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INTRODUCTI ON

Silicon carbide and silicon nitride have been recognized as prime

candidate materials for numerous high temperature applications , based .. -

on their properties such as oxidation resistance , chemical stability, creep

resistance , strength , and thermal shock resistance. As a result , a n umber

of different consolidation techni ques are being investigated for potential

use. Ceramics produced by CVD are thought to have considerable potential

in these applications in offering greater purity and density than ceramics

produced by more conventional consolidat ion techniques.

At Chemetal , an advanced state of the art CVD process, called

Controlled Nucleation Thermochemical Deposition has been developed.

The influence of the process on the microstructures is readily apparent.

The characteristics of the resultant deposit are quite different in that

the columnar crystal growth , which is typical of CVD, is interrupted so

as to provide instead a fine grained non—columnar deposit. This program

was directed toward achieving a better understanding of the mechanism of

the CNTD process as it relates to silicon nitride deposition .

It is usually considered that a most desirable structure for a brittle

ceramic would be one having minimum flaw size, minimum flaw population and

minimum grain size. These characteristics are believed to be influential

in establishing good mechanical strength for a material.

During the course of this program the effect of deposition conditions

on the resultant flexural stress, hardness, and fracture toughness of

( - deposited silicon nitride was investigated.
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II  EXPERIMENTAL EQUIPMENT AND PROCE SS PROCEDURES

The experiments on this program used a typical laboratory scale CVD

reactor. The deposition chamber was an air cooled quartz chamber of 75mm

diameter. Most of the  tests used two resistant heated tungsten wires of

0.5mm diameter x 152mm long as substrates.

Additional tests were conducted using graphite substrates of an

expansion coefficient the same as that of the silicon nitride . These 
- 

-

graphite substrates were either 25mm diameter x 38mm long rods or 2 .0mm

diameter by lS2mm graphite rods. An external resistance heater was used

to regulate the preheat temperature of the reactant stream. This temperature -

was monitored l~v a thermocouple Immersed in the stream 1 3mm above the

substrate. Substrate temperatures were measured by a micro optical

pyrometer. The ove r-all system is depicted in Figures 1 and 2.

During the course of t h i s  one year program more than 200 experimental

runs were conducted.

For the  m aj o r i t y  of t he  runs  s i l i c o n  t e t  r a ch l or i d e  was used as a source 
-

of silicon . The S1C11~ was dispensed i n to  the  sys tem us ing  n i t r o g e n  as a

carrier gas in a convent ional bubbl er arrangement. Metering of the SICL,

was effected by measur ing the flow of the dry carrier by an ele ’e ’tronlc

mass flow meter, measuring t h e  flow of the combined  stream exiting the b u b b l e r

and determining the SiCl~ by difference.

In all cases the source of nitrogen was ammonia. Hydrogen gas was

also used In the system. These gases were metered through standard borosi licate

PAGE -2-
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glass rotometers with pressure gauges and needle type valves for maintaining

constant metering pressure .

E a r l i e r  work conduct ed at  Cheme’tal and confirmed by other investigators

has indicated that a ~‘ot .s ( d e r ah i t ’  problem I or silicon nitride depos ition is

r e l a t ed  to the generatioi~ of solid part lt’les in the gas stream. Not o n ly

are there con s i d e r a b l e  amount s  of p a r t i a l ly  decomposed i n t e r m e d i a t e s  bu t

also cop ious q u a n t i t i e s  of ammonium chlor ide . These products  tend to collect

on chamber w a t t s  and in exhaus t  l ines.  Not  u n i v  do they  i m p a i r  the f l o w

but  they make opti cal temperature measurements difficult. In order to

m in 1mt z e  these p rob lems  e r t a i n  gener a l  p rocedures  we re adopted  fo r  the

e x p e r i men t s .

Combined p a r t i a l  pressure s of the r e act a n t s  were kept  below

81) t o r r .

Ammonia and s i l icon chlor ide were introduced into the reaction

chambers s epa rat e ly  and mixed  near  th e’ part .

Substantial dilution with an inert gas was employed.

Inlet gases we’re’ preheated as high as 700°C to m i n i m i z e  c e r t a i n

ot  the ’ low t e m p e r a t u re  r e a ct  ions .

Ce r t a in  fore i gn species such as hy drocarbons  were i n t r o d uc e d  in

an a t t empt  to  I n f l u e n c e  In t er m ed i a te  r eac t ions .

L
Tables I and I I  s um ma r i z e  t he’ r e s u l ts  of var ious  me c h a n i c a l  and

PAGE -3-
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me t a t  lograp h I e t • - s t  s ~-o n d t e c  t e d  on t h e s e  t vp  I cal  depos i t  s

I I I , (:u~:MIsrRy )F ~ 1 l . 1 e N  N i  i } - 1 1 1  l- l ’ i~~ I l I O N

Axn orphot i ~. - . I I i~ - t F i d e  0 !  ‘. C ’ I 1  ‘I l  I I I  I OF  app I i ca t  ions  has  been mad e ’

by ( ‘V I) f o r  ,e uurnhe i ot  ~~ ii ‘~~, h u t  i t  h.e~ n o t  be en u n t i l  r e c e nt l y  t h a t

at  te n t  I on has he ’e ’ii d : r r  d t ew. e r ds  mak i ug de nse ’ , crack  free , I rt ’c s t a n d i n g

or c o at e d  b o d i e s  ol e i \  ~~t a 1 i t i e ~ 
( ~‘ I )  ‘.1 I i c e e t i  n i t  r i d e ’ .

As exp er  l t ’nct ’d by var i otis invest i g u t  ols ~‘l s i l i c o n  n i t r i d e , t h i s  process

Is no re comp I i - a t  e’d I h a n  most  o h e r  V I )  p 1 e S S e’ s due ’ t o  t h e  f a c t  t h a t  a

Se r it ’ ‘~ ~ I so I I ci In  t ‘e -rne c i~ a t t  comp I t  ~~~ t o rrn i m m e d i a t e ’ 1 ‘~‘ upon m i x i n g  t i i t ’

SIC 1 4 and ~H ~~. Tb i s  I s  i i i  ~- e ’ i i t r a s t  to  o t her  (~V I ) sy s t ems  where a gas

phase r eac t  Ion or dt ’ compos I t ion of the re at ’ t I Vt ’ spe ’ ci es takes p l ace

d i r e c t  lv .

A c c o r d i n g  t o  N t I t e r a  a n d  I I I  r .e I t h e ’  ~~~i i t ’ i ) I ’e ’ o t  st  ‘T5 p roc e e d s  in t h e

f o l l o w i n g  mann e r :

f hNI I S i (N I l )  -f e Nll Cl

h Si  ( N h l ~ 
~~ 

~e OO t ’( -~ 
{ S I t ( N i 1 )  N; ~~~~~

‘ ‘

— N i l

~ 
{ Si ,’ ( N l l)  N ,~ 1200 °C 2 1 ’  — S i  ~N , I

-Nil

I t  co u l d  t h u s  he ’ ded u ced t h a t  t h e s e ’ j u t  c rme ’d i . e t  e i m i d e s such as S i  ( NH~

hav e i m p o r t a n t  bear  in g  On the ’  morp ho I ogv end c ’ l i .e  r ae  t e r ot  t h e  d.’pos i t  . B i l l  v ‘ 
-

has sugges ted t h u t  t h e  fo r m a t t on  ~ t t hr t ’ e’ d i  rnt ’ f lS  I ona I po lyme r Ic  spec It ’s

based on monome r Si  ( N i l ) ,’ na~- , i e - e o u i n t  f o r  ~- . e e v  j og ~‘e’~- s t a l  t i l e ’  si~~e’s

l’A (; i -: - -~ --
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or the p ~~ ~~ S C ’ o t  i lt i ~tori 1, 1 !~~~~t ’ s t  \St , i l  s III  cc’ r t a In  deps ’s i t  s . Such a

• 511 ‘p0~~ it  1 011 15 Uot I l t ~;i~ 1s t eti t ~~‘ I t l i  t h ’  t h i ’orv ~ t ( ‘ N I P  i n  w h I c h  i t  I s

h ’  I t~~’ Vt ’ d t h a t  d5 - ~~ it on o~- ~ t t i  s V a jO t o t e  m e d  1 . 1  e compound .  I t  h i

he. ’ii l i v  ‘~‘t h. s I .‘c c i  t h . i  t .111 ,epp ,l  i - u t  I v ‘ x t  i ,‘:~ie~ l v  1 o~ v u i ~s ’r ~ 
i- t ’s s e u r t ’ pe ’ 1 ~mer I c

1 i u i d  tnav he  ~1. ‘os e - i s i i i ’  ‘~eq t ie ’!) I l v  I ‘- t h i~~ i m o c  h 1 1 11 s a l  1 V ~~s ’i Vt ’ r ( C ’ d

1 s ’ t h e ’ i i n,i ‘I ‘5 t i k  I . ‘ \ 5 1 i c  S e l i  I t ’ \ e ’~~t C I) ~~ t e ’t ~i~~e ’ r i  ( I I !  O S  i~’Ii i~ ii I iy~’ r
c i v st a U  1. ’, I t  ton , a v i t  Ic- u- ; ma te’u i i l  rn,uv he ’ t o r m e d .

\t t’i1 e’~~ ’t . u I  • e ’t I ~‘r t  s h av e  been d i  u t 5 - t e d  I 5 ’t~- i r d s  ~‘ont  r o l l  in g  t h e  I orrn ,u t ion

o t  S i  ~N H )  n u ~’l . ’ i IT ) S f l t ti  .u m a n n e r  t h i . i t  t h e y  d e p o s i t  and  ~- r v s t , u I I i . ’e ’ OIl

( t i e ’ — t u b s  t rat e b. ’ 0 Fe ’ h i l  I i ig  Sn) I I c  I c i )  t t i ~~~
- I s~ rot. iii t he gas  s I r e . m m .

I t  i s  e ’x; ’c 5 t c d  ( b i t  t t i t ~ tt l t t ~ t , u t t ’ c r y s t a l  s l ’ c s l 1 I  he ’ s m u u l l e t  i t  ( h e ’ S I . ’ . ’

o t  t h e ’ urn  ide ’ - ‘ r e 0 t I r ~~ ’ F n i t o  I c  I ~- ,in be i ’O e i t l s ’ e ’j .

I V . 1’ XrF R I  MFS1’A1 R l ’SI’l  I S  : I’ g e~t ’FSS FV-\ I l - \  I I  c ’N .~N 1) 1)1 S C I S S  I t~N
I i i . ’ H l ot. i n t ~ s hTe ’ . i i  L O T )  r aT i~ ’. I t ’ i ~~~ i u ’~~ ~

- s ’u id  i t  i o n s  ~~~~~~~ s t t i ~! i t ’d w i  ii h -  n i t  e n —

on 01 con t ro l i t  ug  t h e  t n l s’ i o s  t r  u i 5 t U l e ’ 0 t be de ~‘o s i  t . tab it’s 1 uud 11 g ‘t o  sOTile ’

t ‘~ ‘i c ,~ l de’posjt 10)) ~‘ 4 i i ’ ~s ’ t e ’ I S  . C I ) s I  ‘ c - u t ’! I s ’ i - i e ~t I reS t’ t h r ou g h  1 -~ w h i ch  show t h e ’

“ i o u  ‘ ‘- - I  r u l e - I  C l i i ’ e ’t l s s ’ I I fl t  e~~

1. F t  t t ’e’t ~‘: l o t . t l  ‘ i o s s it i c  ~ t tilS 1,01, ~‘ i c i u i s ’ t e ’ sj i t  Various i r - s ’ ~~i r ’

t ori .‘ ~) 5 ’i- r t ~‘ t 1;) 1 ~‘ r r ,  ~~‘‘o t h i ‘‘~~~1! I u t  .‘ r vs  t a l l  I ih’ d ’pos i t  5 we re

ol’ C a t  ned  i n  h ,  i . l n g e  - , t ~ - - N 1 or r . .- \ t  l i i  g u t ’ r ~‘ i~~ss u r~’5 ~ie ’poS i t  5 1 e ’nde ’d

t o  b~’ s o h. ’ i i u i t  b u t  lTiis ’i ~‘I l s ’i i S  I i )  I i .l t  C i t e ’ . ‘h i s  c i  I e ’ e ’ t  m i g h t be ’

e’ x p l  a i i i ed  by O O t F e ’ I a t  il1~~ C he t t ) c ie ’ tse ’ in ~‘i e -ss ’ur e ’ w i t h  ~;o

h i  t i l e ’ I i e e i t l e ’ i le ’V ~ I t  ii ~‘ii I e ’ti c - l S e . ’(IS i m i d i ’ sp e c I t s  c o i l  i d e  at iel

.~t ’t.- , rid t h e ’~’ • i l l  ( C l i i i , eie ’p~~ s i t  on t h e  s tt i ’~~t t u t  e ’ i t  -i r a t . ’ I ~i 5 t e ’1’

h an (lit ’ a C e  . 1 1  whi I. ’li c rvs t , iI  I I .~~ t I oti can t a k e ’ u ’ 1 a ct ’ .
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4 in the shaded area of Fi gure 3 because those deposits consistentLy

y ielded good strengths.

3. Gas Preheat Temperature : Work done at Chemetal on CNTD silicon

carb ide8 pointed ou t  t h e  c o n s i der a b l e  I n f l u e n c e  of gas pr ehea t

t empera tu re  on th e  p r o p e r t i e s  of r e s u l t a n t  d e p o s i t s .  D u r i n g  t h e

present work on CNTI) silicon nitride i t  does not  appear  t h a t  gas

tempera t ure has such an in f t  two I i a 1 of fec’ t . Most of the runs , non e—

theless , e n t a i l e d  h e a t i n g  the  i n c o m i n g  gases fo r  the purpose ot

1) l im i t i n g  the f o r m a t i o n  of low t e m p e r a t u r e  powdery precursor

species , i i )  i m p r o v i n g  c i r c u l a t i o n  of gases In  the  r e a c t ion  chamber

th~~rcl y ma s i n g  the  gaseous c o n cen t r at i o n  more homogeneous ove r the

length of the chamber .  Too h i g h  a gas p r e h e a t  t e m p e r a t u re’ (>700° C)

tended to f avo r  f o r m a t i o n  of amorphous depos i t s , pos s ib l y due to

increased ra te  of c o l l i s i o n  among the  p recu r so r  species , excess ive

rate of d e p o s i t i o n , and inadequa te  conver s ion  to c r y s t a l l i n e  Si~~Nt 4 .

SICI i 4 / N H 1 Sy s t e m : The l i t e r a t u r e  ( 1 t h ru  6) shows t h a t  v a r i o u s  r e a c t a n t

gas ra tios  have been used.  C l a r k e  & P opper 1
~ , fo r  e x a m p l e , use d

SICL11 / NFI1 between 1 : 1  and 1 : 1 5 . in our  work i t  was p r e f e r r e d  to

use low anunonia c o nc en t r a t  ions  because i t  was f o u n d  t h a t  p r e c u r s o r

imide  fo rma t ion  was m I n i m i z e d  m a k i n g  I t  e a s i e r  to check t e m p e r a t u r e s

and observe the  deposition run th rough  the  q u a r t z  chamber .  A d d i t i o n a l l y ,

lower atmnonia concentrations tended to slow down the deposition rate

(y ielding more homogeneous deposits.) Finally, lower am m o n i a

( concen tra t ions promote cond ition s for  amorpho us depos its near wh i ch ,

it was hoped grain refinement would take’ place . Mixture ratios were
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he’ tween 1: 1 and is: t • At high S IC 1i4 /N}I rat los C he~ de.p os I t I avore ’d more

e’ry st a l  l i ne  fo r mat i o n , r e su l t i n g  In  si r a te  which was r.mtlie• r low ( i . ’ ’ i C c i

2 00 m I t ’ i’o i i s/ h r)  , Dt’pos i t  s e x h i b i t e d  d l i  f~~te’nt co lo r s , t iie • ma or i t  V r an g i n g

I rom ii rown te i h i  t ick , I nd I cat  log tiie~ Ile ss lb it ’ p re ’se ’nre ’ si  I I 1’ e ’ e ’ s I I I  ci ’ti

AL nc ’ar I : I r at i o s , Liii’ ra te’ was :&s I i i  ghi as l i t )  in l e ’ r o i i s /h i  r .  ‘l ’l iose ’ I e ’w

runs e’ondue’ t e d  w i t h  I-’ IC 1~ : NM r a t  I 05 1 : I t e ’nde’d t o  pr oduct’  i i m e u r p h e i u i s  ele ’pe is It ,s~

C v ar y tog freim vi t reous to  powdery and Poo l’ i v conso I d i  ,it eel . At s u e - ti rat los  ~iui

~ib und .uie ’, ’ 01 i n C  & ‘i ’um ’d iat  e powde’ t ’v p r o d u c t s  c ’~~l I e ’  c t e’ti 00 t h e ’ w all s i ll t he ’

reae ’ t I on cliamb e’r

‘I
S . St IIC I 1/N li Sv st  em: T h e ’ de’ c’ompOs I t  I ou t c i t  S l i l t ’ i t :ike ’s p I ac ’t ’ m o  re re ’aei I I v

t han  S iC  i~ • For this I ’e’nsem t lie’ SI HC I i/NH t system g;uvt’ h i  gu t ’ F i-a Ce ’s

- of de’pos i t  Ion us I ug the ’ same’ pal’ ame t e’ r s .15 In  t he ’ SI C l , ,  / NM sv st  e ’rn,

- - At ;i p a r t  C empe ra (tire’ c i t  I -~ 20 °C , ~i r a t e  of 350 m l  e’ r em s/h t -  • was ;ic li Ic ’  veel .

•1 rh Is sy s t em  tended  Lii  p roduce  amorphous dt’pos i t s  • m t  hose’ tenipel ’at  nrc’s a t

wh I cii c’ rv s  C i i i  I I tie ’ depoi-i I t s  Won Id  he ’ e’ xpee ’ t e d  w i t  It S i  CI , /N I l  svs  I i ’m.

6. Hv dr e i e ’ arh on Add U i  e1l15 Pre ipan e ’ was u i-i t ’d i n  h u L l  ~i I e ’xpt ’ r I mcii t it s ’u Liii ’ el  ti’ e’t

- -t of I ivd r oe ’~ rhon add I t  I otis ( ti  t i i t ’ eIt ’p cis  I t  I m i l l  S V S  C e’m, Siie ’Ii add I t  I t ins  :lpp;i reui  C I v

“I .‘uunde’red’’ t h e ’ d ep o s it s  and pt ’ei dtmce ’d vi rt cuti I v  c i  i ’.ir , t r~l i i i - t p t t1 - e’flt mat  e’ i’I a I . The

mo rph ei  logy  and i t t  rule’ (tire ’ Wi’ i e ’ d l i  fe  re’n C I rom elepeis its macit’ wit bout

hy drocarb on add i t Ions  I n  t h a t  t he g r a i n  s I ze’s We’ l’e’ sm a ll  e’ F .  Fur  t hue t

the’ g r a i n  g rowt  ii wits i n  .1 t o  rm c ’f f m e ’  dense’ ne ’e ’d I t ’s r,m I lie ’ r t han a

coarse’ cc) 1 umnar st rile L u re . h it’ d e p o s i t  Ion re ac ’ Ce ll ’ W~ S thit t i l i  I v  I i~ .’e’

- of powde’ rv hvpr oduc  t it • e’nhan c’ In  g 
~~ 

rome’ t n ’ - incas u re’me’ li t 5 • ~lu iei re’due ’ I il )~

t ’xhau s C l i n t ’ e’i eigg l u g .  ‘l ’iui ’ ele ’pc is I L I  On l’ , u t  c’ t \ ‘I l I e’i% I I ~ ’ was I eiW

- ( 10() m l  c r o ns/ h r )  • wii I e ’i i  fac  l i l t  at ’d b e t t e r  con t ro l of the ’ pi ’ot’e’sS . \— i ;i\’ —

- dl  I (rite t i on  sh iiwe(l th e ’ite ’ ttt ’~ios I t  S Ce ) he tS I 1N 1 1 w i  t ’ i i oui t  au i v  e ’y i eh ’ i i e ’e’
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* of free silicon or Sic. Stoichiometry measurements indicated near

perfect stoichiometry , in fac t better than that achieved in earlier

tests. Rupture modul l increased , with strengths over 500 MPa consistently

at t a i n e d  and some samp les exhibiting strengths of over 1000 MPa .

Some preliminary s t u d y  of possible changes In chemistry as a result

of propane addition has been made , One assumption is that propane

may serve the  f u n c t i o n  of removing any possible traces of oxygen

present in the system, and may thereby influence the deposition

mechanism. Such an assumption may be belied however by other work

a t  Chemetal , In wht(’h a t te m p t s  to make siliconoxynitride by CO

additions were unsuccessful , producing instead very pure SI 1N4. Format ions

of i n ter m e di at e  e’omp lex compounds cannot be ruled out. Further

Investi gation of t h i s  possibilit y is planned.

Figure 6 shows se’he’matically the effect of propane on the morphology

of the deposit. It titus been observed to broaden the band In which

hi gh strength fine gralned Si 3N,4 exists. Investigations with other

hydrocarbons are scheduled to be conducted In the coming year .

7. Stolch iometry t’~ asurements: Measurements were carried out on a Tracor

Northern Energy Dispersive X—ray Spec t rometer , at the University of

Southern California. A review of Table II Indicates most of the

samples to he near stotchiometric. Run #539 was an exception , which

deposit was 24 weI ght percent deficien t In silicon . As indicated ,

Run #5 19 produced an amorphous deposit , which migh t be assumed to

contain unconverted Intermediate species, 
C
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V. PROPERTY CHARACTERIZATIONa __________________________

~

Table II b r i e f l y  sununarizes the physical prope rties of some typical deposits.

The following descrip tions indicate equipmen t and procedures used.

1. X—ray Diffrac tion : A G.E. X—ray Dhffractometer was used ton this

analysis. Cul( with a Ni filter was used. The time const~i was

2 , w i t h  range of 1000 C.P.S. Most of the deposits showed some

pre fer r e d  o r i e n tat i o n  which  v a r ied  w i t h  depos i t  ion c o n d i t  I ons .  A l l

crystalline X—ray peaks obtained match with ASTM card 9—250 fo r  -e

hexagonal SI1 Nt,, however in tensities varied considerably . See’ Figure 5

for a comparison of d i f f r a c t o m e t ry  data  on runs #289, 495 , 504,

and 539.

2. Scann ing  E lec t ron  Microscopy : A Cambridge Stereo Scan S4-10 was

used fo r  SEM. F igu res  6 through 14 show tvp ie ’al morp holog ic ’s of

amorphous and crys talline SI 3Nt4 deposited under  d i f f e r e n t  e’o n d it  Ions .

1. Rupture Strength: Room temper titeire modulus of rupture measurements

were carried out on a Comtvn 3 pci I n t  bend t e s t  mitch inc. . The’ span

used was 14.3  Imu . Specimens were’ approximately 1.8 nun d i a m e t e r  x 50.0 mm

long deposited on 0, S mm diameter tungsten wire .

4. Microhardness: Using a Leitz Microhardness tester , typical hardnesses

were de termined  to be in the range of 2 500—3200 Kg/nun ”HV .~~ ) .  I s o lat e d

values over 3800 kg/mm ”Hv~ 00 were recorded.

5. F rac tu re  Toughness Measurements:  The c r i t i ca l  s t ress  i n t e n s i t y  f act o r

K~~. was deduced from the indentat ion fracture informati on obtained

PACE -10—
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from use of a Leitz inicrohardness indenter by measuring the crack

extension which occurs from the corners of a Vickers diamond

impression ~~~~~~ Typ ical values for crttical stress Intensity

fac tors for  various depos i t s  of Si~~N4 have been summarized in Table I .

Values as high as ‘.9 ?Wa~~~~ have been ach i eved  w i t h  t y p I c a l  va l ues

averaging 4.5 MP~~e~ See Figure 14 for a m ie-rograph of a t y p i c a l  I n d e n t .

h . Oxidation Resistance : Oxidation tests were’ carried out at S t a n f o r d

Research In s t i t u t e  by l)r . 9. 9. Cu h i c c i o t t i , and Dr. K. I.. Lan under

SRI ’s contract  No. F44 620—76—C .-0li6 w i t h  AFOSR. These tes ts  were

conducted at 1650°C for four hours. The weight gained was measured

to be 0.099 mg/sq. cm.

V. CONCLUSIONS

1. Fine grained a lph a  s i l i c o n  n i t r i d e  of nea r  t o t a l  t r anspa rency  w i t h

a composition close to stoichiometric can he made .

2. Rupture strengths of 550 MPa comb ined w i t h  f r a c t u r e  toughness va l ues from

1—5 r’~ a~~ and hirdness values between 2500 and 3500 HV~,00 can be

-‘ regularly achieved.

3. Higher rupture strengths and f r a c t u r e  toughness values (circa 1000 MPa

and 7.0 MPa~~~~) appear to be obtainable .

4. Substrate temperature and total pressure have the most significant

influence on the type of deposit produced , i.e . crystalline or amorphous.

i t
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5. Measurable improvement in high temperature oxidation behavior versus

hot pressed silicon nitride may be anticipated.

6. Small  partial pressure addit ions of hydrocarbons to the reactan t

stream can i n f l u e n ce ’  the un ic ros t ruc tu re  of the deposi t , i . e .

grain size and morphology .

7. A fine grain structure approaching the structure of CNTD materials

has been achieved. However , additional work is requireu to

refine grain size whi le  maintaining acceptable cohesive strength

in such deposits. It is pos sible that this will be accomplished

by deposition at hi gher temperatures along with compensatory

changes in other deposition parameters.

VI. RECO~’**NDATIONS FOR FUTURE WORK

Considerable progress has been made , as a result of the work conduc ted

on this program, on the refinemen t of the grains in chemically vapor

deposited alpha silicon nitride . It has been demonstrated that the uiechanle’al

properties can be improved by reducing the grain size of the deposIt.

It was interesting to note that some deposits were translucen t approaching

transparency. Fracture toughness values, hardness , and oxidation resistant-c’

of the deposits all appear favorable. In light of these results the following

future work is recosmuended:

I. Experiments to further refine grain size beyond that. shown in Fig. It and

12 should be continued with particular emphasis on those conditions

which produce submicron grains. Adjustments in the chemical system

Page —12—
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should be made , which will allow such subuuicron grains to be formed

at more’ elevated tempe~rature’s, thereby to produce the CNTD struc t ure .

2. An effort should be made to charac terize and improve the trans l ucent

ctepo~ Its observed dur tug the current pro~e’c- t . Even though mechan i ca l

properties may not he’ optimized , there’ is clear potential for development

of a material for use’ in E/0 app lications.

3 . The effect of dilute concentrat ions ot additive species in the

reactant gas stream should he’ assessed as a method for grain refinement.

4. Alternate nitrog en—c ontaining reactants shoul d be investigated.

S. Uniformity of deposits of silicon nitride on more extended surfaces

should be investigated.

h. A rigorous study of residua l stresses In  the’ deposited material and

their relationship to fracture tough un’ss and room temperature and high

temperature’ strength should he cons i dered.

V II . APPENDIX: ASSOCIATED STUDIES

Work is be Ing conducted at C~heunet a t  on silicon hase’d ceramics for various

applications. Considerable effort has been devoted to understanding the CNTD

m e c h a n i s m  as it app lies to silicon carbide under contract to the AIr Force Office

( ot  Sc ientIfI c Research . Insight into CNTD silicon nitride has been gained

as a result of these Investigations since the reactant systems are similar

In c er t a i n  respects.
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Investigations of CNTD silicon nitride have impacted work conducted for•
NASA—JPL on the low cost silicon solar cells program. Silicon nitride ,

silicon carbide , aluminum nitride , and mixtures of Sialon materials are

being evaluated for use as die and container materials for fabrication of

silicon solar cells. Initial tests indicate that CNTD silicon nitride and

silicon carbide are very stable in contact with molten silicon.

Recently, a program to study methods for apply ing uniform silicon n i t r ide

deposits on complex shapes was initiated under contract to the Air Force

Materials Laboratory. It is anticipated that in conjunction with the continued

study of the mechanism of CNTD silicon nitride important advances will be made.

I

Some distribution to the U .S .  Technical Community of the information generated

directly and indirectly from this program has already taken place. A brief

reference to the results was made in the September , 1977 meeting of the

Electrochemical Society In the following paper:

“Grain Refinement by Thermochemical Means ,” R.A. Holzl 3

In addition , a review of outside laboratory evaluation of silicon carbide

specimens produced in part on the AFOSR program was presented at The American

Ceramic Society 80th Annual Meeting and Exposition , May , 1978, Detroit , Michigan

in the following paper:

“Characterization and Properties of Controlled Nucleation

Thermochemical—Deposited SiC,” S. Dutta , NASA—Lewis; R, Rice ,

NRL; H. Graham, AFML; M. Mendiratta , Systems Research Lab.

PAGE — 14—
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Additional Information presentation is planned for a paper to be given at:

The American Ceramic Society Regional Meeting , October , 1978 in San Diego, CA

entitled:

“Fabrication of Ceramics by Controlled Nucleation Thermochemical

Deposition (CNTD) ,” R.A. Holzl and II. C. Zealear.
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FIGURE 6.a. M A C .  70X

SURFACE TOPOCRAP Irf O~ A~- V~H-: i ’ f lOUS [}~~~ 1T , RA ( K~ CAN BE SEEN .

FIGURE 6.b. ~~~~ ~ y,

CRY STALLINE DEPOSIT S W I T H  ~{~I~~ H B OTRiOII )AL SU R F A C E .  SMALL CRYSTALLITE
GROWTH ON SOME B O T R Y C I 1 P S  ~~ P.E I - N .
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FIGURE 1O.a. Run #256 MAC . 260x

SURFACE TOPOGRAPHY OF A CRYSTALLINE DEPOSIT .

FIGURE 10.b. MAC. 630X

CROSS SECTIONAL VIEW OF THE ABOVE DEPOSIT SHOWING LONG COLU?~~AR GROWTH.
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