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SUmMMARY

The need for ar. engineering material with good mechanical properties and
stability for service in gas turbines at temperatures of the order of 1200%C
has led to the study and development of silicon nitride for this purpose.
This msterial, although brittle at room temperature, has excellent oxidation |
resistance, comparatively good thermal shocik resistance, and adequate creep
strength at the temperatures involved if stiffened with a very fine dispersion

of silicon carbide which may be incorporated during the reaction sintering
wroduction procoss.

Methods for producing the material in suitable form, and in the best
physical state for engineering designs, hsve heen evolved, and the properties

of the material have been fully explored by laboratory evaluation and field
trials.

If the characteristics of the material are taken into account during its
application, it will provide a much neecded and valuable contribution to the
presently available high temperature materials. Its usefulness promises to
extend far beyond the ap lications originally envisaged. Some of these fields
of application are aescribed and others suggested,
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STUDY AND AFPLICATION OF SILICON NITRIIE AS
A HIGH TEMPERATURE MATERTAL

1.  INTRODUCTION

Advances in gas turbine and rocket design are now demanding engineering
materials with good mechanical properties at temperatures in excess of 1000°¢,
a figure which is generally considered to approach the upper limit of high
temperature alloy development. Some hope is still entertained that molybdenum-
or niocbium-wased alloys can be developed with sufficient self- or surface-
induced resistance to high temperature oxidation in order that their good creep
properties may be exploited at such temperatures. Considerable effort has
also been spent in an endeavour to produce mixtures of ceramics and metals
(cermets) in order thst the refractoriness of the one, and the ductility of
the other, mey be combined to produce a ductile materinl with good creep strength
and oxidation resistance at these high temperatures. A summary of the proper-
ties of a number of high temperature materials developed in the United States
of America since World . ar II is given in B.J.S.M. (Navy Staff Report)
Sci Ad 34/52, which also provides information on a numwer of intermetallic
and refractory compounds.

So far, no material had yet deen found which satisfied all conditions
liable to be encounteved in service at these temperatura levels. Where
stability, oxidation resistance and creep strength of the refractory type com-
pounds were found to be adequate, the results were invariably invalidated by
lack of resistance to thermal shocks An experimental programme was therefore
oommenced in 1956 which was aimed at finding material which would satisfy all
conditions demanded Ly gas turbine nozzle guide vanes operating at temperatures
of the order of 1200°%C,

A nunber of intermetallic compounds and cermets were prepared,but while
some of these had gcod oxidation resistance at 1200°C, they were invariably
Brittle at room temperature, and all of them had poor resistance to thermal
shock except silicon nitride. Details of this preliminary work are given in
A.MaLe Report No. 4/74(8). It was decided to accept the room temperature
brittleness of silicon nitride and to concentrate upon its further study and
development. irorkers at the British Ceramic Research Association had also
found that silicon nitride has good oxidation resistance,and a low coefficient
of thermal expansion,wit. ((-onsequnwr. high rasistance to thermal shock, and have
reported other properties.\'s <, 3)

Preliminary thermal shock tests were conducted on silicon nitride by
plunging samples repzatedly hested to 1000°C into cold water. The material
stood up to these tests without sign of failure, and this was sufficiently
encouraging to warrant further development. in attempt was then made to
produce samples of the highest possible density and in the optimum physical
condition, and to evaluate their physical and mechanical properties. Subse-
quently, the creep sirength of pure silicon nitride at 1200°C was found to be
inadequate, and effort was then dirccted tovwards improving this without sacri-
ficing the other good high tewmperature properties.

2. THE NITRIDING OF STLICON

The nitriding of silicon is brought abcut by heating the element in an
atmosphere of nitrogen for a period of time, at temperatures above 1200°C.,
If iump siiicon is used, the reaction is confined to the surface,and only a
thin layer of nitride is forzed in the manner shown in Fig, 1. It may Le seen
that this layer apparently ccnsists of two distinct phases which exhitit free-
growing hexagonsl forms. These two vhases arc probably oK and /S hexagonal
silicon nitride which have slightly &ifferent latiice dimensions.  Identific-
ation of the two seperate pheses, and agreement on the precise condiions u.gqer
wnich they are formed, has been the sukject ¢f several recent papers by 55 6/,
The o& phase is claimed to be produced by nitriding at temperatures between
1200” and 1400 ¢, while the i phase is formed by nitriding at temperatures
wrATE -(':',".’
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above 1450°C. A transformation of e to 8 is said to teke vlace when th:
former is heated above 1552°C. This transformtion does not appear to take
place easily in the mresence of uncombined silicon at temperatures belo 1450°C.

Wnen compacted povder is uscd, the enormous incresse in specific surface
encbles the nitriding process to be taken to completion in a ressoneble time,
the weight gain corresponding closely to the formula SizNy. The nitriding
rrocess appears to be associated with the diffusicn of nitrozen into the silicon
pouder and at tenperatures over 1200°C rosults in ihe grovth of an inter-
penetrating matte of SisN) ecrystals from adjacent nilicon particles. This
matte fills the pores of the powder compact, therd'y imparting mecnanical
strength, and es it is micro-porous it permits the continuous diffusion of nitrogen
to the interiors The rate of tae reaction is tei..crature dependent, as con
be seen from Fig. 2, vwhich gives the rate of nitro-en absorption for a 200-mesh
povder compact at 125u, 1350 and 1450°C over purioas of time. Apart from the
obvious significance of paorticle size and packing coefficient, these rates are
influenced also by the shape of the compact, as m~y be scen from the two tests
at 1350°C on samples having different arcal dimensions per unit mass.

It oy be seen from rige 2 that nitriding is complete in a comparatively
short time at 1450%C, wnercas many hours are requircd at lower temy-ratures.
As the highest of thess tcmperatures is above the melting point of silicon
(1420°C) a preliminary reaction-sintering operation ot temperatures between
1250 and 1350°C is necessary so that tne collapse of the powder into a molten
pool mey be avoided. This operction produces a rigid netvork vhicn retains
the uncombincd silicon and thus pcermits a gas-solic-liquid reaction at
temperatures above the melting point of silicon, the nitrogen boing transported
to the central areas through the now intercommunicating silicon nitride matta.
The fairly rapid reaction which takes place at 1450%C results in the conversion
of all the remaining silicon to a consolidated form of silicon nitride having a
mach greater hardness and density than that of the mettec.: produced by solid-state
reaction at the lower temperature. The relative hardnesses of the silicon
nitride matte, the consolidated silicon nitride, and the uncombined silicon, may
be observed by microhardness tests; this subject is discussed in detail later.
Various stages in the nitriding of silicon, which s Teen termed a 'rsaction-
sintering process', ere illustrated in Fig. 3{a)-{e). Irolonged reaction-
sintering at temperaturcs beleyw thoe molting point of silicon alsc results in
the production of a skeleton of consolidated silicon nitride, as shown in
Iig. 3(d). It can thus be secn that various times of reaction-sintering at
temperatures below and above the melting poini of silicon will result in quite
different internzl structurcs in the resulting silicon nitride. A& very long
reaction~sintcrine below 1400°C +7ill produce on extrusncly dense matte and
ultimately a hard skeleton of silicon nitride erystals, whereas a short two-
stage reaction-sintering process at 1350°C and 1457°C will produce a softer
matrix of the silicon nitride matte in which are dispersed islands of hard,
consolidated silicon nitride. The density of the fully sintered material will
be the same in each case.

The rrolonged reaction-sintering times required for the complete nitriding
of compacts of silicon powder at temperatures below its uclting point are
unrealistic for production purposes. The follewliy~ convenient resction-sinter-
ing schedule was devised, therefore, end adopted for sabmequent studies of the
properties of silicon nitride.

Stage I. Nitriding of the coupacted powder is cerried out below the
melting point of silicon at & tewperature of 17250°C for periods up to
16 hours., This produces an intercommunicating silicon nitride network
but the rcaction rate gets progressively slower as the silicon nitride
matte thickens.

Stage II. Nitriding is then continucd above the melting point of silicon
at a temperature of approxinately 1450°C for three or four hours in order
to convertcell remaining silicon completcly to nitride.

The surface of nitrided silicon powder is inveriably covercé .iti: a vhite
vool=like substance as snown in Fige 4o 5t hirher magnifications this mey te
resolved into nuerous single-crystol whiskers of cilicon nisride (Ti;n5).
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It is pictured that the matte betweon silicon particles in the Yody of partially
reucted powder is an inter-penetrating mass of these single crystals which
eventually merge with prolonged nitriding at temperatures above 1300°C.

When sectioned, silicon nitride hes a mottled grey appearance, and if oxygen
is present during ?hf nitriding operation another phase, which is rossibly white
silicon oxynitridell , is found to he present. inrescted silicon may be
identified as glittering marticles on a Iracturc? surface, ovr as islands of a
Wright phase in polisheC microsections. The s:t.:ctice and constituticn of the
materinl is described in more dstail later.

The silicon used for this investigation coriiinei about 2% impurity which
was mainiy iron and oxygen. Analysis. by the B::ze Laboratory, Sheffield, of
silicon nitride produced by nitriding this grade ¢ silicon powder gave the
following figures:-

Total Silicon 59,353

Nitrogen 29.2

Iron 9.

Lluminium «0F5
ygen oleid

It was therefore concludud tor.:, apert from a sus 'l auomt of iron orxide, the
silicon nitride was reasonably pure (dijﬂh iheorisically contains 60.2i% of
silicon and 39.7646 of rnitrogen).

Commercial nitrogen was used in the first experiments, any oxygen fresent
as impurity weing removed by passing thu gas over zcpper gauze heated et 600°C.
Moisture was removed by pessing the gas thrcugh u caleuiun chloride tower and
finally over phosphorus pentoxide. rurer nitrogen (V'hite Spot) wes aubstituted
for commercial nitrogen for later experiments,thus enakling the purification
train to be simplified, the gas being passed nver phesphorus pentoxide only,to
remove traces of moisture.

3, EQUIPMENT FOR THE NITRTDLNG OF STCON

The equipment used for the production of the cilicon nitride is shown
diagrammatically in Fig. 6 and photographically in fig. 7. It consists
essentially of a non-porous refractory reaction iubke (re-crystallised alumina
or mullite{, closed at one end, which is located in the centre of a cluster of
crusilite resistance heating elements which are capable of raising the temper-
ature of the central portion of the reaction tube to 1500°C. A temperature
control system is arranged so that a hot zone about 5" long can be maintained
to within +5°C for long pecriods. The open end ci the reaction tubde (which
for the work described in this report was 3" in Gismeter) was sealed with a
water-cooled '0' ring vacuum end-cap provided wita perts to accommodate thermo-
couple sheaths and gas entry and discharge. /4 stainless sbecl heat barrier
was provided between the hot zone and the end caps.

Provision was made for the evacuntion of the furanes “uve prinr to the
introduction of the nitrogen atmosphere., which w~; thun maiisained n che
reaction tube at a positive pressure of mround: 6 ;.  The silicon rowder was
held either in alumina tos:s or &s powier cempre.s =3 cuprorsed upon grooved
alumina or silicon nitride tiles, Huating and cooling cyelss were protracted
in order to reduce furnace comvo~nent deterioratisz to o minimum.

4. THE PRODUCTION OF SHiFES

In wrder for eiligan nitride o be uscful as < s ConstT
materiasl it was neccssary to produce it in suitatle sheopes and in the best
prssitle physical and mechanical condition. Nitriding of loose silicon prwder
supported in o roefractory boot gave it some mochanical strength, as may e seen
from Fig. &, bt % the resuliing product is very porous and must still he hardled
with care.
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In order to iuprove its mechanical properties it was necessary to compact
the powder before nitriding,by means of a suitatle pressing operation. There
is an optimum degree of powder consoclidation hteyond which homogeneous reaction-
sintering becomes difficult and prolonged,and other production difficulvies
arise,

The compacting of silicen powder to a suitatle shape is most conveniently
done by cold-pressing in a suitable die set, Simple cylindrical or rectangular
dies of the type illustrated in Fig. 9 give the most easily controlletle means of
previding even powder packing during the pressing opsratien. The angular nature
of the hard ncn-ductile fine silicon powder perticles, illustrated in Fig., 10,
explains its resistence to {low under dic pressure, which makes the use of deep
and intricate die shapcs impracticable., Some assistance can be given to flow
wy mixing into the powder a suitable lubricant beforc loading the dic.  This
lubrication also gives an additionsl 'green' strength to a ccld pressed shape.

It is also an advantage to distribute and partially consolidate the powder in
an assembled die by light vihbration hefore applying pressure. This expels
some of the occluded air and helps to ensure a unifori. density before the load
is applied. Dies should be designed to allow the ready removal of the ‘green'
pressing which at this stage is extrumely celicamte and therefore prone to
damage Ly handline. If possible, the 'green' pressing should be extruded
directly on to its firing tilc so tast it wny te put into the reaction chankter
without further handling.

In earlier experimen.s, 100 cetyl alcohol in methylated spirits was used
as a binder and lulricant for obtaining 'green' shapes, and satisfactory results
were produced vy using 2-3 ul of this solution with every 10 g of 200-mesh
silicon powder. The cetyl alcehol wss driven off in the early stages of
nitriding, leaving somc free carbon in the furnace tubc, When it wes desired
to produce very pure silicon nitride, however, the use of this lubricant was
considered undesirable. |

Powder pressings made without the aid of a binder are very weak end diffi-
cult to handle, but it has been found that moisture can te employed as ®oth
Winder and lubricant in the production of satisfactory 'green' pressings which ’
may be handled frem the dic to the tile, the moisture then being removed slowly
by air or oven drying. The optimum quantity of water to be used is a function
of the particle size of the silicon wowder, tut about 3 ml per 10 g of 200-mesh |
material has been found to give satisfactory results.

Owing to the non-ductile characteristics of silicon powder, it was found
that the maximun die pressure was limited by the necessity fer aveiding the
sussequent occurrence of internal cracks in planes of maximum shear stresa.

Such internal cracking, which inevitably appears at excessive die pressures,
persists throughout the entire reaction-sintering process,and is still present
in the final product as fissures, the surfaces of which are covered with a white
layer. This layer is possibly silicon oxynitride formed by entrapped oxygen
escaping along the preferential paths presented by the cracks during the early
stages of nitrilding. The maximum pressure which may Le applied at any parti-
cular pressing in order to avoid internal fissures must be determined hefore-
hand by examination of the surface and fracture appearance of sacrificial
pressings. Internal fissures are reali’y identified, as may tc¢ seen frum

Mige. 1. Care must be taken to avoid Jocal distortion and cracking while the
tgreen' pressing is bteing removed from the die., Using water as the tinder and
lubricant it is prssitle to preduce 'green' shapes, free from cracks, with loads
up to & tes.is on 200-mesn silicon and up to 2 tes.is, on LO0-mesh silicon in a
simple rectangular die. Lcads as low as 1 tes.is resulted in cracks when L
silicon powder wus pressen in the seme die without the addition of an internal . i
lubricant.

It is nevertheless possible to produce 'green'! powder pressings to the i
geometrical form finally required provided this is cemparatively simplc, and ;
exawples of such shapes, procuced and fired without any machining operaticn {
whatsoever, are given in Fig. 12 (a end B). i

Aodie L Report No. o/75(8) Reaction-sintered «../
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Reaction-sintered silicon nitride is difficult to machine; it is
sufficiently hard to cause undesirably heavy wear cn orthodox mechine toels,
though it may we machined »y diamond-impregnated grinding wheels. A more
satisfactory method for producing intricate shapes consists of producing a
simple stock silicon powder pressing and then sintering it in nitrogen at™
temperature of 1200°C for an hour or so to produce a loosely sintered product
which has 2 texture somevhat similar to that of soft chalk. The extent of
reaction-sintering at this stage is a compromise betwsen that required to give
the materisl sufficient mechesnical strength to te gripped in a machine, and too
guch hardness, which would ssuse gross wear of rachine twols.  Afte~ this’
lonsoely zintered matveri-.. hes been machined to the finished dimensions, ‘i is
replaced 1n the reaction chanber and nitrided in the usual manners Dimensional
changes observed after complete reaction-sintering amount to about 0.01% shrink-
age and may therefore be considered insignificant for most practical purposes.
By this method it is pessitle to produce intricate shapes to olose tolerances,
and exarples of thesec are shovn in Pig. 13 to 16,

5. ATTEMPTS TO IMPROVE THE TENSITY CF RE/CTIC~SINTERED
SILICGN NITRIDE

The true density cf silicon nitride is 3.2, that of the loosely sintered
powier 1.5, and that ¢f the cold-pressed sintered material between 2.0 and 2.5,
The difference tetween the theoretical and apparent values arises from the
micro-porosity which remains after the firing operation. Too great e densi-
fication ~f ths powder in the cold-pressing stage resists the fomatian of
silicon nitride in the central areas during the standard nitriding process
and can be offset only by prolonging unduly the reaction-sintering operation.
However, it was reasonarle to suppose that any increase in density, with corres-
ponding reduction in micro-porosity, would result in an improvement in the
mechanical properties of the material. The following attempts were therel:r:e .
made to see if the average density of 2.2 cruld be improved updin.

(a) The die pressure was increased up to 16 t.8.i. by employing hydraulic
pressure cn the cutside of a rubbter sac containing silicon powder, in the
manner illustrated in Fig., 17. After a prolonged reaction-sintering
operation, siliccn nitride having an average density of 2.5 was obtained
on small specimens.

(b) An increasing fineness of powder particle size was erployed with
the standerd pressing technique to achieve a better packing coefficient,
but without any marked beneficial effect.

(¢) Mixed perticle sizus were employed in an effort to improve the
packing coefficient, but this showed little improvement.

(d) Several mixtures of 200-mesh silicon nitride and silicon powder of
the same fineness were cold pressed to 35 te.s.i. in a standard die set
and the 'green' pressings nitrided in the usual manner. No increase in
density was obtained and subseguent mechanical properties were found to be
welow those normelly expected from straight nitriding of the silicon
powder.,

(e) Densificatior: of reaction—-sintered silicon nitride was attempted by
heating the top of a tlock ¢f the paterial in an inert atmosphere for

4 hours at abeut 4700°C. . reduction in cross sectional area took
place, as can be seen frcm Fig. 13, but as the density of the reduced
areas remained unaltered, reduction vas assumed to have resulted from
pertizd) suklimeticn.

(f) ntteupts were male to hot-press loesc siliccn nitride powder in a
silicon nitride die under a pressure of 1% tes.i. for 10 minutes at
1400°C in an atroaphure of nitrogen.  iilthough some compacting took
place the resulting product had little mechanical strength.
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(g) Pollowing a sugrestion by .'.bbey(7) for increasing the rate of reaction,
27 calciun fluoride was incorporated in the 'green' powder pressing as a
possible catalyst to sce if this would also improve densification. Its
influence on a nusber ¢f variations of the standard reaction-sintering
procedure was studied,tut in no case did it influence censification -

materially,ani its presence had an adverse effect on stability and oxi-
dation resistance.

6.  PROFERTIES OF SILICON NITRIDE

The chenical and physical properties of silicon nitride have Beon the
subject of wiis interect for some yuars,although the structure of its crystal
fcrms has Been «ytablished only comparatively recently. Little er no inform-
ation was hitheri~ available on the mechanical properties of this material.

(a) Chemical and Physical Fropertics

Its dimensional stability and exidation resistance when subjected
to temperatures up to 1400°C are excellent. The changes in weight of
a number of silicon nitride samples held at 1200°C for 100 hours is shown
graphically in Fige 19. .fter a small initial gain in weight which takes
Place within the first five hours there is no further change. The
inferior mxidation resistance of the partially nitrided sasple containing
30 free silicon confirms that the initinl gain is probably due to the

oﬁ@ation of a small amount of unreacted silicon in surface layers to
8ilica.

Silicon nitride is not wetted by any of the common metals and there-
fore it has not yet been found possitle to evercome its porosity Wy infil-
tration methods, It is not attacked at roem teaperature by gases con-
taining sulphur or chlorine and it is resistant to attack by most acids.

It is more resistant to hydrofluoric acid than silica but can te decomposed
by this acid, or by potassium hydroxide at temperatures around 400°C.

It is attacked by sodinm chloride and vanadium pentoxide at temperatures
of about 1C(00°C,

The apparent density of reaction-sintered silicon powder compacts
is eround 2.2, vhich is about two-thirds of the true density of silicon
nitride (3.2).

The coefficient of linear expansion of silicon nitride is low, and is
recorded as 2.5 x 106 aver the range 20°C-1000°C(3).  Thermsl.conduot-
ivity et an apparent density of 2.2 is given as 0,0037 c.g.8.13) end
electrical resistivity when dry is about 14 x 10’7 ohm-cm. (a8 measured
on several samples at .ioMeL.).

(b) Mechanical Properties

(i) Young's Modulus. An average value for Young's lodulus for silicc~: nitride
+ith & density of 2.2 is 4,000 tons/sq.inch at room temperature and
approximately the same value at 10C09C.

(ii) Transverse Rupture Strength The transverse rupture strength of
reaction-sintered silicon nitride compacts was measured on a three-point
loaded wezn at room temperature and at 1200°C on a numder of samples with
different bulk densities. The results, which are given H)Tablc I, com~

pere fevcur?‘bly vith those already puvlished by Vassiliou and Collins
and Gerby(s .

Tabkle I/o o
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TARLE I

Transverse Ku:ture Strength of o Number of Samples of
Silicon Nitride of Verying Density and Composition

Pressing Bulk | Transverse Rupture [ Transverse Rupture
Freasure Density Strength at Strength at
(toSoio) 120000 toSoic) Room l‘emp. (toStio)
16* 2.5 13.0 9.79
4 2:25 7.42 6.87
Silicon 2 210 6. 85 5029
Nitride 3 2.10 740 6.85
1 1490 L3l L.87
Loose
Powdur 1.50 Ouly Ol
Silicon
+ 1Q0 SiC
Silicon .
) + 5% SiC
Silicon ;
Nitride 2 2.2 547 5.03
+ 5. Carton ‘l

'Special hyarostatic preasing, remeinder of pressings
. carried out in steel dies.

F#After prolonged firsi ‘tage nitriding at 4350°C.

- It can be seen that material with a density of 2.2 has a rupture strength
of around 7.0 t.s.i. at rocm te.perature and slightly higher value at
1200°C.  Frolonged first stage nitriding at 1350°C resulted in the
slight iuprovement given in yable I. Ihe best result was obtained with
hydrostatically pressed powder vhicn after nitriding had a density of
2.5 vith a awren:th of 10,0 tus.is at room tempera.ure, rising to
13.0C t.s.i. at 1200°C.

(iii) Thermal Shock resistance. As a result of its low coefficient of
expansion, ti thermail snoci resistance of silicon nitride was expected
to W¢ unusually good for a meterial of the ceramic typce Comparison
with other materials was made using the fluidised bed testing technique
developed by the Mational Gas Lurbine Lstablishment. This test, in which
special test ciceus are submitted to repcoted sharp thermal stress
gradients, consists of the rapid transference of a wedge-sectioned disc
specimen (illustrated in .igs. 12a and 12b) from a hot o a cold fluid-
ised zircon sgand bed, and vicce versa.

A
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By arranging for the cross-section of the taper disc specimen to be
onmparable with that of the trailing edge of e gas turbine blade, and by
adjusting the temperature difference between the hot and ocold beds to as
mich as 1000°C, it is possible to make this test very representative of
servioe conditions in gas turbines presented by sudden "hot starts" or
"Blow-cuts". Results so far obtained, both at A.LL. and under more *
closely contr~lled conditions at NeGeT.E., indicate that it is pcasible to
subject small taper disc specimens of silicon nitride to as many as 50 cycles
of rapid hecting and cooling before radisl cracks wegin to appear at the
odges, (Thermal shock tests liave yet to be carried out on large taper
disc test pieces made from silicon nitride, produced by the improved tech-
niques as described later in the report.) Present indications are that
in terms of thermal shock resistance silicon nitride is one ¢f the dest
materials of its class,and under some conditions approaches the thermal
shock 1life to e expected from metals. For more details of the N.G.T.E.
work, and for the comparative thermal shock resistance of other rofractory
materials under th?s type of test, refcrence should e made to individual
N.G.T.E. reports\?),

(4v) Creep Strength. The creep strength of silioon nitride was evaluated
on a beam specimen which was held at a temperature of 1200°C and subjected
to 4~-point loading in the equipment illustrated in Figs. 20 and 21. Tests
were carried out under loads of 1% t.s.i. for periocds up to 400 hours on a
®eam specimen of esverags density of 2.1, having a rectangular orcas secticn
of the dimensions given in Fig. 20. Total deflection and creep rates for
these tests are shown graphically in Fig. 22 in which a comparison with
Nimenic BO at 3 t.s.i. and 800%C is provided.

It was generally considersd from these results that the creep resist-
ance of pure silicon nitride at 1200°C was disappointing, particularly on
paterlal of average production density. It was therefore decided to
investigate the effect af a fine dispersion of a hard stable compound which
could be incorporated during the reaction-sintering process. Compounds
eamployed teperately were silica, slumina, molybdenum disulphide, silicon
carbide and carbon. The greatest improvement in creep strength was obtained
with a 5% addition of silicon cartide. It was subsequently found that the
fineness »f the dispersion was imprrtant, and the west results nbtained tr
date have Ween with a 5 or 107 additiwn of silicon carbide powder having a
very fine, mixed particle size, the largest particles being no greater than
480 B.S. mesh., Some ef the best results obtained may e seen from the
creep curves given in Fig. 22. These indicate that a dispersion of silicon
carbide in silicon nitride reduces the primary oreep, and gives a low second-
ary creep rate, so that after 300 hours the total deformation is only one
quarter of that of pure silicon nitride ef the sams density., It 1s nat
yet knom whether this creep stiffening is attributawle to a critical disper-
sion of silicon carbide throughout the silicon nitride crystals, ¢t~ a certain
degree of solid solutisn hardening,cr to the physical influenoe of the
silicon carbide particles during the nitriding operation.

Indications are that the improvement in creep strength is assoclated
with the fineness of the particles ef the silicon carbide. In an effort
therefore to reduce the silioon carbide particle size even further, ailicen
pewder was intimately mixed with colloidal graphite before proceeding with
the nitriding operaticn, in the hepe that fine silicon carbide would be
produced during the nitriding eperation, Creep tests carried out on
silicon nitride formed from silicon powder pressings originally containir. -
5-167 carbon are also given in Fig. 22, frem which it may We seen that
although some improvement has ®een effected it is still less than that
achieved with the addition of fine siliecon carbide,

A8 might de expected, density is an important factor in the creep
strength of' silicon nitride, as may e seen from the creep curves, owtained
on material with three widely varying densities, given in Fig. 22a. The
creep strength of silicon nitride prepared frem hydrostatically pressed powder
is abaut the same as that eof materialof a lower density, But containing
a dispersion of silicon carweide.
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The combined effect of hydrostatic prassing and incorpwrating a
dispersion of silicon carbide i3 also-shown in Fig., 224, tut thae curve
represents a single resuit only.

7 SURF/CE TREATMENT -

The inherent porosity of silicon nitride, with or without silicon carbide
additions, could de a serinus disadvantage in certain applications. The
possitility of developing & glage which would be closely adherent and which
would effectively senl the surface peres was therefore iuvestigated. It was
realised that such = glaze would have to have a coevficient ef thermal expansion
s.milar to that of the parent material,anl, if possible, sheuld we self=-healing
in the event ef local rupture. Silica appeared to e the edvicus choice, but
the formation of 2 surface glaze merely by dusting the surface of the silicon
nitride with fine silisa powder and then heating,was fuund te be unsuccessful.
It had been chserved, however, thet a fine machined surface of silicon nitride
tended to become partinlly self-glared atter prolonged heating at 1200°C in
air when in the presence of alumina.

The phose cquilirium diagrem for silica and alumina, reproduced in Fig. 23,
indicates a low melting peint eutectic at 5% 41203  The melting point of this
eutectic is further lowered in the presonce of iron oxide. This was further
suggestsd By the fart thaot, during attempts at self-glazing, the most promising
resulis were obtained at temperatures above 1500°C when the eperution was
carried out on alumina tiles, using silicon nitride oontaidng iron as an
impurity. Examples of areas glared with iren-cuntamineted silica, ont o silisen
nitride nozzle guids vane, are shown in Fig. 2.

Ls mentioned in Section 2 of this report, silicon nitrids, as remived froa
the reaction-sintering furnace, is invariably coversd with a fine white dust ‘
¢r wool. It is essential to remove this fine dust by brushing, and if pcssisle
‘y burnishing, Wefore a strungly adherent and even glage can be applied. The
surface-glazing operation is thereforc best carried cut by meticulously cleaning
the surface of the parent material efore applying a thin coating of a mixture
of 5% fine alumina, 937 silicon powder and 27 ferric exdds, Bound together with
cetyl alecohol. The temperature of the article to be glazed should then be
slowly raised to 1300-1500°C in an atmosphere of oxygen for a period of 3-4 hours
axd then allcwed Lo fall slowly to ambient, A cross-sectisn ef the surface of
silicon nitride glazed in this mammer, illustrated in Fig, 25, shews the intimate
attachment of the mutectic to the murface and its partial penetration into sub-
surface cavities,

When cxynitride is formed as a result of the presence of oxygen as an
imparity, it is identifiable under the microscope as a scft white compound.
The presence, after nitriding, of this oxynitride nn the curface of internal
cracks which have ween previously foimed during the pressing operation, is thought
te have Been due to oxidation having taken place during nitriding as a result ef |
entrapped oxygen escaping alrng preferential paths cffered bty the pressing cracks.
It ha® been ebserved that when once lined with oxynitride, these cracks do not
heal themselves during the nitriding process, nour is their presence on the sur-
face masked Wy the glazing operation.

8+ MICROSCOFY OF SILICON NITRIIE

4An apparent variation in grain size of fully nitrided silicon may he secn
from the surface appearance of the ground specimen illustrated in Fig. 26.
Surfaces may be pelished for metallographicsl examination at higher power, using
the diamond-impregnated lap technique developed ty the B.C.R.hs

The way in which silicon is converted to silicen nitride by different .
reaction-sintering schedules has already Bdeen discussed in Section 2, which i
deals with the nitriding ef silieon. Unreacted silicon is readily identifiabkle
as wright islends, and semetimes discrete particles, dispersed throughout the
silicon nitride matte. The hardness value of the soft silicon nitride mattie
preduced vy reaction-sintering telow the melting point of silicen, compared with
unreacted silicon, moy be readily scen in Fige 27 from the relative microhurdness
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impressions made under a standard load on the Reichert nicrohardness indentor.
Consolidated silicon nitride, formed by further nitriding at 14L50°", has a
hardness similar to that of silicon. This may be seen from Fig. 23 which
shows an intermediate stage during the final nitriding operati~r. =t 14,50°%
where free-gr*wing crystals of SiaN, converging fr~m the silicin/matte inter-
face are converting the remaining s on to the consolidated form of silieqn
nitride. The hardness cf this ferm is more than 1700 V.P.N. and lies between
7 and 9 ~n Moh's scale. Fig. 29 shows the structure when nitriding is finally
complete, and gives the relatiis hardnesses of the matte and oonsclidated form.
Very prolonged nitriding at $250°C results in the appearance of ialands of the
consolidated SimN, in the watte. This has already been seen in Fig. 3(d) and
its preaence is shown egain by the relative micr~hardness impressions given in
Fig. 30,

The matte frrmed during the nitriding cf silicon ccmpacts produced by
hydrostatic preasing at 16 t.s.i. is much denser following the astandard
nitriding procedure, as may be ssen from the comparative hardness impressims
shown in Fig. 31+ Tine ajlicon carbide particles dispersed in the 'green'
silicon powder pressing appear to be partly dscomposed during the nitriding
procedurs, the unrescted materie’ remnining dispersed throughout the matte in
the manner shcwn in Fige 32

L combination of the silicon carbide addition and the hydrostatic pressing
techniques pr-~duces a structure in which there is little difference in the
hardness values of the matts and consclidated forms. This is illustrated in
Fige 33 which shows the hordness and dispersion of the silioon carbide particles
and the greater homogeneity of +.e matte and consclidated silicon nitride as
reflected hy the uniformity of hardness values. TFig. 33 should be compared
with Fig. 31 and 32 to see tle separate sifescts of hydrostatic pressing and
carbide additions, This deveiopment is fairly recent,and the resulting
mechanical properties suggert tihat this is the moat advanced form of the
material yet produced for eaginering purposes.

Preliminory experiments incicate that the transrormation from £ to [@
silicon nitride an heating abcve 1550°C is associated with softening, but this
has yet to e confirmeds Experiments with age hardening treatments of the
wasic material and that containing silicon carbide are visualised.

9. FIEID TRIALS

The prcperties and characteristica of silicon nitride so far invastigated
arcused sifficient oonfidence for the material to be used in field trials.
Various compcnents were therefore prepared for full-sccle trials in the test
assexblies of ether establishments, These included experimental gas turbine
univs at the ..dniralty Engineering Laboratory, combustion chamber tests at
POAOMAEOT.ROJ‘IOD.“\. ’ and trials in a rocket efflux at ROAQEQ’ Vestcoutt,

(a) is Stater Elade Material

The initial use envisaged for silicon nitride was as a stator Llade
for water-cocled high-temperature gas turbines. Experimental nozzle
guide venes were prepered and incorporsted in a turbo-tlower unit
installed at the A.E.L. The maximum operating tomperature of this turbine,
which employs diesel fuel, was 750°C.  Although this temperature is much
below that envisaged for silicon nitride, the equipment presented a useful
opportunity to develnp a technique for applying such a materizl to an
engincering design.

It was necessary to allow adequete clearance during cold assembly
owing to the difference tetween the coefficient of thermal expension of
silicen nitride stator blades and that of the heat-resistant steel housing
in which they were located, .n example af one of the nozzle guide vanes
prepared for these trials has been illustrated in Fig. 13. The vanes
were provided with lugs which fitted easily into slots cut in the shroud
rings. Tolerances were arranged so that when the blades were under
pressure they were in the procise position demanded sy the stator assemdly,
in the manner shovm in Fig. 3.

After ¢o;/
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After 250 hours of intermittent service the nozgle vane ring was
removed and the condition of the silicon nitride »lades examined. These
were found to We in perfect order,and crvered with a light layer of comwust-
ion detris (Fig. 35).

Comparative gas bending trials on vafer specimens were carried out Wy
PoleiaEeTeRe e De.ls in a special combustion chamker operating at temperatures
of about 1200°C for periods of up to 200 hours. The sections of these
wafers were such that a certain amount of bending due to creep took place,
But there wes no sign whatscever of surface deterioration which might have
Ween expected to result from reacvicn with fuel nil deposits or erosion
by high velocity gas. In none of these trials was there evidence of
cracking due to thernal shock.

The evaluation of silicon nitride as a material for gas turbine
components is cantinuing, and there is no reason to suspect that it will
not give entirely satisfactory service provided that adequate provision
is made to guard against its rcom-temperature brittleness during assembly.

Design philosophy should not frllow the conventional practice for
metals and alloys,but should take into accrunt the low coefficient of
thermal expension of this new engineering material. In particular,
local stress concentrations which could arise from abrupt changes in
section cr from local prassure exerted as a reault of the securing arrange-
ments, should ke avnided.

(b) is an Electricel Insulator

Owing to its good thermal shock resistance and high electrical
resistivity, silicon nitride has a distinct use for electrical insulatnra
which are expected to resist sudden violent changes in temperature such
as are encountered on rocket-launching platforms. Trials are in hand at
Rel+E., Weastentt, in which a glaged specimen similar to Shat illnstrated
in Pigs. 14 and 15 is weing subjected to repeated tlasts frrm the high
temperature efflux of a rocket prnpellant. If successful, these trials
will encourage the further application of this material for rocket throats.

(c) 4s Refractory Suprorts in Industrial Processes

In modern technology much use is made of crucibles, thermocouple
sheaths, platforms and supports for advanced heat treatment, and con-
tainers for special purification and diffusion processes such as are
employed in the semi-conductor field. Silicon nitride is an ideal
material for such equipment due to its exceptional thermal shock resist-
ance and complete inertness to molten metals.

(@) Other Possirle /pplications

spert from its obvious use as an engineering material, silicon nitride
has applications as a dielectric material.

Its thermal shock resistance,and its capacity to act as a carrier for
other elements and compounds,suggests that it may also be of use as a
medium fer holding neutron-absorbing elements in nuclear reactor control
rods. .« dispersion of 2. toron nitride in silicon nitride has Ween
preduced for this purpose. Silicon nitride may alse be used as a suppsrting
vehicle fer high temperature catalysts.

FUTURE WORK

Much work still remeins to be done en this material from Both production

and evaluaticn aspects. In particular, a fuller understanding of the factors
influencing the rate of nitriding, such as initial prwder particle size, die
pressures, higher final nitriding temperatures, and the use of ammonia instead
of nitrogen, iz required.

The hydrostatic pressing technique results in a much harder product,but its

full influence on transverse rupture, crecp strength,apd thermal shock resistance
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has yet to be determined. The combined effect of hydrostatic pressing and |
dispersion of silicon carbide needs further intemasive study.

There are several other possible ways of increasing the density of the
material towards its theoretical value,which deserve investigation. For
instance, it may e possible to produce a network of silicon nitride, by a
preliminary treatment, into which molten silicon can be filtered under vacuum.
Such a network may provide the medium for nitrogen transport to the centre of
the product during sabsequent nitriding, with the resultant producticn of a
very dense materisl. The possibility of infiltration of other metals through-
out the silicon nitride to impart greater room-temperatare ductility is teing
explored,and rhenium is to be tried in this respect. The material shows promise
as a good potential carrier for many other elements, any of which might influence
its physical and mechanical properties substantially. The possible use of
silicon nitride particles as a dispersant in high temperature cermets is also
being borne in mind.

The physical examination of silicon nitride in ita various forms and
stages of production will be continued in order to explain some of its proper-
ties and throw more light on menufscturing techniques. Thex -4 transform-
ation adove 1550°C, and the influence of silicon carbide on the mechanical
properties of silicon nitride, need further study.

Work is already in hand on a nurber of these matters,but it is expected
that most of the available effort during the next twelve months will be devoted
to the fabrication of specific components in silicon nitride in its preseut fumm
for trials in test rigs and engines. This aspect of the wurk valls for con-
siderable technological development; in particular, it is essential to be aile
to produce a wide variety of shapes in material of unifoim density and completsiy
free from cracks. A weans for haaling pressing cracks during the nitriding )
operation would greatly facilitate prcduction and the complete removal of l
cxygen by ocutgassing ‘green' compacts befors nitrlding is being considered in ‘
this respect. It may eventnally we found that the Best product is obtained
by hydrostatic pressing and nitriding of Wulk material followed by diemond-
machining to the final shape, although this can only be achieved Wy prolonging
the nitriding procedures. However, very recently, 'green' die-pressed shapes
which had ®een encased and thoroughly evacuated in a rubber sac, and then
hydrostatically pressed (without a preliminary nitriding operation as used in
the method descriwed at the end of Section 4), have been found to have good
uniformity and adequate 'green' strength to permit light machining operations.
This latest development shows much promise, not only for the production of
sound bodies, tut also to impart a high degree of mechanical strength in the
end product. Exploration of the preperties of silicon nitride at temperatures
abeve 1200°C is in hand.

For many applications, where high density in the end product is of second- '
ary importance, and perhaps even undesiratle, it may ®e more convenient to
produce the required shape by slip-casting methods, The use of defliocculating '
and mould release agents to facilitate this procésa, and perhaps also the
extrusion process, has yet to te examined.

11. CONCLUSIONS

Silicon nitride appears to be a most interesting material for engineering
applications. The experiments descriled show that it can e produced in a
variety of conditions and in any shape required,and that it will give service up
to at least 1200°C under fairly high stress intensities.

It is apparent that its transverse strength and creep strength ere consider-
ably influenced Ly the degree of densification that can be imposed during
production, and that creep strength is further influenced Ly the presence of a
critical dispersicn of silicon carbide.

These properties, combined with good thermal shock resistance, commend it
for development in small-scale production.
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The engineering design cf silicon nitride shapes calls for special
oonaidmrution of such factors as minimisation of stress concentrations, expan-
sion tolerunces and ruasonalle care in handling during assemtly, although this
latter point has not been an embarrassment in the field trials that are now
proceeding. .
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e, 22,

Veriations ¢ credn

Fiz. 24, Actual size.
appearance of a surface-glazed cormonent in silicon nitride after firing
in 2dr ot 1500°%C 1or 45 hours,

Pig, 25. X800
Lross section of tne suwrace of ~lazed 3ilicon nitrige, snowin’ the

taickness, and thr intimie aticchrent of the silica~alunin. cutectic,

g3
Sime Lr 11y v oooed Lalicon nitride

P4




¢
Pig. 27. X325
Partielly nitrided silicon. Islands of unrescted
silicon in & porous mette of siliom nitride pro-
duced by nitridin, for 16 hours at 1350°C, Relative
hardnesses sre indicated by the size of the dismond
impressions.
¢
(

Pig. 28, X325

Partisl conversion of tho unreached silican, showmn

above, to & oonsoclidated foru of silicon nitride by

further nitridin, st 1450%, The hardness of the : [
developins Si}h’ is approximately similar to that of

the remainin, Shicm.

(
Pic. 29. X325 (
Fully nitriued silicon nitride sfter 16 hours at
12509C, followed by s further 16 hours at 4450,
The relative hardness of the matte and consoli-
dateu Silicon nitride is shown by the adjeocent
@icroheransss iapressims.




R]15/S

?15. ”. X 5.
The production of islands of consolidsted Stlicen
Nitride in the Silicon Nitride matte by prolmged
aitriding (150 hours) at 1250%C. - as revealed by
comperstive micrchardness impressiona,

Pig. 31, X325,

Kicrohariness impressions showin;; the increased
hardness of the Silicen Nitride matte associasted with
initial hydrostatic pressing of the Silican powder,

The hardness of the consolidated Silicon Nitride remains
unaltered,

- P - o st b
P 2 Dais _ b .

- "oy Yo

e
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Pig, 32, X325,
Microstructure and ccuparstive hardness valuss of Silicon
Nitride containing a 5S¢ dispersim of fire particles of
Silicon Carbide. This materisl was produced by the stan~
dard die-pressin; tecmique followed by nitriding at 1250<C.
and 1450°%C, Microhsrdness impressions are shom m the
matte, the uonsolidated Silicon nitride, the unrescted
Silicon snd on ane of the Silicon Carbide particlss. The
last mentioned gave the smallest impression under standard
comparetive loads,

Fig, 33, X325,

Silican Nitride containin~ a dispersion of Silicon Carbide
similsr to thet showm in Fig. 32, but produced by the hydro-
static pressing techmique., iicrohardness imnressims indicste
that the matte of this material has a hardness similer tothst
of the conaclidatesd S8licen Nitride end umoonbinsd Silicon
Carbide.
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Plg 3.

Gas turbine nozzle ,uide vane asssubly showing the method
of incorporating trisl vanes produoed in Silicon Nitride,

Fig. 35,
The condition of the fa
after 250 nours of service.

ce and flank of one of the above blades
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