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The p r ( ~ ; s  o f  formalion,  some Ihcrmoch,:mical propcrtic~ and  the hehaviour  
o f  the 2- and/;-form~ o f  silicon nilridc in oxidi~in$ and inc~l almoxpl~:r¢ ~vcrc studied 
usin~ T G = D T G - O T A  techniques in lhe rnngc 25-1600 °C. X-ray diffractomctry and  
IR spcclropholomelry.  

"rim silicon nitridc phas, ts hw~-~ b~n  cslab!ishcd ~ -'~ to c~ist in two dilT~rcnt 
forms dcsi._.~ated as ~- and /-s i l icon nitridc_ Both t h c ~  forms arc he~r.~gonal s. 
Subm~ucnt $lruclurc dclcrmination~" indi~-alc ~h~[ o , !y  lhc / l - fo rm is a true silicon 
nitridc ha,~n~ the formula SiaN.=. The ~*f~rm h ~  been sho~n Io be an oxvnitr idc 
~i'ilh unit cell conlcnL~ Si,,_~Nt~On.~ hal~n~ a ran~oc of  homo~:nc i ty  (1_95-!$5 
w~o O) ~. The  Ihcrmodyrtamic mc:tsurcmcnls in Ihc s ~ l c m  Si~N=O a t  low oxygen 
p3rlial pt~:~un:s (Po.. ~ :0"-_o a im)  ;t~ wcl! as direct chcm;cal ana|ysi~ seem to 
confirm this conclu~on I.  

In prcparin~ thc~e p ~has,~ silicon or  si l icon-iron allo3~ are umai ly  treated at  
tcmpcr:Jtur~s above ca- 1200 °C or  600 °C. respectively, ~ i th  nitro een ~ or  ammonia .  
Since oxygen is p r c ~ n t  frequently in lh,: nitridin~ almosphefcs used the mixtures o f  
~(- and  //-forms are usually ob[:~ined :~ primary products. The  ~z-fol'm may bc 
cam:cried ! o / / o n  pro lon~ 'd  hcatin~ in nitro~,:n a t  temperatures above ca. 14 :~ 'C  ~-a 
No F -" • cameroon has Ixcn ot,~r~'d. The :[:P ratio in the nitridc pha~:s formed is 
indicated to be a function not only o f  the thcrmod:~n~mic psramctcrs but, to a high 
dc~_.rc~ o f  the kinetic factors also. such as inter alia the ~ c c  o f  excess silicon ~. the 
oxygen supply or  the appearance o f  SiO(g) ~- =. The influence o f  tern stale of  a very 
pure Si (I or  s) and o f  the atmosphere in the nitridation kinelics is dcmonslratccl". 

Th~ ~ilicon nitrid~ phases arc ~ery useful as multipurpose fe f~c tor ie~  Also. 
they frequently appear  as the second phase consli tuents in the iron matrix impro~ng  
lhc mechanical propcrlics o f  stceL~ 

The p ~ t w o r k  has bccn undcrlak(:~l in order  Io study the process o f  fa r . ra t ion  
o f  silicon nilrid¢ phases from the commercial  Si powder and I~. (p.~. ~ ! arm) at 
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25-1600~'C. ,-%nothcr aim i~ to cxamin~ some lhcrmochcmical proix:rli~s of  the phas~  
formed and Itheir behaviour in oxidi~n~ and inert a l m o s p ~  Thcrmal ana',ysis 
techniques (TG-DTG-DTA)  ~zre cmplo)~cd. ~ ullin~t~: aim is to u-~ tee results 
obtaincd ;n sgudyino__ ,~ith the aid o f  the .~ame lecimique~, the second phas~  o f  the 
silicon nitrides in steels_ 

E~PI~IXlE~I~AIo 

Tim l l~ 'nnocl~miml  ,m++urcm+nls ++~'r+ m d c  u+in+ a mjcro-tEemolmlanm 
( M c l l l ~ )  equipped , l i l h  DTG and D T A  units- The main features o f  th,: cxpcrimenls 
~ c ~  as already dcscribcd ' o. , .. 

TEe characteristic pararrmtcrs o f  tee runs ~ : r c  as follows: silicon powder 
(puriLv: 97.5'~. main impuri ty cont+litucnts: F¢, Co, Ni.  Cu, grain size: 5-50 t,); the 

emil;  ~z(SR).  Ar{SR).  air. O_.. A r  - O_+ (,no: = 0.20 aim]:  ~ flolv: m_ 6-10 I 
h-Z 

The aclisil)" of  ox~"cn in Ihc N z and A r  ~ used ~,-~s tcslccl at the ~m f!o~'s 
~ , ~ n  abo,~. Iron l~wder  ~t-=.~ he:lied at conslant teml~ratur¢~; b~t~'een 800-1200"C. 
A conslant weight ~ i n  per umt ttmc ~l-J.S obtained ~hich corresponded to 7-10 ppm 
oxy..~en in t h ~  ~ Tit,: ~pccimcns wcrc ¢xamincd using X-ray diffr~ctomctny and 
IR spcclroen~.,/ry. 
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Prrparation and prolwrfir~ of the silicon nil~de phaw: 
A thermo~ram obtained on "rc~ling [h£ 3i powdcr (ca. ~ m~; alumina 

crucible) in N., ~a5 between ~-5 a~d 1600~C at 10 ~ rain- ' is shown in 1:;~ i_ The 
dcparturc of  she TG-cur~'e indi~.~tin~ the init iation o f  nitride formation may be 
ohscr~d at ca. 965 ~C. At  1220- I ?~:~'°C the weight dcri~-Jlive ( D T G )  s lam to incrcasc 
more distinctly and the D T A  cun-c =lisplays an c~xolherrnal departure. This shows 
thal thc reaction bcl~t~cn Ihc silicon r.~:d and N : ( [ )  starts to occur rapidly at this 
point- At 13~1)"C an cndothcrmal  DTA pc;tk appears  which is due to the melting o f  
the Si SlX'cimcn. When makin~ a run v,-ilr, t l ~  same sample amount in pure At (g)  the 
DT,X cndothcrmal deflection is obscr~:d a; 1310 ~C. This indicates that a melt phase 
apr, ca~ already far bdow the meltin~ poir,~ of  pure Si (1410--1430"C) t "- '~. The 
solubility o f  the aplxmrin~ rr~tal impurities (~3_ !:5 wfo) in $i is found to Ix: nco~i- 
~ b l c  ~ ~. A consideration of  the phase dL~-_.rams ,.~i-Me (Me = Fe. Co,  ~ i ,  Cu)  ~ ~ thus 
,~u~.~oC~ls th~t thc impure Si used c-xi~s in the two-pha_cae r,~3i'on o f  Si(s) and a melt phas~ 
,a:ithin a lar.me tcmpe~tur~  interval below the mcltin~ point  o l p u l c  :~i- On  upWoach~n ~ 
this melting point thc rc!atix~c amount  o f  melt inc rcas~  ~x-in~ r i ~  to the early ¢ndo- 
thern~l DTA line dcflcction_ In ~:._f~) this d~flo:tion appe=rs a t  a hi-_her temperature 
(13:'~4)~C) ~.nc¢ it is supcrimposcd on the cxolhcrmal DTA peak due to nitride 
fo rn~t ion .  
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IF;S- ~ TG-lYrG ,-,,~s ~ in nitriding the Si IXm'd~r at 1300 and 14~0"C, 
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Dul~ng~ th~ melting proc~__~ thc rcactiorl rate ( D T G )  is ~ to bc incrca.scd 
significant~. The  rate starts incrca~n~ at ca. 1350"C. At !550~C a further i n c ~  
in the reaction rate is noted but the maximal rate is not at tained until ca. 5 rain aftcr  
reaching the constant  temperature (1600"C). The  DTA cxothermal maximum is 
shifted consideraliW from that  o f  DTG_ The ~ n  is probably_ thc high thermal 
_rt~__'@ivity o f  the specimen and  the i,,'alls o f  the A I : O j  cruciblc at this temperature_ 

The D T G  cu~-e i~ substantial ly stabili~L,d al ter  ca_ 4_5 rain at  16U0~C_ The  
n i t r o ~ n  upt~tkc then amounl~ to S g ~  of  that  exDcctcd for the formation of/g-SijN.~. 

t'g-/ICliOll i~at¢ i~ tbCll ~ r y  ~low co r r~pond in~  to ca. t ~ conx'*'rsion pcr hour_ The  
impuri ty mc~als prcscnt do  not form nitridcs at px: = I "ttm. Th~'y may enrich 
them.,~lvcs in the Si melt phase., thus d e c r e e i n g  the rate o f  silicon ni tddc formation. 

The nitriding p rocc~  may be interrupted after the complction of  me|ring as 
indicated by the cndothcrmal  pcak. After coolin& the ~ p ~ m c n  aplx'ars as  a homo- 
gcncous mixture o f  the grains o f  Si phase and nitridc p h a ~ .  This  shows that.  on 
melting__ silicon does not  form a continuou~ melt phase but appears rather  as droplets 
homogcmeously distributed ~] th in  thc nits-ioN: p h a ~ .  

Fi~urc 2 shox~ the T G - D T G  cun-c~ obtained on nitriding the Si powdcr 
(ca. ~ m r )  a t  constant  t©mpclraturcs of  1300 and  !4.50~C. the .h~l in~ rate bcing, l0  ~ 
r a i n - i .  A t  1300"C (45 rain: ca. 10~;, o f  thc total weight _~ainl the xvci~ht dcrit~ativc 
( D T G )  appears to fall off linearly. 

On  i n c r ~ s i n g  thc t cmpcra tu~  to 14~4~ ~C thc mcttin~ point  o f $ i  { 1410-1430 "C) 
is ~ The  reaction rate is ~hown to incrca.~ rapidly above ca. 13C~ ~C where the 
amount  o f  melt p h a ~  presumably bccomcs significant. After  ca. 20 min at the 
constant  temperature the N~ uptake is seen to be "~self-a,,-t:~leqr~tc'~l'" and  a local D T G  
maximum appcat~. Th~ hcat produced by thc nitridc formation i~ carded a~oy  ~ r y  
$ l u ~ _ ~ ! y  a~ these high temperaturc~ cC the D T A = D T G  cur , ,~  in R ~  !. 
tc~apc~tturc within the samp|c  m~y thus he raised far above 1450 "C and the r~action 
rate is then ~ . ~ .  

The  enthalpy (dll~) o f  nitridc formation from the DTA peak area (Fi~. I ) has 
been estimated considering only t.Ne re:tclion 

X-ray analy~t~ has  .~o~x'n the ~ f o r m  to predominate at  16(10 ~C. Th~ cnthalpic~ 
and  f r ~  e n t h a l p i ~  of  the 2- and  ~-f0rm~ morcovcr, appcar  to bc v~-v_ ~imilar '-  ~'~- ~ s 
No  si~mificant error is thus introduccd as compared to that invo!vcd in the D T A  
determination.  

As indicated in F i ~  I the b a ~  lines for the DTA n : s p o ~  arc approx in~ tcd  
by the d o t l ~  l inc~ ~ DTA b a ~  line co~c~pondin~ to the ~ p o n s ~  for thc nltride 
formation h. displaced by approximately $ /JV (~1) on  r~tchin~ the constant  temper~- 
lure. This  .~Idft ~:cur~ ~ a tq~sult o f  intcrruptin~ the linear heatin~ ~te:  a t  1600"C_ 

rc l~r led  moLlr t:,jtl1~]l~dcs o f  mcltin~ for Si (dHm(Si) = I1-1 kcal ~-'- ~" 
and  12.0 kcal ~s) have bccrt u s ~  as  the cal ibrat ion valuc~ T I ~  mean valuc is taken 
since neithex o f  them seems to be iwelFerablc to the o ther  one_ The: experimental  
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cnthalpy of nitr ldc formation at I~--~O-I~01)'C (the range of  the e_xothermal D T A  
re~j~.nse) is found to be - !$5 ~ 15 kcal tool-  ' $ i jN+.  

For the rcaclion bctwcen Si(s) and N-_(..e) several standard cnlhalpics arc 
rcpo~cd ran~n~ from -- 163 to -- I'/9.3 kcal tool -  ' = #- -_.o Thc ~I//r ~.~aluc calculated 
a t  1294+C For the  ran~¢¢ 300-1400~C f r o m  the  m o r e  recent  da~  =- t= is --173.5 kcal 

t oo l -  s. T h c  cn lha lpy  does  not  sccm to t"ary m u c h  with  t cmpera lu r~  t=- s7 a n d  m a y  

thus b¢ u.scd dircclly in calculatin+ the ~p¢~+~l value for this reaction. 
Using the llm'rmog.,-am in F i~  I it is found that only a neeli~blc amount o f  

Si(s) ( - -  1.3"~) may react wi lh N_+(gl up to 1310:C (the l¢mperature of  the D T A  
cndolhcrmal defleclion in Ar(:g)). I t  is a m m e d  lhal. durin~ the melting and later. 
rt i lr idc i~ formcd belt~t~-en Sit1) and N;(+)_ The rcaclion in lhc temperature ran.o_c o f  
thc cxolhcrmal DTA  rcspon+c may thus bc considered to occur essentially accordin~ 
to 

3 Si[t) =~ 2 N,(~} -~ F-SijN.=(s) 

A .,,,~,~ .. ~ r 

\ ,  

I 

F~r,.. 3. IR stm~ra of  thc mixtures of" thc a- =rid ~l-forms of  sJlicoa nitrklc (,V~ rmio incrcascs from 
A SO Q aml of  IllC m~lurcs A(A'}  an~ C(C'} I p ~ l l y  ~ to ~ (¢rkllnnkc). 
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The  calculmcd ~l,'If ~alue is i l~n  - 207 ~ 3 kcal mole -  ' SiaN~ using again lh¢ mean 
o f l h e  4 R . ( $ i )  l"alucs and  II~ abo~c cnlhalpy o f  - 173.5 kcal. The  experimental  and 
lhc  calculmlcd cnzhalpy ~luc~s a _ ~ c  rc-a~nably ~cl!.  especially consich:ring I11~ 
ex i s t ed  c~or  in the ba~ line approximalion an~l Ihc absence o f  lhc corrcclion for 
lhe peak a~a  ~r/afio.n ~i~h [cmpcraturc. 

in Ihc runs made a! 1300-1450'C and 1600"C (heal ralc I0 ~ rain- n; maximum 
l ime at con~ant lcrnpcraturc; 6 h) Ihc mixlurc~ o f  ~- and ~-forms have in~iafiably 
bccn oblai~c'd. The TG-dala is not accurate enough for calculation o f  Ihc ~: f l  ratios, 
because o f  lhc sJtoichiomc-zric similarity o f  these t o m  lnszcad, the inzcn~[ics or [hc 
close X-r-a~ rellexions (101) For ~z and (110) for/~, are used to characlerize lhelr 
rclatil~c ral io~ The l)]dcal i;zluc~ for ~r: ~ inlcnsity ratios haste boon 0.80-1.30 and 
less than 0.23 at  1300-1450~C and 1600 °C. rcsp,_-c~ivcly. Since_. h o ~ r :  Ihe oxygen 
impuri(y conlcnl  in Hz(~) has b<cn con l ro lkd  Ih¢ hi~hc>x possible corllcnl o f ~  in a 
mix(unc is calculable. For lhc Io~¢~,4 ~z."/~ rclaliV~ raliO (0.24} i !  is less than 5 w;o. 

The Ire=ztme_nt o f  Si by N:{~)  conlainin~ some oxy~n  impurhy im-olves 
cons~deralion o f  lhe T-poz-P.~: equil ibrium diagram in ~hich Ihc single pha~ r ~ o n s  
correspor~ to Ihree-d~mens~onal vo|um~ scclions_ Thus.  a single p h a ~  ought  to b~ 
lbc most  likely produ~:t foe" a -~i~'n s¢1 o f  experimental condilions_ The  apix:aranc= 
o f  the -~-fmm in/~ a t  1600"C and  ils documented conv~r~on (o/~ abo~c 1450"C*" a 
sho~T thal~ lhe already suggesled kinetic fac[0rs ~- ~" ~ and possibly also the low 
dissocialion pressures o f  IbeS~ p ~  must play a major  role for a part icular ~ :  j~r 
rat io ob l~m:d  in lhc mixlurc~ For/~-SijNa the d i s ~ - i a l i o n  prcssurccan Ix:calculalcd ~ 
a t  [400 ancl 1600~C Io I~_ o f l h ~  order o f  l0  " J  and ll]l "~ mlm. 

/ 
/ 
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1KG°IO,mJ 

~-~ 4. "Dm~0~ram ~a/ncd/n  ox/d/zim~ nk mu-hk ~ m air in the wan~ Z.~]3.~O'C al 10" 
n l i - ; .  
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The 2- a n d / / - f o r m s  may be characlcri~ed by Ihcir IR spectra in the region 
400-1300 c m -  ~. For  the samplcs A, B and C in Fi~. 3 the ~ : /1  X-ray intcnsity ratios 
arc 0.24, 0.81 and !.28. The  different frequencies arc assi~ncd to ~z or/~/on the basis o f  
va~'ing, absorption intens/tics_ For  :~ the most imcnsc indcpcndcnt absorption pcak 

to bc that at 490 c m -  * (20.4 p). The major  absorpt ion frcqucnc'~- band f o r / /  
aplx:ars a t  g93 c m -  ~ (I 1.2 p) .  close to that previously rcportcd "~. 

TheTmol onalysis in oxidi~ng a~m~sph¢rc 
Figure 4 s h o ~  lhc [hcrmogram oblaincd on oxidizin~ the nitr idc phases (ca, 

-/5 mg: Lvpical ~.rain size: I0 l#: z : / I  rclalivc m l i o  0.24) in air ( I0  ~" rain- ' ;  T O - D T G -  
O T A  ~nsi t i , i [ ) , :  I0  rag- I0 mg rain- J- I 00 / IV )  in the range 2.5~1550"C. The oxidal ion 
o f  the nitride phases may bc sccn to bc iniliatcd at ca. 920 ~C. The departure o f  the 
D T A  and [:)TG cu r~s  f rom their base !incs at 960 ~'C indicates Ihe start o f  a more 
rapidly occurring, rcaclion. A t  ca. I I00~C Ihcsc curves disp]ay local minima. The 
maximal reaction talc is l I lcn atlaincd at 1320"C. As funhclr incl.;cared by the T G -  
D T G  e u n - ~  the oxidal ion ta le  d ~  ,:irlually to zero when dccrea_~ng the 
lempcrature to 12OOZe, after ca. ~ h at 1550"C. The oxidation p r ~  when 
e m p l o ~ n g  O_~{g). Ar/O,(.g) or  air  and :-~amplc~ wilh "carious ~:  i$ ratios have _~...~rflially 
the same Features. 

The X-ray e~.ar~inalion~ r ~ !  the prc~enoe o f  S iO:  ( I r idymi le)  ond the 
unrcacled ~- and/~-Forrns. The product oblaincd al'lcr in lcrrupl ing the oxidation at 
I ! I)0"C (lhc D T G - D T A  local m in imum)  contains, according to the X-vJy and 
TG-analysis~ a ~li~h[ amount o f S i O ,  (tridymitc)_ The diffraction patlcrn o f  the ~z- and 
/?-.forms shows almost the same intcnsilics as those o f  the starting product. The 
init ial small D T G - D T A  ix~ks ~ccm thus to correspond to thc Formation o f  Ihc 
protoctive surface oxide layer which lcmporar i ly dccrcas~ the oxidal ion ratc. 

Thc intcnsily ratios o f t hc  principal X-ray rcf!cxcs for thc various ~z://mixtures 
before and after oxidation at conslant lcmpcrature_~ ( I  100-1550 =C) remain c~,cntially 
unchan_eJ~L The oxidation reSislance of~z- and//- l 'orn~ therefore does no[ sccm to be 
very diffexenL The (002)-reflexion o f  t r idymhe has frcqucndy an intensity which is up 
to I0 times as large as that expected. This su%~_gcsls that the oxide gro~s on the nitr idc 
matrix in such a ~'ay lhat the (001) plane is prcfcrcntia!ly developed. 

The IR spc~ra  of  two oxidized samples arc shown in Fi~. 3_ The  samples C" 
and A* eozTc~pond, by their ~ i ~ h t  .ealn. to 7 ~ and 48"-"-~ conversion o f  the nitride 
phases C and A. respectively, to SiO_,. The typical S i -O  stretching Frequency (approxi- 
mately 1090 c m -  ~) is sccn to appear  in both ~,amplc~ In the ~ m p l c  A" the major/~ 
frequency band (893 c m -  ' )  is barely obser,,'~blc but that  a t  >~/0 c m -  t is still clcarly 
p n ~ n t _  The  ~z-fo~ m may be difficult to identify in ~¢!1 oxidi~'d specimens such as A' .  
The strong absorpl ion band of  $iO_, at  approximatc!y 480 c m -  t may overlap ~ t h  
that  o f  ~z a t  490 c m -  t. 

The cnthalp~., ofoxid---fion has rou.ehly Ix~n cstimate£1 from the DTA peak area 
a.~uming only the reaction 

jg-Si~N.~(s) ~ 3 0 . ~ )  -* 3 SiO_.(tridymite) ~ 2 N2~-)  
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DTA ~ line is drawn as ~ho~,~ in I : i ;  4. "l'h~ approximation has been found 
to  invoh~  nn error  in area dclcrminat ion o f  ca. ~ 10~ .  Therefore, no  addil ional  
concd ion~ f o r  ~ 'a r ia l ion  o f  t h e  e n l h a l p i e s  z~ o r  h e a t  t r a l t s fc r  ¢ocfl'tcie_nt-" : ha~,~e b e e n  
madr.. 

U~ing lhe molar  transition cnthalpy o f  K_.30; ~_.!42 kcal) '~ the Clllhalpy 0f  
fl~e oxidation occurrin~ at 9 6 0 - 1 ~ 0 " C  L~ found to Ix: --450 ~ 40 kcal too!-  ~ Si)N.~. 
The  mean ,,aluc is in qu i l t  ream~n.3blic a_.~'~mcnt ~; th  ihc ,~luc o f  -- ~! !0.9 kcai tool-  ~ 
at 2 ~ C  '-~. u~ing lhc  cmhalp~ o f  -- 173,5 kc~l for $;3N~t. 

Ti~.rnml on ,  l y e ;  in argon 
A s~mpie ~ t h ' t h e  ~:  p rclatix~ inten.~ily ratio 0.25 (less than 5 w[o ~) has been 

heated in Ar(~) a t  IO* rnin-  s and then kept at  the constant  l empera tu r~  o f  1200 and 
1400~C fo~ approximalcly I h. Aflcr  lhi~ I r ¢ ~ l ~ l ,  Ith¢ intensities o f  the X-ray 
reflexion~ due 1o ~t and ~0 are ~ by c~_ 2~,  compared to thc~e o f  the ~tarting 
producL Tl~e T G - c u r ~  at  i 200 'C  ha~ shown only an irrc~Ltlar ~ i ~ h t  loss correspond- 
in~ t o o  mean decompoAtion rate o f l e ~  than 0_05 ~ S i ) N ;  per hour  if  only the P-form 
is c o n ~ -  At 1400~C the dc~ompo~t ion r~l¢ ~x linear wilh l ime corrc~pondin 3 to 
about  0.25"~, c o m m o n  o f  Si31~4 per hour. Bccau~ oflh© prent ice  o f O .  impurity in 
Ar  the free Si ~ during ihe  reaction 

is very likely to form Si l3~).  The rate o f  conx~r~on may thus be somewhat Iov.~--r 
lhan 0-25~. The rate (r)  o f  ~his dccomposhion may Ix: described in Icrms o f  lhc 
e'v'aporalkm model  -~- _-~t ~ a-~tc may be given in Ihe form 

P JH~ r = a - - - , y e x p ~  
R T  

P(a lm)  .is the ; k ~ m p o ~ t i o n  p reeure .  4t tA  (~tl) the a p p a ~ !  activation entha!py 
and  R. T a$  u sua l  The  con~an t  A is c h a r a d c r ~ i c  o f l h e  pardcle size. the density and  
The c o m p o ~ i o n  o f l h e  rcacling :mlid. For  ihc lypical parlick; ~ z ~  10 p, in lhe  p r c ~ n t  
d~umposi t icm the m a ~ i l u d e  o f  A is 10 Q when r is eiven as a f r ad ion  convv_-rted ix:r 
hour.  At  1,400"C (16"/3 K ) a n d  P -~  1 0  - 3  a im lhc d l l x  value is 53 ~ 6 ~ tool -  ~. 
T I~  mean ~ t i o n  c o n e ~ n d s  to a van~ation in r by a p o ~ - r  o |  ten. 

The  mean S i -N bonding Cherty in ff-$i3N4 may Ix: ~ i m a t e d  roughly from Ihe 
lileralure values 12 for lhe reaction 

3 Si fg)  ÷ 4 N ( g )  -* ~ - S i 3 N . ( s )  

and  the enthalpy o f  formation for ~f~S;jN. ( -  173.5 kcal) to be ~bout 80 kcal tool -  ~ 
f o r  Si--N bond~  ~ bondin.~ cocr~y o f  the N a t o m  on the surface o f  the nitridc 
i~rlicles n ~ y  be e x p i r e d  to be l~tween th~  mean ~-alue and the bonding  energy o f  
the z ~ ;  JZN rnol~-ulc {105 ~ 9 kcal) 1 ~. l f t h e  rate-d~tcrminin~ ~tcp involves breaking 
o f  two S i -N bonds  a t  the s u r f ~  then the a l i a  value corresponds to  about  one- 
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quarter oF Ihc sum or  l l ~ , ~  bondin~ cncr~i~ in a3rccmcn!  ~x-ilh Ihc Eyrin-_'s cmpirical 
rule z~. 
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