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Ah_~truct 

Fhc h . ' m a t t o n  ~1 thin .~'ta/mt ~'m/a~'e /al','m' mt I tqmd  

/ thu,~' ,~l//h't t ' d  ~'IIH'oll ~'~tl/~ldt' t'Ollt~li/It/I,t~ ,~ / : ( )  ~ a n d  

} ' . ( )~  dltrllI,L~ trust ho t  t~'os'tatl~' pres,Wtl,t~ tit N .  
ttlmo,~p/lerc H~IS' ~'~tllltllt('d ,~l ~l N .  pl'V,'#,llr~' o /  

21111,1 ! P~'t mltltlp/la,~' t ,'~l~'tlt Ill /al'er,~ n'et ~' ,tp o n'lll,t,' 

~tt/I l~at'~lt~.hc klm'ttc.s' tit 17SO (" l 'he ,wtr/il~'c 
IcaCll~.l /al'Cl t,~ ~'Onll~O,~'ed . /  [t'.,_~'te, _ .AI  ()  N . _ .  
( : = I h -  ¢ .¢ ) a,~ the Illdlor p/Id,~'C al ld a~hhttmtal  
t, ~ I'mlrl~h' l~]lO,~',',s B~t,~'cd tnl Ull tttd~'lllaltotl Hlel]lOd tttt 
tlpptll'~'tll /r(l~'lltr~' h~llt~]lll~'S'~' It'~l,~ Ill('tl,~llrt'd /roHI 
i~]11~']1 It'S'ldlld/ ,s'lrt',~',~'c,7 Ill I/h' 31tl'[Nt'~' I(ll'~'r ir~,1'¢ 

d~'l ' l t , 'd  L,¢II',L~i' t'Olltl~lt'~',S'lt'U s'lt~',~,~'t',~ lien I¢~ ,s'~'l','t'~l/ 
Illllldr~'d ,'11Pa i i'~'rv C,~'ttlllatt'd lit ccrl'  Ihllt ~'taloll I~ll'~'rs 

( ~t I , IO lull ) i1 tm'h  ll~n'~' it Imh' t t t ta /  /or  pr~m'ct tmt  
a,q~ltll,~'t tllll~tt~'t Irctlr ~lmt ttltlltltttv /ulhtr('  of ,~-'l( ~ 
~ OlllpOllCltl,~ ~'l't'll O/ ~'Omp/C ~ ,S']lap~'. 

k,'~' Lrm'de dr,' BH~hm,~: ~ .H ~hmnen ,S'tulmt,~'~'tm'lm'H aut  
~h'r Oh~'rfla~'hc ~'ott flu~'wgpha,~'en,~e.wttterlem 
,_~'Ht:nmlt'm'l,td, ~ht~' A/.(_) ~ m id  )'.(.)~ ¢'tt//tt~']l, wall 
r,'lld tla~'/ltr6,~/i~'hem H('t/,ll~t',',~',~(,l! tit N . - ,~  lnt . ,~pharc 
I l l l l t ' r ,YII t 'hl  Bt ' l  ~'i l l , ' t l l  '¥2 D l ' l l l ' k  I'Oll .~00 I~l P~l 
t~tld~'tmt ,s't~.'/t mehrpha ,wgc  Reak  lmtt,s'scht~'htctt, dm'en 
~III~'ll,S~'/I('S J't'rhallcH I~'! 17"~0 (~ pm'ah .hs ' ch  war 

[)t~' ( ) l~t'rf lm'henrt ,ak lt.tt,~',~,~,lm,llt I~,',~teht hattpt  
,s'm'/th~'/t arts It' A'4, _ ,q/:(_).,4"~ _: ( : = I h -  3 t ), 
: t t~at:ht 'h et t lha/I  ,~l~' ( )~ ln t l r l d  Bas l c remt  dtt/  ~h'l' 
l~,'lmh it~']~ Ill~'lllo~h' II In'th' t'lll Rt/h~ I~h'l'~'htltd,t~'lllC,~,S'ml, 
tol l  th'ltl RC,~I,~'pIIIIIIIIII,~.'CII lit (h'l' (-)/)['rNd('/l('ll,~'t'/ll~'/ll 
~tl',tt~'/t'll('l l l l l l '~h' l l  (_;t't~/h' [)t'llc']~S/Itltlllllll,~.~£ll I~I,Y : I t  
I t l( 'Jl l ' ( ' l t ' l l  h l l l ld~ ' l l  ,~IPII  II'l l l '~h'tl l i t  sehr  ~hll l l l ( ' l l  

F'r~.',,cnl ,Jddr~..',,l., (.ih.i,.,l, arid (.'¢rallll~.',, [).'.'p,Jrl rnenl, [_llllVCr,.,lly ,, f  
[ r l an l ; en  NHernl-,erl; E'lI,Jn;,er~ (_iermun~' 

,hm~tml ~I the Em'.pean ~ "mamw S o c t e t r  ()~'~'~ 2219/94/$7 ()(),~' 
(_;reul Britain 

,~.'ialmt,wlm'lm'H (d~ , I O l m t )  ,#~;~',~'~'hat:t Dte,s'e 
,_~'t'lm'hten I~tt'tcn t 'm,' , '1 lJghch~ ' t t  ~h'~' ,~_'~'hHtcc,~ 
,i.W,qt'nut,et ,%'t./h c~ ~'~'hlm/t trod I 'm'sa , tWn t'm~ ,S't(' 

I~'~'I ( l l l l l ]~ i ' l l  ),tl,L~[lr /)~'I ]~ Ollltr~]*' ~, ~'ll F i n  l l l * ' l l  

(_)tl ~1 ~"llldl~" /it /or Illt.lllOtl d(' ('¢lllt'/It"¢ ttI//I('L','~ d~-' Sltl/Oll ~1 
la ,w. /at'e ~h' ca rhm 'e  ~h' ,~'th~'nmt ( ~ ' .n lenant  ,.[I,(.] ~ ~'t 
)', () ~ /i tth"s tit ,'(' tlltt' p/l~t,S'~' Itqui~h' ) I . r s  th' prcssa,t~e,~ 

L) ( ' ] l l l l l d  ,~Olt,~ ( l l l l l tLYp] l ( ; l ' f '  tie' N 2 ,~ l i l l e  pI'( 'S,YIOII Lh' 

2H(I l l P a  ~lt' ,\',, dr", t'ot.'hc,', nmlltpha,~('t ' ,~ t'/'.t,', 
~t'llt tn~'d' Itll~' ~'tl lOllqll~' I m t a l ~ . h q m  , ~i I?~( t  C. 
! tl t 'OI I t ' / l t '  / t l l l l t t" t '  t'tl .Wtl / t l t ' t '  t"~l I '¢HtlpO,~t;(' It~' 
It' ,-'>'4, , l / ( )  \'~_ ( :  = I h-.¢ ~') ell tna l . r i l z " ,  el  
dr' /~]t~l~'~ o ~ i ' l l l l t  i11~',~ ,~ pu l ' l l r  d ' t '  ~l~t"l'lt'll~'~',~ 
d ' l l l d ( ' l l l ( l l i O l l ,  I lOll.Y (I['O11,~' 111~'3111'~" /~1 I'~.".YISILIIIL'~.' 

appdrt'HIv ~i /~1 /) 'm'tttrc d'oti oHl /'l~" ~h"dtttte,~' /(',~' 
t 'tntll '¢lltlh'S' If',S'ldlt~']]~',S' dall,~' /a  ~'OIt~'/le ~h' S'llr/~l('~' (.'~',~,' 

C~'lllllOllOIl,~' t'Olldlll,~t'lll ti dt'A' l'OlllrttllllC,Y m t p o t  ltlll/t',Y, 
ath'l,L~nant qm'lqlte,~ ~'*'ntalllCS ~h' , ,llPa ~hlll,~,' /~'S 

t'Otl~'/lt'.~ d*' ,~lt.l/Otl II'~"A hill',S" ( d  t IO ILIll), t'e'CI 
pOItrl 'dll /~'rlll('lll'~, la pl'¢~lt'~'llOtl d~' ~'~tllpOMllllS' VII 
,~.'l(.', IIItilll~' ,S'I/,S ,ScHIt ~h' / in to ( '  t'¢~lllp]lqtl("t', t'¢~llll'(' 
]'tt,S'tlr~' dr . '  ~llt ~ ~'OttC]l(',S" ~'l /d rttpltlr~' 

I Inlroduclion 

Nitt idalton L~I dense Sff." ceramic c~mp~menls to 
I'~.'m layered Sl(.'/Si ~N 4 curnp~slle  matertals may 
offer an allractive way l~ trnpr~we surl'ace-senstlive 
mechanit 'a l  pr~per l tes ~I" complex-shaped Sff. ~ 
c~mponenls  Thus, surface ,qrengthentng of Sff.-' 
ceramic,~ was ~blatned by anneuhng in an N H ,  
atmosphere ~1' ambtenl pressure at temperatures of 
,4()()-9~1(r'( -'~ or tn a N ,  atmosphere ~1' hlgh pressure 
at temperalures above 171)1)"(." ' Thermodynamtc 
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evaluation of Ihe phase stabilities in St~N4/Sff,-" 
c~mposlte matenals suggests that Sit" will become 
unslable In a N: a tmosphere of high pressure and 
shuuld be nllrrded according Io ~''~ 

~':t SI(.'[N) "~ 2N :(g) ~ / ) ' i S l  .~N4ls) + 2(..'(s) (I) 

At 1751)' C tile equlhbrltlrn N. pressure I',~r reaction 
(I) IS appr~,xunatelv "~.N MPa"'" st., that under usual 
f i t~l- isoslal lc  pressing c,,ndittons w~lfi temperatures 
ab~,ve 1'7S()' C and gas pressure ab~,ve IO MPa St ~N,~ 
sh~,uld form ,,n the surface of SR? Reactton (I) 
seems t,, be facilitated ~n the presence of liquid 
phases ~n tile grain b, ,undarws ,fl'S~C F'~r example. 
p o s l i h , H  ISOSl,'lllC pressing of dense St(.-" doped with 
"~wt°'. AI:O~ at INS()"C' w l l h  a N :  pressure c,f 
21)() MP;.I resulted in the I'~rrnatlor| tfl' Sl ,N 4 sut face 
layers wilfi a thickness ranging I'r,~ltl 5 t~ 15/.nn.: A 
.substanttal increase ~1" bending strength I'r~m] 
66() MPa ~fl'tfie S~(? tip t~ rnure than I11()() MPa ~l'tfie 
Sff?,,'S~ ~N.~ laver c~>mp~slte was ubserved, wtuch was 
:lttributed t~ the generati~m of thermally induced 
c(m]presslve stresses 7 ~ ~n tile SIgN 4 sLirface laver 
dullng c ~ h n g  from nttridatlon temperature. While 
residual stresses Ill surface films can cause stlbstrate 
fracture arid comp~ment i'allure, '~ surface toughen 
I l lg  due to ctvnpresslve stresses ~s expected tu be 
protective againsl comp~ment failure I'r~m] incl 
dental cuntacts with parliculate matlers TM The 
m:~gnittlde ~1' tfie misfit stresses primarily depends 
on I h e c ~ l l n g c ~ m d l t . m s : | n d  the elastic and thermal 
pr~pertles ~fl' lhe stlrl':~ce layer and lhe subslrate 
ina te l  lal. I I 'T'htis, Investlg,  a t l o n  t)l' I'~)t'nlati~u] and 
growth kinetics ~I' the Si ~N. 4 surface layer appears t~ 
be a Illndarnerllal requirement in ~rder t~ ~ptlrnlze 
in.SllU surface Ioughenlng associated wllh lhe 
I'u~ matl~m ~f th~n nltrlde layers on the surface ~I' SIC' 
c~rnpacls even ol c~mlplex geometly 

II IX the aim t)l' the present w~rk t~ analyze tile 
kinetics ~1' nitrlde layer growth on tile surface ~I" fi~t, 
pressed '~-Sff? d~ped wtth AI:(_)~ and Y:O.v Specl, 
mess w~th dtfferent surface laver ttuckness were 
prepared by varmt~m of the p~st h~t isostatlc 
pressing c~md~li~>ns Elemental distribution near the 
specimen surface was measured bv EDX and phase 
c~rnpoSltlOn by X RD '1"he magrutude ~f residual 
stresses tn the nltrlded stH face layers was dertved by 
means ~I' an Indentalttm method. 

2 Experimenlal Procedure 

P~wder mixtures uf stlbmlcr~m ,~.SiC ( FCP 1)6, Stka, 
Arendal Smeltwe~k a s ,  Eydenfiavn, Nnrway) 
c~mta~nlng h.N5wt°i, Y,O~ ( H C  Starck, Berlin, 
Germany)  and 5'l'~wt",'., AI:C).~ ((?'T' NIX)t) SG, 
Alcoa, Pittsburgh, PA, LISA) were prepared by 
attrition m~lllng in e thamd for 4h.  1-'he three 

Table I. (-'haracterlSll¢.'., ~1 Sl(." p.wder 

(."helTllt'al ¢olTIp~e~llltm (welp.hl °,.o) 

Cry.,,lalhr~e SIC q7 8 Fe 0()1 
F'lee Sl(_), I 5 AI ()(Xlh 
Free SI () l l  t') 'TI ( ) i l l  
Free (.' () S Ca ()(X)2 

(_) I )'t-, I F' 111)2 

Mean I],raln Nile (,,edlgraph) (.)~lm~ 
Speclht..' ,,urldu'e area (BE'TI IS nl'.,"g 

p~wders are charactelized by a I~w chemical 
impurtLy conlent and high specific surface areas of 
I ~ m:.,"~., 17 m~/g, and 15 m2/g, respectively, Table I. 
'The molar colnposilion of the oxidtc santering 
additivesc,~rresp~mdstu A Y,()~ 5 Al:(.).~in~wder t~ 
alh~w precipitation ~1' crystalline Y ~AI,,(-) I , (YAG) 
I'l~ml the intelgranular hqmd phase upon cooling ~' 
After drying at I I(r'C for 24h at p.-. I() ;Pa the 
p~wder mtxture was filled into BN coaled graphite 
dws and ht~t-ptessed t~ cvhndrwal pellels with a 
dlalneter ~1' +5 marl and a thickness ul'b mm 'The hot- 
pressing temperature ~I' 17~1)"C was kept c~n]stant 
I'~r ~()mtn and tile almosphere was N, ,'it ()'1 MPa 
After h~d-pressal]g, density was measured according 
h~ the Archtrnedian principle F'ractt~mal density was 
higher than 97".J of theoretical density, tndtcattt]g 
that il~ ~pen porosity ren]airled. 

'TI]e fi~l-plessed specnnens were dmmond ground 
and p~ltslwd t~ lyre h~ assure a reproducible 
surface finish. Specimens were p~sl hot n.sostatncallv 
pressed first Jr] Ar h~ increase i'ract~onal density to 
99"o: |nd subsequently In N: a tmosphere  to form the 
react~mlayer  N, pressureso l 'NMPa,  5 ( )MPaand  
21)() MPa and temperatures ~1" 16()1)"C, 17511' C and 
IC)()() ( '  were chusen 'T'he reactiun temperature was 
kept constant l'~r 3()rnin, 6()rnln and 12()untn, 
~espectlvely Frorn the p~st-hot ts~stat~cally pressed 
pellets specimens were prepared l'~r micr~scup~c [SE, M 
a l l d  LM)rneasutement of the nllrlde layer thickness 
according to standard pr~cedures. In addltl~m t~ the 
~ptwal analys~s n~trlde lave! thickness was deter- 
mined I'r~m elemenlal p~lnl analysis (5', 2()ltm) 
data using EDX with an ultrathln Be window. 
Crystalline phase composition ~1" the reaction layer 
was analyzed by X-ray diffraction using m~mo- 
chromated Cu-K, radi.'itlon 'The c~mp~,~sitlon ~I" tfie 
It' stolon s~Iid s~dution phase was determined from 
lattice constant measuremerlts '~ using, the 111)I)), 
11 I(1), (21.)1)), (AIX)), 10112) and (411)) peaks 

Residual stresses that develop in the surl'aee layer 
up~m cuohng were deterrmned by measunng the 
apparent crtttcal stress tntensmty factor at Ihe surface 
~>1' mtraded specimens rising the indenlatttm technl. 
que developed by Evans & C'harles. ~'~ A controlled 
crack F~atterr] was introduced into the uncoated and 
the coated (surface nttrided) specimens by means of 



.S'm lm'c hm,tTl/emH,t_f ,~I l lquzd pha.v,' ,~'mli'#,',l wlt~'ml <'<#t haD' I t l l 

p i t l d i i c e d  hv 
,,ulr,'ic'e ~1' the 
iespec ' l l ve ly  i '  

a V Ivke rs  i r rdenter As,sLitriinQ tha i  t hec l~a l i i l g  laver 
ini]uenee.~ the i n d e n l a i i o n  p a l l e r n  hy v i r l u e  o f  its 
,diess ,~iate ht i l  iraqi hV il.s I ' rac lure  pr~perlie..,, lhe 
residual slless in a surl'ace laver parallel i~ lhe I'ree 
Nuri'ac'e, tT~. is a p p i ~ x i r n a l e d  bv n°'n ~ 

I 
n l  " 2 i l / \  '</i (#l'u - k ' t ' )  12) 

w l l e le  h ' "  i',> f i le I.'l I l ica l  Nlle~,s irl len~;liV I'al.'lllr fur the 
uii l. '~laled, ~;lresk Free S iC  i l ialer l ; . l l  a l id  h ' r  i ~, Ihe 
a p p a r e n l  lllu,k.,,lliie.~s ,d' lhe ,b'i(' c~a ied  w I l h  a th in  
ni l r ide laver ~I' lhwkness ~I~ il~ m a ge~mlellical 
clln,q;.inl ~llic'll l'llr sniall .siiilace <racks ~I' half 
penny shape allalllN 1.2~-t + () 2 '+' h'" and h'* wele 
derived I'l~>m Ihe radii o l  Ihe sur/ave i . ' ra l . 'k ! , .  ~', 

i i i i  i nde l l l i . l l l l l l l  h~;.id. /:' ~n Ihe 
lill~.'llalel'l Lllld I.'l)illt'iJ ,~peCllll~'ns. 

i t ' =  R P< - ~ "> ( t i  

~%Ilere 1~ i ~, a dllTlellNItlliit'.N._N [ ield I l l t t~l lSlly pa ra l i l e le r  
wh l t 'h  is 71yen a~; a I'l.iirl.'iillir ~ll' f ] ; i~l ic '  ml ldu iL is ,  /:', 
and  hardi le~S, H, TM 

R = ( ( i ( ) 16  _+ (iI i I)4iIE', 'H) ~ ' (4) 

For SiC, F'=,41II(_IPa arid H =  26(_iPa ,+o that 
!1 : l ) l i h ~ - I - t l l l l h  I n d e n l a l i ~ i l r ~ w e r e  made  u M n g a  
V lcke iN  d l a n l o n d  py ra r l i l d  al I~ad,~ ~1' IlL ~(I and 
l()t_l N and l l n l7  we l l -deve lc )ped rad ia l  c'rac'k pal lern,~ 
~121e l aken  l i i l ( t a t ' c i l u i l l  iI.e. ~' . 2 ~1  where ,#  i~; lhe 
h a l l ' d i ; i g o i r a l  ill" t i le  c ' t lntac' l  z~lne (hardnt's..,,)) 
Indentai i~m_,, were made  in a i r  w i t h  a load hold of 
I(l.~ and  c rack  lenl,,Ih,,, were i neasu led  2 n i i i l  a f te r  
i.inh_mding, 

.t R e s u l l s  and D i s c u s s i o n  

J.I  N i l r i d e  layer  c o m p o s i t i o n  

T h i c k n e ~  ar id phase c'(~irrl~(i,~ltl~tll i~l' l i fe n l l r l d e  
!.,tiil'ac'e laye ls  7e i le ra led  l l l lder  varlllU_~ prf.~si lre, 
l en rpe ra tL i r f  and  l ime  t ' i_l l ldl l l t) l l~ ape .%LIITIPIrIaFIz~d Ill 
'Table 2 W i l l i e  In Ihe l io l  pre.~sed ,.gl(." n ra te r la l  

'i '+O i 

b i lO I 

~ N  AI1N i 

'~ p,.$i,,ion-rq~j~...,,,_,,. ~.. ' "~J~l~ g ' .%lgl101'1 
5, iN,. 

SilNi l  I I ,  

17H, L 
2TR, I 
27~, L 

,' % ~ , 

romposdmn ' "- - ' "  
7 

YN AI iN i 

t"it4 I lant'~'kc' pll,ml ill Ihe Y-,.Ni-A (_)-N ',v'.,It'nl arid purl ill' 
Ihl/ i'lllnp~i,.,lll~llial plane' Y,I..NI A i l i , lN . l l l i h  wllh Iht' pliM.,¢ 
ll.'l.illllll,, al I 7'~1) I_' ~7 .Sla .llld Ihc It'rllJIl~,e hll'allllrl ill Ihl ~ 

I I I I I I d l '  IiJ%~'r l . ' ( l l T I p l l M I l i l r l  (~l ' i "  lexl) 

Y ~AI,,(_),, wa~ I~lt l l ld as the l l n l v  sec ' l lnd; i ry  crh~lal- 
l ine pha.~e h~vated in ihe g l a l l l  h l l u l i da l l eN ,  a 
mul t ipha.~e nuc ' r~ ls l rue lu re  is l l~rirred in the n l l r i d e  
reav l i t l n  laver~ /I-SI ~N~ ~ol id .~l l l l l l i l l l l  (/-I' . s lah ln ) i s  
Ihe Inl.ll~lr pha~e t'~ll n led hv Sl.lh~;ll l l. l l l l ln ~ll' ~14" ; ] l id 
N t -  iJv AI  ~- and  i . ) "  - In lhe/_l-Si iN4  lal l ic 'e i.~ F'roir i  
Ihe la l l l t 'e  t'til lSli.ll l l~; llql l ind ~'~ the l . . l l i l l r l l i~ l l l l l l l la l  
p a r a m e t e r  ; in /_t' ~1~,_ AI . , I_) . .N,_.  wa.s d e l e r l n l n e d  
as : ." I 6 -  t t ~'~ The ,~olld s l l l u [ l l l l l  l . ' l i l r lplINll l l . i l l  wa~ 
I ' l lund Io va ry  w l l h  laver  lhll.'kne.~.~ d n I ' r l im : = .t t ;ll 
~/I = 2 Jill] (Nl_l I) IO an ailTIll~ll i.'l.)n.Man[ c ' o m p l l M l l l l n  
w i I h  : = 1 , 6 -  I ' ~  al d I = I I - 2  t l lm  INi t~ t-?i, 'T'able 2. 

] nc ' l l r p l i r a l l l l n  lit" ~i" i÷ i n l l l  the .~llll.'Oll n l i r ld~ '  
la l l lCe ~lahil lze.~ .s ~1 ~N, 4 ~ol id .~ttll.ltll_ln l '~ '-Slalcln, .x' 
~ i ' ,S i i ,  tm+ , , iA i lm+ , l ( . ) ,N l~ ,_ ,  w i l h  ~ = ( I  13-1)f1'7, 
nt = 1-4 and  #l -- I ) - .  ~ ~).~li w h i c h  l.-;in ex is l  In e q u i h b -  
IILIIri w i t h  11' ~iah_in in lh~ ,.gi~N 4 rlt.'h pa r t  i l l '  ihe 
q t l l l i a lV  ~ i - ' l ' - A l - l _ i - N  .~.y~;leln .,i p.l~.~tlrt ? 1 repre~ 
e l l is  a ~el.' l l l i l i ltl ' Ihe lh ree d l i l l ens l l l na l  . laenecke 
pr l , , l l i  I , . N i ~ N . ~ - A I N - A I , O ~ - S i I . I : - ' f : O ~ - Y N ) w i l h  

'l'allle l. Tllll'llllt',.,,., and pha!.,e t'lllripll,,iliLirl ~1 nilridc ,>urhlte la,~l/i,., hlrln~'d al ~arl~lU,, pil,,I Illll 
I",1 l'.,I d I I(' [III 'LJ'~I I1!~ 1'1 i r l d l l  i i  ,n'., 
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the malor condensed phase relatKms tn the slhcon 
nitrtde rich part of the 'f-stahm plane at 175()' C' :2 
The tentative Iovation or the nitride layer c(~mpo- 
stt,Jn as dertved I'rom the results of XRD analysis ts 
shown as a sh+~ded area. 12 H, I'3 R+ 21 R and 2? R 
are Si and O corltam~n/.2, polytvpes or AIN 2+ which 
rorm vari(~us mulliphase equtl~bria with the $~+N.+ 
s(~lid ,',,()lut,m phase,,,, and an additional oxynttride 
hquid phase L.. Y,.,S~:O7 crystalhzes I'rom an Y- 
e(.mtatnmg ~xyntlr~de hquid phase 24 

F'~L2,ure 2 shows a gEM m~cro.p, raph or the sl:tl<_m 
laver whi,,.'h was I'~rmed al'ter 2 h at I?~<) L"and a N, 
pressure ~>1" 2()() MPa (N~. b) The ehmgated/t' stolon 
crystals (dark) have r~rererenttally g.n)wn w~th their 
ctJumrmr axe,',, petpend~.'ular t~ the ,surrace and the 
Y-c()nlairHng secondary phases (br~-..,,l+~t) +.ire located 
at the gratn boundartes Prel'erenltal~rtentatt~m ~1' 
the /I'-mahm pha,se due to ani,,.,t~trt~pm ~rt~wth ~1' 
hexal..,~)tml t.'~ vslals ~n [0()1 ] ha',, al~,, been conhr'med 
by X ray unalyms which revealed a pr~mounced 
Im.'rease or (()()2)/(hk())inlermity r+.itit~'s at h~gh 
reactton layer thickness. Measurement.s ~1" the' 
elemental distr ibul,m ~l'sp~'cimen No. 4 nilrided liar 
.~()mtn al the same temperature and pressure are 
gzven in F'i.p,. "~ 'The formati~m ~l'the nitrtde laver is 
c(mfirmed by a hzgh N e(mcentrat,.m whwh sud- 
denlv drups hey(rod appr~x~mately I<)-15, pm. 'T'ht..s 

3 

? 

6 

80 _ _ _  

6O 

I ,~ At 

0 f -" 

5 

2 " 

0 ~ ' I  \,~ I I ,A ( ._ 
15 30 45 60 

sur ta{e  distance (l~m) 

Fig,..1. E'lemenl cll,,IrihiJli~m in Ihe SiC n i l r lded ul 1'7'~()"C I'~r 
h lnHn v, IIh ,J r.lr~q..,en pr~:'.,sure o1' 2(XH) MPa (No ,4l :1!,, ,i I 'unvli~.t 
L)I ,,url'ace rlt,.lanee nleu'.;uted b~, EDX,  (a) ("al.lrl,.; (hi an.m!,, 

I I 

s u r f a c e  s ia lon l ayer  I SiC 
t I 

Fig. Z. $E M m,.'roF:,ru ph ol the smhm ',.urlave layer Iormed al let 
2 h a l  I 7".4) C wi Ih a ntlrl~l~vri pre,+'.;iJre ol 2l)1)MPu (No  6) 

];i~. "'JIq ~"+'+. ~ + 

~ .  +, 1 (1 i: ri~ ,t,, 

(~J) 

(hi 

Fig. 4. ."JEM tnlcr~,L.,,raph,~ c,I r i i l r .Je laver!+ li~rmud ul I 7'~()'(Y 
w , h  a mlr~pen pre.,,sure L~I 2(M) M P.'. h~r (u) tO n . n i N , ~  ,4)arid (hi 

12Omm (++) 



.~'to Ira',' I~)t~..[l~ 'm,..~ ol hqmd l)ho.~'c smt('t,'d ~H/c,, ,'arh/&' l hl 

c()l,ncldes well wtthl t i le ()pl lcul ly meagured th ickness 
()f the reactl()n laver A c l e a r  tendency o f  Jncreaslng 
AI  und O c()ncentrall(.),n near ti le ()ulel laver surlace 
carl be ,~een, wh,. 'h ).,, a t t r i bu ted  t(.) the dlss() lu l lon ()f 
these ele,ine,nl,, )n the / l '  ,,lal(),i,i s~)lld s()lutl()n phla,,e 
(. 'ulculul l()n ~)f heter~)gene~)u.,, phu'~e eqLll l lbrla I,i,i Ihe 
StAI( . )N %,'.,tern huve ,41()wn Ille hip.h Mah i l i l v  ()1'/I' 
',lah),n w l lh  : ~..4 U,ilde) Sln',illu,i le,inl')eraliJre a,i,id 
l)re,,,,,,ure C()l,idlll(_),i,i',, ~' Aw,,,I.IFlllI,I[. ), ull tlll.llllll,iU I F()l)l 
Ihe SIC inuler lu l  t() he dlss()lved III / l '  smh_)l,i ()nlv a 
vulue ()1' : .'. ()2h w()tIld he p( )'.,,,l hle. 'Thlu'~. Uli 
incleu,~e ()I ,',,,IJh",,llltlll()ll level : In Ihe/l'-,',,iuh)l,i phase 
requi tes dlll'usl()i,i ()1 AI  und ( ) I'r()rn Ihe hulk i , i lh) t i le 
[..r()wlnL., leUClIL)I,I luVel 

In conira'., l  I() Ihe bulk,  ~)l,iIv Iru(I'es ~)l' C CoLlld he 
I'mlr,id Ii,i Ihe ,i l i lr lde lavel AI  lhe i~llrJde,,'(,'arb~de 
h.tvel, h~)wevel, u l)I()n()ul,iced (.' peak i, i ldlCUles Lil,i 
e,ilrichn,ie,i,iI ~)l' C uheud ~)1" Ihe gr( )wlh I,i(_)nt where u 
z()lle ()l' hU,]l I'~()l()',)llV W;.l~, ()b,,,elve(J, FI!, ,4. Whi le  ii1 
Ihc ()'~,~ell Iree Si N C ,W.',,lein SI (N. 4 I'.., II1 e q u l h b  
rlunl with SI(.' ulld '.,()lid C at the itllerl'uce b~)llndurv, 
in lhe O.~lde corllall,ii,ilg '.,v.'.,ten~ Si-N-C'- (_)  s()lld 
SI ,N ,1.) rn:~V he ~,n equl l lb t l t l ln  v,.ithl SIC Ul,id SI ~N4., 
whe,ieus L2.ase()u ,, 1.'(_) and  S I t )  t l r e  mul()r C()I1MIILleI,IIS 
()I lhe ~u',;e()ll',) i_)h;l',,e " Ther,ill()(Jvnu,nllC (,.'i,iI(,.'Ll]all(),iI'., 
In )he ',,v,,lei,i) So A) 'Y N (.' (.) hluve ,,ll~)W,i) ~i,inilur 
)elali(),i,i.,,hip',,. ~ilh )he ex(.'eptio,i] ()f/I' ,,,mh),ii being 
lhle .,,,lu hle i')ha,,e IiY,,le;id ()l'I)) ~i ,~ N..I .,t, T'hLI!,, Ihe hIl...'h 
[')OI()',)IIV l'~)tl,nC] Ul Ihe , i I I l l lde ' ( . 'Ulb lde Inlel ' l 'uce IS h)  

be al l r lb, . l led t() Ihe I~)r,inatl(m ()1 ~).;.l',,e()Ll',. reuctl(),n 
r)) ( )d tl(.' I ',,. ~ tl [..) [.') e ',. I I ,i I I.. ) 

( t ) -  )Sff.' + ,AI ,O(  + 

[ l 1 2 -  t :  
I I'SI~,_ A I ( ) N , _  + .) C+:~(.'(_) (~) 

a.',) II'le dtm,iirlUll,iI/., ,ieacll(),i1 and uddlll~)l,ial I'(.)rlrl I 
all(),n ()l Y C()l,ilalnlrlg .,v' ',,lul()l,i a,i,id A I N  p() lv lvpes 
T'he r, i i Ir lde rea(.'ll()ll lave) u(.'l (,, ;I.'.,, harr ier  laver I()r 
carh~m Whll(:h e.~l')lLlln.',, Ihe ~,er~/ h)w (.';Irt)orl (.'(),i,ile,i,iI 
i'()Lll,id iI,i Ihle reacll()l,i h.lvet Ul'ld [he enrt(.'h,inenl o l 'C  
Ill ltlC pl)r()tl.~ i l l lerl 'ace laver ill I'r(),nl ()1' f i le reUCllOl,i 
lave), F'tp t 

3.2 Nilride layer Ihiekness 
'Tluck,i,ies,, (_)1 tile nl l r tded ,~ttrl'uce laver wa.'., i()und h) 
rut v ,,Ir()n~l'~' wJl h t e ,mpera tu te  ur,id t ime ()f p~),~l-h()l 
I'.,()M;.IIIC pre'~,)i,ng, whereas .'it the high N :  pressures 
lhe I,'~ve~ Ihllckne~,~ te,i|lalrlS al,im).,.,l tlnufle(.'led by 
chlal,ige (_)f pre,,.,,u~e, Tab le  2 As carl be ,~eel,i i,i,i F atz 4 
ineun ni l , t ide laver lhlick nes'~ in(.',iea~ed l'r()m uppr()x l  
mute ly  l l y m  after .1()mln t() 2),y,m ufter 12()man 
l ')oq.h()l ISOStut~c press ing  at 2()() M P a  and  175()' C 
I-'iflure 5 sh~)w.',, ll,iTle d e p e n d e n c e  (.)I' the n l l r lde lave,i 
Ihlckl,ie~.',, ut u N :  pressure ()I" 2()()MPu at dl f ferenl 
leml')eralure', 'T'he data ul 1 7 q ) ' ( 2  eur,i be t i l ted hv a 
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nilr()!.wrl pre,),,ure ()I 200 MPa 

[)near relall()l,i belween laver lhacknes,,,, d I and ,',,quare 
l()()l ()1 l i m e  \ I 

dl  = ('Jl) I : (6)  

F ' l ( )m  Ihe paruhol lc  rule eqi.lull~),i1 a gr( )wlh rnechun 
i,,,in c(),nlrolled by dlfl"U',l~)r,i Ihroiud.h the natrade 
teuclt(m layer curl he c()nclt lded wh ich  ~)hey,; F'lek',, 
difl'u.,,l()rl law : '  In spi le ~)1' lhe lack ()1" rel iable 
daH'Li~,t()n dutu l'()r ,,lal()n pha,~e', da lu  l'or diH'ta,~ivilw,, 
()1' racial.',, and (-' ()r N In a vurie[V ol'ceran,nlc carb ides 
and nl lr lde., :~ ,,ug.gesl ll'lu! SI ¢)r AI  dlffUSlVllV sh()uld 
be ,, igniRcal, i l lv .,,lower c(.)mpared h) N ()r (_). 
lespecl lvelv.  Hence, gr( )wlh rate ()1 Lhe nlLrlde lavel 
i,, l ikely t() be g()verned by lilt-' i nward  d i F u s , m  ()1 
,ilitt()ge,iI fr(),in tile ()Liter ,~()Iid/gas in ter lace h_) tile 
inner niL)ide,.'cu,i hlde inlerl 'ace The diflusI()n ~.'~_)e~ 
eKe,n),, l'(u v~)Iiime (bulk)  diITusi(_),ii ()f ,nali()I,.en It,i 
/I SI (N .  I Ul I,IOIIT,IU] pre,,,,ure are D," = I 4 . 
I ( )-  I 'cruZ'! , .  h '7 . I() I..I c,i,i1; t, Ul,id I 4 . 
I ( ) - I ' ( . ' m '  ,, I'()r le,rnperulule'~ ()f If)()() C, 1'7'~()(.' 
~lJld It-)()() (.'. leM_')eclavelv. :') I-.or Ihle ,tale cl),n',,lU,ill 
s ( ~ D . I I )  value,~ o f  I()O .. I ( ) - I Icm". . 's . .  ~2~  . 
I() I ( )cni ' . s  aI,id 2X . l()-'~c,in').'. ',' were culctaluled 
l l ( )m eqn lift F'l()m tile l e m p e r a l u r e  depen 
dence ~)f the lUle cf,),i1Ma,ill '3t ( =  ' ~ ( )exp ( -  f~,.'RT')) 
un Ul')l')arenl a(.'tlvuti(m energy  o f  61()k.l,/'m(.)l wan 
der ived  l',i()m an Ar,i henlu',  relul)()n. Thls  is subMunl  
tully h)wer c o n ) p a r e d  I t ) '78()k . I /m() l  i()r Inflate 
dlffLISi()n ()I' n i t rogen  in It SIgN 4 2,-) Neg lec t ing  the 
I,nttue,iwe ()1' the pressure ()n lhe dlfl 'USlVlly due tL) the 
negligible c~)nt r )but , )n  ()I' excess ive  v o l u m e  (.)n the 
ucltvuti(_)n energy term tn t i l ls system )() latttce 
dafl'usi(_)i,i ~)I" nilr(.)~e,iI ca,n,im! expla in  the gr()wth 
klnelacs ol lhe ni lr lde lave,i Acce le ru led  maler la l  
lrai,isp(_)rl Vla the graln bounda r i e s ,  h()wever,  restills 
HI,I s lgr l t f icunl lv  tugher g, iowlh rale~ For tile rat)o (.)f 
L.,rall,i h ( )undarv  h) v() lume (lalt,.'e)dffl 'Li.~t()n c()e~ 
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clents, [)~,~,,;[)~, a ratio o1" , I()" is a reas~mable h,wer 
boundary I'~r a variety o1" p~fly~.'ryslalllne nltrldcs TM 

'T'I1LIS, I'~)r ~: 

/) D~;t, ' / 
D~,, ~ D,  I + ~ , . . I  (7) 

( I ( ) : - I ( )  ~) i'. an effective dlfftls~on c~e~elent D,.,, 
D,. resulls I'~,r reas, mable value.,, ~1' grain Nmndarv 
wMth,'> = I - I ( )nn land  gramn size G = l - I ( )p ln ,  whmch 
is in the range ,fl' lhe experimentally observed v:~lucs 
For 'z 

3.3 Residual surface layer stresses 
FiL.,.ure fl s h o w s  the indenlall~m ptllterns ¢~1" the 
um.'~aled and the surl'ace nmlrided Sff.-' (No 4) In 
contrast to the well-developed clack pattern ¢~n the 
surface eft" the uncreated SIC, n~ indenlallOn cracks 
can be seen ,m the surface ,~l'the nltrided SiC sample, 
even though dark-field ]ma~in~. light mJcr,~sc,~py 
reveals indentation crm:ks ,~1" slgnlficanllv ledu~.'ed 
lengths F'lgute ? shrews the apparent Fracture 
lou.~hness K* versus layer lhlckness d~ as der=ved 
I'nml Vlckers indenlallon measurements While the 
unc,~ated SIC material IS characterized by 
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Fig. 7. App:~renl Iruclure hHJghnes,~ K ~' mea,,umed hv rodent 
u l ,m  of Ihe ,~url'a~.'e mlr.ded specm]en,, 

K'=2 .~ i_+( ) .6MPav"m,  apparent I'racturc tough- 
hess K* allains .slgnificanlly higher value,,, I'~)r all 
specimens c,~ated with smhm layers, suggesting the 
ple,.;ence ~1' residual stresses i ,  Apparent tOLIgllrlesS 
I'ell rapidly with increasln~ layer thv..'kness beneath 
the suJl'ace From K* = 5 MPav(m at d I = 2pro t,~ u 
steady value ~.'lose t~ 3 MPa,,/ 'm at d~ . I()/wn. A 
similar dependence of app,'irenl Fracture toughness 
on lhe dlstance l'r,m~ the surl'ace was observed Jn 
surl'ace-l~ughened stolon ceramlCS where lhe sur- 
ITlces wele gril blasled wl lh hlgh veh~cllV AI:(.)~ 
p.'trllcles ~ 'T'he resldLlal slresses derived from K* 
measurements are given iii Fig. ,'4. Alth~tmgh absolute 
VUlLle~ ~1 the expellmentallv derived stresses may 
slgn)ficanlly deviate I'r,~1n the real stress slate, due t~ 
idealized assumptl,mS For stress/strain distr ibution 
and crack pattern development in Ihe layer and at 
the layer,/stlbslrale b~tlndarv, TM the relative stress 
yam iatl~m indicates decreasing residual layer Hlresses 
w~th incmeaslng thickness. 
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The ~bserved varlatiem may be related t~ systei,na- 
lic changes (d' the coal ing layer mneroslrueture, i e 
thickness and porosity at the rlilrtde,."earbtde ~nler 
Face aild the layer c~mlp~silini,1 'Tatl~rlng (~1' tile 
nl lr lde lave~ mtcrostructure by control l tng the layer 
l.-,r~w'l h k~/neltcs and val iall~m (~l' the addll ive c~Hlleri,I 
~n the SiC bane mulet,hal Ihlerel'~e alh~ws a svslema. 
Iw change (fl' Ihe neaCll~m laver pr(q~erl~es whM~ 
ii,a ve a strums., ii,npact (~n the sLirl'ace sl tess I'(u ITlalH)II 
Walh tncrea,~tng :, I'~u example, gjaln shape and ,,nze 
were I'~und I(~ change Ir~un submncr~m ,qzed i?ran/ns 
o1' i~m!nd shape t~ needle like cuvstals with .~uai/n 
sizes in Ihe rai,i,ge ~fl' I - I ( l p m  ~'~ In partuctular elaslic 
pi~perttes arid lherinal expan'~i~)i,i, mi,m~alch be 
lv~ee!i.i, the ui,ilttde laveu and the SI(_' stnbntrale 
(~. =.J t S .  I()-~' K I'nuln uo~ml lemperalure l~) 
I()()()' C) stron.ply affect the re,qdual misfit stuess in 
II~e surlace laven, n n, wht~.'h ~l l l  be I.,.eneualed iJr)~Hi 
~.'~(~ltri,/.~, Ihr~ml?h /~ T II 

EI IZ, , -  ~el)AT 
n I - / ( I t , ,  ~i  I ) (~1) 

I - - I '  I 

where /(d,,E,) ~s a I'uanet~m ed' laver I~ s/tbstr:ite 
lhlckness and lave~ t¢~ subslrale elasllc pr¢~perlues 
whMI,  t'~r Ihe case ~1' very Ihnn laVers, equal,, 
t I n i l y  W l lh ,  I l lU' leaSll l l? AI and (_) St lbS l l l l t l l ~m  II1 

/ l '  Sl~.lhul e 1 ] i'rul,ii, : = I) I~ : = .4 2. Ihe  i,neai,i l inea~ 

I I lelt i, i ,; l ] ~"~l.~;lllSl~m c~el l ]¢ le l i , I  dec reases  I ' r~ ln  'i~ = 

~,4, Ill " K  I~ 2 ,4 ,  Ill " K ~'' Lllld file elasllC 
Iri,odtllu'.~ I'r~m E, I = ~l()(_~P;i t~ 21'~(JF'a, ~' respec 
l~velv Thus, Fur A~T = I()()(1 Cand  VI = () 2X(P(~ISS~m 
ratio)) ~ I l laXIl l i , t l l11 res ldLi i l ]  c() r l i ,presslVe s t lesses ~)1' 

4 I(1MPa and h4() MPa are cak'ulaled I'r~iT] eqn (N) 
I ~  /ISI~N,~ (: =()) and /l'slah.>n (: = 4 ) h l ~ e ~  
~.'(~r11i_~()Sltl()llS A'~ I11LIV be .seen i ' ro l l l  F i g  ,~, u'(Hrl[')re'.;s 

I~,e stresses ~1 tile same itlagri,iltide wei.e derived l'ruln 
inea,,,Lltetli,ei,lls (fl' illdei,1lall()n crack Lengths 

I_)lle I~ Ihe c~mi,plex i,l~ulllph, ase mlcr~mtl LICt Ll~e ~1' 
the slah_m laver, h~we~ei,. Ihe mlSfiI stresses cal 
cil laled acc~udlnU-' I~ eqn (N) can tml~, be laken us a 
h~ sl a ppn ~)x i ina lion lu indica te t he tendem:v ~d st I, e'~s 
'~.arlallOri, w l l h  c h a n g e  (~1' I , i l l l l de  laver  C()I,,Ilp()',;ILI(H1 

and n, llC~),qructti~e WiIh inc~ea,~li,i,i.., ni lr lde laveu 
thuck/ness the pi,'~m~ur~ced lexltli,e ~1' the needle like 
s l a h m  g l a l i l S  i t l ay  Sligi,IlfiC~li,1tlv affect the crack 
pr~pa~..,atI~m In the c(~aling laver and hence the 
al'~paieinl luacl~lre I~tll.,lll]e~s ul' the c~ated material 
Due h) the h~.el ai,i,)~i.inl at' residual i i~leigranular 
glassy phase Ill Ihe nlahui, layers u~ slress nelaxatlon 
plucesses ITI,IIV be ieduced, resultlli,l? I11 hil=,h, er 
I'reezlnt_,. lempenali.lre'~ TM and hence higher surl'ace 
slresses than in glassy phasec(mlalnlng layers In lhe 
case ~1' ~:nnadlenl comp~Slll~mal change in Ihe nlt~ ~de 
laver as ma~,. be expecled I'r(~m the experlmei,,llal 
results. F'tZ, ~, the large stress gradients neat the 
nilulde..carNde inlet/ace (layer under e~)mpressn~m 
~lnd stibslrate under lensa~ml sh(mld be reduced. 

which may result in trnpr~wed adhesi~m strength ol 
the reaclt(m layers 

4 C'onclusions 

Dense laveus ~1' a unullaphase stolon c(~mp(~snta~m 
mav be I'ormed un the sLarl'ace ~1' SiC ceramics 
Mnlei,ed w~lh AI,(_)~ and Y ,(_)~ by ponl h~I i.~(~Nlatil.' 
pres,,Ing in] N, alin,¢)sl~here Laver gr~wth at an 
iri,lermedtale stage IS likely t~ be d~munated by 
inwa::d dllt'usl~m ~1' nltr~u.,en, whereas AI, Y and (_) 
are Iran, sp¢~rled I'r~,n~ Ihe bulk ~nt¢, tile I,i,ituulde laver 
I~ Ii~rm slah)n phase(s) V.'~rmta~m ~d' the laver 
c~m'lD~slll~nl can be iased h~ l;Jnl(~r It.le pr~g.w~lies ~1 
Ihe siJi. race laver which, have a 'qremg Impacl (m the 
deveh~pmenl ~1' c(m~presslve ~,tli,l'ace stuesses 

F~r ru;icllcal use rely thin nurlace reacli(m layers 
~,~.Ilh a thickness lens thai1 I()pm seenl t~ be ~ l 'a  
pau llculai, Inleresl I'(~r ,~tlU I'ace I(~ulghenlng. whwh can 
be I'ulnied under nl~derale tempe~altlre (16()()C') 
and N:  pressure ( . l l )MPa)  c~mdll~ms The slahm 
hlyels ~1 h~w lhlcklless and hll?h lesldual stresses are 
expected Io be pr~HeCll~e agali,l,d er~)sl~ll weal, and 
ui l l l lT1ale Fa i lu re  ~)l' c e l a l n l C  c o m p ( m e n l s  1h t l s ,  In, 

", l i l t  F~HITI,LIII~II ~1' [h, lll ~,itahm [avers  i l l ( w i d e N  an 

Il i,h:' leSllrl)2 p~Y',,slblll lV I'~r i rnpr~wl r l )~  the ni,ectlarllcal 
i~r~perit~.'s ~)1 comple,',i shaped ~t(.' k'lHTi,pOi,len[s 

~ IIJI~LII l]Ik' I,i,ek'ebMtV ()I' I,l"leL'J,lai,1lk';ll ~)tlrJ'ace 

linishnnl~ 
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