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ABSIRACT

Sialons have been evaluated for application as high temperature el.uctrical
insulators in contact with molybdenum and tungsten components in hard vacuum
applications. Both D,.C. and variable frequency A.C, resistivity data indicate
the sialons to have electrical resistivity similar to common oxide in the
1000°C or higher range., Metallographic evaluations indicate good bonding of
the type 15R AIN polytype to molybdenum and tungsten. The (' or modified
silicon nitride phase was unacceptable in terme of vacuum stability. Additives
such as MgO which are commonly used to improve densification had a detrimental
effect on electrical resistivity, Similar resistivity decreases were produced
by additions of molybdenum or tungsten to form cermets, The use of hot pressing
at 1800”C with AIN, Alp04 and Si3N, starting powders produced a better product
than did a combination of S$i02 and AIN starting powders. This study indicated
that sialons will be suitable insulators in the 1600K range in contact with
molybdenum or tungsten if they are produced as a pure ceramic and subsequently
bonded to the metal componei.s at temperatuares in the 1600K range.
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INTRODUCT ION

Exploration of the outer planets of the solar system may include a nuelear
electric propulsion system at a power level in the 400 kWe range (Ref. 1). A
system which will provide this power at low weight and high reliability utilizes
a heat pipe cooled nuelear reactor coupled with thermionic conversion of the heat
to electricity.

Each thermionic converter produces approximately one kilowatt of elec-
trical power at 0,6 VOC., A matrix arrangement of converters electrically
commected in both series and parallel is required to increase system voltage
output and meet reliability requirements, This in turn means that ecach converter
must be electrically insulated from the heat pipe which supplies heat from the
reactor to the emitter of the thermionic converter at approximately 1650K,

Either molybdenum or tungsten base alloys can be used for the heat input heat
pipes and converter emitters, both of which are in contact with the required
high temperature insulator,

The general requirements for the insulator on the heat input side of the
thermionic converter have been determined by the design constraints of the
thermionic power conversion system and are as tollows:

(n Thermal expansion must be compat ible vith either molyvbdenum or
tungsten or preferably both since the coeftficients of thermal
expansion of these two metals are similar,

(2) Stability in hard vacuum at 1650K for at least seven years, the
minimum outer planet mission time.

(3 Chemical compatibility with molvbdenum and tungsten at 1650K.

(4)  Good thermal conductivity to transfer heat from the heat pipe
through the insulators to the thermionic converter emitter while
retaining electrical insulating properties,

(5) Maximum electrical resistivity to minimize power losses and
electrolysis at the projected maximum operat ing voltage of
25 VDC.

(6) Sufficient bonding to both molybdenum and tungsten to minimize
the metal/ceramic interface thermal gradients.

In general, carbides are electrical conductors and are therefore not
suitable., Single oxides have a high thermal expansion coefficient and are not
mechanically compatible with the molvbdenum or tungsten alloys. Nitrides are
generally unstable in hard vacuum at the temperatures of interest. Sialons
(an acronym for silicon, aluminum, oxygen and nitrogen) are a low thermal
expansion class of materials which can be viewed either as a modification of
nitrides or a modification of oxides of silicon and aluminum, The sialons
theretore were selected as a starting point for the development of the needed
high temperature insulator since they appeared to meet the electrical and thermal
conduct ivity requirements, had a low thermal expansion coeifticient and were



believed to be chemi cally compat ible with molvbdenum and tungsten,  The addit fon
of oxides to nitrides to form sialons was expected to reduce the nitrogen
overpressure requirement thereby making the material stable in vacuum ip the
160OK operat ing range.

PROCESSING METHODS AND STARTING MATERIALS

Sialons can be produced trom constituent powders using elither sintering
or hot pressing in graphite dies to obtain densitication, Since a ceramie
approaching tull density has maximum thermal conductivity, hot pressing which
produces a higher density material than sinteving was selected as the tabrication
Process.,

The starting materials used tor tabrication of the sialons were the
tollowing powders:

Alcoa Tyvpe Alo Aluminum Oxide

AME Type CP85 Silicon Nitride

Cerae Aluminum Nitrvide 99,97 purity

American Drug Silicon Oxide 99.9% purity
Chemical analyses for these materials arve presented in Table 1.

The powders were ball milled tor 16 hours in polvethyvlene bottles with
tungsten carbide balls and tert-butyvl alcohol milling tluid,  The powder was
then dried and sieved. Hot pressing was done in graphite dies using nitrogen
as a cover gas,

For the fabrication of cermets, the metal particles were coated with wax
then mixed with the ceramic to ceramic coat each metal particle. Additional
ceramic was then added to achieve the desirved volume percentage of metal in the
cermet,  The mix was placed in the graphite die and the die and powder was then
outgassed at 875K in approximately 10 to 15 mm of nitrogen overpressvre, Both
the cermet and ceramic samples were hot pressed in the same manner,

The hot pressing cyvele used was: 1) heating of the die and powder to the
hot pressing temperature, 2) application of the hot pressing pressure,
1) cooling under pressure to 1675K, 4) release of the pressing pressure and
5) cooling to room temperature, Hot pressing temperatures of 1975 to 2150K
were evaluated as were hot pressing pressures ot 689 N/em? to 6890 N/emd
(1000 to 10,000 psi) and hot pressing times of 30 to 120 minutes. Hot pressing
temperatures were read with an optical pyrometer using 5:1 L/D holraum in the
graphite die bodv,

Mhe #' sialon (equimolecular amounts of Al204, AIN and Si4N,) was found to
densitv in the 2050 to 2075K range. At temperatures above 2100K this material
tended to become porous indicat ing decomposition at this temperature, Below



950K inadeguate reaction among the powders also resulted in a poor density
material, The 15R polvivpe material (higher AIN contents) displaved opt imum
densiticat fon in the 2075% to 2J00K range.

Pressures in the 1378 Nemd (2000 psi) to 2756 N/em? (4000 psi) range
produced good densiticat fon of the stalons while pressures higher than this
resulted in tracture of the samples when the pressure was released.  Pressure
reduct fon from about 3445 N/em? (5000 psi) to 1378 Nem? (2000 psi) at the
2075K hot pressing temperature in an attempt to stress veliet anneal the @'
slalon also resulted in extensive cracking of this material, This etfect was
not evaluated with the 158 sialon and the release of pressure at 1675K was
used with all materials,

Hot pressing time was the least critical of the variables, The W minute
pressing evele produced ervatie results while ne ditterences were observed
between the 60 and 120 minute eyveler,  The 00 minute cvely was theretore
retalned,

The samples tested tor electrical resistivity were all hot pressed at
A
205K tor 60 minutes at a pressure of 1378 N/ems (2000 psi) (o graphite dies
using a N» cover gas at atmospheric pressure,

A series of phase diagrams have been published on the AlLLO4, AIN SiN,
and 8102 sialon systems (Rets, 2,3,4),  The latest of these is by Jack (Retf. 5)
(Figure 1) and is generally in agreement with this work, One cont fnuing problem
both in determination of an accurate phase diagram and in preparation of quality
material is the existence of second phases trom both impurities and metastable
phases,  These inhomogeneities are knoun to produce adverse ettects on the
mechanical properties of the ceramic since inhomogeneities are usually not well
bonded to the ceramic matvix amnd as a consequence act as a detect or stress
visers, The amount of second phase can be attected by dmpurities, starting
material and tabrication evele. This is illustrated by tabrication of ¢' sialon
as discussed in the tollowing paragraphs,

£V dis described by the tormulaz

where 7 is less than 4.2, Setting 2 = 3 vields SigN i <ALO3AIN,  The equivalent
material can also be produced trom SigNg« 38102<0AIN,  Photomicrographs ot
material produced in these twe wavs are shown in Figures 2 and 3, The structures
are similar and show small amounts of second phase,  Microprobe analyses tor
silicon and aluminum show that the ratio ot Al to Si in the sample prepared trom
8105, SigN4 and AIN varies from 55:45 to 45155 with some areas being 1:1 which

is the predicted ratio tor the specitied @', This would indicate the tormat ion
of two metastable phases, X=phase which is silicon dioxide rich and the 15R phase
which is aluminum nitvide vich, as well as #',  The same material tabricated

trom SiqNg, AloOy and AIN showed much less inhomogeneity.
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The implication of this observation is that X-phase (which has not been
evaluated In this study) may remain in (' even when fabricated from

AIN+*Alp04+8iqN, since S102 is present as a layer on SijNy.

The effects of $i02 have been shown in the fabrication of the 15K polytype
material, This material again can be fabricated either as 510 4AIN or as
S14N4+2A1209°8BAIN.  Using the same powder processing techniques and hot pressing
eyele, the AIN/Si02 material was much less dense than that fabricated from
S19N4/AIN/A12043 as can be seen by comparison of Figures 4 and 5. Microprobe
testing of this material indicated both to be relatively homogenous with the
predicted aluminum/silicon ratio of 4:1,

ELECTRICAL RESISTIVITY TESTINCG METHODS

The objective of the fabrication development effort was to produce a high
quality sialon material for electrical insulators meeting the requirements out=
lined in the introduction., The effects of composition and processing on vacuum
stability were evaluated as the first step in selecting a material for fabrica-
tion and test in prototypical insulator geometry for Nuclear Electric Propulsion
(NEP) system application, The second step in the selection process is the
measurement of electrical resistivity of the sialons also as a function of
composition and processing. The results of this testing are presented in the
following section.

Electrical resistivity testing was carried out in hard vacuum (1070 torr
or better) using a tungsten mesh heating element and heat shields. A sketch of
the setup is shown in Figure 6. DC measurements were taken with a variable
voltage megohmmeter and a digital multimeter, AC measurements were taken with
an oscillator and an impedance bridge. Samples were 1.9 em (3/4 in.) square and
0.2 em (0.080 in.) thick, The electrodes were tungsten or molybdenum foil
0.005 em (0.002 in,) thick., During initial heating, readings were scattered due
to lack of contact between the foil electrodes and the samples. After reaching
temperature and holding, the creep produced by the weight resulted in good con-
tact between the electrodes and the samples resulting in reproducible readings.
Read ings were taken on silicon nitride and Lucalox alumina using this method
and agreed well with the published literature values (Figure 7).

Three types of samples have been tested: 1) pure ceramics, 2) cermets
using both molybdenum and tungsten metal phases and 3) cermets bonded between
molybdenum plates. Each of these types of materials and the electrical resis-
tivity results are discussed in the following sections of this report.

ELECTRICAL RESISTIVITY TEST RESULTS
A. £' STIALON CERAMIC AND CERMETS
The initial materials tested in the program were the £' ceramics. As

discussed previously this material contains small amounts of second phases from
impurities in the starting powders and as a result of the powder ball milling
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poocess,  Free silicon metal was also present apparently due to fncomplete
nitriding of the silicon to form silicon nitride, Resistivity tests on o'
containing equimolecular amounts of Al20y, AIN and SigN; displaved erratie
behavior at elevated temperatures as indicated in Figure 7. Post test exami-
nation of the ceramic indicated welight loss apparent ly due to decomposition and
sublimat fon of this materfal at temperatures above 1500K,

Molvbdenum cermets made with @' indicated react fon between the molvbdenum
and ceramic,  This reaction can be seen in Figure 8 as the tormat fon of a
silicide laver on the surface of the molybdenum particles, There was also
evidence of separvat fon between the molvbdenum and the ceramic indicat ing a poor
thermal expansion match, Electvical rvesistivity test results on a tungsten/p!
cormet praduced data very similar to pure SN, (Figure 7). This was a slightly
higher resistivity than was veported by Thorpe and Sharit (Ret. 6), The fact
that the cermet test result did not obey Maxwell's mixing rule (Ret, 7) may be
due to either the poor bond between the metal and ceramic or due to chemical
interact fon between the metal and ceramic resulting in reduction in fons which
were available for electrical conduet fon,  Sioce any of the above problem arveas
woulld eliminate the material trom consideratfon tor application as a high
temperature insulator, emphasis theretore was placed on 158 polvtvpe sialon
phase,

B. 15R STALON POLYTYPE

As indicated by the phase diagram of Figure 1, the 15R polvtype sialon
phise exists over a range of coupositions Initial resistivity testing was done
on a composition near the center of the single phase region, This material was
hot pressed trom Alp0q, AIN and SiN, as a cevamic dise.  Samples 18 mm square
by 2 mm thick were machined trom the cevamic and tested between molybdenum toil
electrades as previously discussed.  Results of electrical resastivity testing
of 15K polvtype sfalon with a composition near the center of the single phase
region are plotted in Figure 9, The shape of this electrical resistivity curve
is typical of all varfations of the 15R polvtvpe cervamic in that a deviation
from linearity occurs in the 400K renge, and s discussed in the section on
Data Analvsis.

Jariation of composition within the single phase 158 rvegion had essentially
no effect on electrical resissivity, 15K polvtvpe sialon tabricated with the
maximum silicon nitride content as defined by the phase diagram (Figure 1) had
fdentical resistivity as the 158 composition in the middle of the single phase
region, Results of electrical resistivity testing of the 15R polvtype sfalon
with maximam SiN; content ave plotted in Figure 100 The discontinuity was still
present in the resistivity curve in the 400K range, Resistivity data taken
using AC current are also presented in this plot. At high temperatures there
is no effect of trequency on electrical resistivity, As temperature decreases
the highest frequency AC data arve the tirst to deviate trom the DC curve, as
has been rveported for other ceramics (Ref. o),



Variation ot starting materials, 28 discussed in previous sections, in
turn affected density and probably the mount and distribution of metastable
phases within the sialon ceramic although the final chemical compositions were
ident ical, The 15R polyvtype stalon can be tabricated from S0 and AIN as well
as from AIN, Alp03 and SiN4.  The effect of this variation can be observed by
comparison of Figures 9, 10 and 11, Figures 9 and 10 summarize data on 15R
poiviype materials tabricated trom AlyOy, AIN and SN, Figure 11 shows
electrical resistivity of 15R material fabricated from Si02 and AIN,  The slope
of curve in Figure 11 has changed and the discontinuity in the 400K range has
virtually disappeared, Possibie causes of this will be discussed in the
following sect fon,

Magnes fum oxide is a common addition made to silicon nitride to increase
densificat ion rvates during sintering or hot pressing. The eftect of this addi-
tive on electrical resistivity of 158 polvtyvpe sfalon is sho. v in Figure 12,
The 1400K discontinuity is similar to the same material without the MgO as
plotted in Figure 9. However, the resistivity both above and below 1400K has
been markedly reduced by the MgO addition, This will alsoe be discussed turther
in the tollowing sect fon,

To simulate a possible tabrication method tor the Insulators, molybdenum
plates were plasma spraved with tungsten.  The tungsten plates provided a
roughened surface to improve bonding of the ceramic,  The powder to be tormed
was placed between these plates and the assembly placed in the graphite dies.

The sandwich structure was then hot pressed to consolidate the ceramic to a laver
approximately 2 mm thick, Test results on this sandwich structure (Figure 1 %)
indicated the resistivity as a tunction of temperature to be linear, but at one
to two orders of magnitude lower resistivity than sialon tabricated as a ceramic
and not in contact with a refractory metal during the hot pressing process.  The
decreased resistivity may partially be due to improved electrical contact between
the sample and the test electrodes, However, the ma‘ority of the decrease is
believed due to chemical interaction between the retractory metal and the sialon
or the starting ceramic powders at hot pressing temperatures prior to tormat fon
of sfalon, The implication of this observation is that the ceramic should be
tabricated to the desived shape at tbhe 2100K hot pressing temperature, then
bonded to refractory metal at a tempeiature near the use temperature (1675K) to
minimize the interact ion and the resulting resistivity decrease,

A section of a prototypical insulator bonded in this manner is shown in
Figure 14,
DATA ANALYSIS
The single characteristic that is comnon to most of the electrical resist-
ivity data is the change in slope of the resistivity versus temperature curve

in the 1400K range.

This change of slope implies a change of activat ion energy and theretore a
change in conducting mechanism for the 158 polvtype sialon materials,

18]



The activation energles measured in this work for the 15R polvtvpe sialon
(Figures 9, 10 & 12) are 1.8 to 2,4 eV below 1400K and 2.8 to 3.5 eV above
1400K,

Previous investigations of the electrical conductivity of AIN have obtained
activation energies of 1.9 oV (Ref. 8) and 1,83 oV (Ret. 9), Both authors
agreed that the low activation energy was due to the extrinsic electronic con-
ductivity resulting from carbon contaminatfon. Gorbator et al (Ret, 8) have
observed n=type electronic conductivity in carbon contaminated AIN, Francis
et al (Ref. 9) have observed a change in coaductivity with varving carbon
content in AIN.

The band energy gap, E‘. was reported to be between 5.7 to 6,2 ¢V for
AIN (Refs. 10, 11), These values are in reasonable agreement with the absorpt fon
values, 4.8 v 5.9 oV, measured optically for AIN single crvstals (Retf. 12). The
intrins.c electronic conduct ion would thus require a much greater activation
energy (v Eg/2 = 2.4 to 3,1) then vhat is deduced from the slope of the Arrhenius
plots for sfalons at low temperatures (1.8 to 2.4 V) (Figures 9, 10 & 12),

The 15R polvtype sialons in this work were hot pressed in graphite dies
at high temperature. Since the activation energy obtained below + 1350K is
roughly that obtained for contaminated AIN, it is quite possible that the I
conduct fvity of 15K polveiype s dominated by extrinsic electronic conduction
mechanism produced by carbon covtaminat fon.

This view is confirmed by the data in Figure 11, the rvesistivity ot 158
pressed from Si0, ¢ AIN.  There is no change of slope in this curve indicating
that carbon contamination is minimal in this sample. This can be explaived by
the probable react fon between the Si0» and the graphite die:

810, + 2C » 8iC + 200

At the hot pressing temperature this reaction proceeds to the right with a tree
energy of =14,000 cal/mole, Thus carbon contamination ot the sialon is veplaced
by formation of a S{C reaction layver. In addition the porosity of this sample
could be partially due to the presence of CO0= the equilibrium pressure being in
the 100 atmosphere range or 2000 psi, the hot pressing pressure,

When the sialon was hot pressed between molybdenum plates the molybdenum
minimized carbon pickup by the sialon. This also eliminated the change in slope
of the resistivity curve (Figure 13).

In typical covalent semiconductors, it is common to have extrinsic elec-
tronic conduction to predominate at lower temperatures whereas the intrinsic
electronic conduct ion becomes dominant at high temperature range when the valence
electrons of majority lattice atoms (vather than impurity atoms) gain sufticient
thermal energy to be raised into the conduction band. In the case of AIN, the
resulting activation energy will be (Eg)jnrrinsic/? ® 1/2 (5.7 to 6.2) oV = 2,85
to 3.1 eV, This is within the 2.8 to 3.5 eV range obtained in this work tor
high AIN content sialon, f.e., the 15R polvevie material.



It would appear that in the high temperature region, the electrical
conduct ton {8 dominated by the intrinsiec electronic mechanism, determined by
the band gap, as In the case of classic semiconductors, Two phenomena have
been observed, however, which make the electronic conduct ion model quest ionable,
First, the DC resistivity values were found to drift with time at a constant
applied voltage., Secondly, the applied voltage across the measuring electrodes,
when increased, Increased the apparent DC resistivity of the sialon, Both of
these charvacteristics indicate the possible oceurrence of electrolytic polari-
zatfon process under the applied voltage, rather than a dielectric polarization,
Electrolvtic polarization Involves the fonic dissociation within the material
and tends to bulld up a counter FMF as a result of a translatfonal mot fon
(diffusion) of these dissociated fons over large distances (under the applied
voltage)., The resistivity of 158 polytype sialon was reduced by the addition of
MO (Figure 12), However, the slope of the resistivity plot remained unchanged
from that of the identical material without the MgO addition (Figure 10). This
implies that the major conduct ing mechanism both with and without the Mg0
addition, is the same, Minority fons such as Mg appear to be the most likely
conductors,

The activation encrgy values obtained for 15R polvtvpe sialon (2.8 eV to
1.5 eV) are greater than those obtained in low temperature range (1.8 eV to
2.4 V), but lower than that obtained tor ' sialon (as high as 4.4 eV) in the
same temperature range.
It is known that the o' sialen has the abilit * to incorporate impurity
atoms into the crvatal lattice (Ref, 5). This appears to indicate that the @
phase can restrict impurity movement or diffusion producing the higher activation
energy observed for this material, Impurity atoms are not as readily incor-
porated into the AIN type lattice of the 15R polvtvpe material; hence the
activation energy measured for the 15R as well as the resistivity is lower than
for &' stalon.

Definition of the exact conduct ion mechanism which operates in sialon was
not the objective of this work, The objective was rather to determine if sialon
is a candidate for high temperature electrical insulator applications. At
present the answer to this question appears to depend upon preparation of
higher purity sialon materials coupled with long term testing in vacuum under
applied DC potential to evaluate deterioration of sialon under these conditions,
Such testing s presently being initiated,

SUMMARY '

Electrical resistivity testing of sialons in hard vacuum at elevated
temperatures has indicated the 15R polvtyvpe to be a candidate for high tempera-
ture electrical insulator application in contact with molvbdenum or tungsten,

' sialon does not have the required vacuum stability nor an adequate thermal
expansion match to molybdenum, The 15R polvtype material has adequate electrical
resistivity, good vacuum stability and good thermal expansion match to tungsten
and molyvbdenum,



Opt imum properties are achieved in the 15R polytype sialon by minimizing
the presence of elements other than silicon, aluminum, nitrogen and oxvgen,
Fabrication at 2075K {n contact with refractory metals has a deleterious effect
on resistivity; hence, fabrication of a pure ceramic with subsequent bonding to
molvbdenum or tungsten at a lower temperature is required,

The work presented here is the initial step in developing a high tempera-
ture insulator. The major concern remaining is the effects of long term
operation under applied electrical load or potential, The degradation mechanism
under these conditions s believed to be solild state electrolysis caused by
fmpurity atoms, Additional testing has been initiuted to evaluate these effects
on the sialon material, Results of this follow=on effort will define voltage
and temperature effects on the materifal as well as define anv electrolveic
movement of elements within the ceramic. Fabrication methods for bonding the
ceramie¢ to molyvbdenum or tungsten in prototvpical geometvies and long term
evaluation of prototypical units have also been initiated,
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Table 1, Chemlical Analyvses of Stavting Fowders
tn Wolght Peveeant

Alcoa . R W
Klemont A‘:;":‘ vt'u::tt N AN A:t:!:,““
Al Major 1.0 Major 0.5
(W] N. D, 0,01 0.0l N. D,
Cu N. D, oo 0, 001 0,001
Fe o,.om 0.5 0.2 0,008
va N. D, 0.2 Noet determined N. D,
Ni N. DY, 0,01 0.0 N.D
My 0,02 0.01 0,001 0,01
Miy N.D, 0.0} 0.02 N. D,
LY | N.D, Major 0.1 Ma o
0 Ma o | B i | .34 Major
N, Not Detected
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