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FOREWORD

This research was supported by the Advanced Research Projects Agency of the
Department of Defense and was monitored by the Defense Electronic Supply Center
under Contract No. DSA 900-73-C-0922, Mod. P00002.

The research was carried out under Progrum Code Number S3608A by
Metals and Ceramics Information Center (MCIC), with i1 D. Moran (614-299-3151.
X3471) as Program Manager, and K. R, Hanby (614-299-3151. X1784) as
Principal Investigator. Modification P00002 of MCIC's buse contract covered
a task for ARPA that involved preparation of this report plus tour others of g
similar nature. In the amount of $50.662. the Modification was effective

between January 15 and May 31, 1973,

DISCLAIMER

The views aud couclusions contained in this dociment are those of the
anthors and shonld not necessarily be interprered as representing the official
policies, cither expressed or implied. of the Advanced Research Projects Agener
or the U. S Govermment,

b e R 4

s o B




E a " P
e LR R £

A Comparison of Selected Strategic Materials Technologies
in the US and USSR

SILICON NITRIDE FOR GAS TURBINE APPLICATIONS
TECHNICAL SUMMARY

Gas turbine engines operating at inlet temperatures of 2500 F or higher would be much more efficient
than comparable present engines, which are limited by their materials of construction to a maximum inlet
temperature of 2000 F. The promise of higher efficiency has stimulated US and British rescarch on ceramic
engines; because of its desirable properties, silicon nitride has been chosen as the primary material to
be evaluated for engine applications in programs at Ford and Westinghouse. The objective of the work
described in this report was to determine whether or not ceramic-engine development involving
silicon nitride was also being pursued in the Soviet Union, and, if so, to evaluate the Soviet program.

The method of approach was a survey of Soviet literature.

The results of the survey indicated that the Soviets have a strong capability for basic research on
silicon nitride; however, there vas no evidence that they are pursuing a program to evaluate silicon
nitride in gas turbine engines. Indeed, there was no evidence in their literature that the Soviets
are working on ceramic engine components of any kind.

Recent interest in the US and UK has shifted toward silicon carbide as the material of construction for
ceramic engines. A systematic study of Soviet research on silicon carbide, similar to the present one
on the nitride, might reveal some evidence that ceramic-engine research in the USSR, if it exists, is
concentrated on the use of silicon carhide.

Battelle-Columbus
April, 1873
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SILICON NITRIDE FOR GAS

TURBINE APPLICATIONS

V. 1. Tennery

INTRODUCTTON

The development of gas turbine engines with gas inlet temperatures ncar
2500 F or higher will provide significant improvement of the efficiency compared
with that obtained in present engines, where inlet temperatures are limited
to a maximum of about 2000 I'. Major materials requirements for such engines
arc for high strength and toughness, coupled with oxidation resistance at the
operating temperature. Resistance to thermal-shock weakening or fracture is also
of paramount importance. Refractory materials are required for the stator
vanes that direct the hot gases to the turbine wheel blades and for the
turbine wheel itself. The turbine wheel represents the rotating part of the
machinery and consists of the turbine vanes or bludes and the hub assembly.
Presently, superalloys are uscd for these components in high-temperature
gas turbines and critical components usually are cooled by a coolant gas flowing

through internal passages within the blades.

Silicon nitride has shown considerable promise for possible use in
uncooled turbine cngine components due to its relatively good high-temperature
strength, its thermal shock resistance, and its resistance to oxidation. Ixtensive
work in the United Kingdom on this ceramic material helped to identify the
properties which showed that the nitride might be usable in the form of

uncooled high-temperature engine components.

The material property requivements for the stator and rotor components of
the turbine depend upon the specific component design and the start-up and
cool-down profile for the cngine. The US cffort in this arca currently is

centered in the AMLRC-ARPA Ceramic Gas Turbine Pregram. TFord and Westinghouse
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both have current contracts under this program. lord is coencentrating on
using essentially state-of-the-art ceramic material in an automotive gas turbine
while Westinghouse is concentrating on stator vanes of a laree vas turbine

tor central-power or marine use. Ford's rotor is designed for fabrication
from a material capable of withstandine a maximum tensile stress in service of
about 60,000 psi, hot pressed SizNjp.  Stator blade stresses will rise to the
order of 20,000 to 25,000 psi about onc minute after combustor ignition.

These stresses will subside rapidly to about 5,000 to 10,000 psi after engine
warm-up. Oxidation resistance and absence of or minimal static fatigue
cffects are essential for silicon nitride ceramics to function in these
applications due to the magnitude of the operating stresses and the

limitations on strenaeths achicved to date.

McLean[l] has reviewed the materials requirements for ceramics in small
gas turbines and illustrated the specific strenoths of candidate turbine
materials of various temperatures as shown in Figure 1. The specific strengths
are given in units of /0 where ¢ = strength in psi and o = density in Ib/in. 3,
Table 1, also from MclLean, lists some of the basic nroperties of sclected
ceramics and superalloys that are pertinent to gas turbine applications.

As Figure 1 and Table 1 show, hot-pressed silicon carbide and silicon nitride
both have propertics that make them scrious contenders for applications in pas

turbines. The present report deals only with silicon nitride.

=




O b oo i i

-y

oK

8

g

SPECIFIC STRENGTH, *%, INS. x 10°

8

FIGURL 1.

0
0

200+

SILICON NiTRIDE

&

KEACTION SINTEREDY &
15% DENSE) - & % ﬂ.ﬂ!‘i
TR |

770 SUPERALLOYS

Il CERAMICS
-SILICON NITRIDE
=7 "NOT PHESSED
Lﬁ}@ 98% DENSE)
h"“‘*—-smco~ CARRIOE

i g (HOT PRESSED
’Hﬁﬂ ? % 99% DENSE)
pfkE % Z=—— SUPERALLDY
"i}: » % 2 (ULTIMATE STRENGTH)
» 3 S—— SUPERALLOY
Hiflten 2 2% (YIELD STRENGTH)
iﬁ#.'}:”ﬂg[ln:& — ALUMINA

Q’. (HOT PRESSED
i 98% DENSE)

A}
SILICON CARBIDE % 3
SEELEULE I S SUPERALLOY
ST~ (1% CREEP AT 1000 HRS)
jS8z0a20sasnvas¢nossasssonnas pobreegm

420ee8¢¢uagodndasirnnass)

5
sigrraarte {7

1 1 i L

~ T~—GRAPHITE
(AT))

1 |

470 8Cd 1200 1000

Q000 2400 2809

TEMPERATURE,“F

SPECIEFIC STRENGTI OF HIGH-TEMPERATURE

MATERTALS[1]




(4 0091-08)

6°6C OINE 9T 98¢ * ¢€-g 0S€c J€TL 19uoduj
(-1 009T1-04) ]
9°8¢ Ofisils 9L 86Z " 0°6 0LYE X-A0T121SeH
3 6¢ Gl 7ATH[ S T i OStc St¢ It uvk
(paxoaiuls § possoald)
SR ELE W) _ 93TITON
s TRt € €°QZ LGO*® INC 0ZCe COTSZ-£GCTIVE
(s>TWeISd SSBIY)
: (4 0S91-0SL) 91BIT[TS
Tl Ok L 90 * 90 OB RE -BUTUNTB-WUNTYIT]
(passsxd 10(])
(i1 0081-02) S93BID0SST(]) 9PTIX3ITU UODTTIS
0 1¢ 9C" <01 it 1 S bNETS
(pa2Xo3uTs uoT31d®dY)
(4 0UST-0.) (ssav1d0ssTq) 9PTIITU UODSTITTIS
0°Sc 9z 8C 060 il vere FNETS
& (passaxd 10H)
! (:1 oot-02) S931vI20SS1(]) OPTGIED UODITIS
0°9¢ 0C " 00~ JINL: §°¢ 0801 J1IS
(paz1iTE1SAIOAY)
(4 001-0GL) (sa93L120SS1(}) 9pTQIEd UOdITIS
0°€c 0 STI 060 ° 8% 0801 J1S
(soutTqns) (s31ycRay [L¥)
1°1 Al S z90" 2°T 09€9 9
(3se> di1s)
(i vot-0.) TOTITS pasny
§-¢ ST* 5 L90° 6C°0 001¢ QTS
(opeas 1eTDI5uWWO))
(1 00S-02) BUTUNTY
ot 61° v/ 0sT £5€ 099¢ SoCiv
» SOTuWeIa)
(4,0 1® (4,/497/1n1d) (do-tull-zld (¢ SNI/4T) 4,/9-0T X it g IBTIo1B
90T X ISd) 13| /NI-ilLd) £31sUaq uoTsuedxy IUTOJ 3TN
.voﬁ,. m.wcso;r uﬂwﬂuogm \nu.ﬁ.>a.u.05tcou T[BWX S ],
.HmE.Ho_,:. ,«O .%%OOU

o

[11STvEEl. AOTTVHEANS ANV SDIRVAHD

TINIVITANIL- T TH AHLDTATES dhwosS 4o SHILYAJOYd JTsvd

‘T J1dvl




(1)

CONCLUSTONS OF ANALYSIS

The Soviets have a strong capability for determining the chemical-
physical propertics of refractory materials at high temperatures.
They have not reported any high-temperature mechanical pronertices
studies that would indicate their intent to use silicon nitride
for turbine applications, and apparently are not presently

pursuing this goal.

Although the Soviets appear to be behind the US and UK in developing
high-temperature, high-strength materials, they possess sufficient
basic technical depth in matetrials to conduct an independent

development of silicon nitride related to gas-turbine applications

if they should decide to do so.
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BACKGROUND

The United States and United Kingdom both have been actively considering the use
of silicon nitride in gas turbines. Coe, et al.[2] discuss the design of a two-shaft
gas turbine using silicon nitride. Current US work on gas turbines is reported

in AMMRC report CTR 72-3[3] and subscquent issues. This work is unclassified.

Two forms of silicon nitride have been studied in the US and UK. These
are: (1) a hot-pressed high-density form, and (2) a relatively porous lower
density reaction-sintered form. Densification of the hot-pressed form is
usually achieved with the use of additives, such as MgD, to silicon nitride
powder prior to fabrication; this process is patented in the UK. The
fabrication of reaction sintered material is accomplished by fabricating a
shape from silicon powder and subscquently reacting the silicon with nitroeen
at clevated temperatures to transform the part into silicon nitride. The
dense form offers the advantage of higher strength, in accord with the gencral
strength-density curve of Figure 2. Reaction sintcring offers case of fabrication

of a variety of shapes, and usually is more cconomical.

Ford has investigated both hot-pressed and recaction-sintcred forms for
use in vehicle-turbine components, while Westinghouse has concentrated on
the fabrication of stator vancs machined from billets of hot-pressed silicon
nitride. Due to the relatively small size of vehicle-turbine components,
a significant cconomic advantage exists for reaction-sintered components if they
can be fabricated, have sufficient strength at Ligh temperatures, and be

sufficiently oxidation resistant.,

The open Soviet literature on silicon nitrides refers to applications for the
material in three principal arcas: (1) as a refractory container material for
containment of molten metals, (2) as an clectrical insulator for the passivation
and isolation of clectronic circuits, and (3) as a fiber material for use in

unidentified types of composites.
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Research on the nitrides of silicon in the USSR and US does not and has not
compared in volume with the work donc on these materials in the UK. Work in
the US primarily has been developmental and limited to contractual cfforts or
the ARPA High-Temperature Turbine Program. Other work supported by the US
Navy has reccently provided some insight into the causes of loss of strength

in hot-pressed silicon nitride at high temperatures.

For some time, silicon nitride was thought to exist in two polymorphic forms
designated (o) and (B). Work on these materials was of such an approximate
nature that it was only as recently as 1972 that Wild, et al. [4] determined that
the o form is actually an oxynitride, Sij],5Nj505 5, and that the g form is
SizNg4. Another silicon oxynitride, SipON>, is known, and the Sovicts have
reported considerable work on this material. The Soviets have not yet indicated
an awarencss that a-silicon nitride is actually an oxynitride, on the basis of

literature surveyed in connecction with this report.

DETATLED ANALYSIS OF PRESENT STATUS

The Soviets have a strong capability in refractory-materials development
and have reported extensive work on the chemical and physical properties of
silicon nitride. This work has apparently not been directed toward the
development of advanced materials for turbine applications. Extensive work is being
done by the Sovicts on the use of silicon nitride for use as an electronic circuit
passivation material, as a crucible refractory for containing certain molten
metals, and as a whisker material for use in composites. ‘The infrared spectra of
various silicon nitrides has recently been reported and Soviet work on the sintering
properties of various silicon nitride powders has indicated difficulty in achieving
near-theoretical-density nitride by conventional sintering. Magnesia additives
to scrve as sintering aids in nitride powders have been reported by the Soviets,

similar to their usec in the US and UK.

No work was confirmed in which the Soviets have done extensive high-temperature
strength tests, crecp tests, nor oxidation resistance tests of cither reaction-sintered '
or hot-pressed silicon nitride. Considerable Soviet work on the synthesis of silicon ,
nitride powders and fundamental studics of rcactions between the oxynitride Sip0N2,

Si02 und o and B silicon nitrides have been reported.




The Soviets do not appear to be as far along on the development of
high-temperature, high-strength materials for turbine applications as the US and

UK. Silicon nitride powder is commercially available in the USSR.

High-Denusity lot-Pressed Silicon Nitride

At this time, the attainment of high bulk density in silicon nitride ceramics
can be achieved only with the use of a sintering aid such as MgO, followed by hot
pressing. This technology is covered in a British patent[5] issued to Plesscv-UK,
Ltd. and by patents to Joscph lLucas Co., Ltd. The only manufacturer of significant
quantities of high-density silicon nitride in the US is the Norton Co., Worcester,

Massachusctts; Norton is a licensce of the Lucas patents.

Lange and Terwilliger|[6] have recently (1972) conciuded that the relatively
high room-temperature streugth of liot-pressed silicon witride is related te the
transformation of the o phase to the £ phuse during hot pressing.  The mechanism
whereby magnesia functions in this process is not understood at present.

Wild, et al.[7] discuss possible mechanisms for this process. Lange[8] has concluded
that the high-temperature strength of dense silicon nitride is closely related

to the microstructural mworphology of the f-nitride grains in the dense ceramic

and that these grains achieve their interlocking morphology during the conversion of
« to 8 nitride. No information from the USSR was located concerning these factors

influencing the strength of dense silicon-nitride ceramics.

Recent work of Norton reported by Torti[9] indicates that strengths of 100,000
psi at 1200 C (2190 F) have been achieved fer dense silicon nitride consisting
primarily of SigNj (previonsly designated as | form). An appreciable decrease in
strength occurs abeve 1200 C, with a value of 10,000 psi at 1400 C (2550 I') in air

being reported. No reports of such propertics were found in the Soviet literature.

Coe, et al.[2] have reported on propertics of hot-pressed silicon nitride
made from powder, primarily of the « form, with 1 percent Mg0O added, and discussed the

potential engine applications for this material.
Zabruskova, et al.|10], at Moscow Chemical-Technological Institnte, have

rccently published data on the infrared spectra und synthesis of SiszNy, and

Samsonov, et al.[11], at the Institute of “Materials Science, in Kiev, have discussed
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process development oriented toward complete densification of SizNg4 and SizNyg-SiC
composites. Reference[10] also discusses the reaction sintering of both silicon
nitride and silicon carbide. The ceramics being produced by Samsonov, et al., re-
portedly had 25-30 percent open porosity. Their reporting of X-ray crystal
parameters indicates a full understanding of the role of the a and R forms of

the nitride in producing strong ceramics. 'The silicon nitride powder uscd in {
most of the Soviet experiments was referred to as 'commercially available"

and produced by the Zaporozhe Abrasives Combine. The silicon carbide powders

reportedly came from this same source.

Several investigations of the thermal stability of Si3zN, and SipON2 have
been reported by the Soviets and the work by Zabruskova, et al.[12], is onec of
the more recent reports. This work was oriented primarily toward the use of
$i,0N, as a bonding phase for SiC ceramics, but also included high-temperature
mass spectrographic studies of the vapor species over SizNg. Samsonov and Kazakov({13]
have reported on work of prodncing articles of various shapes from materials based
on silicon nitride with MgO or Al203, with subscquent partial sintering of the
mixed powders while packed in boron nitride in a nitrogen atmosphere. [Final
sintering was accomplished at 1600-1700 C (2910-3090 F) in another charge also
containing MgO. ‘'The report of this rather laborious process is a reasonable indication
that the Soviets have chosen processing procedures for achieving densification of
silicon nitride which arc considerably diffcrent from those developed in the UK
and utilized in the US. They have not reported on results of hot-pressing studies of
silicon nitride, but Samsonov and PetryKina[l4] have done a considerable amount of
work on hot pressing of various metals, carbides, and oxides. Extension of this
capability to silicon nitrides would be relatively simple. Samsonov, et al.[15]
have reported the importance of carbide homogeneity to hot-pressing densification

Kinetics; homogeneity is also quite i1clcvant to silicon nitride.

Extensive nitriding studies of various metals other than silicon have also been
reported by the group under Samsonov at the Institute of Materials Science, Academy
of Sciences of the Ukrainian SSR. [LEarlier work by Kashtalyan, et al.[l16], at
the same Institute included mcasurement of Young's modulus of Si3zNg-BN compacts at
various temperatures and these results clearly shoved that very little softening
of high Si3Ny compositions occurred at temperatures to at least 1200 C (2250 F).

The stability relations in the Si-0O-N system were reported about the same time by i
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I; Krasotkina[l7] and concentrated on the role of various oxide and fluoride

4 additives in determining the nature of transformations of SizNg to SipON> and

[; cristobalite in air and carbon monoxide at temperatures to i750 C (3180 F).

|

I; Reaction-Sintered Silicon Nitride
é -
i { Reaction-sintered silicon nitride does not exhibit the loss of strength shown
} by hot-pressed nitride as temperatures near 1200 C (2190 F). Since this material

ZI is produced by reacting nitrogen directly with silicon, no sintering-aid additives
{
L

are employed. The final disposition of the additives in the hot-pressed form

5 i is not clear at this time, but presumably they migrate toward the grain boundaries.

It is possible that softening of this additive-rich grain boundary phase is
{ responsible for the general weakening of the hot-pressed ceramic at high

temperature. The strength of reaction-sintered silicon nitride is not strongly

dependent upon temperature and remains relatively constant to 1400 C (2550 F).

g ! Room-temperature strengths of the order of 36,000 psi have been reported by

ii Davidge and co-workers[18] for reaction-sintered material. Duec to its open porosity,

reaction-sintered silicon nitride oxidizes more readily than the hot-pressed

| ! form, but its strength remains relatively unaff ted up to temperatures near

1200 C (2190 F).

Zabruskova, et al.[10] in their rec:nt a-ticle cited earlier, reported some

g z' of the properties of silicon nitride matcrials formed by reactive sintering of

' silicon with Si02 in a »i.rogen atmosphere. Th: Si3zN4 content of the finished

! ] materials was determined from a 580 cm-! absorption band that reportedly belongs to
e this phase. The use of this analvtical technione for this material is new as far

| as the author is aware. The thcrmal cxpansion coefficient was 2.13 x 107° per
centigrade degree (1.19 x 107° per Fahrenheit degree) from 20 to 800 C (70 to 1470 F)
and the material withstood up to 100 thermal cycles between 1000 C (1830 F) and

25 C (75 F). Bend strengths of 25,000 to 30,000 psi were reported and the

i strength was relatively independent of temperatures to 1000 C (1830 F).

TECHNICAL FORECAST ANALYSIS

No indication was obtained that the Soviets are actively developing ceramic silicon

Frem—
- i

nitride materials for gas turbine applications. As discussed previously, they

have the technical ability to do so, but the data available at this time indicate

g
.
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that they arc working on thesc materials with the point of view of using them
as special 1efractories in morc customary applications. The Institute of
Matecrials Science, Academy of Sciences of the Ukrainian SSR, Kiev, under
Samsonov, would bec the logical place where gas-turbine oriented work would be
done if they decide to do so, and the activities of this group should be

monitored for indications that Soviet work in silicon nitride has taken this

—

new direction.
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