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as are crystal structure data for the two phases. Also mentioned are
published results on the kinetics of the a/8 phase transformation.

The kinetics of the transformation were determined by quantitative
X-ray analysis on low and high purity silicon nitride powders at 1600 C.
The addition of magnesia enhanced the transformation rate while the
addition of yttria did not. It is concluded that the transformation pro-
ceeds via a solution-precipitation mechanism and that a and 6 s i licon
nitride are respectively low and high temperature forms .
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INTRODUCTION

Objectives of this Work

Early work on silicon nitride showed that the a crystallographic form can
be converted to the 6 modification by heat treatment at temperatures exceeding
1500 C.1 ’2 Thomp son and Pr att 3 confirmed these findings and noted that prolonged
heating of 6 silicon nitride in argon or nitrogen at temperatures from 1100 to
1350 C failed to bring about the reverse transformation .

Al though the importance of the transformation to the fabrication of high-
strength , hot-pressed silicon nitride has been recognized ,4 its exac t role has
remained obscure . Coe et al.4 reported that a silicon nitride powder could be
densified without transformation; they added , however , that high strength was
only ach ieved through the phase transformation . Lumby and Coe~’ further emphas ized
the importance of the transformation to hot pressing . It was suggested by others
that strength enhancement was a result of transformation-induced grain refine-
ment ,6’

7 but detailed mechanisms were not considered.

Certain microstructural features that may be transformation related have
often been observed in hot-pressed silicon nitride . Among such features are
elongated grains and preferred orientation .6~

9 Gazza ,10 reporting on the hot-
pressing of s i l i con  n i t r ide  wi th  y t t r i a  addition s , observed an abrupt change in
microstructure that appeared to be associated with the transformation.

The importance of the ~/6 phase transformation to silicon nitride technology
is clear. The purposes of this report are to review the literature on the a/6
t ransformation , to present additional experimental results , and to evaluate this
information in view of existing knowled ge on the general subject of phase
tran sformations.

Rev iew of Crystal Structures

Al thoug h it is not intended to discuss the crystal structures of a and 6
silicon nitride in detail , disagreement in the literature on this subject makes
it necessary to briefly review structural aspects that may relate to the trans-
formation mechanism .

I .  TURKDOGAN . I - T.. I3I1 .I~S, P. 51.. and T I P P I TT . V . P. Sj j i i ir VitruJes S u m  P/t i ck-ni he,;ueal l ’r u i , u e r t i i ,c . J. AppI. (hem..
v . 8 . 19 5 8 . p. 296.31)2.

2. FORGi NG. W . I) .. and I) I( K I  K . I). I . \itrjth c i f  Sil i ton . Trans . AINl I • v . 212.  1958. p. 343- 345
3. THOMPSON, I) . S.. ,irnl PRATT . P. I.. h i t  Stn ic t i i r c  iii Silicon \itr~ili . Science of Ceramics. “ . 3. edited by G. H. St ewar t .

New Yuur k Academic Press . 1967 . p. 33 .51
4. ( ( II  • R. I.. I ( MI)\ . U. J.. and 1’AWSON . \t. 1 S~ui ’,  /5 ~iper (ie.r anti ..lppheations of  /I ot.Pi essed Sthi um V!tridi . Special (c raz r i I t  s .

v . 5 , edited by P. Popper . \I, i ndtcste r . I ny’Iand: IICRA. 1972. p. 361 375.
5. LLIMBY . R. J ., m d  COt K. I . J l i i  Ii i f7~ eiii i i f  Si 111(1 /~~ iii i ii 1 jr ra/uf ~-s iii, the ,~ler -han ieal P r ope rt ies of lint .Prc’sscij Silicon \ I tO /i

Proc. Hrit . Ceram. S i  . no . IS . I ) ~ 0 . p. 9 1 — 1 0 1.
6 . WI1.D. S .. I ~IUI S I SON I- SI N . K. II.. and I .\ I 1511 - K. M. J. Th Role ii )  t iij~’t~~-cw in Hot-Pressed Silicon ‘ ifr i t ie.  Special

Ce ram ics . v . 5. edited hs P. Popper, Mi ni hester . I rupl.ind 11CR -S . I 9~ 2. p. 3 7 7~7~~2
7. I V A N S . .5. I .. and SHARP . J. V . I f,i - n i c t r r i i  ru ra l .Sru ~j ,  i n  S i / r i  sa t  \ r t r l s / i , J . M i t e r .  S ir . ,  v . 6. 197 1. p. 129 2 —I 3 ( 12.
M . TI- KW h I.IGI-R. ( .  R.. m d  I AN ( , l  I • I. l is t / ‘r - i u m p  II h , - i v  i t  Si ,.\ , . 3. A m . Ceram. Siii . v . 5~ . 1974 . p. 2 5- 2 9 .
9. Nt fl \1 I • K.. inst r I loslIsoN . 1) . P. O/- i - r i .’ti , ,ti it rh t f,~ no Ins ((dvi of /It>(./’rcssed Silicon Vitri de. J . M i t e r  Set . . v . 9,

1974 . p. M .c l I . Sc 3 .
10. (;AZZA . ( . I . Silicon \,rr, /c t F l

~ I lSs te , t tw l  (d l  l~i vh, , r  t f ~ t i rai l Pri c . A rms Seien ic ( n t . • West Point. NY .
2 2 - 2 5  June I9”(i
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After publ ication of prel iminary structure data ,11- ’12 Ruddele sden and Popper t

provided the first complete determinations of the a and 6 silicon nitride struc-
tures. Both forms were found to be hexagonal with formulas of Si12N 16 for a and
Si6N8 for 6.

It was later proposed that a silicon nitride was necessarily an oxynitride
of composition Si 11 5N1500 5 , 14 and a subsequent structure determination 15 was
consistent with this theory . Additional supporting evidence was provided by a
thermodynamic study 16 and by work reported by Feld et al . 17

Recent resul ts, however, do not support the oxynitride theory . Priest
et al.1- 8 reported an oxygen content of only 0.30 w/o for a silicon nitride pre-
pared by chemical vapor deposition (CVD),* an amount substantially less than the
0.90 to 1.48 w/o that is required for the oxynitride . It was also reported that
t h i s  material  was untransformed to 8 after heating for several hours at 1800 C
in ni trogen at a pressure of 2 MPa . Edwards et al.~~

9 found oxygen contents in
reaction-bonded silicon nitride that were at most half as large as required for
the oxynitride formula to be correct . More recently, Kijima et al.2° measured
oxygen contents of 0.05 and 0.09 w/o on a silicon nitride single crystals.

Redeterininations of the a crystal structure by Kohatsu and McCauley 21 and
.~y Kato et al. 22 agree with the determination of Marchand et al.23 but not with
the work of Wild et al. 1- 5 In none of the former determinations was it necessary
to assume that a comprised anything but Si 3N4. In addition , the determination of
Kato et al. 22 was done on the same crystal known , from analytical work ,2° to have
a low oxygen content (0.05 w/o).

The crystal structures of the a and B forms of silicon nitride are illus-
trated in Figure 1. For convenience , both structures can be visualized as being
formed from basic units comprising puckered rings , each ring containing four

United technologies Corporation. I-ac t Hartford , Ct.. ~~~~

T I  POPPI K. P., and RL1DDEFSDFN . S. N, Structures ~ f F/ic Sitridcs of Silicon and Germ aniu m . Nature . V . 179 . 1957 . p. 1 12 9
2 IIAKI)1I . I) .. m d  JACK.  N. II. Crt ’stal Stru c tu re ,, ‘ S m / k i n  ,Vitndc . Nature , v . 180. 1957 . p. 332 - 3 3 3 .

1 3 .  Rt ’ I) f ) l . l’ S I) I  N . S. N. . an d POPPF R . P On the ( i  -ci a! ,S’tr uctur es of the .Vi ir is ii - c o f Silicon and Gcr,naniui ’, , -S i d  Cm s r . .  1 t
19 S 8 . p. 46 5 .468 .

/ 4  ( .RIl S I  ‘iON P.. JAC K . K . Ii.. inst  SUI . I) . S. The Cri ctal .Sfnsc ur i ’.c i f  .4l pha and Beta S/ l i t - t i n  and ( ev , u i ~ j i m  \ , tu.j . -s S ps -~’t. I
Ceramics . ‘.. 4 . e dited hi I’. Popper . 51, t r i l t cs t p r .  I neland. BCRA . 1968. p. ~37-23 8 .

I S .  W i l l ) . S. . ( ;KII VI SON . P.. and JACK , K. II. The Crystal Structures of ,Iip ha and Beta Silicon and ( m ’ m vui~~,i,,sm S o ~ i,’ . S rcs si
Ceramics , ‘.. 5 . edited f i ~ P. Popper , Manchester. I-nmil.s nd . IJ C R \ . 1972, p. 385- 396 .

16 . (‘OLQL’OIlOt ’N . I., ‘V I I I ) . S.. GR Il SI - SON . P.. an d IA( N . K. II. Thi - r mnsm ij r n ap n i r -s o f (I i i  Si/ ms r , p i ür r ’C m p ( . \ I t n i I ’ m l l  St i i i  iS

lInt. (‘cram. S i c . , no. 22.  1973 . p. 2 ( 1 7 - 227 .
17 . 1 1 1 1 ) . Il., I TTM hYI ’ R. P., and PITZ I.NHA USI K . I. Sa,itrut usfictii ,’iI itii ’rnne ‘on n ~~~~ 8cr. I)eu~ . Kcr ,mnr . ( c i ., s . S I .  ~~~~

p. 127 - f l I .
IS . PUll Si . Ii . I ’ ,, B L RNS . I - C.. PRIEST , C . 1.. and SKAAR.  I- . (‘. O c i g m ’n ( mO I ts ni of . l/ p ha St / is  s i r  \ r t n 1 m ’. 3.  S w i m . ( i - T I n:

Site .. ‘. . Si, , I9~ 3 . p. ~~~
I )  I D5SA RDS. S. J - I- h AS. H. P.. I.INDI.i- Y , 51. W ,, A TKINSON and MOI,’l.SON . A. 3 . Oi cci tt ( ‘ont ul s i t  Ru a t!, ”, i i i , i - i

a- St/u - on \itride. J. S i t t e r .  Set . .  s . 9 , I 9’~4 . p. 5 1 6 - 5 1 7 .
2 ( 1 . K1JISI S . K.. K-S 10 . K. . INO(’ l  - 1., and TAN..\K .\ . II. Os cecil ( ‘us n h u n i  j u t  a- ,Si 1\ 4 Stii ~lt ’ (‘r i - s ta i r .  J. S l i t s - :  S is ,. . I l l . I 0 Th . p.

p 362-363.
2 1 .  KOIIAIS E . I.. and Slc( ’\t l I Y . 3. 5’ . Reexa onnat umn of i/ri ’ Crs stal S’nu f urs ’ n I  a.Si ? \4. Miter .  Rec . ittill .. s - 9 . 1 9 4 . p. 9 /  ‘ . -~~‘

‘1 N S 10. K.. INOt’l - I.. NI TIM -S . K.. K.-V VA I ) - \ .  I.. 1 -55 .5K-s . I I . .  m d  Y A S I A N I - 1’. Stru t tu rd l;’~’r.s s:u / , t i  i i i  / ‘ , hlt u n s s

ii ( ‘ r i m -n t in - l ip / ta .S r b s s s n  \ I t r r s i s . 3 . - \ r u i s r .  ( t r i m .  S i m s . .  ‘. 58. I 9 ”S .  p. 90 — 9 1 .
2 3 .  M SR( l l .\N I ) . U. , h. \ I ’ K I  NI . Y .. .tr td I \ N C . 3 t ri m tar  of st - .S I /hs ’ lF  .Vt t r ts i ’ . \ s F .s ( ‘ (‘ s t . , s . 11Th. f O u l. I’ 2 1 5 7 . 2 1 ( 0 .

~ 
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Fi gure 1. Models illustrating the crystal structure of silicon nitride.
The dark balls represent silicon and the light ones nitrogen. (A) Eight’
membered puckered ring. (B) Six puckered rings joined to form a
basal plane sheet common to both structures. (C) Alpha silicon nitride.
(D) Beta silicon nitride.

19’066-1504/A MC-7 6

silicon and four nitrogen atoms . Six of these rings join to form a sheet con-
taining a large central hole. These basal plane sheets are sufficient to con-
struct the entire crystal structures of both a and B silicon nitride .

As shown in Figure 1 the B structure comprises the sheets stacked atop each
other in the sequence A , A , A , etc. The B structure is relatively unstrained and
contains large channels as seen in the figure . In the a structure , the sheets
are stacked alternately right side up and upside down in the sequence A , B, A , B ,
etc. The a structure is somewhat strained and distorted as compared to the B
structure . The large channels evident in the B structure are absent in the a
structure . Despite the differences , the first coordination is the same in each
structure . J
Literature on Transformation

The published literature includes no results of s stematic , quantitative
studies of the kinetics of the -c/B transformation. The data included here are
therefore generally from work in which the stud~’ of the transformation was of
secondary interest.

3



Coe et a l .~ reported a linear relationship between percentage of B and log
time for silicon nitride powder hot pressed with l 1~ ma nesia at l” -~

() C. \‘~ir tusc
et al . 2

~ presented data on t r an s f or m a t i o n  versus temperature  for th r ce - h our  heat
treatments of pressed pellets at temperatures from 1300 to 1800 C. Some iso-
thermal data were g i ven  at 16/3 0 C hut the r es ’u  I t s  1~~çcar  e r r a t i c .  A few add i-
t ional data were pub l i shed  b y tVes to n and C a r r i i t l t c r s  for  hot-pressed : t ’it er i a l
and b y I nom at a ’ 1  for pressed p e l l e t s .  The r e s u l t s  of Feld et a l . 17 r~ere o b t a i n ed
on specimens that  u~-ere appa ren t ly  contamina ted  w i t h  silicon carbide and silicon
oxynitride. In none of these studies was the transformation mechanism considered .

Wild  et al . 6 proposed that , since they considered cc to be an oxv nit iile ,
the t ransformat ion involved a chemica l  react ion between ~s and e n s t a t i t e  ( t ~~r i :ed
by reac t io n o f t h e mag n esia  addi t iv e with silica) as follows :

4Si 11 N 15005 (a) + Mg2SiOi1 = l5Si~~Ns (B) + 2\lg~ii0 3.

-\ de ta i led  inte rpre ta t ion of the  mechan i sm , i1 ’ wcv cr , was not g iven .

In view of the pr  e f fec t  of the s o l u h i l i t y  of s i l i c o n  n i t r i d e  in  o x i d e
mel t s  on the tran sfe r i t  is pe r t inen t  to review evidence for  su ch  so1u~ i 1 it y.
Jack 27 has demonstr ‘l it s - of silicon nitride i.n molten na~~r’ e.~~hr ::t si 1is ..i ’’.~s.

Nut t a l l  and Thompso .1 (transmission electron micro ss2opy~ st: l y t ’’net-
pressed s i l i con  n i t  served a hexagona l g ra in  that a:’peared to ha c i -

f rom a me l t .  Kosso i~~~y , ’~ i n a w e t t i n g  s tud ”.’ , a lso repor ted t h a t  s i li c , ’t’ nitrid e
was soluble in mol ten  magnesium s i l i c a t e .  A l so  cons is ten t  w i t h  this s -v i dci.: e are
proposals that sinterin~ in the silicon nitride-magnesia s~’stem occ ur- vi a a
liquid phase mechanism .’8-30

The 1PM observa t ions  of Drew and Lewis 3’ strong l y support t h e i r  conclusion
that the transformation occurs v ia a scr lid/ li qu id /Hoiid mechanism . The same
auth r~

32 also presented convincing tt lI( ro-~truct ural ov i d e n c e  for the formation
of B’ silicon aluminum oxynitride compeunds by a similar mechanism .

24 , N \ R I’S I  . ‘m’s . NO I I R 1 . St . intl I S I )  S . Si. / - ‘ss r t , t s j t i ,m? t  ( s s u m u / ! t j , s m i n  5/its! I’r n s 1n , ‘ l i i i iii I/I, J s n u s  ( n - n  it . !  / / . , : s , ’ , s  I 5 . / i  ‘ i s . ‘ m i i i.
N t p p s s n  Kt n,s’~,t m ( . . t k k , imc l i t .  ‘.. ~5 , I t /  . p. # 3 /  -

25 .  551 S I ON . K - mu d ( ‘ A R K I  1111 KS. I - C. A i m s - i s of h o t  /S- i ns o le  5 5 /  I / p / ia si/ s s u m ’  \ H r s s i s  /‘s ,s , ’ s/ ’r s m: i / :  1,11: ’ - ~i, ,  H it

(‘ t r i m . S n ~~., no . 22. / ‘i — I . p I i~~. 2 t i f, .

26. I\t. )M S I  S . 5 .  Stabt/,tt- Rm ’ / s i t i n m s i s  i : i ~ n s in tiit - .5’ m i s - u i  i s ’  “ .5’ s .\ j su Si Si u S — ( )  ii?,! ‘i i . ; ,  .rrr , ‘ s . .; ’ ( Is,; ’ - .  i t s
i/moo C \ s w s s s  N i - s k i t  Shi. s .‘ i2 . 197 4 . p. 522-~ 26

27 . 3 -51 K . K. II. The Or , i /sss  r s s s u s  sf / / i e h ’  l ’m ’ tmn ~u n ’ rs; t i , r , - IFi~/ i S i r s  si ~- i / ,  S t ir s , , ii f r u i t s  ( s ’ s . s r t i i , c  s r  l i - - f :  I s ’ - ’ . - I I ml .sn s - c’ 5 :  ‘ u s
edite d l’s I 3, Bttr kc AS. I . C s m t t m i n . . i t i s l  R. N . Kaii . (‘ lrt ’ s t n t t i 11t H . St -S l i t . . k I l t i l I’tmhl t slt t r t m ( u , I ’ S  4 , I’ - 2’~

2l~. KOSSO55SKS ’ . K . It ,  t i t ’n i ’  ,s f Sil ts sn Sorts/i - hs - - l / C t / i ’ mi s  f l u / s /  Slmi .StO~ . I. \ l ,i i e i  ‘i i i  - i . ) / 5  4 . p. 2 1 ’ i.i ’i

20 ii R 5 5 1 L l  ‘Li If I . R..  ml I sN l ; I  - I - I .  / r s l m l , r m - / , ’ sn  .5/u t e r i ne  s .  ~~~~~ I SI . , ~~ , 5 , ’  - s i  / ‘ l ”S  p. - I ’ - ’’ I i

( i i  t U ’A I  N , I I . ,  55.1 STuN If I - ( ‘ A K R I ’ I I l l  KS , I .  m m  . 5 0 5 /  BRItON. K I t ’ , , I i s ; ’ u .  - ‘ ‘ ‘ . 5  l b - ’ s n i l :, 1 i . ’ n ’  f i t s ’ :  lu  l u - t i m

.S, , i tn - r , s i s - s i t  a St / i s  s i t ,  S,ir,sJ, ( er ,l inlm rmr i ; i  In tcrn, it i s i r . t I . s - “ I ‘i (. . p 17  /
11. h)RI S’s . P.. intl I I  S’. IS . St . I I . I / i  i / s i  r , ss t m ’ i s ~ , j i , l u s t  .S’,It s o ‘ m u s t / u  ( i ,.- - ; ,  c / ‘ , , , ‘ ‘ l i t  l ’ s - i i , ’ 7 i . ’ . i, i ’ m , , ‘ . 5 ,  I \t It’! S s I

‘I , / ‘ l .( p. 26/  - 21s 5 1 .
( 7  DRI-55 . I’ , an d 1 1 - 5 5 1 5 . SI . II . Ii,, t i ’ n i l ” ; , ,  ‘ u s , . ,  i f  .5 i / , s - ’ o \ , i rt i i s  I i i i ’ m ;sm i . .’ ( 5  5 ,, ’ ’ ? ?, i . I . ‘: f  - , - 5 , j  - ‘I / ‘ 5 .1 ~L ’
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EXPERIMENTAL PROCEDURES

Ma terial s

The majorit ’5’ of the exper iments  were done wi th  powder * con t a in ing  85 w/o of
the phase.  Th i s  powder \ s O S  nominally 99% pure and i ts  surface area was 1. 57
rn2/g . .-\ few experiments were done on 100% cc silicon nitride powder obtained by
pulv eri: iic g thin slabs of material prepared by CVD . Because of the scarcity of
this material , powder characteri:ation was impossible.

For certain experiments , magnesia’ and yttria* were added to the silicon
nitride powders. The powders were mixed by shaking in plastic containers. One
experiment was conducted wi th an addition of silica powder from an unknown source.

Heating Procedures

A few preliminary experiments were done in an induction furnace comprising
a graphite susceptor and graphite and zirconia refractories contained in a fused
silica tube. However , a sy;~tem consisting of a high-purit y alumina muffle tube
inside an inductively heated graphite susceptor was used for the rest of the
experiments. All of the experiments were conducted in an atmosphere of flowing
nitrogen. In the alumina system , the gas was dried by passing it through a phos-
phorous pentoxide dry ing tube.

The containers that were used were graphite crucihles wi th graphite lids .
For the first series of runs , the inside of the crucible was coated with boron
nitride to minimize reactions between the container and the powder. This pre-
caution seemed unnecessary, however , and further runs were done without addi~ iona1
coatings.

The crucible and its contents were weighed before and after each run . At
the beginning of a run , the crucible was loaded into the furnace and the system
evacuated and bac kfilled twice. The furnace was then heated to about 1400 C in
about 2 hours and held until the temperature stabilized. The temperature was
then quickl y raised to 1600 C and the system held at that temperature for the
desired time . At periodic intervals , a portion of the specimen was removed for
examination wi th the remainder being used for further heat treatment . A ll tern-
perature measurements were done with a calibrated optical pyrometer .**

X-Ray Ana lys i s

The proportions u/’ a and silicon nitride in the specimens were de te rmined
by qttant itat .ive \-rar ana1 y~ is u s ing  CuK a radiation . ~ .‘~naivses t’.ere (lone on
powder specimens pacLed in t n i aluminum holders .
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M i crosco py

Photomicrographs of the  var ious  powder specitnen s were ob t a ined  w~ th a scan-
ning electron microscope .* Specimens were prepared by sprinkling powder on
holders that had been coated wi t h shellac diluted 100:1 with ethanol. It (siI S
found best to let the shellac mixture dry I to 2 minutes before applying the
powder. The specimens were then coated wit h Pd-Au alloy or pufl- Pd ~or examin-
ation in the microscope.

RESULTS

X-Ray Techni que

Table 1 shows the results of several deterninations by X-ray diffraction
analysis 33 of the phase content of the commercial silicon nitride powder. The
specimens that were run on glass slides were prepared ‘v dispersing a sna il
amount of powder in a Formvar-chloroform solution . The mixture was then ;lp~i1ied
to the slide and allowed to dry , leaving a thin layer on the slide . It shoul d
be noted that the use of this preparation technique gave rather hi gh standard
deviations , particularl y for the ~ phase , and lower a values than Is-crc obtained
using the packed powder specimens. On the other hand , the packed powder results
on two ins t ruments , wi th  d i f fe ren t  receiver s l i t s , were in good agreement. The
absence of s i l i con  peaks in three of the runs i s  p robab l e  a r e s u l t  of the use of
low counting rates f or those runs.

Transformation Data

Table 2a presents the data that were obtained on the transformation kinetics
in preliminary experiments in systems know-n to he 1eakinu~ and contaminated with
various deposits from previous runs with other materials. lchile estimates of
the quality of the atmospheres in these systems are subjective , it is believed
that the system used for Run 1 contained more oxygen than did the one used for
Run 2. The largest amount of s i l icon carbide observed in any of the runs was
produced in Run 1. Whenever silicon carbide was found , it was invariabl e in the
21-1 form .
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.iL,le 2. PHASE TRANSI- 3RMATION DATA AT 1600 C ON SILICON
NITRIDE POWDER

Total
Time --Si .5, Other

Run (hou rs) w/o Pha~,i,s * Reinar2s

a.  In contamin ated ny ste sn’

1 0.0 14 .6 - Fused Si/I tube , system
1.0 25 .6  25 SiC (m) leak ing badly and contaminated
2.0 32.4 2H SiC (m -s )
4.0 40.2 2/1 SIC ( s )

2 0.0 1 5 . 3  — Al 0 3 tube , sys.ts’r-; leak ing
1 .0 27.7 - and contaminated
2.0 29.6 -

4.0 32.3 -

b. A ’ , - r ” r e i ved  and w i th  ox ide add i t i ves

3 0.0 14.6 -

0.5 20.3  -

1.5 23.4 -

3.0 25.3 25 SiC ’ ( v w )  No additive
6 .0 30.5 25 S i C ’  (v t ~)
9 .0  34.2  21-I SIC ( w )
10.0 36.2 2 1-i SIC )w )

4 0.5 29.8 -

1.0 34.1 -

2.0 35 .0 - / w/o ~~~ added
4 .0 45,2 -

4 .7 5  45. - Furr,ace rebui l t  a f t e r  4 hr
3.0 47.9 2H S IC ’  ~vw )

10.0 48. 5 25 SiC ” / v w ) ‘s ’ n t e r l n g  occurred
5 0. 75 38.6 -

1 .5  43 ,4  -

3.0 4 6 . 7  — 1 w/o Mq ’) added
5.0 51 .5  2/1 S iC~ ( -iw~
7.0 54 .? 25 S i C ’  (v - .~ Si rt te r in g  occurred
9 .0  57 .6  25 S i C  (vw)

6 1 . 0  1 7 . 2  S i N S  (w) 5 w/o SiO~ added
7 0.5 46.8 Unidentified (w)

1 .0 64.1 “ 10 w/o Y’ iO added
2.0 86.5
4.0 100 ‘ - , rstc’ r in g occurred

8 0.5 13 .6 5,0., / 1
1.0 22.0
2 .0 22 .2
4.0 25.7 ‘ 10 wIn Y 20~ added
6.0 26.7

c. Prepared b y CVD process

9 2.0 0.0 21-4 SiC ( w - r s )  , . -
6.0 0.3 2H SIC (s) 

/ - ~ add i t i ve

1”) 0.5 3.5 -

1 .0 3.7 -

‘. 3 3.8 ?H S / C  10 w/ o  M0 ) added
- 0 .1 ,3 — S l i t  t i ’ r f l t  0 1 / t i  rrs’ i

2 0 4 . 5  25 SiC (m) 
-

~~~~

- — - -

- - s )  rn~ d inn’ -s t ro nq

v - C

m ’ ’ i i~~

~P 1 _ J c jn Is , , , r i f i e d tto. s~ o
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Table 2b lists the majorit y of the experimental results. All these experi- H
nient s were done w i t h  g a s - t i g h t  a lumina  tubes that had not been previousl Y used
for  ot her purposes .  .\s noted in the tab le , sev er al ext ran eous ohase s we r e
obse rved  in some of the products. Among them was silicon oxynitride in the case
when silica is-as added , and “J” phase when ~‘ttria was the additive. The J phase
i~ is indexed from the data of Rae Ct al. -‘“ i’he unidentified lines in Run 7 (10
w/o magnesia added) may have been from crystalline magnesium silic ate phases : no
attempt was made to index them . Table 2c gives the results of experiment s done
with the CVD powder. It should he noted that more silicon carbide was observed
without the additive than with it as was generall y the case. Furthermore , trans-
formation occurred onl y when magnesia was added to the CVD powder.

Althoug h some sintering occurred when magnesia was added (Table 2h and c),
the transformation rate was unaffected by it. In one experiment , the transfor-
oat  ion rate on a sintered piece was found to be the same as the rate on powder
prepared he pulverizing a portion of that piece.

The transformation rate was also observed to be the same on portions of a
sp ec ime n taken from the top and bottom parts of the crucible. .\s a check of the
effect of possible vapor phase interactions on the transformation rate , a 2-mm -
diameter hole was drilled in the crucible lid between the 9 and 10 hour times in
Run 3. The hole had no apparent effect .

Some weight loss was observed in a l l  of the runs , ~articu1arl y in the “con-
taminated” systems ; a weight loss of 5% occurred in 1 hour in Run 1. Some weight
loss was attributable to the crucible and there was no apparent correlation be-
tween wei ght loss and transformation rate. The wei ght loss data are therefore
not included in the tables.

T r a n s f o r m a t i o n  K i n e t i c s

Fi gure 2 compares t r a n s f o r m a t i o n  ra tes  ob t a ined  in  “co n t a m i n a t e d ”  sv st e / - i s
(R uns 1 and 2) w i t h  tsat obta ined  in a “ clea n ’’ sy stem (Run 3) . All runs ~-.‘erc
conducted w i t h  the commercial  powder as received.  The ra te  curves are s iooo t h
and the  r ates  a re notabl y faster in the contaminated systems.

Fi’4ure 3 g ives transformation curves for the commercial silicon nitride
powder under v a r ious  c o n d i t i o n s .  The curve for the  undope d m a t e r i a l  i s  the same
as th e on e g i v e n  i n Fi gure 2.  I t  is evident  tha t  the  t ransf o i ’n i i i t  ion  r a t i ’  i s
h i gh ly  dependent on the  m a g n e s i a  content  of t he  spec imen .  The l a t t e r  p a r t  of
the curve for the  10 w/o  magnes i a spec i tne n  i s  dashed because  t h e  t rans  ~ s, i i ’mat  ion
was comp lete  at some unknown po in t  b etw een 2 and -1 hours .  . \ l t h ou g h the  two cu rves
for the  1 w/ o magnes i a  spec imens  d i f f e r  somewhat , ‘ u s t h  ire  d ean e ab ove t h e
cu rve for the  unri oped m a t e r i a l  and be low the one for the  specimen c o n t a i n  1 h Z  10
w/ o magnes i a .  \s seen in  t he  f i gure , t h e  a d d i t  io n of 10 t~

- / o  s’tt n i a  had no
e f f e c t  on the t r a n s l ’o r inat ion r a t e  it I C)0O C , and t he  a d d i t i o n  of 5 is/o s i l i ca h a d
i f  an t h i n g ,  a sl i 3ht negat is’e e f f ec t

3-I K S I  S ‘ms . J. S i.. I Ill S f 1 5 1  t \  I) . I’,. I’II ’KI\ , \ . I. . unit 1~~( In , N. II. IA ,‘m i m s s s ’f urs ‘~~ I f t r t rs i f l  .0 ,5, ,  ( l i t  ‘i , i, t ,/ .  ,,- , t ,/ /~ s lu - - u .
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Figure 2. Differences in transformation rates of 85% al pha silicon nitride
powder heated in different systems in flowing nitrogen at 1600 C.

19-066-1501/AMC .76

Microscopy

Figure 4 shows the appearance of the commercial silicon nitride powder at
two magnifications. The powder is somewhat agglomerated and amorphous in appear-
ance and typically contains some high aspect ratio particles as evident in the
figure. For unknown reasons it was difficult to obtain good photomicrographs of
this powder .

Figure 5 shows powder specimens after heating in contaminated and clean
systems. Note the distinctive whiskers in the specimen heated in the contaminated
system. These whiskers were invariably associated with the presence of silicon
carbide in the specimen . The elongated grains in the powder heated in the clean
system resemble the ones in the unheated powder (Figure 4). Since some sil icon
carbide was detected in this specimen , however, it is possible that these grains
are also silicon carbide .

Figure 6 shows powder containing 1 w/o magnesia after partial transformation.
Note the typical size and shape of the grains in this and the following f igures
as compared to those in the starting powder (Figure 4). 
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Fi gure 3. Effects of additives on the rate of transformation of 85% alpha
silicon nitride powder in flowing nitrogen at 1600 C.

19-066-i 503/AMC-76

Figure 7 shows the appearance of the specimen containing 10 w/o magnesia
af ter partial and comp lete transformation . Many of the grains are log-shaped ,
and some show hexagonal symmetry . The grain size shows no obvious correlation
with time of heating or magnesia content , and Figures 7c and ~d show a range of
grain sizes within the same specimen .

DISCUSSION OF RESULTS

X-Ray T e c h n i q u e

The X-ray technique that was used for quantitative analysis 33 was devised
to minimize the effects of preferred orientation . This is accomp lishu.d by
averaging seven a peaks , four ~ peaks , and two Si peaks. All the peaks are
normalized using weighting factors , and the standard deviations given in Table 1
are thus related to the degree of preferred orientation of each phase , i.e., in
the absence of preferred orientation , the standard deviation would be zero. It
is interesting to note that the standard deviations for the . ‘~ phase do not differsignificantly in the five cases listed in Table 1 and that the ~ standard devia-
tions are high for the two specimens mounted on glass slides. The first three

10 
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Fi gure 4 . Hi gh alpha (85%) silicon nitride powder .
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phase content determinations are in good agreement , and despi te  the large amount
of preferred o r i e n t a t i o n  in thc l a t t e r  two , t he values obta ined are o n ly  3~- less
i n  the worst case. It thus ap p ea r s tha t  the anal ysis procedure does indeed
minimize preferred orient ation effects , and that it can he used w i t h  cons iderable
coof i  dence -

Based upon the above r e s u l t s , a l l of the specimens t ha t  were a n a ly z e d  were
prepared by p a ck i n ~ the powder into a holder rather than us ing  g lass  s l i d e s .
s tandar d d e v i a t i on s  wei’c de termined for each run and , for t h e 85~ -

~ powder , the
highest s t a n d a r d  d e v i a t i o n  for the ~ phasc ’ wa s onl y 13 .l °~ w i t h  the m a j o r i t y  b e i n g
less  than  lO~~. The CVD po wder was  coa r se ly  ground and contained only small
amounts of B p h a s e :  s tandard dcv i at ions  in  t ha t  case were as hi gh as 35~ - Never-
theless , Table .c shows a smal l  hut  c o n s i s t e n t  inc rease  in B content w i t h  time
for tile specimen heated w i t h  m a g n e s i a .

The absence of s i licon peaks a some Sri ’ t h e  de te rm i n a t i o n s  l i s t e d  in Table 1
may he due to the i~~e s i t  low counting r a t e s  fo r those determinations. Because
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Fi gure 5. (a) Silicon carbide whiskers in silicon nitr ide powder heated for 4 hours at 1600 C
in a “contaminated” system. (b) Silicon nit rsdt powder heated without

additives for 10 hours at 1600 C in a “clean ” system .
19-066-1 506/AMC-76

s i l i con  was never observed in the heat-treated specimens , and the ratio of a to ~
was of primary interest , this point appears i rrelevant to interpretation of the
experimental results.

Althoug h it is difficult to estimate quantit ativel y the precision of the
X-ray techni que , the results suggest that it -- ilo uId he within las- or so if reason-
able care is taken with specimen preparat ion and choice of instrument parameters .

T ransfon-r- iation Da ta

It is apnarent from Table 2 that silic on c :irhide formation was often ob-
served , particularl y in the system that i sas  grossl y contaminated (Table 2a). It
i s  also  n o t e w o r t h y  t h a t  t h i s  phase  was .th ~ cnt in spec imens  con ta in i9  oxide
a d d i t i ves . n i l  ar oh ’-~c rv :I t I on ~. were reported i~~ Co l qu ohou n et i l  . ~ in a paper

~~~ . ( ( 1 1 1 )1 ( 1 1 1 1 ) 1  
~.. I,, FIIu~1Nsi\ ~ ) . I’ . \~l I  S ( ) ~, 5% . I ( Hit V I  5s I \  I’ , ‘id I \ S k . I~ I I  / I s ~ / 5 - h  r s s ? I , n 1,i ss s t  Sur f s : . s 5,i,s s:
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- iqur ’t 6 . Silicon nitr ide powder containing 1 wt% MgO after heating
for 9 hours at 1600 C. The large grains are probably beta silicon nitride,
/ s . r ’ r, / ~- I 509/A MC-7c -

concerned w i t h  the role of surface  s i l i c a  in the hot pressing of silicon nitride
powde r.  They exp la i ned tha t when the powder is heated , th i s  s i l ica  v o l a t i l i z e s
as silicon monoxide w h i c h  in turn reacts with the graphite container to produce
carbon monoxide . The latter then ca r h u r i : cs  the silicon nitride as follows:

3C0(g) ÷ Si~ N- ,(s) = 2S i C( s ) + •\ 2(g) + C02(g) + SiQ (g)

The above reaction i)rodtlces more silicon monoxide which continues the cycle.
When , however , an oxide additive such as maiznesia is used , it combines with the
silica to form magnesium silicat es , t hus reducin i~ the activity of the silica and
suppressing the formation of silicon monoxide. In that case the formation of
s i l i c o n  ca rbide  is m i n i m i z e d .

The p re sen t  r e s u l t s , however , i n d i c a t e  tha t  the above explanat ion  may be
o v er s i m p l i f i e d , for  t h e  a d d i t i o n  of s i l i c a  to the n i t r i d e  (Run 6) did not produce
ex c e s s  s i l i c o n  c a r b i d e  as w ou ld  he’ exee c ted  from the  above cons ide ra t ions .  In
fact - si l i  con o xy n i t r i  de w a s  t If l ’ : t I I sI . it may t h e r e f o r e  be p o s s i b l e  t -at  the  nor—
p h o i o e ~v and di st nibti t ion of the sil ica ‘iso aff e ct  the chemica l  r eac t ions  t ha t
O C c ii’ .

The i n c r e a s e d  t r a n s f o r m a t i on  r a t e s  i n  t he  c o n t a m i n a t e d  sys tems  (F i gure  2~
may a l so  be as~ oc ia ted w i t h  the fei’~iat ion of sil i c on c a r b i d e .  The a n a ly s i s
t e c h n i q ue t h a t  was used o n l y  de t s - i’e i ne s t he  r e l a t i v e  amounts  of the s i l i c o n
a i r i dc p ha ses  , and • i ‘ t h e  p ini  a-~e c ; ir h ur  i :ed p r e f e r e n t i a l  lv , the e f f e c t  won 1(1
iy  to  i I 1 c r e (~~e t h s ’  ~J s i l i c o n  n i t r i d e  r - i t i o .

_ _
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Figure 7. Silicon nitride powder contain ing 10 wt Mg() I~~I s I  conve rsion to the beta form
by heating at 1600 C . (a) and (b) show partial conversio n hy h - s i ng for 0.5 hour; (c) and
(d) show complete conversion by heating for 4 h i i ss r  Ni i s  h i s  - small gra ins  so (c ) and ‘ i i i -

hexagonal symmetry of some of the grains ri Id).
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Transformation Kinetics

Because of the small  amount of t ransformat ion , and consider ing the l im i t s
of precis ion of the  X-ray ana lys i s  technique , the rate data for the CVI ) powder
(Table 2 c) are not given ~n a figure . It should be noted , however , that those
data g ive no ind ica t ion  of an induction period which would be observed if
nuc~~- -5t i on were r a t e - con t ro l l i ng . That the t ransformat ion rate is much slower
on the f \ t  powder than on the commercial powder may be because of the coarse
p a r t i c l e  s ize  of the CVD powder.  Althoug h it was incomp l etel y characterized ,
particles of the order of 30 to 40 um diam eter were observed in the CVD powder
as comp ared to the 1- -cm sized particles seen in the commercial powder (Figure 4).
ñther factors  that may have contributed to the d i f fe rence  in t r ans fo rmat ion  rate
as-c impurities in the commercial pro5der and possible differences in silica content
betwee n the two powders.

The rather poor reproducibility of the repeat runs with 1 w/o magnesia  added
i - i ~ urc  3) i s d i f f i c u l t  t o exp l a i n .  The discrepancy is more than would be

expLL-tc-d from errors in X-ray  ana ly s i s  and it may have resul ted  from rebui ld ing
o f the  furnace  between Runs 4 and 5. -\ l l  temperature measurements were made wi th
an o p t i c a l  pyrometer  t h a t  was recalibrated frequently so it would be expected
tha t  furnace changes would have no ef fec t . Consider ing the crudness of the mixing
tech n ique , it  is also poss ible  that the discrepency resul ted from inhomogeneit ies
i n m i x i n g o f t he addi t i v e w i th  th e s i l i con nitride powder . At any rate , the data
tre only being interpreted on a semiquantitative basis , and the observed differ-
ences w i t h  d i f f e r en t  magnes ia  addi t ions  are clearl y beyond the limits of experi-
ocutal error.

A l l  the  evi dence in this study and in the literature strong ly supports the
conclusion of Drew and Lewis 31 tha t  the  a/ 6 si l icon n i t r i d e  t r ans fo rma t ion  occurs
via a solution-preci pitation mechanism . An earl y ,  t en ta t ive  suggestion tha t  a
solid state mechanism is involved 7 can therefore be discounted. In view of
present  knowledge of crystal structure and available transformat ion data , a
mechanism involving “deoxidation ” of an oxynitride (a) to form the “pure ” n i t r i de
(6) 6 is also unl ike ly .

As indicated in the Introduction , there is amp le evidence in the l i t e ra tu re
for  the so lub i l i ty  of s i l icon n i t r i d e  in molten silicates as well as microstruc-
tura l observations that are consistent with a solution-precipitation mechanism .
The results presented in this report are also consistent with such a mechanism.
The strong dependence of the t ransformat ion rate on the content of magnesia
(figure 3) suggests that the rate is proportional to the amount of magnesium
s i l i c a t e  l iquid that  is present . It is also s igni f icant  that  the t r ans fo rma t ion
rate at 1600 C was unaf fec ted  by the addition of y t t r i a , another common hot-
pressing a id . 10 These resu l t s  can be eas i ly  r a t iona l i zed  by considering tha t
the  lowest  eu tec t ics  occur at 1543 C in the magnes i a - s i l i ca  sys tem 36 and at 1660 C

hI.  I/ I /\% I \ . \ I - md -\ ‘\ I ) I  RSl \ . ( )  / / i s  f / s s j s , i - s S ssh i s’i h!~O- StH-. -\i os-r S. So - v 3 . 1 9 1 4 , ç i  4 / , 5 - 5 s s s /
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in the yt tr i a-s i l i ca  system . 37 One would therefore not expect an enhanced trans-
formation rate in the Y . S .  system until the temperaturc was above t he  cu tec t i c
and li quid was formed .

That a certain amount of t ransformat ion  occurred in the commercia l  powder
without additives must be attributed to the presence of impurities that react
with  sil ica to form li quid phases. As already mentioned , Priest et al. 18 ob-
served no transformation whatsoever in high purity CVD silicon nitride heated to
a temperature as high as 1800 C. In this study , transformation occurred at
1600 C only when magnesia was added to the CVD powder . The observation of ,Jack~

7

that transformation occurs without magnesia additions is consistent w i t h  t h e
above observations if it is recognized that t he powde r used in h i s work con ta ined
approximately the same impurity levels as the commercial powder used in this
study.

Microsco py

Whether or not the a/ 6 t ransformat ion  produces gra in  ref inement 6 ’
7 is st i l l

unresolved . ihe observations reported here (Figures 4 to ‘7) show the development
of a relatively fine-grained (1 to 4 jim) material , but one with grains that are
somewhat larger than those in the starting powder . it is sig n i f i c a n t , howe ver ,
that extremely large grains were never observed ; the hi gh strength of the hot-
pressed material may therefore be a result  of the development of a cery uniform
fine-grained microstructure  comprising 6 s i l icon n i t r i d e  of high c ry s t a l l i n e
perfec tion.

It seem s un ques t ionable that  the w h i s k e r s show n in Fi gure 5a are s i l i c o n
carbide . As discussed ear l ie r , t h e u se of addi t i v es suppr esses th e fo rm a t i o n of
s i l icon carbide , and it should be noted that  no such whi ske r s  occur in the powders
hea ted with magnesia additions .

Althoug h Lange 3
~ has suggested that the aspect ratios of the grains in

hot-pressed silicon nitride are related to the 6 phase content of the starting
powder , the present results indicate that his  exp lanation is o v e r s i m p l i f i e d .  for
example , i n t h i s  inves t  i g at i o m the f o r m a t i o n  of 6 Si 1 icon nitride was observed
even when phase 

~~~ ~ powder was used . In that case , the phase cou ld  not
have grown on existing ~rti i ns , and new nuclei must have formed.

Reac ti on Mec han i sm

The s/ z  t r a n s f o r m a t i o n  h a s  been shown to f o l l o w  f i r s t  -order kinetics under
pressure s i n t e r i n g  c o n d i t i o n s  ~~

“ and F i gur e 8 shows the pr esent  d- i t a  p lotted in
such a manner .  The a s su m e d  r a t e  law is

3 ? roRopov , \ -5 ., and III )\I 1 5K . I S i l t s  s i t s ’  s i t  f / u 11:’ i:,II: u s  ‘s i is !s . III / ‘ / r s r5s  l ) l s l s i ,i,s is ’  i / h  I? is, i .5 . 5

~~\ is / i  S’S /l i d I,’. -Sk is i  \ . s s i k 5 5 K . i) ’ sI Khin i . \s s i k fl ~ 4 , I % I  - p c 44 .csIs s / s s i t s ’ s f  tin 11,;’ / u n ,  / /s -, s ss i I ’ s I I. i /no -
I) l as l rap ns t s r  l/~s II,nars .S s  s t - i s i s  .Ss, i ei , S i ! )  • s ; s t . /  I f s -,!) ,- . 5 iO ’  ins ! ( s s s s r/ i sjr lns,s s i t  I / i s  ii : ss u ’Ii f / l i ’ 55 / Is  i,! S i i ’ I i j I ;s  1 1 --
m art/s I / s ’ns -, ir~ liii! . nil . II , I ‘‘(. I - p I — -

1M I 5\( 1 I - I I / i s  / s s / PO it i f . - , s -  - -   ‘ .5 -  S i rs  il~’ f /s st i l l / sIs ‘ s ’ s I s s s s / l i l s  is  sO / / , s f  / “ i s s s ,j  5 s  \_j \S ~~~ s s I i s ~
. R.~, I )

cnst ’ r , 151 5 .I s s s r s ’li . I’.i . S R I - S  ( i s f l h r , i s  I K. s i t  \ . ,  ~ - \ j ’ n i l  I
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Figure 8, Log percent alpha versus time for phase transformation of 85%
alpha silicon nitride powder in flowing nitrogen at 1 600 C.
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da/dt =

where ci is the weight  percent of -ci s i l i con  n i t r i de  remaining in the specimen.
It is apparent that  the data f i t  such a plot  reasonably  wel l , but bec ause o f t he
usual comp lications involved in solid state reacl,ions , detailed speculation re-
garding the exact t ransformat ion  mechani t ;m is unwarranted  from the present
results.

GENERAL DISCUSSION

It has been suggested from structural considerations that the .s/ 6 trans-
formation should be reconstructive ,3~~

0 and all available evidence indicates
tha t  i t  can be c lass i f ied  as a recons t ruc t ive  t r a n s f o r m a t i o n  of second coordin a-
tion .~~ Such transformations involve breaking bonds , but the first coordination
i_ s  the  same in each s t ructure . Because of the s t ruc tu ra l  rearrangement  tha t  is
required , the kinetics of the process are slugg ish , and a solvent is often needed
to enable  the t r ans fo rmat ion  to occur.~~ Othe r examples  of t h i s  type of trans-
~‘orm at i on  arc the ones b etween any pair of t h e  set q u a r t z - t r i d y m i t e -c r i s t o h a l i t e
and the wiirt zite-sp halerite transformation .’

-I’ II! ~ IiI k’si \ ( - SI I/ - m d  I 1 ( 1k , I)  17, .- ’ ’ t ,- l I k~~s 2 i I S i s s 5  s f  n / i ,  \z(risls c s_ u s! ( Ii  5 ii,!s,js s~ ? 55 5 /5 5 5 i 5 i i i  R- ,‘- - t t ’ ’ s  (is I / u ,
.crru . i- i’, ’ Ir ,~ns , ,nd I Bnt / s r  In, Is ’s - - -1 - 1° — c - p 4 5 1 5 5

4 / I/L I K ; I  R. 51. I . (~~ 5 s ’ , n / , ’s , ’r s,’ t I ; t ,  I - i ’ s - i i  s ’ /‘/, aci ’ Trassshi iro: szfsu i ,is in I’f s s ic  [r,tsisI ,u r nimhl s i ns in ‘is. l s , t s . c s / i ’ s 1 In
R. S ,, -mIuc hssw ~ki , I I \l~ ’’  ,ind 55 -5 . SSs’’,l . N t ;  S i r k  lu /u i SS,/cs s nd S ri’ /~~~ l p. I s 3 - 2 I  /

3 ’  S I  R’ sI \~ S H.. .in I KRISI I\ -S P. /‘ s /s  5 i ! , su (s /~5 s , i ’  i ’d  / ‘ s / s i ,  t ’ ’ ’ i s  ,,i ( r ~ s!s ~/ s \s ’Si . - / .  I s - / s n  S5:lsn ,snd 5 - i r i s . /
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The present results support the assumption that ~ silicon nitride is the
stable form at 1600 C. Ample evidence exists for the solubility of both forms
of silicon nitride in molten silicates ,8’9’27’30 and it would be expected that  a
solution saturated w i t h  the unstable form (a) would be supersaturated w i t h  respect
to the stable form (6) at a temperature above the transition point .~

2 The pro-
posed solution-precipitation transformation mechanism is thus entirely consistent
with qualitative thermodynamic arguments regarding the stabilities of the two
phases.

It seems pert inent to further consider the si l icon n i t r i de  t ransformat ion
in terms of what is known about other systems ,~

2 specifically in regard to
whether or not ci silicon nitride is metastable at al l  temperatures ,~~

0 and as to
whether or not a is the low-temperature and 6 the hi gh- temperature  form.  In
general , the high-temperature form tends to be more symmetrical than the low-
temperature form and Figure 1 indicates that such is the case for 6 silicon
nitride . From entropy considerations , one expects the high-temperature form to
have greater open spaces available for thermal motion and to have lower density.
The 6 silicon nitride appears to satisfy the former criterion , but not the latter;
the dens i ty  of ci (3185 k g/ rn 3) i s sl i gh t l y less tha n th at of (3196 kg/n 3).

From phase transformation theory , one can extract free energy arguments
that are also consistent with a silicon nitride being the low-temperature form
for , at absolute zero , the form having the least internal energy E would be the
more stable.~

2 This internal energy at i = 0 is given by

E = -U + 1/2 hv

where U is the structure energy and 1/2 hv is the z e r o - p o i n t  energy.  At absolute
zero , the structure having the greater structure energy has the lower internal
energy and thus is the more stable. From qualitative consideration (Reference
40 and Figure 1), the a structure is more strained , and should therefore have
higher structure energy, than the 6 structure .

If the preceding arguments are valid and -ci and S silicon nitride are true
polyinorphs , questions arise as to the transformation temperature and as to why
the 6/a t ransformat ion  never has been observed expe r imen ta l l y .  The present
results  indica te  that  the t r a n s i t i o n  temperature must be less than 1600 C but
existing thermodynamic data are inadequate to establish what the exact tempera-
ture is. It is possible , however , that the transition temperature could be so
low that kinetic barriers could prevent the 5/-: transformation from ever occur-
ring , especially in view of the considerable disruption necessary to go from one
structure to the other .  I t  should also he remembered that  the present resul ts
as well as those in the literature app ly a lmos t  e x c l u s i v e ly  to systems at atmo-
spheric pressure . .-\s has been demonstrated for silicon carbide , for example ,
there could be another pressure reg ime in w h i c h the transformation could occur
reversibly .~~

3

- I i  K I I  I I I H , S H. . I I I’s! 5 5 1 - K , I’ .. ( 1  ( . 1  I - I - -  and S(’III,III)l . -S . P/sac, - St a/n! , ’ , i i !  S i h ss s in  ( arfuisf , - is: the Tt ’r nar i ’ S i - s r i - p s i Si-C
\I , c’ Res I/nil.. 4 . I ‘(s~~. p 5 ; ~ ~~~~ / 56.

18 

--  -~~~~~--- --- - - -~~~~ — ~~~~~ - - --- — -- - — - —-- --- — -



In view of the foregoing discussion , the results of Clancy,~~ who presentedi n f e r en t i a l  evidence for the 6/a transformation , are d i f f i c u l t  to r a t i ona l i ze .
In an examination by optical and electron microscopy of s i l icon nitride crystais
obtained from several sources, he found examples of crystals which apparently
contained both crystall ine phases.  Because those crysta ls  had morp hologi es sa id
to be typical of the 6 phase , Clancy concluded that they had p a r t i a l l y  transformed
to a silicon nitride . It must be noted , however, that no data were reported on
transformation kinetics , i . e . ,  it was not shown that what was observed was indeed
S transforming to a over a given period of time . It is therefore possib l e t!ia i
the observed crystals were not in fact t ransforming from 6 to a, but that tile’ :
had merely formed from both phases.

SUMMARY

a. A quantitative X-ray technique has been successfully used to evaluate
the kinetics of the a/6 silicon nitride phase transformation at 1600 C.

b. Significant side reactions to form silicon carbide occur in silicon
nitride powder without oxide additions and such reactions proceed particularly
quickly in contaminated systems .

c. Additions of magnesia enhance the rate of t ransformation at 1600 C w h i l e
additions of yttria do not. Such behavior is consistent with expected liquid
phase formation in the former case , and it strongly supports the assumption that
the transformation proceeds via a solution-precipitation mechanism .

d. Uigh purity a silicon nitride powder t ransforms at 1600 C onl y w i th
magnesia additions.

e. The transformation yields material with a unique microstructure com-
prising grains that are relativel y fine ~cnd typically log-shaped.

f. The cs/6 silicon nitride phase transforrts ’ition can be classified as a
reconstructive transformation of secondary coordination .

g. Existing theories and experimental data indicate that a and 6 silicon
nitride are true polymorphs with the o silicon nitride the low-temperature form .
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