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A b s t r a c t  

FhllV-h~h,r~t//~'~' arid t/,vsocialed lottghlle,~'s-ctirl'e ( T'. 
c u r ~ ' )  characlertsth',~' m St( ' /ghtss par lwh ' /m<t l r t  
coml~oslle,~" a~e s lud ied  Two ghts,.~" ~'ompo,~'ilton,L 
~'/lO,~'t'/I 10 pl'Olh/t't' ~'OtllpO,~'tl(',~ ttl t' ~ /rt'/ll(',~ O/]ttgJl ( H ) 
o//d low ( L ) Ih¢'rmol (' ~pd/IS/O/t /m,w/ttm'h /'t'htltt'l' /o 
tht' ,S'/C pm't/ch',~', ¢lr¢' t/n'¢',~'ttg.ited, It/ w//t ohs~'/' 
l dllOll,.~' II/ ' ('l (t~'~ ¢'~ lt'll,WOtl /l'Otll i l l (h ' l l ld l tOl l  ~/llll',~' 
reeea/ u't=h'll' different re,~ponse,~' tit the L CmHlmStte 
/h(' path is rch/t/tt ' /r tt/ld/stol'led /root the plat/lit" 
,t!eomelrl', u/ lh Ir¢/H,~ partich' /racttt/'es, it/ the' H 
~Oll/pO,SltC the path ,h'fl~'cts ,vtroitg/l' aronlld /he 
pit//t~ 'h's, u'l/h co//,wq/te/// niter /;total h/'tdg¢ /iO'mdl/Otl 
uHd ac/nt t t '  tit Ih¢' ~'r~/~'k Iruke St/r/ire(' /rac/tn'e 
pa/h'/'/Is l.'o~ht~'ed t)r sl~her/cal Irish'n/o's coi/[Jrm the 
/t//phed Ira/t,.wtto/I /ro/It t/'a//,~'-parttch' to tt//er.pnr/ich' 
/ tacl /oe  w//h it/crudst//g ///ler//a/ r¢'s/dtta/ slrt',~',~', d/id 
pot// /  1o d po/e/ / l tU/  degrodl / l lO/ I  /l! shor/ .crd~'k 
I . 'oper/ws Itk¢' wear mtd /itligut' Imh'n/alum-s/~ englh 
IIICtl,~'//I'¢'mC/IIS ~t[A'o X]IOH' dt]~tt'l'~'/I[ ~'/llltO¢l~'t'lSllCS Ill 
/he t w o  cnmpo,wtcs mt/tof ~l/ll '  toh'rtmce lit /he L 
mater/~/I, ¢'ot/,w,~'t('l/t ll'//h a s/n,tth'.t'dh/('d, 'rub, o/ 
Hit ~ llt/'~',~" lo l / g ]mt ' s s ,  I / / t t lor  Ioh't'dll~'t' tit l]l~' H 
m~/ter/~l/, co/I,W,s'h'/// with d pro/Io////('cd 'T'-l't/rt,e. ]-'ltt' 
T cnrl'es Iheltt,~'ehe,~" are lh'~'ont,olttted ,/toni the 
in~h'//tal/nn-,s'ttellglh du/a /or ('ach con/po,w/e and 
aoall':cd, 

[chh'rtoh'ran: mid &rant t (,rhumh'ne Clmrak terts/i~ a 
,I,'r Rt/lu't(h'r,~'tands~ in'ten ( R. h'tn'veH ) e .n  St('/Gla,~' 
( Feth'hen/'Ma/rt ~ ) I 'crhmldwerkstofli 'n wurlh'n 
II/llt'rSll~']ll ZIr¢'/ G/lt.~'Cll,~dllll/It'll,~'t'lCll/lgt'll, tilt' ,~'0 
g('wahh ll 'llrlh'll, ~ht/t th'r /hermische ,'[U,Wfi']l/llllt,ttS- 

k~efft:t('n/ enlwe~h'r ~'~/rein gro/ I  ( H ) nlh'r kh'in ( L ) 
otl I'ergh'tch :u  Ih'm ~h'r A.'tC Telh'hen war, wur~h'n 
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mm'r,~'ucht In.,w/u BeohachtuHg ih'r Ri/taushrettung 
ausgehend emt Del'ek/en verursa('h/ ihlr('h Etndr(. 'ke 
:el'gett shtt~ unlerschtedhche I 'erhaltotswe/sen tit th,ll 
L I 'erhtmdw('rhst. f len weight ~h'r Rt/lpfud rehme 
wentg t'nn t,hott'r Geometric ah, ~h~' Rtsse I'erhtu/'en 
transgrunuhtr, m ~h,m H I'erbundu,er~stoff wird der 
Rl/Ip/ad tnH lhl' Teih'hen herumgeh'nk t, was :ur Folge 
hat, ~ht/t :wtschen ~h'tl Gren:flachelt Brticken gebthh't 
n'erlh'n Illld I f'echse/n'trklnlgetl :|rlsc]lt'tl de'it R(/t- 
flan~ en ent,vtelwn Oberflachenbruchsptegel, ,he ~htr('h 
Kugeh'ttuh'tt('ke er:eug/  wurlh'n, besti t l lgen ~h'n 
~iherglt/lg foil /ra//,~'grltmllt2r~'//t :it i/ll('rgrailttlltrem 
Rl/hruchstunt bei :litlehlitt'tllh'll inm'ren Spailllllltg~'ll 
ll/Id Irt'lSt'll all/ t'lllt' Illog/it'/te I'('r,~'('/th'C]llt'rtl/lg <h'r 
I 'er,~'chh'//I und Erofft~hntg,~'etgen,~'cha/ten hm 
FcYligkt'/l,Wll~',.~'Stl/igt'/t dt/ /I/t/ Hdrlt't't/tdrtlt'kt'll t ,er- 
s e h e m ' n  Prohen :eigen ehen/alls unterschwdhche 
Eigenscha/'ten ih'r heilh'H I 'ethtnuiwerkstofle'  get in. 
gere Fehh'rtoh,ran: im l_,-Mater/a/, knoststettt mit ~h'r 
'~ h'sl'hungsr~'gel', grn/lere Tnh,tanz im H- Ma/erml,  
ko/ls/,~'/e//t n//I enter ausgeprdglen R-Kur~,e. Die R 
Kllrl't'll 1leith'it ttll~' th'/I Harh't'l/ldrllt'k-Ft',~'llgkt'll 
[)ateo /ilr le<h'n I't'rhtntdlt't'rk,~'/o[/ a/lall'slt'rt 

(.)n ('re, tie la loh; rum'e au ~ d~!/auls el h's curacl~,rL~'lt- 
qtl~,s <L~'so('t(,e,~ oh' /~1 COllt'be de i~"tl<lCil~; da/I,~' des 
~'OlllpO,YiIt',~' dt' t 'erre ~1 p(it'l l('l l/¢'s d(' S IC  (.)ll ,~"l/llt;rt',~'st' 
L~ de'tl ~ ('ompo,wliOlt,~ dr' l~'rr~'s, chol,~'is ~i/llt d 'ohl~' l l l r  
d~',Y dt",Yot'('ords this ~) /'(, ~pItlI,WO/I lh('rlHtqLte e ~ lr(;/tl~', 
/ 'un ('h'l~" ( H ), I 'au l re  /a thh '  ( L, ) L ' n h s e r v a l . m  in st lu 
de /'e~lett,wo/I lh's /i,~,~'tlres it p~lrlir de Iltdtqtle,~' 
d't/tth'/lltlltOl! t [h;t ' t ' / l l  th's cOltlpOrlt,l/l~'tllS It't~,~ • di/]'~;r. 

eltI,~' ihtlIS h' l'OlllpOSlle L, Io Irdle('loirc dr' hi [1,~',~'ttrl' esl 
pral iquemeol  phma/re, a{,ec l'ra<'lure Iransgrttntda/re 
des parltctih',y, lh//is h' ('ompostle H, hi Irtile('lo/te esl 
/orlemenl  ih"~¢;chte at#our th's parttcuh's, el il I '  a d o n e  

/i~rllloliOlt Ih' 17OtllS ~h' ItttiSOll dll  ~ Illlt'r/(ll'(',~" ltlttSI qll(' 
de I'actwtl(' lhtns h' stlhm <h' la /issure. Les mnli /s  lh's 
,vur/oces &' /'ractures prmhnls  par ~h's nuh'nteurs 
sph~"rique,v cnn/irm(,itl qu'tl I' u tra/tstliml d'ult mode ~h' 
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,l}'a('lm'(' trtm.~l)arlr',lu~re ci in) n/mk'  // / l( 'rptn'I/( 'uhm'('  
h,/',W.(' I(~ o . / I r a n / W  r&~'. l . t ' lh '  row) ' . ( '  a.g///('.W, et 
. / nn l r ( '  q// ' / l  pcu l  ah)ra' I' a~'nir d ( ;Rrada l io ,  tl(',~ 
pr~)l~//t',It",5' dH l ) iu l ( " r /aH lh:"c'J, (H/)~ //',~)',~,'i/t'(',~, " co//r l( ' ,% 
('OIII/IIP 1{' ( ' l l / l lp l l l ' l c ' l l l ( ' l l l  l) rll.~'ll)'£' t i l l  Ptl [ l l l i~ l l+ '  L,c,,~' 
(' ~p("rl('l l('(',s d ' l l l J c l l l o l l o l l  e l  d(' r(",~l,~loll¢'t' pr(",~( ' l l l ( ' l l l  
d(',s' ( 'aracl("r l ,s ' l lq/te,s dll?i"r('/ l l( ',s' po l / r  ]('.s' £h'l l~ c o ) I f  
l.)s'/w,s" u/w Inl("ru.c( '  /a~hl(' a .~  d(;/~./l,5' d~/+,s' Ic 
///al("/'k~H L, ('oj/("rt'//l(' a~'('c ////(' £'alc//r u)~iqH(' d(' la 
It"llO('l le" q l l l  ,~1111 1111£' ' j I l l  dt'A' IIl£;hlll,l~L'A", 1111(' I# /Ura l l l ' ( '  
t 'q£'/ '("(' dolI,Y 1(' t / l ( l l ( " r la l lX H ,  t ' l) l ' lL'A'pl)l lL/(l/ l{ () III1(' 
t ' l l l l l 'h(-' (It' l ( " l l ( l l ' l l ( '  pl 'Oll l) l l( '("t ' .  L,t'.s CI)lll'h(',+ J(' I("IIUCII(" 
('HU,V-III£:IIIt',s I ) l l l  t"l£" d("(' l) l l t ' l /hlt"( ',y () IR l l ' l l r  (]t',x' dl/l l l lt"(',+ 
d ' l l l+ l t ' / l lU I l l ) l l  ('1 l i t '  I£'.YIA (l+' rt",s'l,s'lUIll'(', £'1 (IIIdII'A't"U,s' 

I Inlroduelion 

It ~s now well established that the exmtem.'e ofcrack- 
size dependent  hmghness  functtons, ~.e. toughness 
c u r v e s  IT -cu rves ,  o r  R-curvesk ~n ntm-transl't)rln~ng 
tnoln)phase ceramics ~s primarily attributable It) 
grain bridging ~n tile crack wake ' - ' +' An unl:u)rtant 
tnanilL*staltcm ()1" T-curve behawt)r ts 'flaw tolerance', 
~e. a relative ~nsens~t~vlty t)l' strength to Ilutml flaw 
sue. '~''+'~'~ Deslg, ners of hig, h relmb)hty ceramic 
materials w~th superit)r long-crack ttmghness seek to 
()l_~tittltz.e such flaw tolerance character~stu.'s 

More recently thmc(mnectum of the '/"curve and 
)Is associatecl flaw tt)lerance with crack brtdging has 
been shown It) extend It.) particleire~nf()rced 
ceratntcs. ~`''~' Fracture mechanics mt)deltng (fl" 
brldy.ing in two-phase ceratmcs identifies the T- 
curve with key mtcr()structural variables like volttrne 
fraction, particle stze and residual thermal expan 
ston mtsmatch stress.' 7, i~ 'T'o date, AI ,'Tff:)v"AI e(-) 
has been Ihe material system ol'chtm.'e for analysis, 
because ()1' the strtmg 'F-curve enharlcenlent as- 
stwiated with its ~m)rdinately high mismatch 
stresses. Ht)wever, tht)se same tng.h residual stresses 
imD)se severe hin~ts ()n tile capacity ()1' the ex- 
perimentalist t() ~nvest~g, ate the role ()1" )recto- 
structural w.tlmbles'~u the material undergoes bulk 
nm.'rocracklng at relatively small wflume fraction 
and particle stz.e, and the remdlJal stress itself for this 
system ts nc)l sublect to varmtum 

Ill the present paper these lira)(arums are rectified 
by studvtng tile 7"-curve and flaw-t(flerance charac- 
termtics of model two-phase particulate ceramic 
or)rapt)sites c)f SiC pattu.'les in a cc)mp,')silionally 
variable sdlcate glass )n:ltrlx. A major advantage ()1" 
the prop<.)sed SiC/glass system, apart from ease t.)t' 
I'abricatu.)n, is tile facihty to control and vary the 
m)crt)slrtu.'tural parameters  I)i par twular ,  the 
internal remdual stress can be prescribed by adjust 
)ng the glass matrtx cc)mpc)s)tmn. In-mtu m~cro- 
scoptc observatmns t)fcrack extension from )ndent- 
atu.)n flaws are used It) provide direct evidence ol" 

inler-partlcle fracture and ensumg bridge I'ormatu',n 
as a dominan t  fracture mode  in a SiC/glass 
composi te  with lugh internal stresses. By contrast,  
mmllar ohservatmns m a c()mposile with hm' internal 
stresses reveal primarily Ir:~ns-partu.'le fracture, with 
comparatively httle bridDng Hertzmn indentaUon 
tests confirm flus difference in fracture mode, with 
impllcat tons concern ing  prospect ive wear and 
I'attgue pn)perties Inclentatton-strenglh tests con- 
firm the predicted correlation between flaw toler- 
ance and internal stress, and enable de le rmmatmns  
of the underlying T-curves 

'The use ()1' model tw()phase ceramic/matrix 
systems ill the study of battle fracture is not new. 
C()mpelling evidence for strength and hmghness  
enhancements  from )ncorpt)ration t)l" second-phase 
partu.'les has been presented ~n several earlier 
studies ~'+-"" Ht)wever, little efl't)rt was made tn 
those earher studies to ctmmder the enhancements  In 
lelatu.m It) a systelnatlcally varying h'mghness curve. 
Nor was any dtrect (tn-situ) identificalmn made of 
the responsthle agents ()1" crack inhlhtllon; thus, 
whereas crack defleclit)n, crack pruning and bowing, 
and fionlal-wake zLme tnlcrLwracklng have been 
varitmsly propt)sed as toughening mechantsms,  
crack-lnlerl 'ace badging has, until recently, passed 
unmfllced. 

2 Experimenlal Procedure 

2.1 Maler ials 
C'omposlLes of StC particles ~n silu.'a glass matrices 
were I'abric:lled for fracture sLudles. 'T'wt) glass 
cornpt)sltu, ms wtlh different thermal expansit)n 
mismatch relative to S~C were chosen to provide 
high (H )and  h)w (L.)levels of compressu.m stress in 
the St(-" particles, Table I. Glass L,, an alkahne-earLh 
alumlm)slhcate, was obtained c()mmercmlly as slabs 
(Glass Code 1'72 t, C()rrung I nc,  Cornlng., N Y) Glass 
H, a st)dlurn-magnesium mhcate, was prepared in 
the autht)rs' labt)ralortes i'ronl reagent-grade raw 
matermls (~()'!.',, Sfl),, 2b'!.'.. Na :(-), I S')..;, MgO. F'lsher 
Scientllic. F'atr Lawn, N J), as described in the 
folh)wing, paragraphs.  The SiC' particles were 
obtained commercml lv  as abramve g, nt, mean 
dmmeler  ~()l+tt)(37 Crystolon, Norton Company,  
Worcester, MA). 

Wtth glass H, u t00 g batch of blended powder was 
dry-blended and melted tn a plal.lnum crucible at 
1511()"C for 2 Jl 'The melt was cont inuously sttrred 
with a plattnum rod to ensure homogenei ty One 
r,t)rtion ()1" the melt was quenched in water. T'he 
rema~mng por tmn was cast ~nto a slab and annealed 
at 500"C for I h, followed by slow cooling. 

The quenched portion of glass H and as received 
slabs (fl" glass L were separately pulverized in a 



FhlH tnh'tznw~' am~ ln.g~lnle,s,Y ~'tn I'~',Y n / , ~ l C  '~.l/~zss ,s t',Yh'/~ls I S l 

'Table, I. ( . ' , ,n , , l l fuer l l  pr,q'~erlle~, ,fl ' Ih~.' ..~1(? par l lc le . .g lan, , - r r la l r lX  t.',~mrlp, r.,ite,; 

)'mm,t~'s Hnv'dm'.ss ~ . dmt~ 
I ' (Af ' /~ ' I t ' I I I  

1 
(/IJ ~' ( '  I I 

SI(.' 4 '~1' 

(_ila,,,,, H 12 7' 
(Jill,,,,,, L ,4/,"~ 

Res.h. f l  T..qlzm's,s 
mn~hfl.s H wmp. ' r ,mnc ' , .  ~", '," T',, 

~, . ; f ' , )  AT ~u ( '~lf ' l /nzl 71 
(/IIF'~H ( { ) ( M r ' . )  

,4 ~e, 3 4  - -  - -  ,4 ( ) "  

e, l ~, 4) 4 lq  tIIX () 7" ,  t 

ql) ~,1) flX~ X ( I q l  t 

" (  ' ~ m p u l e d  I t , u s  nr  = (h ,  - q.,)/~ T' [ ( I  + r . )  2E',, + ( I  - =~'1 t,) FI ,  ] I',~r palln~.'le 1:~' in rn,'.llll~. () '" 

' R e l  ~q 
IJ ( ' ~ r r t l n p  (_ila,,,,, ~%1~I k,,, M a h ' r l a l  In |h~rn ta l l ,m lqX,-I 
"Rcl,, ,  I ( ) a n d  ~I 
t Rel ~? 

/irL'tHila iii]~] mill and sieved (N~ ~2()mesh) Each 
,_.,,lass was mixed w~lh 2( )vo l " ,  SI(." particles 111 
methan~fl and 'T'efl~m media tn p~flvelhvlene N~tlles 
The irrlxllJle~ W~'le lhen blended tn a ball mill l'~)r 24 h 
I~) l'~)rr]1 L '~HIS lS Ie l l l  slurrles These wele p~ured I I IU )  

'relhm beakers and drned wlule c~ml~nu~usl~ sl irnng 
,m a hot plale. T'he resull~ng D~wders were calcined 
,~I ~i'TS ( '  lot 241] A h()l', batch ~I' each D~wdet 
u'(HHp~stli,)I] was ~olled tn a plasllC bag, l~ break up 
,any agghunerale,~, heR,re ltansI'erttng l,~ a i:,raphtle 
dle H~,t pressIIlg was lhel] carried Oil[ IH a Vilt'UtIIll 

hot pre~s (Vacuum Indu~lJtes, Nashua, NH) at a 
ple',;sute I() MPa i'~u ~()rnin, al temperaluues ~q)' C 
I'~r c~m]posite H and ~gX() C l'~u c~unD~stte L., I~ Iorm 
disks '7~ mm diameter by h turn thickness. T'he h~l 
pre,~slng lelnperalure~, were chosen I~ t'~rresl),md Io 
it vtsc, ,4i ty ,fl () I MPa s. s,~rT]ewhal higher than the 
~,~1 lentng Dfints ~H'glasses H ' "  and L. (C~rntng Glass 
W,~rks, Malerml Inl,~rmatum, It~X4). 'The dusks were 
c,~ded t~ ~,()C' above the annealtng p~tnl ;tl a 
c,~dtng rate ~1 I()(.'mnn -~. and sub.sequentlv t,~ 
r~)rtl lempetalule at 2 C m i n - I  

Flexure bat speclmell,.; 2~ . 4 ,, 4 ItHrl were t ' t l l  

I'r~m~ the hot pressed c~mD~sttes and tile base glass 
slabs I'~u nr]denlalt~m-slrenglh le~l',; The spectrnen 
ed~:es were chamfered ( l ()pm dmm~md grtndnng 
wheel) al]d Ddlshed (h l l r t l  d l a m , m d  pasle), tO 
intntm~ze edge latlure~ 'The prospectnve tensnle I'at'es 
,~1' all speenmens were L.,nven a hnal p, Hi.sh to I inn 

S~r]~e Ddtshed spe~.'tmens were etched nn .~",, 
hvdr~flluorw ;wtd soluln,m h~ check I'~r the presence 
~I' ll]tt.'1()t'rac k s, 

2.2 Herlzian indenlalion lesls 
S~rnple Hertz]at1 tents were made ~r] some ~1" tile 
Dflnshed surfaces of the hngh-nnternal-slress (HI and 
h>w-=nternal slress (L) SR.', glass composiles, as well 
as~m the base glasses an contrails ']"he nndenters were 
made wtlh lungslen carbide spheres, rudtus I 9g ram, 
h~ad ~()()N All tents were~.'urrted~mttnlaN~ralorv 
anr. relalnve humidity 411-'~()'!,,, under which c~m 
d l [HH1,k  l l l O l S l u r e  l r l a v  aSSlSl  111 l'racture I n l [ l a [ l O l l  ~ 

T'he pue.sen~.'e o1' ,~url'ace eracknng at the indent 
ati,~r] sttes was revealed by coattng Ihe c~,ntacled 
surlat'es wtth g,,Id and v~ew~ng tn N~unarski 
inlerlerent'e etmtrasl. 

2.3 In-silu lesls 
Selecled specimens LH'each ~1' the H and L SiC,,'glass 
c~m]posttes were indented al theJl Dfltshed-I'aee 
centers with a Vwkers dmmond pyramid, at fixed 
h~ad I()()N, with the radml crack arms ahgned 
parallel and perpendicular I~ the bar edges. Each 
indenlatl~ul site was covered w~th a droop o1" dry 
S l l l t ' ~ ) l l e  o I [ ,  [ ( )  r l l l r l l l l i l z ,  e s u b s e q t l e n l  r n ~ ) l s t u r e  

assnsled slow crack growth, plus u glass cover shp, t~ 
l'aetltlate clear observation of the surface cracks. 

A h);~dzn;.., fixture mounted ~mlo the sla~2e oI" an 
~q~lt~.'al mwr~scope w a s  used for Jn s~lu observations 
ol'radml crack responses nn four-p~nl  flexure. TM The 
nndented specnrnens were loaded slowly usnng a 
pJez~electrnc driver, and the ensuing crack growth 
lelatlve t,~ the pan t i cu la le  colnposile rni~.'r~slructute 
tn~mth~red on a videocasselle ree~rder and Inter 
mlttenllv phol~ q:.,ra l~hed 

2.4 Indenlalion-s:lrenglh tesls 
F, ach remanntng flexure specimen was V,ckers 
under)ted ill its p~lllshed I'aee center, at a presernbed 
I~ad within tile range ~, to 3(X)N. (.'are wan ugatn 
laker] I~ align the radial cracks ahmg the specimen 
edl..,es. All Jndenluttons were made tn the laboratory 
ambmnl, allowed to stand I'~r 5mm, and then 
c~,vered wnlh a d lop ~fl'drv snhcone od to mnnnmnze 
envnr~mmental effects nn the ensuing, strength lesls 

T'he indented specnmens were lesled m a I~mr. 
p~,ll]L bend fixture (outer spar] 2()mm, inner spar] 
I()mm) mounled on a universal lestln~ machine 
(M~del 1122, Instron C'~rp, Canton, MA)  The 
l uacttlre limes were kept beh~w '~()ms, to ensure near 
'inerl' testing conditions Failed specunens were 
examined rl] an ~ptt(al micr~scope t~ confirm that 
the failures ~rtgtnated From the Indentations 
Spe~.'trnens that I'aJled from the ~ther s,~tlrces were 
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included nn the data pool for unmdented 
specimens ~ ~' ~" 

3 Qualitative results 

3.1 Herlzian tests 
Micrographs of Her'tzmn mdentat~ons on L, and H 
SiC/glass surfaces are sh(lwn in F~g. I. The damage 
tn the Iow-inlernal-stress compostte L, Ftg. IIA), is 

~,"~- 17 typical of the classical Hertzsan cone fracture, 
i e near.ctrctil:~r surface traces 'T'hese traces do n,,t 
dewate substanlmllv from those ,,bserved ~n control 
tests ()n the base L glass itself (m,t shown here), 
nndncatnng that the crack paths wnthnn the radial 
tensnle stress field ar,)und the contact cnrcle ~''' ' '  are 
relatively undtshlrled by the SIC" partwulate phase 
The pattern us nndtc:llnve of :~ maternal w~th trans- 
partncle fracture characternstncs 

The damage ~n the high ~nternal stress c,m]posite 
H, Fig. I(B), shows a very ddterent response 'The 

Fig. I. Damage patlcrn,s m SiC/glas,s,(A)low mlernal slress(L,) 
and [B) h~gh mlernal sire',:, (H), comlm,,,tes I'e,,Is made wllh 
lung~,,len carbide sphere ~,1' radiu!.; I O~mm al load ~IH)N, m 

lab,,ralorv ambtenl cnndilions 

Hertzian fracture ts comparat ively  ill-defined, 
c,.,nsisttng more of linked-up particle-initiated 
nucrocracks than regular circular macrocracks. 
These m~crucracks are not oriented n,,rmallv to the 
contact radml dlrectlun in the manner ,11"classical 
Herlzian fractures, tnd,.'atlng Ihat the crack driving 
I't,rces ale now dolmnated by the residual inlernal 
tensile stresses ~" In thin case the damage may be 
m,,re pr,lperly character~z.ed tn terms of mt,'r 

particle fracture. N~,te that ind~wdual m~crocracks 
extend only ~,ver a few ~nter-particle d~mensions, 
]mplwng that the superimposed mwrostructural 
field c~,l|t:~ns compressive stresses an well an tensile. 
The interplay between tensile and compressive 
~nternal stresses ~s an ~mpurtant ~ngred~ent of grain- 
,~r particle-~nterlock bridging ~ 

3.2 In-situ observations of Vickers cracks 
Optical rnlcr~lgraphs of the wake regions of cracks 
grown From Vlckels indentations under applied 
flexure ,sttesse,s in the h,w-internul stress (L) and 
high-internal sttess(H )composites are shown in Fig 
2 The tillnrnate stress levels c,lrrespond t,1 . 7()% of 
the strength In both cases 

In c(impostte L,, F'lg 2(A). Ihe trucks follow mare 
~,l less straight, classical radml traject,lrles. In-situ 
(,bservations of the crack evolution tip Io this potnt 
revealed l l]terr | l l t tent i n t e r r u p t i o n  ~t1" the ex tens ion  

by the SiC' partwles When such interruption did 
occur, further Dncrease ~n the apphed hlad wan 
necessary to force the crack through the arresting 
partwle. At such p~filils the crack 'popped irl', 
occas.,nallv pr~,pagaling through the next two, ,,r 
three particles or] the immediate pa(h Once br,,ken. 
tile (,bstrucltng grains rarely appeared hi prLlvide 
any I'ttr'ther its]stance I,, the extension; i.e. bridges 
were mlt formed, except perhaps when the advanc- 
ing crack intersected the particle/matrix interface at 
an unusually L1bhque angle of incidence. ()n further 
stressing bey,rod the configuration in Fig. 2(A) the 
crack grew t,~ failure al,mg essentially the same 
crack plane 

By conllast, the fracture tn composite H, Fig. 21B), 
shows an entirely different behavior. The cracks 
ol'len emerge away I'rom the tndenlatlun corners and 
trace a much more disruptive path, again suggestive 
of a dominant role by hlcal residual slresses. In-situ 
observat,.,ns revealed a highly erratic ev,,lution at 
the mtcr~tsc~iplc level tn this material. Llnder 
tncueastng apphed stress the crack popped in frum 
paltlcle I,.i particle, dewating markedly from seg- 
ment t,, segment, yet all the whde remaining highly 
stable at the macroscopic level At some points the 
crack relmlmted abruptly on the far side of an 
arresting particle At others an isolated microcrack 
appeared to form al a particle some distance ahead 
(11" the primary crack tip, with abrupt coalescence at 
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Fil~. 2. In ,.,~lu ~l~l~'~l rnt~.'r~graph,., ~1 Vtcker,., r~.ldt,d ~.'ra~.'l~,.~ m St(-' ~.'OlTIpO,.,llC,., under t]CxUlr~.' '.,Ire,,,,, (A) ~.'~mp~!,de L.. (B)~.'~n~p~n~l~.' H 
Irldenl~lt~m mll.'ue,.,,,nm I~rlrwd al h~ad II)1) N, ~ul'.,tde hdd ~1 vwv, al I¢11 

~(~me tncremenl tn lhe h~.'id N,~ lwi ths landing Ihe 
lact that pr'e~.l~U.~ invesli~,all~HlS in ultlnllna 

ceramtcs" ,,ugge,,t thai such apparent ly  is~flaled 
rntcr~erack,, may well be prec(mnected I~ lhe 
pr imary crack ~r] Ihe ,~ub.~url'ace, ,~uch ge(unetl lcal 
defleCll~ns are e,,peclallv c~mducl~.e 1o lhe Ii~rm 
al~m ~1' par l iculale brnd~.e.s al Ihe crack inlerl'ace. 
T'he in stlu ~bse~ Vall~m~ conl-i~ reed the ¢~i!dence ~1' 
several persistently active brtdge sties in F'tg 2(B), up 
I(~ dtslances ~ I mm behind lhe crack lip. 

(.)n I'urlher stress~nl:,, the crack tn F'~g 2(B) 
~,'~mttntted tt~ errat ic growlh  unltl, ul l trnalelv, tl 
spanned alm~sI ltle entire Sl.'~ectnlerl width,  E)urlrlg 
these fi l ial loading slall.es nl lcrocracks began h~ p~q'~ 
tn over the enltre sull'ace (fl' lhe .~.la,~.s inal r lx  Sinlt lar 
appIted stte.ss induced rnwr~crack tng  has been 
tel_'~rled in the AI:'T~(.).,,AI,(.)~ system. TM Such 
~bservalt~ms tndtcale thai c(~rnPoslle H ~s ch~,~e t(~ 
lhe l imit I'~)r sp~mlarle~us tntcr~cr:icktrlL; I11 I'acl, 
sire.s.,., Free spectrnens lell lylll~-.'. Ill the ]ab~rah) ty  
ambienl  c~mdtlt~m,, I'ot perlod,~ (fl" several weeks 
gradual ly  developed exlenstve nefw~rks, a'~ ,~een tn 
Ihe etched '~utlace ~1" F't~ t (_)n lhe (~lher hand, n~ 
di~ltrlCltve I'r(ultal wake rnicr~crack ch)tid was 
ob,~erved al any ,qage ol ' lhe crack pr~paL.,,al~on ~n the 
e~pertrnenls 

3.3 I ndenlu t ion.-s,"t rengl h 
Slrenglh-tlldentatt~m h~ad data For the h)w ~nternal- 
stre,.,s (L.1 and htgh-mternal siren.'., (H) systems are 
plotted ~n Figs4 and ."1, respecllvely Ea~.'h data Dunt 
v, tlh err¢~r bar' ts lhe mean and standard devtalum ~1' 
4 I~ fl ~pee~mens. In these diagrarn.~ the upper data 
'.,el lepresents the ~.'(~n~p~s~le, the h~wet data ',,el the 

base 1.,lass The halched r'egtons at left represent 
breakx I'r(~rrl ~lher I'ailure ,sources, edge flaws tn Ihe 
ba~e L.,lasses and St(." pal ltcles tn the composites 

It t', tmmedtal¢l,,, clear thai, wt lh in  lhe given 
ti ldenlalt~m Io,'uJ range, the addi l lon ol'S~(? parlicle,~ 
subslanl ia l lv  tmpt~wes the stress bear tngcapaci tv  (~1' 
the malertal,~ B~lh base glasses shrew a classtcal flaw 
,,enstl jvlty tn lhe slrenglh eharaeterisltc.~ ( P - ~' ~ h~ad 
dependence-Sec l t~m ,4) In c~unD~sile H, lhe 
tmpr~welrient ts manll'esled l.'ulmarlly an an enhan 
eed flaw t~detam.'e, wl lh a m~dest 'plateau' strerlglh 
In c(~r]lp~sile L. the Impr~wement i~ more in the I'~)rm 
~l ~.~ unll'~ulrllv enhanced strength (wer the indent- 
alison load I Indenlat l (Ul  flaw .size) r,'lnge, w i th  
m~nlmal de~,eh~pnienl ~)1' tlaw t(fleranee 'T'herel'ore, 

Fig. 3. Elchcd ',~url~.lc¢ ,,I StC' gla,,.,~ comp,~sde H, alter 
pr,flonged expc~!.,ure i,-I week!.,)I~, lah,~rah,rv arnbtenl 4.'ondtl [, m,., 
Nhfle iIg~l,,llJre cnl'h.lllL'ed developmenl ~1' lnlL'l'O~.'racl~ rlelW'~)l'k 
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Fig. 4. Inder'llali~lrl-',,IrenL.,,Ih dala I ' .r gla.,,.,, L, and c~rresporld 
irlp Sff.',l:,la,~ c ~ m p ~ t l ¢  L,, Each da tum p . m l  repre,ienl~ mean 
and s landard devta l~m ~1 ,,drenglll,~ I r~ ln 4 h) 6 specimens 'The 
hl:."lH and dark ,.dladed area!.~ al lell represenl ,,Iren!.~lh:, ~1 
Ui'llrldt.nled ,.,peclinens I'~,r It1~ ~ [.,.lah'., and IIie t'tmlp~),ille, 
re,,pe¢llvelv S . l id  l i l le Ihr,~ugh glas,, dala IS fil h~ eqn (t) ti,,ing 
,,In!..,le v:lll.led hll.igl'lne'~,, I,~r !plus', L. Da,,hed line i;, p led l t ' l i l l n  I . r  
St( '  pla~s t'oirir~o',ile L u,,irll.~ ,,li'il:.,l~' valued huJl?hne!,', I r ,u l l  ride 

I ) i '  IIIIXI ule~ 

extrapulattn~=, beyund tile data range, iI may be 
c(mcltlded that conlp~stte H dern~mstrales stlperi(u' 
toughness plopert les  at higtl irldent:ltiun loads 
( h m g e r a c k  reg,m),  but inl'er,~r toughness pr()- 
perties at It~w indentat l ,m h,ads (short icrack reg,(m) 

4 Quantitalive Evaluation o1" T-Curves 

N~w the 'T'-ctir~e l'LllWli~m '/~,'), w i l h  c the crack 
size, IS deconw.fluted from the indenta t ion-s t rength  
data. TM At equil ibrium, the 'gh~bar /,,'-field I'~)r a 
radial crack system r(~rrned at c~mt:tet Iliad P and 

111) 

2(M) 

~., ' ,  

~" I IX I  ' '  C'l)rl'Irlt)Nll¢' H 

hi) i . ' ~ i  i " ' 

GI,J,,,, " "YH IK'-,l,l 

~() I 

I1)" ill I Ii)-' I11 ~ 
I nd,~nl~.ll i~ ~ri Li ~ad, P ( N ) 

Fig. 5. Ir ldenlall tm-,qrenL.,,Ih dala lur  t.,.las,, H and c~rre, ,p,r ld 
int..', Sl(-".."t.',la~', t',~mpt~,,lle H F".ach da tum poln l  repre.~enl,~ mean 
arid '.;landard devlal l~lr i  ur' . , lren~lhs I ro ln  4 lu 6 ,,,pecimerl,~ The 
hghl ;,nd dark '.,haded area!., at lell repre,.,erll ,,Irerll..,,Ih!., ~1 
ur l tndented ,.,pec~men,., for Ihe p.la,~,.~ arid Ihe c~rnpo!,,tle. 
re,,pecltvcly Solid line IhrmJgh L.,la,,'., data I,, fil Io eqn i t1 u!,lrll..' 
'.,InL.,,le valued Ioughne!v,, h~r glas,,, H Da'..,hed line i',, p red lc l l ,n  
f o r  Si( . ' / '~ , la! .~b C( ) lnp i ) ; , I Le  H, uNin~2, ,.,ingle v a l u e d  Ii  titAline.,i l'r~rn 

rule of IT11,~lure~ 

subjected to subsequent applied stress ~A can be 
expressed as 

K,~((') = KA((') + A'R(~') = ,/m,~ ' l ' '  + xP/ (  ''v2 = '11(') 
11) 

where I# m a crack geumetry  coeff ic ient and / IS a 
re,; tdual-c~mtact-f ield coet'fiemnt. F'~r a given P, 

I 'atlure occurs at that value o l 'app l ied  stress o,,, = n M 
that satisfies the ' tangeney conditlt ,  ns '4" 

dK,,.,(~ ),,'d( = d'F(t')/"dt' (2) 

It I'olluws Ihat the T-curves I'(~r the composi tes  can 
he determined as the envelopes to the I'amllies ~1' 
/..,',,.,(()curves c~)nstructed from the (a M, P)da ta  sets in 
Figs 4 and 5 ,4 

In (~lder to cun,;truc[ such K~(~') curves, it is 
necessary fiirst t~ "cahbrate'  the cuetliclents i/J and / m 
eqn (I) I'~r the matrix glasses. The key to := simphfied 
cahbra t lon  is the ,,;ingle valuedness of  the matrix 
toughne,,s, 'F = 'T'. I'()r these l'torn~gerleotlS 
materials ,4 Inserting 'F= 'T.. into eqrm 11) and 12) 
then yields the I'amlltar analytical ,..trenL.,,th-lu:|d 
lelali~m ~7,4 

a~l = ( ~'T',#41#)('F./41P) I" ~ (~) 

Hence ',,,alues I'or the cunlp~und pararneter 'F;~,,,'~#I I' ' 

may be (~blatned t'r~,n best fits to the data i'or the 
base gla,;se,,, in F'l~,',. 4 and 5 It m assttmed here tfial ~# 
I '~, [I i rmte r la l i i ndependent  crack ~eornetry I , . ' ( ) e [ f l C  I 

lent, and the value ip =0 '77  4~btalned previously 
I'r'~m~ data ~n a fine-g~atn alumina i,,. retairted ,4 
'T'hen, using the 'F. values I'rl~m Table I, i = (1 (124 I'~r 
g la',;s L. and / = 0'1.)35 I'~r gla,;s H are ~btamed.  

Nex l  c~m,;ider the etTecl ~ f ladd ing  the SiC phase It 
has alre:ldv been ~nttrnaled thai the geometrical  
coeh~cienl ,# ts not sertstt~ve t~.~ materml variations 
The c(~e~clent /, ~n the ulher hand,  varies with 
tE,,,'H) I : where E ts Y(~ung's mudulus  and H is the 
tmrdness. "~ ; I.l,,,.ing the rules ~1" mixtures rur a ' v o l g r  
tw~ phase part icle/matrix (P/l)) ~.'t,rr~p~stte <C) with 
v~flurr]e rractt(ms I ' ,  + I'o = I, 

El, = I ' . E .  + I 'eE P (4a) 

H~_ = i ' . H .  + I'pHp (4b) 

it may be verified I'n+m 'Table I that the changes in 
E,,'H I't'~m additl(m uf  2()wfl '+,i~ S~C amoun t  to less 

O .' than 1(),,... ror each glass 'T'o a first approximat ion ,  
lheref~re, the c~erfic~et'tts ,/I and / may be cunsidered 
es;sent~allv ur~changed by add~tl~m (~1" the seeund 
phase 

Famlhes  (11' A'~(c)curves for the L and H SiC/glass 
curnpos~tes are plotted ~n Figs 6 and 7 using the 
lay,  P) data I'r~,n F'lgs 4 and 5. The fitted T-curves 
are en,,,el~pes ~1" tangency paints to these farnd~es (fl" 
curves. Trle lower dashed lines are Iougfiness values 
'F~ for the base glasses. 'The upper dashed lines are 
' ru le-( f l 'mlxtures '  toughness  values 'Fc for the 
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i'( i l r lp l  i,.d I t' 

cclnlp()~,ll~'k, ev:l lt laled I,)r an Ideal planar crack 
irller~¢c'llll{., Ih¢ .~ec'()iid pliu~¢ pal l lc les ill tile 
~.lbsence (ll' _hildgliig ~r ~lt ler cxlrailellll.S ¢ner~y 
ahslll bi i i~ pr(icc~s, Ihese vulue.~ al~' calculable I'r(lill 
T'able I b~, Wrll in7 an expressl(in For Ihe revel.slhle 
w~rk I() separ~lle Unll area (~1 c'r;Ic'k [.}lLIn¢, 

i~l(. : I ' i i i ~ l i ) +  I'pRp (~) 

aild i r lv l ik l l lg ll ic I'anllllar plane ~lic'~s rclal lon 
R = f 'a E ~: ahlng t~llh eqn (,4a)l i l  libll.lln 

r, = [ i ' , , (E, .  £' , , i r , ]  4 i',,(E, .L',,iF,?]I ' i0) 

F()r Ihe h~w inleln;.ll Slless l.'(tltli)l)Slle L, i i i  P'lg. (-i the 
~.,haded F I.'tlrVe envehipe In hl led ~'ltll~lrlC'i.lllv I(i lhe 
&"d<') c'ur~¢~. TM This fi l led curve ~iriti~ill~ overlaps 
Ihe [ : /-i' line :ll ~, , 7(l l lpnl, and de~,lUles sl ighl ly 
h e h ~  #-'~ al <.  21)()Hni ' thus  the hlu,~.~,hnes~ 
behavl~r o l  Ihe L t'llll-Ipll~,l[¢ IS t'OllSlslenl wi i t l  ~i 
i~redlllnll l~inllv Irans parl lcle mode l)l' I'r;.IClUre (FIgn 
IIA) and 2tAIl. 

The resl~lUlSe is ina lkedlv  dlfl'erenl l i l t  lhe /.,~;h 
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internal-~ttess comp()s~ie H m F']g. '7 In this case the 
T'curve  crosses the T =  '/'(, line at ¢'~ 41)()pm, and 
extends well aNwe this hne in the hmg-crack reg,m 
T'hls highly enhanced h:mgcrack toughness is 
OmSlslent with a predomlnanlly inter parllcle {Fig. 
liB)i, s i r~mgbrldglng(Fig 2(B)) mode ol ' l 'raciure 
Aco~ldin! ] lv .  the T'.curveln Fig 7 hasheen ph)l ied 
I.IMII!J all analyt ical  expressli~n I~)1 F(~') derived I'~)r 
Ihe ,,imple hrldl.,.ing m()del in F'lg ~.l '~  

Ti,') : 1", , -  I/#~l( ' l ;  ((). ('. / )  (7a) 

it(<.) :: F, + i/q,.i., 
' 1 - - [ I - ( I ,  , . . . , . ) . ] 1  . : . .  i / , ( / , . l  ' l : l  - -  I - -  ' . ' ' " ) ]  I " 

(Z '_ ( '  A + ; }  ( ' 7 b )  

F ( ( ' )  =: r , l  + l / I p (  'I ' 

w: [ [ I  - - ( I  - -  A . ' , '  - / . . ' l . ' ) ? ]  I 2 - -  [ I  - ( I  - / , ' ") ] '  ' 

-Ikq< ' l ' [ I - ( I - ` , ' l ' ] l :  ( A + ;  ' <') (7c) 

where" p and q ~lle aw'ral, ed long-crack ch)slnl, 
;.Ind sh()rl crack (qwiung stre~sen I r~un the 
InL l l r l x ,  particle l i l l M l l a i L ' h  ; . l ( . ' l l l l~ l  o v e r  characl, er~,~lic 
br idging z~me dimellSl~mS ; and A, lhe fil t'~lrre. 
sD}nds r~ lx l ramele i  adlu,~lmenl,~ p =  6(~MPa, 
t/ '  + ,l)(2z) ~ ' = ( } 4 ( i M P a  n l  I : and A = i44()ltitl i ,  

II I~ li~)lew,~rthy thal the b l Idg lng In()del (~I' Fig. 8, 
W I[ h I t s  Ll~,~ill i n  p [  I( )n  ,fl'a crack a lwa V,~ ~.'~ m ' q  rained t o  

the malrlX i impllcJl bv the appearance i)l" F(~ rather 
lhall f', at, Ihe h~.lSC I~)llg.hne.ss ill eqn (7)). C(Rlld not 
tw made h~ _pr(~lde a sallsl'ach~rv ill I~ Ihe L 
c~mll_~()~lle dalu ial Fig fl 

S Discuss ion  

'['he pr~',,enl sludv has demonslraied thai thermal 
expan.~t(m mlsmalch can have a dominan l  tnl]uent'e 
in Ih¢ I ( )u~hne~ and slrength pr~)perlies o1' two. 
pha,w c~ramws, first b.v conlr~dling Ihe genesis and 
secured hv c~mtl(f l l lng Ihe effecllvenes~ 4~1' 
crack tlllerl'ace httdglng. As sh,)wn In lhe mlt'r~ 

. , - - ,  L 
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Fill. 8. M~del ~1 brtdl.,cd ~raL'l~ ~' Compre!,ned parlicle,, exerl 
,~perllrl!2 ,,Ire,,~, L)ri ma l r l .~  Irl l lel.lr l l p  crack plane re!:,um ch~,,urc 

( b r i d g i n g )  ,,I res,,e!, hey(  m d  
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graphs or cracks in S,C/glass composites in F',gs I 
and 2, increasing the remdual stress from low level 
(con'~pomle L,)to h~gh level (compomte H) results tn a 
trans=tJon rrnm predominantly trans part=tie to 
predotmnanllv mter-parlicle fracture. Inter-parltcle 
fracture ~s promoted by an increase in stress.directed 
cr,',.'k deflecliun, which enhances bridge formal,m, 
and ~n parlicle/matrt~ pullout I'rwtion, wh,.'h 
inhibits bridge ruplLire t7 i~ The end resull ts an 
enhanced T'curve for the H c(m~p,~sile, Fig.. 7, 
relaltve tu the L, comp(~,~ite, Fig. 6 

'T'hts T-ci.lt ve enlr.~r..'enterlt I'rom bridging tn two 
phase c(m]posltes m ma ml'ested most c~,npelhngly i11 
the tndentatlon-strength characlermlics of Figs 4 
and '~ Comp~slte L in Fig,. 4 shows relatively little 
flaw tolerance, c(mm~,tent with a single-valued, rule- 
,d" mixtures t~>ughness (.-'()mposite H =n Fig. 5 sh,~ws 
sclbslantmlly greater flaw hderance, with strengths 
tugher than the simple rule or-ml,~tures predlcllon 
over mosl(>l'theload rangec~wered C)n the~dher 
hand, exlrap~datlon or the c~mposite H strength 
data into the h~w hind reg.m m~phes a depressed T 
cu rye, w=th I he suggestion of d~m=nished short-crack 
pr,~perties. Hence whde increased ~nternal-stress- 
enhanced bridging restills art h~gher hmg-crack h~LilJ, h 

hess, tenstle comp~ments or the same tnternal-stress 
field c~mverselv lead to lower ptacttc,'~l st~englh 
'These same tensile stresses also greatly increase 
Ihe suscepllbll~ly to h~cal mtcr(d'ractLire, as In 
Fig I(B), and lhence Io brittle wetlr TM and I'allgUl~." ~''~ 
A long ,,.'~a,,:k.'sh(~r crack tradeolT ~s in eft'eel here 
One m l g t l I  a llem p l  I() ex plain a n y such  trade, in' I'r(~m 
~ncorp(~rat.:m o1" a see{rod ph.'~se ~n terms (d' 
;.I lladltional 'clilical flaw' argulm.'nl, shorticrack 
sttelllg.th is decreased by introduc=ng larger flaws:. 
l,mg-crack t~mghness m =m.'reused by pr,)v=dlng 
ge()metrlcal 'obstacles' to crack pn~pag:ititm, e g. by 
crack defleet,.m, crack pinning and bowing (Secti(m 
I) However, the simple 'obslacle' c~mcepl can not 
account ror lhe impr(wement In flaw tolerance wlth 
increase in thermal rnlsinatch--it  ctmtattlS n(~ 
provision I'm .'= etltnulative T' CLII Ve ' 7 In Ihis ctmtext 
it may be recalled that n(~ evidence I'(~r the existence 
(d' a detached mlcrocrack chmd, which might 
allei nativeI.~ account I'(~r the T curve, was round in 
the H c~,tnp~'~ile 

'The last p~)int pertaining Io m~cr(wracklng 
wart ants commenl tn the conlext in" micr~structLiral 
des ign  It is clear i't~m~ the present ' , i tudy that (,lie may 
control the toughness and strength properties, and 
even the mode of crack pr,~pagat,m, by talh~ring Ihe 
compensate microsl.ructure. In particular, tm.'reasing 
lhe thermal mtsmalch between particles and matrix 
(as well as particle stze and wflume I'raction ~ 7,1B) 
enhances the brtdglng hmgcrack  t<mghness, and 
hence the flaw tolerance. However, beyond a certain 
hmit lh~s increase In thermal mmmatch (,~ particle 

stze or w.~lume I'raclmn) generates critical local 
tenmle fields, tnitmttng bulk microcracking and, 
ullum=tely, degracltng the strength '~'~ It is clear from 
F'tg. 3 that the materials processor who seeks to 
opttmlze mlcroslructures rot long-crack toughness 
sh(mld pay due attenl..)n to such Itmils, with 
add~t=onal allowance ror the deleler=~.m t=me 
dependent effects (~1" momture 
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