded 7 (150X).

insulator. These rwo factors operate in parallel; therefore, Here. R is the thermal revistance and 18 cqual to X!,
the insulator system may be gencralized by the following "actors tha: influcace A fall into one of the calegorics on
- formula (Matthirsen's Rule). , the RIIS +.f the equatinn, and will be discussed scparately.

Rmatran: The cffect of vacancies has alrcady been
- Rzoial * Rutairix * Rioges * Rinserfaces discrssed. It has becn demonstrated thae optimizing the
(IZ71 ratin can decrease A by 3 to 4 times'? even in the
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40% vpid 2eC. Chafik'" reported that when the C/Zs ratin
is greater than one, that is, when the phase limit is
excceded and the ZrC contains excess carbon, A may
increasc sharply. This conclusion is neither confirmed nor
denicd in the work done at LASL. It has been confirmed
that the introduction of nitrogen or oxygen at clevated
temperatures will elevate the thermal carductivity.'” In
this case, the axygen ar nitrogen atoms occupy vacancy
sites in the carbon sublattice: the effect in clevating \ is
not as large as if the sites were occupied by earbon atoms,
but it is consilerable. IFor example. ZrCo g (40% porous)
when exposed to nitrogen at 1773 K for 23.4 ks (6:1/2 h)
underwen an siambiguous increase in X of a factor of 2
or greater.'®

Rpyres: Introducing porosity will increase the thermal
resistance of a2 system unless the A contribution from
radiation or from comained gases is intrinsicaily greater
than that of the matrix. To some degree this is attribut-
able to the increase in the tortuasity of the heat-flow
path. The shape of the pores. as well as their concentra-
tinn, influences the increase in tortuasity. For example.
pores shaped like platelets with their largest dimensions
normal t» the direction of the flow of heat would cause a
greater impedance than would pores oriented so that the
long dimensinn was parallel to the heat-flow path. For
this reasun, it is uot pussible to correlate prapertics 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 arisc when analyzing the influences
of gascous conduction in the pores and when considering
radiation heat transport.

Rinterfaces: The degree of intimacy of contact will
define the ability of the interface to carry the heat. It has
been deraonstrated that the thermal transport mechanism
is by phonons and clectrons and any disruption of the
perindicity of the lattice (grain boundaries, crystallite
interfaces, ctc.) will increase the thermal impedance.
Large particles would have relatively large masses of
matnx and few intercrystalline junctions and would de
expected to demonstrate relatively high thermal imped-
ances. Mixing particles with a wide range of sizes would
increase the number of interconnections betwceen particles
with a relatively small inerease in total mass, thus decreas:
ing the net thermal resistance. These cffects have been

observed in the 40% porous ZrC. This point is made in

Sec. IV.C: by varying rhe rclationship between the con-
tinuous matrix and the fixed bed, the tlmrml conduc-
tivity may be varicd.
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E. Properties of the Prnduction Porous ZeC

Room-temperature 1thermal conductivities were meas:
ured »n samples taken fram a large production run. The
sample materials were nominally 38, paraus, cxtruded,
leached ZrC micmslaics colleciively labeled Lot 4887,
The material was single phase, with no frec carhon, and
with 2 C/7Z¢=0.96 (ic.. ZrCoe). Mcasurements of
M300 K) were done on B8 samples.?® The results are
displayed in Fig. 5 where the measured thermal conduc:
tivities are plotted against the frequcney of the appear-
ance of A, tabulated in 0.1 W m ' K" units. The average A
for all 88 samples is 6.8 W m ' K™ with a standard devia-
tion (0) of 1 Wm'' K", Eighty-four of the 88 determina-
tions fall within the 95% litnit (2 2v). Densitics averaged
$10Mgm’ (4.10g cm®) with a siandard deviation of
.13 Mgm ', Threc of the abuve specimens wers sub-
jected to hydrogen at 2575 K, at a pressure of 3.1 MPa
(450 ps1) for 3.6 ks in an cffort to leach our some of the
arbon.'” At the conclusion of the experiment the C/Zr
had decreased from 0.96 10 0.86 and 1the average of the
M300K) was 34 Wm 'K,

Measurements made on the linear thermal expansion of
the 40% porous extruded ZrC yiclded results identical to
those listed in Scc. 1l of this rcport. As cxpected, the
porosity had no significant cffect nn the CTE. Little
additional work was donc in this area because enginecring
information could be taken from the measurements made
on the dense material. -
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Because af the minimal strength requirements placed
upon the insulators used in the reactors associated with
the Rover program, little cffore was expended in this area.
Some expluratory work was danc?! on the compressive
strength properties of the extruded Zr€ and the resubis
are show in Table tit.

Dunng the couise of the high-temperature, stcady-
state, thermal-canductivity measurements,® surprisingly
high-tcinperature gradients were avtained. and survived,
by the test specimen For a tong hollow cylinder, resist-
ance heated and coaled by radiatinn on its outer surface,
the maximum tewsile strains occur on the outer surface
and are given by

€ =€,=Q [T - Tm'm]

where €, and ¢, are the maximum tensile sirains in the
azimuthal and axial directions, a is the instantanenus
coefficient of thermal cxpansion at temperature T. T is
the mcan teraperature of the cylinder, and Ty,;, is the
minimurm temperature whick occurs at the outer wall.

If the thermai conductivity and the power density are
constant across the wall of the specimen, then. the
quatiry (T-T. . ) can he rclated to the measurcd

min
quantity T —T,:, by the following cquation.
t 3 atna
2727
b= Tmm .- 2 :
Tomax " Tmin 1 -3vatna ’

where a is the square of the ratin of outer radius to inner
_radius.

The Zs(. extrusion used survived temperature gradients
as high J4s 150K at the higher temperatures, which

TABLE I

SOME COMPRESSIVE DEFORMATION AND STRENGTH
PROPERTIES DF POROUS, EXTRUDED ZeC

Sample porosity  Tempersture  Swes - Deformation Rate

%) X) MPs) tks)"!

? 1673 7.0 0

& 277$ 0.7 0.00)

» 2778 2.1 0.0167

«m;', 2778 7.0 0.03%6

34 1673 7.0 0

34 2778 0.7 0

34P 2778 2.1 0.0028

34 2778 7.0 0.0194

20riented paratiel to the extrusion axis. Ukima ¢ strength at
300K, 123 MPs.

bo:icmeé perpendicular 10 the exirusion axis. Ultimaie strength
at 300 K, 186 MPs.

corresponds to a sirain 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
¢ relieve thermal stresses in this material at high tempee-
aturcs.

F. Reactor Perfurmance uf the Poraus Extruded ZrC

Two of the 49 cclls in 1LASL’s Nuclear Furnaec No. 1
used ZrC in the interstices netween the fuel clement and
the water-ccoled ccll wall (the wher cells used pyrolyiic
graphiic). The functian of the ZsC was that of a barrier
and a spacer for keeping the fuel clement centered. The
hydrogen that flowed in 1he channel provided 1he neces-
sary insulation. The configuration of the NF-1 ZrC is
shown in Fig. 6. These tests are the only in<eactor tesis
made using ZrC, and they provide some qualitative in-
formation on the abiliiy of the Z2rC to with.tand the
environmental combination of hydrogen at 2700 K
temperatures and the radiation field. The postmortem
work on NF-1 was not completed when the Raver pro-
gram was cancclled. The ZrC spacers showed longitudinal
cracks; however. because of the tight dimensions, it was
not clear whether the csacks were formed bv mechanical
loading during the reactor heat-up or by thermal stress.
The general appearance of rthe ZrC weighted the

Cell slgeve
Insulgling gaps (H,)

Coolant gap!( 1,0)
Cell fude

Fuel element

‘ Insulator-tiller

Fig. 6.
Cross section of NF:1 cell sbowing location and
sbape of the experimental porous ZsC insulators.
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mechanical loading rationale. There were no indicatinns
of reaction with hydengen nor any indication ot any form
of degradation in the appcariance of the material. The one
thermal-eonductivity measurement was made on a sample
taken fram a sectian halfway between the cald inlet and
the hot-gas exit which should have seen the maximum
temperaiure and radiation ficld intensity. The thermal
conductivity of this irradiared ZrC was 3.2Wm 'K at
300 K, which may be compared with the NF-t prduc-
tion M(300 K) of about 4.5-5.0Wm K" (Lot 4706)
listed in Table 11. The expected change in A fiom the
introduction of a high concentration «f point defect scat-
tering centers it ot an unrcasonable valuc. '

V. VERY POROUS 7ZrC MADE FROM CAKBON
FIBERS

The insulatar system chosen for NF-2 and the system
that would have been used for high-performance flight
reactors was made hy the solidgas reaction of carbon
fibers with ZeCly. Becausc of the compressed time scale
(the dccision to use ZrC made 1n this manner was made
about seven months hefore the “parts on hand® date) the
development, evaluation, and oroductinn proceeded along
parallel paths. As a result. descriptions of priduction and
propertics of the very low-density Ze(C are inevitably tied
to the N¥ 2 design needs. A discussion of the porous,

fiber-based Zr(C would include an interlacing uf various

aspects of these factors. Appendix (is 2 LASL internal
document describing sonie aspects of the fabrication »f
the NIF-2 insulstor units.

Figure 7 is a sketch of the NF-2 insulatar configura-
tion. The reactor consisted of 49 such cells. We expected
that the fuel clement would run as hot as 2900 K: the
aluminum tube was water cooled and the tnner surface of
the aluminum tube was not expected to excced 500 K.
Thus, the 2400 K temperature drap would have to be
taken by the ZrC insulatur; 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 valuc of A for the
insulator configuration shown in ¥ig. 7 and for the full-
power operation for an NF-2 ccll. Figure 8 shows that to
transfcr 95% of the thermal energy to the coolant gas, a
300K A of about 0.5 Wm''K™' would be required. This
then set the goal for the NF-2 insulator design and for the
target thermal conductivity of less than 1 Wm 'K at
300 K. '

24

Rodial Heat L..: (%)

SECTION &-A

[ [2a{-1")

NF-Z INSULATOR
Fig. 7.
NE-2 ZrC insulator configuration.

18-
10}~
L] o ~
ol 1 1 1
-0 3

1 .y
~ M300K} (W m'K")

| Fig. 8.
Relation between radial beat leak and \ (300 K) for
NF:2 insulators.



A. Fabrication

The NI-2 insulator onits were produced in a multiple-
sicp, simgle-ass operation. The tubnlar carhon-fiber raw
material was premachined to approximale cross-sectinn
diniensions and was converied dicectly to the final prod-
uct. The stuniag material and the finished product are
shawicin Fig. 9. The carhon-fiber tube was converteil to

;‘r‘r‘r‘rprrﬁ; : w W smwmgtrmw

Lig. 9.
Thy carban-fiber suby befon: canversiva and the
Jinisbed Zr€ product (right).

Fig. 10.
Scanuing clecsron  micrograph of carbon-fiber
starting material {1000X).

Z1C by cexposure ta a mixture of ZeClg My, argun. and
HCE at 1600 K for 40 b, which resolted in a product com-
pusition of Zit g and o 76% parosity (24% theoretical
density). The 1emperature was then drapped to 1500 K
and Clly was added to the gas mixture, under thesc
conditions, a coating of Zr(C was deposited on cach fiber.
ANMter 10 h of this Litter treatment. the porasity was
decreased to about 72'%. Finally, the temperature wa.
raiscd tee 2800 K and the insulators were hield at this
tensperaiure in an argon eoavironinen) for 2 h. ‘The insela-
tors were ready for final machining after 1they were
removed from the convession furnaces, Figures 16, 11,
and 12 are scanning electron nncrographs of the carhon
fibers. she converted ZrC, and the fiber-coated converted
ZsC. respectively. Note thai the fiber costing increases ithe
degree of filleting and fiber imerconncction. Intuitiveiy it
wooll be cxpected that fiber coating would sncrease baoth
the strength and the thernial conductivity, which proved
ta be the case. The 2800 K heat treatment seemced to
counteract the couting cffcets by decreasing the thermal
conductivity, although the reason four this phenomenon is
obscure.

Fig. 11. | -
Scanning electron micrograph of fiber L1 after
conversion {1000X),
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Fg 12
Scanuing vlectron mcragraph of ZrC after ennver:
ssun and vapor-deposited Zr(C fiber coat (1000X).

B. Thermal Conductivity of Very Porous ZrC at 300 K

Al: the thermal-con-iuctivity measurements made at
300 K on the very porous ZrC were made with the flash.
diffusivity method. Despite all the precautions taken 10
assure the accuracy of such measuremcnts (see Sec. IV.A).
unpubhshed work done in LASL Group N-7. just before
the gracp was dissolved. indicated that the flash-diffusiv-
ity moasurements viclded answers that were too high.
The insulating powsr of the ZeC insulators. as reported in
this document. is probably pessimistic and the fibrous
7¢C :nsulators are. in fact. more effect