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At present, many scientists have tried to develop new materials for better 

engineering properties such as strength, elasticity, hardness, etc. The metallic glass 

which is relatively new alternative material to the world, has properties that are 

particularly interesting. The world's first metallic glass was discovered by Duwez's 

demonstration in 1959 that an amorphous Au7,Si, alloy could be obtained by rapid 

cooling of the liquid. The metallic glass is made when it is cooled rapidly at a 

sufficient rate to avoid crystallization during the solidification process; the key 

empirical criteria for slow crystallization kinetics. However the metallic glass has 

good properties, it has an importance weakness that is the fracture due to 

brittleness. In this study, gold nanocrystal-reinforced composite cwld be 

synthesized through in-situ nano-crystallization in bulk metallic glass form by using 

carefully-controlled cooling rate. Recent advances in nanotechnology have allowed 

scientists to observe, measure, and manipulate nanomaterials. Many wonderful and 

occasionally-unexpected properties have been reported to deviate from previous 

laws and theories. In particular, the mechanical properties of these materials have 

been significantly improved when compared to their bulk counterparts. But because 

there are several orders of magnitude difference in length-scale, utilizing 

nanomaterials for structural applications have always been a challenging task 
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2.1.1 u~unz~6441ufiuSz[3] 

n u u ~ ~ i ~ n i u n i w r o . r ~ ~ q n i u i t n r ? n o Z u ~ u ~ ~ m u n ~ t ~ n u t . m t r ~ ~ d i ~ ~ ~ i n n  
J 

widazszuii4eznau w'wsztzuii~azmauai~~zaZuiuIBi\ii~nqm InuGqisruiernau 2 Bl;l 
J A J nmnou~~uia~7n~n'u~intruzoGu89' nr nszuzhqn'uuinl us~n tc i i t zv i i ~azmau~z i i  

A Y i  iauuin usidaoznauh 2 m n o u d i ~ ~ ~ i v i t i u  u~~ntzr i i t rv i i . roznou~~zCuinvu~mul  
"A' 

ut.mtzi i i i  2 uuu i;o ut.rl.rqn unzut~w6r-1 ~nuauinnsPut.r~~ao4td'unuadn'ut=:uzui4 
Y J 

azuiiq 2 ezmau a C n ~ o ~ u t 4 i 4 ~ r n ( ~ ~  V ~ o d n ' ~ a ~ m t l o 4 w ' u s Z ~ ~ Z n i t ~ d n ~ ~ ~ d n 4 7 ~ i h  
A * 

miudunn41u~d 2.1 (a) u r o ~ ~ j 4 l u a o 4 ~ ~ ~ n n t ~ u ~ o 4 ~ ~ 4 ~ z m e u ~ ~ ~ d o u ~ a u n ' u  utd 
' 3  A utin (F,) n'qzduou~mul wnnotut.m6wIf (F,) t z u i i ~ n a ~ a z n o u ~ o ~ n u ~ n t z v i i ~ u ~ ~ " m ~ q m  

J J ~.rfuodiiutzuztzvii4azmou 61 unnqlupln 2.1 (a) wout~i;cqnnuqnn'uut4~6n i l l 6  
Y 

ua~6w~~riiKYquu' i i2 i i r3mnni~zauqr~~u 

FA+ F,=O 

J J tzudi~%uiid~nquu'nni4'11a~ 2 oznou~flutzuznnuqn r, ~ ~ d u u f i i n ' u ~ u @ n  2.1 (a) 
A ~?u~v~tzuznuqn~zCri i~Jozuinr  0.3 nm. uraamau& 2 adiiiiuviqdiirzuztii4iku 

J ~zUrimdaudi?~%iuin'u~n ~ ~ o ~ ~ i n g n h i u l n u  u t . ~ w ~ n  unz~r iuunt i i~a~n~ inn 'u  ua.rqin 



~ n u i i  E, , E, un:: E, iiawri.rdiuriwd wf id iu i iqn un::wii.r.riurmKnro.r 2 

a::nau d~i inf ius: :nau~id~~uqd 2.1 (b) uf indn?irr&rrv*~?ru~i~w~ddiu~nu'mid~ riu 

?::u::iid?::u~ido::nau ~ d n n d r a ~ w k ~ i u ~ ~ ~ ~ t ~ u w n u ? n r f l d w ~ ~ d ~ u ~ d ~ n u n : : w k d ~ u  
i wCnh iiCnnl*u~iluudd ii7nAiqna~dtru::fiupl~t::uii~a::~au riiwri~~iun?nAiqnU'i;a 

-I -1 
wfid iuthf i : :  (Bonding Energy) ~!uufiifiukhu E, ~iluw6ddlwn~r~ad~flunlm~::uun 

CI -1 
e::rnou~~fie~aan~in~u~rJn~::u::ii.~~Guei 

f t  rs 

P a  - 0 

I 
I 

++ fwubi. UwY., 

\ I 

', I \I 
h 1-wprrt#nr 

v I I 

f a 
a ir 

- 

t I 
I "-EN 

I I --1--w 
/' 

L - - m x A  

tbl 

(a) utdiaqn u ~ u C n  ~nnuut.miui~ua~5utru::i1rtr~?'i~a::mau 

(b) wkqiui;.rqn wkqiuwCn wwkdiuniviguaifiuzu::?::uii;1B::nau 



2.1.2 ~ n t d ~ h ~ w ~ n u t v z t r u u w ~ n  [4] 
J 

lntdAhdt::uuw$nnodf~tlr (Metallic Crystal) q i n n n t i u ~ ~ f i ? i l ~ A ~ z ~ n n ~ h l z  
Jc' J drrnouii?ooyninn~nnnqrn!oozmou ~~~rdnititu~riln'uoti i~dtz~iiuuniu1u~ntu 

u i ~ ~ m n a u ~ n t u ~ ~ ~ f l u o w ~ n m ~ p ~ p i o n ' u  tzui~~rntunith~K~no~o::wou1uu3~~~~~:: 
i J n inn i tGu~w'?o t i i ~~ i l~ t r~Cuu  ~uo~~in~zda=mouna.1~iqn~flu~itu11GuqnwKn1fiui 

nuo~o~idMuiuiu~uu'sL~m~nmrdtatl::Lu'urii~~in~niwnodL~tv~~d~d~niwnodu~d n i t  
4 Y ~~di~alii~~flutz~Cuuno~oz~ounitl2u~ntu~%~lan~~::hnii Space Lattice d~niu1u 

i 
Space Lattice 5 & ~ i o ~ w o u ~ ~ ? ~ ~ ~ n ~ t l i ~ ~ t l ~ d u i n u ~ u ~ w ~ d n ~ e i i u t l i d n i n i d d i ~ n o d  

J 
n juazmou1uw~?sLAn6(~nit cell) ~zwuiinit~i~nino~njuozmou~r~tzuunuiuou 

uazGo~tlaiutruuiounj7 tzuuw?in (Crystallographic System) ~ U ~ A H : ~ ? U ~ H ~ S ~ W U  

hrtrddiniyea 3 truu!o 

1 . t ruu~nu l f l f i  (Cubic System) i d ~ z ~ l i d f i ~ u ~ o n ~ d ~ i l u  

- zuu Body Centered Cubic (B.C.C) !a fiozmeuodnsdnmdnodgnuifln' 

- szuu Face Centered Cubic (F.C.C) i o  G ~ Z ~ ~ U % ~ W ~ ~ ~ A I \ ~ ~ ~ ~ I M ' I I Q . J  

ngnuififi 

2. truu Hexagonal Lilu&nnllmr@ntdwnl~~uu ddqrwutruu~Li(u?%Bdn'uLH~n~o 

ZUU Hexagonal Close Packed (H.C.P) 

3. truu Tetragonal ~~u~ninll.mm6iognuifln' dddqug.ruinnii wud?u~rtdd 
-I J 
lnu?%odn'Llltl8nia tzuu Body Centered Tetragonal (B.C.T) n'J@n 2.6 



4- J ~~ndrzumno~tzuuuZndi~~uvann~tnnu~a huzn'rjtzuurriindlu F.C.C qt.d 

qmfiuu.Tiidau8hg~ f i ~ u ~ r n 8 n ~ u i n u i n ? ~ u d ~ u t . ~ ~ z k ~  ~ n ~ z d ~ t z u u u ~ n ~ i l u  B.C.C qz 

~n?iuun'4u~g4ni?, n?iudau6~qznnnd d?u ln t~nh~d~i lu tzuuuf  n H.C.P H% B.C.T 

qz~ilurinwmzno.r&uzui4 qmfiu~n~~auc~.r:A?n.i~zuu B.C.C unz F.C.C 

~ n k t . r f i ~ v a l z  (Micro Structure) 1n~z~nu~?~niuw&ni t~u'u6?qzdtznau~?u 

mturriaui7niiu~uuln (Polycrystal) ~.rn~t~i inmtuaa~lnwdiu?uuin~z~i imnmzu'n~t 
J J ~ d n u u f i n ~ ~ z ~ i n u n ~ u ~ t . ~ ~ ~ ~ u ~ ~ i l u O n ~ z u + ~ w ~ u n q w ~ n o ~ l n ~ z n ~ u n ~ ~  n?tldA~ldfini?: 

' J J 
~ z ~ u ~ q m ~ q 6  u$.JWY? (Solidification Temperature) fnunis~i i r i i  ~QnQarnbufi azwaun 

riiuawnjl?u%a~~ddutwin?flmu~ ~ ? ~ f l n i t ~ n ~ o u ~ ~ ? ~ a . ~ a z w ~ u u " a u n ~  &au?rruh 

~ z ~ ? 1 f l ~ ~ n n j u o z n a u d f i w r i ~ ~ ? u 6 i ~ ~ u ~ n n a ~ 0 n t l ~ u u ' 0 ~ ~ n ~ ~ h n i ~ ~ a ~ a n  &oPm~q6 

nnn4 aznouici?uawk~moon~utw1n?fltau~~ziau~~a"1u?~u6?n'u~?~n~ufi v i i ~ i i  
Y , A  4 ~iimnimu1u6~r~uwZn~Gn~un~lm~u1unniu~iluuZnbly a ~ i w n i ~ ~ n s u  nitnuqu6hz 

iiurlnn4dofw?mnad~nHzHnauLc1n?uun~d ~?m~n'rntudruiu~~1d'11ufiu~nma"14~~u~ 

1unm~ru?u~?m~~~?m?jufiai~~ziin?mu1urii?aan~il~~.1~7u~nz~nnfi?n11d1u~fl~?~ 

d~47nir Lnhn~nwmz1nt4fih~?i? Dendrite 



\ I I:' 

i @n 2.3 u n m ~ n n ~ n n u o . m i t ~ ~ ~ u u ~ n i ~ : ' ~ i n ~ f i ~ : ~ n o u ~ ~ f i ~ ~ ~ u n a ~ ~ ~ ' ~  

ufimit~oiu69uod~9~n~u6d1fintdfih Dendrite 

2.1.3 ~odu!~d~tililuw~n (Noncrystalline Solid) [31 

dU~~uw"Anq:~inuuiIst M ~ ~ ~ n i ~ ~ d 6 ? ~ u ' i . 1 ~ f l ~ t Z L d ~ ~ ~ ~ d ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  

-1 
ui? u i d n ~ d ~ u n ~ n ~ u u u & i  a & m ~ i u  (Amorphous) n udniiltiiuuu uwuM?aitunii 

J 
uodddi.ru?n (Supercooled Solid) iuadqino:nau1u'IIadu~duuu&niti'nrdw'?au'i4~Lflu 

t~tilfiiiuu 1r i~~n t~nh~dud%m~~~ou '11a ;1~~ f i?  nitLiinu~n~%tiliinLfluo&mjiu~u~ua~n'u 

n ? i u n i u i t o ~ u n i s r d d u u u ~ f i ~ ~ n t ~ n f i i . ~ d ~ r j ~ ~ u ' ~ z ~ i u u ~ u n a ~ ~ ~ n ~ ~ f l u ~ n t ~ n ~ i ~ d ~ f l u  

t:~fiiiuuIuuedu% l i i ~ i u i n ~ a & m ~ i l u ~ u ~ ~ ~ ~ n t ~ n 3 i ~ ~ ~ u ~ f i ~ f i ~ ~ n i t h ~ e s ' ~ n ' u n o ~ o : n o u  

+uiau u f i : ~ l n t~nh~d i i l u rn~ f i uu1ud~~~u~d i~  nit~flnlntd~th~uuu aKmjiu~%U 

J 
~ w ~ n ~ u L ? i m ~ i u  w a n i t $ u ~ ~ i u q ~ ~ ~ ~ u ! d w ' ? ~ ~ u ~ d o u ' i d ~ n ~ ?  q:dil$ii~?nhunit 

~ n i w ~ ~ ~ ~ ~ ~ n a ~ ~ ~ n o u n ' i ~ u t : ~ ~ u u i d " a u ~ i i m ~ ~  ) ; ~ I I X A ~ Q ~ Y ~ ; ~ ~ I ~ ~ ~ I T ~ ' ~ ~ . J W ' ? D L ~ I ~ L ~ ~  

t:riiuu 



2.1.4 nitrilumn~iuhu~od?'fiq (Heat Transfer) [5] 

i ni t i ln~ lu~ou (Thermal Conductivity) :m nl tr i iu~nn~lu io~?u~u?s lqn l i lw  

aa~d~qinameuadl~~~i j 'nmt.mmuwd~ n ~ ~ r r f o u ~ ~ ~ i u ~ n ~ ~ n u 3 ~ ~ r u d i i q m ~ q i j q ~ l J  

ui~?mdiiqruwqijA~ huiq u 6 n ~ a ~ n r t . ~ n ? i u f i ~ u ~ t n 1 u n ~ t d ~ n ~ ~ u h u ~ ~  ~vlqn'u lnu 

~ u f i n d s i ? ~ d ~ . m ? ~ u f i i u i t n ~ u n ~ t d i n ~ ~ u ~ u ~ o ~ ? ' f i q  !)ilu@d 2.5 



ni?win?iu$ou (Thermal Convection) &I nitriiu~nn?iugbu~ufini?::n"i'~~~~o 
Y 

nadlrm? ~ n o d e i ; ? n n ~ ~ ~ ~ n ~ ~ u ~ u ~ i n u w ~ j ~ f i i ~ ~ m ~ : : i j ~ ~ i j ~ . ~ u n : : n o u r i i ~ v u  dinaid 

~ inu?r?nr touh.~~~~wn~%i~dunud ~ d u  ~ o r i i n i ~ u ~ i ' l d ~ i ~ u u ~ ~ i  n~iu8ouqinlds:: 
J J  Y riou 7 t n a o u n ~ i n i i & i u i  nwnku?L?nrii?6i&iuuu 

r 7 i t U ~ h # ~ ? i u $ f m  (Thermal Radiation) dim n i ~ ~ i ~ ~ ~ ~ ? i ~ ~ ~ f ~ ~ % f i 8 d ~ i ~ ~  

rii~nniq ~ d u  n i m c i n o ~ w & . n u n ~ i u h u ~ i n m ~ ~ o i ~ ~ u ' ~ ~ ~ u n i ~ c i i u ~ ~ ~ i n i ~ ~ u i u ' ~ l n n  

2.1.5 dnngnitm~?nii~o~uiL?im~uLw'fl~u?n'u [6] 

n l tdds i?nod~ i fnwa~nd  nr q ruwqi jh~  A~n i i~nnnou~wn?  utdu&nnirciiw~ 
L, 

nitun'~6~uo~iiPnw::n'~owndi.~no~wK~~iu%fit::  Gibbs t::wii;l~dfira.~~wn?un::~dn 
J34 I nmdd ~ i m f i u u ~ ~ f i n ' i n ~ i u ~ n ~ ~ u h u n o ~ n o ~ ~ ~ n ~ ~ n : : n o . ~ ~ u " . ~ ~ u n u u n ~ ~ n i n ' u ~ ~ ~ : : ~ ~  

J i i~ounif i f ldalun unz~aulntfleJlolunn~dnuu~~dn~ ~ioquiqinni t~i .~r i i~q=: ir i in\ Id% 
Y J -1 J 
auriuqmuqij ~ U ~ t ~ L d ~ ~ L M ~ l ~ l t ~ ~ i ~ ? ~ ~ i W m p ' . J d i ~ % ~ t ~ M L d ~ ~ ~ U d ~ d L ~ ~ 4 9 i ~ ~ i t  

ua'drii~ (AG) lhqin 

liquid + solid 

4 AG, = -z r3AG, 
3 



AG, = 4~ r 2 y  

4 
AG, = 4m2 y  + - m3AG, 

3 



2.1.6 ln~uin6naadfiirjuilunniwna4dd (the kinetics of solid -state 

reactions)[3] 

n i tudn~~dnd~i in~ulunn~wnm;1~4~ lnud~uI~~u(i~Cn~zZxi~iimuuufiuifiu1n 

~ d a ~ ~ ~ n i g d n t t n d ~ d ~ ~ n t z u ~ u n ~ t ~ i i r n d f i % u  * i ~ l f i n ~ t u d n ~ ~ d n u ' n & a ~ a i K u ~ ~ n i  

unhadwldu ~da~~~nlun~t~dduuudfi;Id~ultr(~Cnin~tLiin~una~dabriad~.rfiau 

1 ldn ~\tidquwnuun: ~ % l n s ~ n f ~ \ 1 w ~ n d u m n i ~ . ~ ~ 1 ~ n ~ d n l ? u  *i~lfi&a.~a~iTUn7tuWi 
J 

dadqz~ l iudazmau~~r i  nltuwililudnngnltdi:uad~uLqnl gdnndaa.riio n l m  

~ z ~ ? i n ~ i l u ~ d a l t l r i l d i ~ u ~ u i i ~ n ~ t ~ ~ u ~ ~ ~ ~ ~ u n m ~ t z ~ 1 u 6 u ~ d a ~ ~ ~ n n ~ t ~ i i r n a e u r n m  
Y 

(boundary) H% ~ q ~ ~ ~ f i z d l ~ ~ d f i d i ~ ~ ~ u ; $ \ 1 1 u d d i i o  f : ~ ~ l d l d ~ l ~ ~ r i U ~ d ~ ~ ~ r i ~ z l i i m ~ u  

MVM 1114 

Gqltnr~lut : iu~nn~n ntzuqunitumqndq:liinIu~un~tu~ndL~n $9 nltliiniiamiiun 

bri (nucleation ) & ~ i l u n l t ~ i i n a ~ n l n ~ G n ~  (dnAqzlGnnilrz6u~nnln) d ~ u n i l  

iiqlniiua (nucleus- wqwqu'iia nulei) nad~dalrrri inlniiunlnrildbia~wiaudq:~m 

(nuiuni) i a l d  i ~ u ~ ~ ~ d ~ i i n i r ~ ~ n i i s a u ' n ~ z ~ ~ a n ~ i i m d u ~ ~ ~ m ~ u u n ~ i o ~  Lulowlznms 
Y t: 3, 

lnm (grain boundary) Eudltodi;c ~ i ? n ~ l 8 n i H h  nitlmnu (growth) ~~IuI Iuuu?L~~u~~~:  

nuqn Knnam:n~tud tCum~u~~~~na.~6mt~n i tudn~~d (&i tun i l  i n u l i n k o ~ n l t  

1dduuulln.r) WZtdui i~~ l~~ddiaa i~q~tnr~ .~unt tu; j r$nq~u8aunadin~ Imualfiu 



1 .o 

* 

1 O 0.5 

C 
'Cr 

i 
rt 

0 
Nucleation 

Logwilhm d heating time, t 

~ n u d  K UR: n Li]ui idi . i t j~uf iuL~n~~iaiudf i~w~ad~~ nun~~iduul jnqnni iq i id Iu 

u~uaodfiun1modo'u97jj (Avrami equation ) 

i A, qruw~~~~fldnhudtaudmno.rn~ur)u~untt~~T'sm1dn~~u5"~u unz~nwuiiriuiiwndo 

~ L ~ ~ n d ~ ~ ~ ~ ~ ~ ~ l ~ ? Y ~ d n 7 t ~ d ~ 4 ~ d f i ~ ~ l d ~ 7  ~ l u @ d  2.7 i ~ u n n ~ ~ ~ u t ~ . r p J s i ?  s ni 
~i]unqiu6ufiu6truiid y fiu log t ra.mitnnw~nbrjaa~mo~umd rn qrnaqGiwl6u 



2.1.7 Eutectic phases[3] 
3 

~ i n p l  4.rlilutruuna.rmsfiui~unii~lnn~n 2 adi l t rnau luuwqi j~dnuuuu 

ijlndtrnou6qu 3 1d1 i/o a ,  p un:: L ~ d n  a ~flufiim::niuna~u~~~dunYW~~rijInt~fiji~~ 

FCC udijncdund~iluii?gnn::niu njtu ~ d n  a untP ;dwuiunqiuiidns.rum~uiqn~un:: 

Guu.n$ai;?u miuiiiiu n~ iun iu i tn lun i tn rn iun~~ i i~~nn: :~ iu1u~udn  ui.r udnr lvln 
Y A  iiiniiriim njriu nqrurrq~iiniiLOiu BEG nsaumduau~fi~un::niu~biiid~iMd~Lviliu 

(dirrfuda a) ~du~~u?fiunirnrniunadumd'Lufiu(d~rrh~d) in4in 'n~unitnrniu~o.r  
3 - 1  

~ d n  a C/q~rrqiidi.r7uan.rluuuur?Gi;?u~0iuu~i~wun~dn a oanqindqu$2 ~ r l n  Aa 

dquda a+p r i u d ~ u ~ d t ~  a+ L ~?af l i /o~#u CBA luuwurJGin4i6nnitn::niuL6u~uniu 
A ' Y L, i A qrurrqundugdnuquno=:n'\~''o~ 8% ImsliirrlinrodGunqmtlqii 779"~ (1434'F)n~n B un:: 

nnnaqudiiiu o dqnmg~lmau~wn~ao~na~un.ruirlni ~ h l n  A 'Luuuqij(l.085 c 
Y A '  

I ,985 F) h o d  tdoqn.4~qii~ini i779 c (1437 F) ~~uC/ur i . r~u$~dn a un::wun3tii 2 lvln 
Y A  3 

i/a wunldlr a + p aanqinnir l iun i i r t tu I~nin(~o~vus line) aqulxu AB dul iwunL~a 
3' A '  4 3 A 

un::wun4.ruaa.r~*lnh wunldn a + L a o m i n r i u h n i i h 8 k  fipjd2.8 d i r rh~ r ln  

n'iil&d%nif4 unrkirnir l d u h  ;a lh HG unr GF m i u i i ~ u  n ? l ~ l u l t n g d q n ~ u n l t  

nrniuro.ma.rund'Lu~dn p (din G) i e  8.8 % a r $ q m ~ ~ f i  779 C L&~UUIUOU BEG 



d.rnuiuriu~nud?uwnuadt::wii~ u l m ~ n ~ i u a i u i t n ' l u n ~ t n : : ~ i u ~ . ~ ~ n n a ~ ~ ~ f i a ~ d n  
4 J "  4 
qqoil in~ilu~iuPq8iin ~ d o ~ ~ i n ~ i l u u h ~ u n n ~ q m u q i j ~ ~ 4 m n u ~ ~ n a ~ u i . r a i i s a ~ l ~ w f u  

J i i 
Pnuzwnunad unaijuntruqn waqruurjCaa~tzuu nmn~aaqrun? ~dauu~ilunoq u iaaa~dn 

J Y - i  
i ia1~n a un:: p nqruurjij TE il j ~ i i i l i u n i i  

dfj7wiy mnin (eutectic) 
L 

Compaition (at% W 

0 20 40 100 

( Q d  Composition iivt% &I 
4 

2.1.8 INTERMETALLIC COMPOUND [3] 

uwur?~~dnnn4~ncr~'luui~~::uu9::~fi itdtznau~::u?'i4n~id(lntermediate 
J 

compound) u n u n ~ z ~ i l u n i t n ~ n i u n a ~ ~ 1 ~ n i t d ~ 2 : n a u ~ c r ~ 1 ~ ~ ~ ~ 1 ~ n i \ 1 ~ n ~ ~ a ~ i : :  a l ~ i u  

fii?dsznoutzuii~fnuz-lnu::r"sunii fiidt::nOu~~dfnut(lnterrnetallic compound) ldu 
J l u u w q i j d f i n a d t m  wnddurm::k? lupJn 2.9 9::iiairJ~znau ~ g , ~ b  &iid?uwnu 

Y Y 

19% Mg-81 %Pb ~ P 1 u ~ l u ~ n ( 3 3 % ~ b  Pnua::nau) Lnua 6dufiP1d'l~~~~~~i]ul8uuu?~d 
1 ~dkiin?~un'iid1uii~ud?una4ldn ~wti~iid?uwfiunadfiitdt::nau Mg2Pb hd%in.rd 

dl61 19" Mg-81 %Pb & ~ & u ~ n ~ Y i i $  



J au~ni .mnnci i~~nE4Y~vd~i ;a  n ~ i u d d  (hardness) lailuauu3dumniidn?lu 
J 

l i i u n i u r a . r i f i ~ s i t l n ~ t ~ i i m n i t ~ ~ ] t ~ d n ~ ~ ~ u ~ ~ ~ a ~ ~ ~ ~ : : n  ( ~ d u  n i t ~ f i m t a u ~ u v h m u i n  
43 

tiqudii?) luariuutn 1 nimmfi~un~iuun~uwu~1u6i~%~~1nu4wulu~ttu'~12 T n s a i h  
Y 

~6nnit~riiuu~iuuii?'aq1u~f ~ni19::fiiui?0~m~?u1~?'fiqddaun1~~~mmunur~ *ill6 

~Zn~dun?~uuiduuuhtifi~nn ( M O ~ S  scale) & ~ ~ u n n f i a u l u ~ i q q ~ n l w  (qualitative) Tmuld. 
J "  Y r i d  J maG4i.rP.mAnu n t i i d a  nitriiwumlk?iu~#uun.mn~nqm~flu 1 diuiuninn'(talc) 

unrn?iuur'dpdqmdu l o  divfuLwrt~~~fluia~uY'~dqm d?uni tnmamun?iuu~d~u~~d 
Y ~F?mia (quantitative) ~dadt:lliuliin~iu~~"uu4~~fluE4Y~~nn$~nr~1~uinuniuvi~ msld. 

G?nm (indenter) nn~uuii~iu~iud~:nnfiauniu~lidauIndn~u~u~iiLilwint~iu Uuri 

utdld.nn im:n~iu~i?~a.m~tnm qinZu?'mnuimrrion~iuijnna~munm (muqu) dLfin<u 



&aairiiiriir?? ~nnuann?iu uTid11n?#didfi1~11 ~ f l w u  ~~uufiulmumfd 

nimnaaunliuua'd (hardness test) ~ilunitnnfiaufiuu3ni.~n~d~nii1d14d~u3ariis 

2.1.10 nit~iun?iuu~d~td~munitnmnuimlntu (strengthening by grain size 

reduction)[3] 

1. L d a ~ q i m n t u i d f i r d d ~ ~ n i ~ n i m i d ~ ~  umndisfiu i ia~rnnriud~::~iuId~'.~~ntu B 

i J ' 3 - 2  Y ~hqr&oard~uu~flniqnit~naaun ~ d u ~ n m ~ u u i n u i n u u f i i ~ f l n i d n i t ~ i d ~ ? n a ~  

Y u ~ n ~ n ~ i u u m r i i ~ n i r  (misorientation) L&minru 

2. ~1~iu~~~ut::~ijuuna~a::mauniu2uu3~~n.nau~ntuii l l j ;~i ibrn~iu~rjda~~a~n~~ 
i 

a:uiunitLneu~inLntu~d~~d~.~~n inmv.rd.j 



1 * d d  # 

a8q.rltfimqu k a k ~ % a k m n  N nunauiq d m ~ u r a u ~ n t u d i ~ u b ( d  (high-angle grain 

J J  
boundaries) ~nlnma'u1rl~Lnnoun6nti iu~aumtutrwi~~n~tudt~dm'~dndi~ui d9:: 

~Enlun i r~~dn~~u~%ura~n~~u~~ iud~u~n~tdau2u~n0~d~d~ ldnt r~u1 i i~En  u~ri.rriqdn 

~n~nm~u~Hu~Lntudt l~~n~uiuunu 

0 

0000000 
Slip pbn@ --c - - - - - - - - .. - 

0000 0000 
Gmin A Gmin B 

.~~ 

$did 2.10 ninn~oudrat~nlnma'urmrdri~~%~ldu'~a~u~n'~~ii~id"~~~ilu 

6 ~ ~ m a ~ ~ ~ n ~ t ~ ~ o ~ k " 1 i i ~ E n ~ r i i ~ d a ~ ~ a ~ t = : ~ ~ ~ 1 n i ~ ~ t l u ~  eia L ~ T I ~  

unro'~~d~uufi~n~~nio~~auda~"~ur~urnsu 

nun i t i l i un i l  trunituadscnri-mm (Hall-Petch equation) b u d  d n'alf!uriluflurinnld 

~ai/u unr ~ i lu r i~n~dr l~n iu i~q8~~nnauni t  ~ n l u i t n l i l l d l ~ 1 ~ r i u ~ n o u d 2 t l ~ u q n  (mtu 



~ ~ o u m t u ~ ~ r n m u ~ ~ i ~ u ~ f  n~ian'u (small-angle grain boundaries) Wdunnt:numann'ln 
A 

nit~iaulwn::i~~nlnlo1i469~a~1ntudi4n'u1~~~~~nw"aunu~l9I11noulntu Iunidntdnir 
i 

%iuaau%adniu (twin boundaries) n C u a 6 ~ ~ u n i t ~ n o u a d i ~ ~ b i u n u n : : n i t ~ ~ u n ~ 1 u u ~ ~ u t ~  

1 f i u r i ~ ~ r o u m t u t r u d i ~ ~ d n d u m n d i ~ a i r n r i u i i ~ ~ u ~ ~ ~ ' u ~ ~ n i t L n ~ a u d ~ a ~ ~ a ~ n L n i i u b i ~ u  

un:~ddill~qdrlin'ry1unitL~un9iuu4dutd'lfiillPnu:waudiunisLda ouinplntdnodwk 

d~unn~:nurP;afiufini~nnuin1u~nw::wau~ijun1u~dn 



2.1.11 ~ n n t ~ ~ u z f l 1 a m ~ ~ ~ ~ n ~ ? a u u u u d a 4 ~ 1 u  (Transmission Electron 

Microscopy)[7] 

n lw lumin6 ( ~ r i ~ h t  field image) 

h T 4 ~ n ~ i 1  umnzjn'h back facal tzu iu sad ~nukd?'~? mJtznaudhu uu? kAyn u w w n  

h imq  $9 iudnudrilnjnu~&-&n fit ~ l n l n b l l u  back focal tzu'lu n?luumnil4no.r 
i 

tdnqnuu back focal t zuw $a uu?ki(dl.r 7 daunlqul~nr iu  ru ?nu&l n back focal 

i t z u ~  ~zLfluuu?kilnntzd4aanq~n~~iu\nu~~uLn'7n'uri~rrd4 

Contrast new~uhn&aqnnnriu%riP"nmteuuuuda~d7u r i i n ~ i n d m n n n  2 uuu 
4 

na scattering contrast (rnass-thickness contrast) UR:: diffraction contrast d4@13il.[fif1?n')lu 

* Y i  r ru~~duna~~~R'nm~u.[u~1~~bn~1t~uda~w1un'ud~~~~nmmu~~u? wu.[uu~nzwunned 

u u d u u u  n~~urtu~un::Rmwn~o1~4Cnt4fih~w~numni~4n'u iihlridl5.d 

nlwdLiinqlnv)nln~u back focal ?Zulu Cnuru"lbrlo.nilninr1lda~nmq3.1~un~wd~iin~~n~unt 
- 3 i nw1~uua~~15rR'nmmu~~na;l i15~R'nm~ud~~w1u~nzi iG~~nm~u~nu~~uu contrast n 

L~nnnn~tl~u?luuGLtjnmmud~ulrr~3~~nnu&~41rl contrast lunlnLdu6% uanaonl- 

contrast 1lnnltnt:L~4 (scattering) M% mass-thickness contrast n l m l l f i  diffraction 

contrast dmn~. [un lw~4~ l~~~un l?~dda4~f lm~1~ud? 'm (objective lens aperture) 1 d 

~%~mo~nn?aunuaau?n ~ ~ a r ~ o n r a w ~ : : ~ ~ 5 ~ R ' n m t ~ u d a ~ ~ ' ~ ~ . [ ~ n ~ ? a h ~ n ~ w u u ~ 0 h ~ u a ~  

un::n?l.nilGLR'nmmuL~u~Luuei~41 rail? fi'lfimnn tznun.ruuraie~ ua\~nuqnpm;rda.~~flm 

~nu&?'rnq a edzrri14 5-20 mrad 



1u\riuiiuni\r~1fl#?'fi~v~nLi]us'muff3uzno4 18 nzim (Gold based bulk metallic 

glass) 1nuijdquufiuni~~niii;o A u ~ ~ A ~ ~ . ~ P ~ ~ ~ C U ~ ~ . ~ S ~ ~ ~ . ~  PntliGmt?nit~dufi~3nqm 

(Critical cooling rate ) ~n i tk100  K/s 181 

r 

I 
I - 

Melting 
temperature - 

c=t% 
temperature 

Glass trimsition 
temperature 

18K crys' Au 

371°C 
(7Oo0F) 

- -  

450-6000C 
(842-1112OF) 
- - -. 

1300C 
(=OF) 

1 

-100(PC 
I 

-- 
(llM2°F) I 

- (t012OF) - 
>llrn 1 

N/A I 

mlmoT -i i (lP2rl&?2'n , 
I 
I 

N/A 1 
I 
t 

350 1 I 
-0.6 I 

I 
1 

100-150 1 
i 

15.4 

working 
t e m p m e '  

critical casting 
thickness (mm) 

I 

Yiad stnmgh 

(MPa) 

masticstrain 
limit E ,  ("4) 

, irickers h a t d m  
rn). ascast 

135-1800C & Om 
Cr~356 'w  

~ 6 % "  

5 

1100 

1.5 

xi0 

13.7 



unvhafhd~uniswj Metallic glasses qinmncn Gun-Quenching lnu Duwez 

nt:u~u&:d~nnit~u'urii~d~3~uin dtt.uim 1 05-1 0' k/s n ~ i u u u i ~ i i a a ~ ~ u ~ i u d ~ i l u  

metallic glasses ~ : i i uu in~ tzu im 10-50 p. 111 Lilunuinnqiuuuidliauuin n j r ~ c i  

2.1 3 

@d 2.13 niwudn.mi?w~n Gun-Quenching 



n?iuuuiaa.rinqddu Metallic glasses riduilqiuw&$d16rbl~~n wiimzaiuirnuiin 
Y 4 

Metallic glasses rw l lh  ~ ~ ? n ~ t i u ~ m ~ u ~ ~ ~ h ~ ~ ~ n ? i ~ ~ ~ l n ~ i ~ ~ l n  ~ l ~ ~ ~ l ( l u l t n  

inldlilil~iuIm"~3.r2u.riuqnniuntt~ i ~ f i n ~ t ~ ~ u ~ u n z o a n u u ~ O u ~ n n ~ ~ . r ~ ~ ~ a ~ ~ u n ~ ~ u  
J 3 

uuimo.rinq h u f i i b q n d u  Metallic glasses ~n? iuwu i l f iu  2 f in8~mr .  r u l d  ~ : h n i i  

Bulk Metallic glasses ~.miuitn~i1ddtl~nm"11dt~~unu%~~.r1uni.r~~1~i~nf0~ I l n  

iioynraq [9] 

IE-3 -w 
19 1990 

Year 

~innqwiju6.r%a.r David Turnbull wn l i i ? i l  ~nc(?un'liniyuin'lunimh.r Bulk 

Metallic glasses Aa f i i ~ ~ b ~ u ' n i  reduced glass temperature T, u i n n i i  0.67 i n q  

% ~ ~ ~ U ~ ~ f i i ~ i m ~ ~ ~ l f l u  Bulk Metallic glasses r); [lo] 



@d 2.1 5 ~ w ~ n ~ ~ q ~ n n ~ n ( l d ~ ~ d i u n a d ~ ~ q w f i ~  A,B 

Tg (The Glass Transition Temperature) i;(19~Hq~n(1dn(14~tl(39d~u'ufi9n4~(3:: 

~ d i t r u f i n 7 ~ ~ f l u n ~ 4 u ~ " d h ~ ~ n n l  t m n w ~ n i ? ~ ~ ~ ~ n t ~ f i h d w d n ~ d u u ~ ? ~ % ~ w ~  wah1.r 

a h  & u ~ u ' u ~ r u ' n ? l u d d u ~ d ~ ~ i 3 ~ u f t ~ ~ : : i 9 ~ d ~ t ] n 1 ~ ~ ~ u ' u ~ 9 ( 3 d  (ilqfiqqnilMliiu.in.rfl~fiui9nd 
i 

aBirt.ru9nquiinilgmHIJG ~g ?fiqq::dtmiu:~duuK9 4 . r ~ ~  ~iluri?uJmqnn~uqrrlnu 

n~~mcs~u~mu~rinu~::ku~iindlm~n~~bu~~nd~::du~~n'ua'glmn~tLu'ufi~'~~lu=:rr n l t  
x 4 4 h r i i  ~g q::nuad5uusin::wadnlun1~5n on$aoBi~luntdna~nin'nri i  ~g 91n~nqt1d 

DSC(Differentia1 scanning calorimeter) n4S(nn?wkun~ddlrYu loldmin [A 11 

J 
ph2 .16  nmd DSC ned Zr,,, Ti, Cu,,,,Ni1,,+4ll, 





r l u  r l  u w r l  &I&I Bulk Metallic Glass ~zunanuRzliurlNduu~m~i~m"npii?ui~i4~u um 
w  - l Y  

Bulk Metallic Glass u4un~liluadi4wi;\1do~in'~uin~ani?~4nRi~na4 Bulk Metallic Glass 

qzGKnu~~niquwn~uu~dmzu~n~iunYUni t t~~naa~uf i~ lau6nuruzna4niqu~n~z~3~6\1 

pk2.18 

fld 2.18 nirunnnafifiq Bulk Metallic Glass 

," 3 A i i ~ u ~ ~ ~ ~ 4 ~ ~ 3 u a ~ u n w ~ n n a . ~ n ~ ~ ( i i i . ~ i u ~ ~ u u  wadqnqqllfullpbq Bulk Metallic Glass 
i Y i Y 3 

liijj Plasticity nq4nuun:rjii Toughness nqaau ~muni~~ i4?dqunulu lu~w6nn~\1  Bulk 

Metallic Glass ~4duuu~n i~ r r~4~un i rn?u '1un i tu .nu~u~d~znd4  Bulk Metallic Glass 

lbi ~nuw'?~dqudu~z~~ulhu~nn '~"w Intermetallic Compound H%~dqlfiku74n% 

~innitnmRo4na4 Hofmann u ~ z i u 4 i d ~ i l n i t n ? u q u n i f  u n n ~ n u u u ~ d n z n ~ . ~  
A 

Bulk Metallic Glass qin~nuIn~iint;rln~zwnu P m r r ~ ~ ~ n u ~ s ~ z i i n ~ ~ m ~ ~ i ~ n i 0 1 1 u i u ~ ~  
Y 

rialiaano4 Shear Band * i l ~ ~ d i u l ? o l ~ u n ~ l u ~ ~ u  Plasticity Unz Toughness lfifl4~u[12] 

dd2.19  n n ~ u l l n 4 n i ~ l 1 J j U ~ ~ j i u ~ ~ i  Stress. Strain Y.4 Vitreloyl, DH1 



@i 2.20 g: ~ ) I a ~ n r i a u n i ~ d n 8 i u ~ a d  DH2 

h: i ~ a n o ~ l r i a u n i r n " . ~ n ~ ~ u ~ a ~  DH3 
Y A  

I : rflunirn"dnaiu~uu~dmzn~d~uan~flu Metallic Glass adid 

1iu9 

qindild;j.J'tlnad Hays uaziu~iu5i jn~iu~n~lp1K~~n'u Hofmann $a irmubo~rflu 

~9) I?uq~n i rnu iu~9~0d Shear Band ~nu i i n ionnaod~ in  Vitroloyl Ti-Zr-Nb rflu P- 
phase primary dendrite [I 31 

@d 2.21 ~ f i n d ~ ) I ~ d f i d n i a d  in s i t ~  composite qin SEM 



@%2.22 (a) unnd shear band ~lnnlmnnauniml~iuuuunn 

(b) nitd?/uu@riauuslnfin 

* Ti-Nb-Ta-In 
t * - 

*d --d \-' 

- 
.a 

* * 
.--v ..,-----* &dr-.& 

4 

30 UI n) no a, so za'&pt-er 

@d 2.23 u n n d ~ n ~ n h d . j ~ n i d  T M 9 N  bl3Ta-5Si l d d  Dendrite 

~ u i f i ~ ~ q j n t z ~ i u ~ $ u i n ~ 1 1 1  uonwnZ XRD Pattern fiufifin.rz3 

1nt.mhd Eutectic auimn'n n?:9iua$tzriii.r Dendrite[l4] 



nit lcif i lq Ta,Nb i i lr i l i?nldtl $-Ti(~b.Ta) i.ndtlLwrild Yhlfili?n Dendrite 

2' Y uinau ~ i l f i m f i u  Plastic Deformability $4au i 4 i i l f i r i i  Elastic Modulus un:: 

Yield Strength A i m 4  uanwnd G-.niilri~En Twinning o d i ~ u i n ~ i u  4 4  Twinning ~ 4 1 d  

q:d?uii~&u.nud?::~~fi~q~~u Superplastic-deformation U (kuh %deformation liin 

1 OO%Strain)[l4] 

n i t ~nw i i ?Mf i i  u m n  [(Fractography) qin4lu?<uuo4 Katharine M. Flores[l5] 

I X f i p I i ~  nirlEnn?iu~oul~wi::u~.rl6u ~l~l(~wnuinwod~::ii1fi~i?rnn1odouw'~ (Softening) 

ra4imuTnw:M l i i id t i in iu  n i t ~b t i i nq i u t~u~~ i / o  (Mean Stress) dqdwo q::niu~tnriiW~iin 

n~tuwniinM Cnon~1u~Kuq:ci~~1n1fi~1~iu~ii~~a~fi~i?mnn~ u~~iili i~iinfi~muumnlu6nwm: 
2' d i 

LUDML?~A?~I~~~UWY'I ~ u L ~ ~ u R ' ~ w ~ Y T o u u w ~ w W U ~ ~ ~ ~ ~ U I ~ H ~ ~ ~ Z ~ ~ ~ ~ ~ ~  Vein Pattern iuLa.1 

Vein Pattern[l5] 



3.1 m&da Lm+u$u~iUUnLnimia 

i Y 
3.1.1 ~ n m d w u @ u r j f i u ~  (~ i l l i ng  Machine) 

3.1.2 ~ m i u n a u ~ 8 ~ z u u u a i ~ n  

i 
3.1.3 ~~itlnau~ntlz~u6n~uo:uu~ryry1nlfl~uu~tl?~4 

i 4 -  

3.2 ~ n w a u t l ~ r n m z c i  

3.2.1 n&a4qnnnfl'ldcuuuud4 (Optical microscope) 

3.2.2 Differential Scanning Calorimeter (DSC) 

3.2.3 XRD (X-Ray Diffraction) 

3.2.4 n~tld~n~nflldhDlffn~9muuuuda4nmm (Scanning electron microscope) 

3.2.5 n~ad~nnttflu%~ffn~muuuuda4w1~(~ransmission Electron Microscopy) 

3.2.6 Electron Probe Micro-Analyze(EPMA) 

i 
3.2.7 ~n~dnm~auusd<m(~ompression Test) 

i 
3.2.8 mmto\rnmdaun?lu~!d(~ickers Hardness Test) 

3.3 TmqFiu 

3.3.1 nmu%n$99.99% 

3.3.2 naqum 

3.3.3 azqi jdclu 

,'i i t  

3.3.4 ~ntlzu~~n~au~nuiunt:u?unit Thermodynamic modeling 



3.4.4 i ln~ i i&~:niXi in?iu~ut l f i~~~iu  u n : ~ ~ u i r f i u r i ~ n i ~ i u i f i ~ ~ n ~ : ~ ~ f i q  

uifu~"w2rj 

3.4.5 i l n w c m i w d ~ ~ u ~ r ~ u ~ o n i t n ~ u ~ u n i ~ n u f  n n u i m u i f u ~ n ~ i f u n ~ u f ~ ~ n  

J J 
3.4.6 ~ i ~ ~ ~ ~ ~ ~ i : f i ~ ~ i ~ ~ t l ~ ? t l ~ ~ i ~ ~ ~ ~ f ~ M : ~ ~ 6 n ~ ~ t ~ ~ ~ 1 ~ ~ [ 1 J i n i ~ l ~ ? t l 4  

3.4.7 ih;uqiu~innimitl $ ~ i n n ? i u ~ u i  1 rjniiwnt, 2 Pniiwnt. 3 Pn lwnt ,  

4 rjniiwws 

3.4.8 ?mt7:(ATnt;lfih~ne4ntl~t::6uuifunoufw~nfm OM, SEM,TEM,XRD,DSC 

EDS,EPMA 

J 
3.4.9 i i3~~ iun~1. lu i : f iu  ~n:f in~iu~ui~~qm~imtlnuuu dGuw"lnimmfiau 

n~iuuff .~  
J i 

3.4.10 ii~~uufiun~~ui:fiu1unimdono~dijfnt~fi4:i~t=:6uuitIdui~i~Lwmii 

nimmfiouuuunm 

i 
3.4.1 1 r )u t?u~t lyn~~~~ iu i?~nn:~un:~ f l lu~dt l~d  



- "  3 
n1tt iu~i~rrnn1tnmna~~n:a~d~iuwnn~twmna.~na~;1iu~~0u 9zui;lnit 

d.lrfiueoan~ilu 4 dt:mn ;a nz~?uniq~?in ~n.Idfihdql~nin fiufiuod?kqun:wqiintou 
4 

n i t f i dn~ iunod<f iq~u~. r~ inu~qnn Csluu'~mu1nvznod 18 n z k  (18 Karat Gold Bulk 

Metallic Glass) ~ild~v:afiurr6nlunioii?<u inu~nw:no.r 18 n : in r i lu i f iqd i i k~~f i f i~  

widoznouuuu ad'm~iu (amorphous) ~~~i$a1n~f ih . r~a~o: :1~audntz<~1nt :~ iu  

.~:~iiuu uuu urru n r i i un i i~ r i uk t~ f i hao .~  ufiq &usrdr(~uwarmi~miind [8] &nin.md 4.1 

nindd4.1 d?urmunidmduo.r<fiqFmu~nrr:nad 18 n:in[8] 



-"  2' 
aiuqquu~fi+n?iutd~?<uni~tiiuLmn?iuiouao~ifi~ (Heat transfer) l un i t  

Y 4  " n~urlu~~bu~luu~mnn~t~u'ufi~$di~ln'u ~ m : : l d n ~ i u o i u i t n l u n ~ o ~ i n ~ i u s " a u d ~ ~ ~ ~  
w 

~ f i q ~ a ~ u m ~ u i ~ f l d f i ~ W " L ~ n i m a n ~ u u ~ u ~ i u  Pn~n~i~uui~Qi~::0i~uq::~~mtini't~Buw'~ 
-1 

$wnsiiqn'u'ld ~ ~ f i ~ u i t n n ? u ~ u u u i n w ~ n p i i ~ ~ n ' u ~ ~  iu~int:uun~flura.rlufi~fiim 

fiiuitniiliin'msinit~6uISY?~a~t::uulii~'j?~~~~~~uinn4iDYBltin1t~6ue3?~~nqm ( Critical 

Cooling rate) aaqnit~fimwiin ri~rniuitnkati::~s'mufnu::'ldik~rrun (fully amorphous) 

luni~n6unir&ltinit~6un~~t::uu1in'~::~fi~~3n~ul~s'~~fnu:: arifiiaiuitnnquy 

~ ~ t i n i t ~ u " u r ~ a r o 7 ~ ~ a ~ t : : u ~ i ~ n i ' t ~ i i m s ' m u ~ ~ u : : f i u ~ t ~ ( ~ o m ~ 1 e t e  metallic glass) un:: 

nis~iimwZnru1nlury'lus'~uCnu::n~~~a.~~tin's::fiiuitnfis"i.~~3nt::~uu1fu~~~tlus"~u 

IRIIL~X i ~ ~ i i a n i i n i t a a n u u u ~ n ~ m : : ~ u ~ i u ~ ~ ~ ~ n u : : ~ ~ u ~ 6 ~  Linnqiun::mqn.[uniftli 
i 

~ln~iuuuirg~r\mra4ni t l ' im~~t4~h0o~m~iu(~r i t ica l  Casting Thickness) utp::djir~dnuu 
4 

~ i n ~ i u u u i ~ ~ u u i : ~ u ~ u n i n r q n n i ~ ~ ~ u f ~ a ~ i ~ d ~ ~ u a ~ ~ ~ ~ w d n  ~d~.rqinnit~maaqdalu 



J 
i @d 4.4 inu1nvma.r 18 n z k  d c i i u n t z u ~ u n i m r i a f ~ u n m ~ ~ ~ r i a 4 r y r y ~ n i ~ u u ~ w ~ u ~  



J pld 4.5 inulnama4 18 n r b  nci1untru~unitwEio0nun~0~3~~d~qryry1n~~uuu~w~~~ 

4.2 Pma9ohi7\lqnn1n 

riaunitnn.aautntdn~~;1ra\1~n~L4e1fimt.riiuim~~tznd~di~1ri i;o ~lannzr i  

wf ntzKuu~hlumt~uimu~nwzna~ 18 nr?m m ' d ~ u n i d ~ n ~ < u ~ d ~ ~ i n 1 ~ d i ~ u d ~ u 0 ~ 3 ~ r w n u  

noduld~nltmn~naum"auLn'wd DSC (Differential Scanning Calorimeter) ~ i n w l ~ m w ~ i j  

aadnltnnlu~fluuK? (Glass Transition Temperature, Tg ) unzq~~dwf~fi'll0dnlt~iinc1~n 
i 

(Crystallization Temperature ,Tx) dd~~u~m( inwmz~~f l~ad~n~ i7 \ lns"~ .~a f i~~d~ iu  kuwnnlX 

4.6 



i @n 4.6 w n ~ ~ u ~ ~ u u n i m n ~ ~ ~ u ~ i u $ ~ ~ L n m z ~ u ~ n t = : ~ u u i ~ u L u m t l u ~ m u ~ n w z  

nsq 18 nzin&au~n%.r Differential Scanning Calorimeter buiuqiu~lialfiinmu 

uui 2,3.5,4 UW:: 4.5 mm miuZjiKu 

J i ~ i n w n n a a n i t m n ~ a ~ u i ~ n m z ~ n ~ ~ n ~ ~ u ~ u & ~ u ~ n m ~  DSC izwui i  fu nqfuwpri 

dt::uiru 135 'C ~ & i i n i t ~ n ~ a i u ~ a u ~ b 1 ~ d ~ u d i 9 ~ : : u ~ i 1 ~ f i n ' 1 n ~ 1 u q n u  (heat 

Y 
capacity ,Cp) raqtruudiu.iq.sru fu qruupriknliiahnii qfuwqrina.mitnniu~flu 

Y w 

u h  (Glass Transition Temperature,Tg) ni?~iirn<nwmz~rflw~duu~ilu~wn:il 8u~ild%l!l 

~ilu~n~nt~nh.ra~~j1uozwau~blh.fEs'~n'uaLi14~~flutzLiuu a$unniu::i;.ruiiut delfi 

n ~ i u ~ o u ~ ~ i l d l u r i ? t z u u ~ ~ ~ f i ~ u t t ~ u u ~ ~ ~ n ~ t ~ ~ ~ n ~ ~ u f : ~ u ~ ~ a i ~ l f i a z m a u n a ~ t r u u ~ ~  

~f i i ;ut in i t~ iur1n~uu~ju'~~u1n~~~i1l f i7 '~~~d~uuf in1u:: l& unztzuuwuiuiudiuii7a 

~a~~da1~;iiwk~iu~i~~81~dan<u~d~fiu~nkua::mt)uq::n~uuii'tu~es'~fiu1M~arii~Lflu 
w - 3 ,  tz~iuudnniq unzn iuwk. r iu~anu l i tun~fuupuu~~  q f u ~ p h c l 4 n l t L i i n ~ d n l ~ ~  

i (Crystallization Temperature ,Tx ) fu qfuM~8d?ruifu 185 'C unn::~dnuufinluz~iJM 



~adan?d~ruwrJ~nltwnoun::nlu(~elt in~ Temperature. ~m)&dndodddtr~lm 350°C i d  

4 
dini~qmuq~~o~wo~iinJn~nJt:uim 3 r i i  un::rua~inis~iu?mwi61 T-(reduce glass 

transition temperature) [I 01 LV!I?~ 0.654 

wnund DSC (Differential Scanning Calorimeter) IRTjuUYM4i Tg(glass transition 

temperature) La:: Tx(Crystallization Temperature) ~ L ~ U ~ ~ R U U ~ L Q W I : Y B ~ ~ ~ ~ ~ ~ B ~ M ~ ~ ~ : :  

Ir Ir " 4 4  

l ~ ~ ~ ? l ~ ~ ~ 1 7 l d ~ ~ n l t ~ ~ ~ ~ ? l ~ ~ ~ ~ ~ & ~ f  l ~ ~ ~ d i ? ~ R ~ ' ~ f ] d d l ~ ~ 7 ' ~ ~ t d ~ 7 d ~ m " ~ l ~ l t  

?mn:~6?~Rrl~9cln~uL$n'dmduadmdad XRD (X-Ray ~iffraction)i idL6il lunldmn:G 

~duuunitfininwuo~i~~~ln~~t~il:au~::nulun~t~~~ti:G~:uu~iP~t~~fii~w~n~iluuuu 

Ruulnt w?a inititua~uots::moudlilut:Liiuuuduou uilut:uuPns~nii~o&m~iu 

i i 
nlulm~LwnirnnltLiu?LuuuodnRuLa"nIILoriuadmrod XRD (X-Ray Diffraction) ~dol%irn 

Ir v A, Y 
Y ~ ~ ~ ~ ~ ? ~ ~ L ~ u ~ ~ M ~ R M ~ Y ~ ~ ~ ~ ~ ~ ~ ~ I u ~ ~ ' ~ ~ ~ ~ ~  ~ ~ t R l ~ l ~ ~ ~ l ~ ? ~ ~ ' l l ~ l ~ ~ ~ d ~ d ~ ~ L n ~ ' ~ l d  

0.9h 
ZRoEii~nh?q~innunit Scherer (t = ) [I 6 ] ~ n u ~ ~ 1 n ~ n w m ~ ~ o ~ i ~ ~ a " n n l w ~  R"1 

~ C O S ~ ~  

~nam::ua~lntdna~tu'n7"1~ (board peak) &uulun?lu i i  uiin~ut:uuijmuinLcinw~a 

oi7q::LiluCntdnhda&mSiukdwum ida~inoiiuqu t::ulu lunltL<uqLuuradp1~uLa"n¶Ltri 

~od's::uuj;n~~~n~ldn'uu'ildn~u~a"n¶~su'id"flcl );ji~M"d~nwm::aodfin~a"na~~n~7d(board) 



i 
@d 4.7 wn~inn~mnnau~udiun&d~n97::ti~~nt::~uui~uwnt~us'nu~n~::nad 18 nzin 

hum'kd X-Ray Diffractometer,2 2niiww1.3 RnGwnt~ ijniiwn?,4.5 finGwnt 

.pinunao~nirwm~neu~qu~n%ds'di~n"nq~w' (x~~)niuitnuanlhiiiu;1iulnM:: 

rraunadiin?lutilua6najiu L~adq ln i i r i n~ ru : :aDd indn~ id (~oard  Peak) lm::iicinanr:: 

Y  a a ~ ~ n d u n u n ~ n i u c i ~ K u n ~ i u ~ u i ~ u i n ' ~ ~ u ~ ~ ~ ~ u ~ i u n ~ ~ u w u i  2 i j ~ i i w n t ,  n 7 i u ~ u 1 3  

ijniiwnt,nqiuwui 4 ijnZurnr unznqiuwui 4.5 i jniiwnt &lluEqiul/iiioiqq::~5m 

qinn~iul i lu~nt.mh~a~na~iuk~~umu&~iui ini~mh~~~<uL~ut::Lduuaa~a::naufi iq 

1nsislwd~vira~itrlf::nau1nn~tdt::na~tfd~ ~iinLiluwiindiiauini~n wiindh:uul 
4 i 4 Y  
ruadui~inni~~u"~~ni~unit~nnaunaada::nau~u~::uuuinau (Relaxation T~me) a t ~ r l a u ~  

~~~i~iu~r(alunit~~~~~WY?lfi~~ut::~ijuu~~n~iluuIRn Pnuii WY? ud'tdiA'ry'lunit6~~nti::Mc 
Y wZniio ni t i in~~uiaua~~wj~uw'n~~un~1uuor in: :n~ iuwu~~a~5n~s 'nuln~: :d~ inau d l  

Y J 1u"ril critical cooling rate aa~t::uug~uumiu~~~iu~uiaa~?'npl ~ i n h a & u E w j i u n n d i ~ u ~  
Y Y i  

h d h  ~ d d ~ n i m d a ~ u d ~ u ~ u " ~ n ~ i u ~ u ~ g d ~ u ~ ~ a ~ ~ d ~ i  rinana::aa.tGn~dnr~triqriin~iu 

unnorii~rinnuiclr~~u~iuu<uinL~naLt~aa~iu~iudiin~iu~ui4.5 ijniiurnf kp~ 4.8 

q r w u i ~ n ~ t t ~ u n ~ ~ u r n u i a ~ ~ ? ' n ~ s ' n u ~ n ~ : : n a ~  d i l f i i n r 6 n ~ m i l m m  & & ~ E ~ ~ l ~ l i i l  





@d 4.1 0 ~ l ~ ~ ~ ~ l f n l l ~ ~ . l ~ ~ i l ~ ~ ~ ~ ~ ~ ~ ~ f t f l ~ % ~ ~ f l ~ ~ ~ ~ ~ ~ ~ d ~ ~ n 9 l ~ 1 ~ ~ ~ ~ ~ & ~ ~ l ~ ~ ~ U  

Backscatter Electron, 

(n)&~~udiinliuwui 1iin8wnt. (r)iuqiudiin~iuwu12 iin8wnr. 

~n)~u~iudiin~~uwu13iin8wnt,(.r)~u~iud~~~11u~u14rin~wnt 



Iu~mu~~&ryry imuu Secondary Electron 

r ' .--.-.-- I - - ~ . . . . . - I -  ........................... 
2 4 6 8 20 

ul Scale 322 ds Cv+or: 20.2l4 ksV (0 ds) kev 



2 4 o 10 12 1- 16 18 
P - 

11 Sede 329 cts Cvar: 20.2l4 keV (0 ds)  keV 

hu1nh.r Energy Dispersive X-Ray Spectrometer(EDS) 

9in~n~odnisns?'9noudi?un&odqanssfl~uuudodnsin(~canning Electron 

Microscope, SEM) k@ 4.9 ~riniuimuon~di~nuuiiiudius'mu~~v::nDd 18 I&: 
Y Y J  nisXJmtizC'nnwioun'u~uowun~~ulns~ni i~a&~ld~iut l~o~ udniuitauanaiqwnu 

" 3 ' 4  
dld71uiudiuiiunhu no nod Gu if inou nodun4 un:: winili;uu uarduliudnnkqin 

i 
nlfi~nsi::i&?ulnnfin EPMA (Electron Probe Micro-Analyzer) rwei~~n::G~nrdoi~8'wpi 

c, 3 no~siqlw5nq~Rwn~::maurdooia'umm.ru nod=54.18 rdni~a'umimuazmou , i3u=5.24 

rdos'ra'u8muo::m ,7finnu=1 5.33rdoira'umTmu~::mou , nodumd= 23.41 ~dai~a'umimu 

ozmou , w~ni~i;uu =1.84 ~dai~JuP1Tnuazwou 

~ m u i 1 n i ~ r ~ u n o s u ~ ~ ~ n i ~ m ~ ? ~ f i ~ u ~ n s d ~ l i l d ~ ~ 4 i ~ 1 u ~ a v : : n o d  18 nzfm &?un&oa 

i 
qnnss~u%~bnmseuuuudo;lh (Transmission Electron Microscopy, TEM) rwomo?sWau 

~ iu~ l~md~i jn i tmnw'nn~d~d~6uuihwmt~ufmu~nv: :n~d 18 n::S'm 





m 

p ~ d  4.16 niw~~cinmrcuuuuli~~~~un'Zs;~~niu~~u 4.5ijniiwmt(e1ectron diffraction 

patterns at two different exposure time,8s,22s) 



~ 1 n n 1 ~ ~ n w 1 ~ ~ u n ~ o ~ ~ n n t t ~ u ' ~ ~ 6 n m t ~ u u u ~ d a ~ d 1 u ( t r a n s m i s s i o n  electron 

m i c r o s c o p y , ~ ~ ~ ) ~ n u n i s ' i m t ~ c ~ u ~ ~ ~ c u r i ~ u w r i ~ d n ~ ~ u w u ~ n a ~ ~ u . r l u  2.0linGlunt ,3.0 

d 
5nGwns ,4.05nGwas, 4.5linGwms ~=rru~~w~ndi~ni t~~~nt i : :unuu~q~ns'nu~nw::na~ 

Y 
18 nc% ~ m u n ? ~ u ' i ~ n ~ ? n ~ u q u n ~ ~ ~ ? ~ u ~ u ~ c ~ ~ n w c u c ~ n n u ~ a w t n k ~ u n ~ w ~ u ? n ~ n ~  

d 
( bright field) h4h 1 ~ ~ i i n u ~ ~ n ~ 4 ~ Z j n d ~ 4 1 n ~ ~ w n u u 7 1 ~ 1 j 1 1 ~ ~ u f : : m ' u u " a n  20nm 4 4  

I lr 

nt~n'LI?'Plqds::n.1n'Gk4l?" 

m - - 

Sample Znm 

a s - -  - - - - -- 
--- -- ~ - - -- - 

m8 

UI 

(d 

0 

4 





Sample 4.Smm I, i - - -  - 
2 

(4) 

J  i f lv l  4.1 7 I~dtun9I -A lgor hn l~unud i f f r ac t i on  pattern Lwaul relative intensity 
C C C C 

(~)%w~Iu 2 ~ ~ . , ( ' l l ) % A 4 1 ~  3 UU.,(R)$M~IU 4 UU.,(~)$M~IW 4.5 WU. 

Y J  i 
l u n i t ~ m n  unitlzu?luuuuulimnw~(selected area diffraction ) ~ 1 ~ 1 n u 6 n n l . 1  

v 

(intermediate lens) ld6fluus:u1u back focal t:uiu ' t l ~ 4 1 ~ 1 ~ 6 ? v W q ~ m ~ 1 4 ~ 6 4 ~ ~ d B 4 ~ 1 ~  

3; i un:liu?:ulluM:ldiictuuqm3a4un4 dm.rlilnlianwunq:~mi\1addniw ~ t n n ~ ~ ~ w u ~ ~ w ~ ~ w m  
3 J  

m$enwuv i~un i r~nw$d u u u n ~ t ~ i u ? ~ u u ~ m ~ ~ ~ ~ n  mmudn~:l?~~n~fiuu Bragg law 141d 

nmnPl6a4fiunioriu?luuao4niuLo'nacw'qinrR~;l XRD iaI~dt:lua~mt.r&iu'uu'unit 
i liinadnrm4imulnw:nm4nm4.jiu;j<un!4i Imu IRd tun tu  lgor menununimr:~?.rom4 

4 3  
8 L f i n ~ t o U l ~ ~ ~ L ~ f l u n ' U ~ 1 1 Y ~ ' l l B 4 ~ ~ ~ ~ ~ U C 1 d l  ~ : ~ ~ u ~ f i ~ ~ d n ? i u w u i ~ m ~ % u . r i u n ~ ~ ~ u  

(2ijn~lrrmt.3ijniiurmt.4rjniiwslr , 4 . 5 i h81~~19 )  ~~nl~uuunitLiu9nm~~L~nmmuLilu 

~uuuuuan?4 l rnu( r ing  patterns from amorphous materials) u & ? ~ d ~ u u ~ d l ~ u ~ d t t u u n ~ t  

3 ~nu~~uuao~~rdnmww~iluuuu~~ucr~u(rin~ patterns from polycrystalline materials )u?n 

4.5i jni iwnt) d.r~iiiimlnuiind&inqiunuuimfia4 



unncfi P ~ U ~ ~ ~ I U M U I Y ~ ~ ~ U ~ I U  4.5 LjnGwmt ~ ~ n ~ a ~ n i ~ n ~ : l ; j . ~ ~ a ~ G ~ ~ n r n w ~ u n u  un: 

wnu &uani%nitl6rnu:nlu<fiq t:uudiPnt~fih~u8nduuuufiuu~m~ 
.-& I "  ..I 

u i k n ~ l r i f i i u i m u o n r ~ i i w Z n ~ & ~ ~ ~ . n z ~ ~ l d ~ l 1 1 ~ u ~ u n o ~ ~ n a z l t  init inl iuqsil 
J A 

\ ~ ~ v a ~ o ~ m a u n r 3 u ~ : : ~ ~ ~ u v ~ ~ ~ 1 ~ ~ " s a f i i d t z n ~ u a i r ~ 1 ~ ~  ~ ~ t i : : ~ u ~ ~ ~ i n < f i q ~ a . ~ ~ i u ~ < u  
t YY n t ~ u w u ~ i u d u ~ u f n t ~ f i ~ ~ a & m S i u ~ ~ ~ ~ n ~ : : w a ~ n a ~ ~ \ t i j 6 n ~ m : : ~ ~ ~ t d u u u n ~ t ~ ~ ~ ~ ~ ~ ~  

J 
~ln'nmtaulflu~duuuMuan~~~c1Qu(ring patterns from amorphous materials)unzw~nn 

A 
k a t i : ~ ~ u u i ~ d L f l u w ~ n v u i ~ ~ n ' n u i n " n ~ ~ : ~ u u ~ ~ u ~ ~ m f  viil~~duuunitiiuqLuuvD\I 

J 
G~iinmrouli3uuuu~.~u~qu(ring patterns from polycrystalline materials )&wnqinhoynn~8i 

Y 8  4 

V-m@ "nltLiU?luuuuuL$anw"udl'(selected area diffraction ) l i a i u i . l nuanbQ inau i i n  

airnbu iqvi in i t1*nt tu i '$ "$d u u u n i n ~ u q  ~ u u u u u ~ i f i a u ~ ' (  convergent beam electron 

J -- 4 

diffraction pattern) ~daivlm:~~uu~nitLdu~LuuGLdnmmuuu~ai'w;1ua~nL~u~o~um 

t f luunnf iad~unf iu (reciprocal lattice) u~nhn i t~~u "oynu i rn~~ iuq in~a 'na~m~ L ~ U I ~ ~ U  

d J  3 4  
luniGuCuiiufinnriin~u~amzlt 



(A)  

@d 4.1 8 n i ~ ~ u l v i i ~ 6 (  bright f i e l d ) n m d ~ u d ~ u d ~ ~ 1 ~ 1 u t i u i 4 . 5 r n m ~ ~ u n ~ m . ~ ~ n n n ~ u '  

B~R'nmmuuuulio~diu itcluvi~nnu% u@uuun~tl~u.nuuuuudiamuil ( convergent 

beam electron diffraction pattern) 

(n) n~wri i tk tnuiu~u~u~V; id iut id~d~ (3) ~ I W ~ I ~ Y ~ I ~ ~ U ~ ~ L V ~ I ~ I U H ~ Q ~ ~ ,  

(PI) ~IWRI~Y-JVUIU~ t tau~v i i i i  u ~ d ~ d 3  



3 
~uni t~mnzci f i4n4~~n~na4uutnn'  (Bragg's law) L i J u ~ u J i u ~ ~ n ~ # i u i d ~ ~ ~ u  

Y n i t i l n r ~ i ~ n t i r c i u u u ~ d n i ~  L ~ U ?  luu3mhnntau lfiuniwd~?nnuuuqa&t un.ri?fiqin 
A l, 

Ewald sphere WYslfiuunnTind~uniYu (reciprocal lattice) wo~rt3nnwunrqFiiu~u4iuunz 

yuna~riiG~innmu~~u~~uu~~uufiuejiG~t3nnmuda~cjiuq::~viifi~ 28 unrliriifiauuin 61 

L ~~riitruz~n~auluuu~~\tu'u~in$u~iu~uii~uu~t'uni unr r i i r i i~nir iu~ndo~uiu8.r  
r 

qmt~U~~uuuu~6u qzlhdi 28 = ;: qinngno.ruutn6 (Bragg's law) A=2d,sin8 h 
A 

n6n~~nnttflu'ii~inm~auuuuda.swiudi 8 ~ n i h u u i n r i i  .sin& 0 ii1fi - -28 
dhkl 

* r  A - = - u=r.d,, Lni~l%d,rlu~lint\1~L#iuidquluniti~nti::ci~fiL~uLuu = dhkl 

ud6ulmudi  O(camera constant) ~ ~ ~ ~ i n n k ~ q n n r t ~ ~ ~ ~ n ~ ~ u u u u d ~ ~ w ' i u ~ ~  

lviiiiu 24.963 crn f n u i d i  LA qnviiiiufiuvlntzuiuiL?miuuuueinzw~n vii'lflh 

Q n d w  R d l  =Rd2 un,lii lW~~~u~~uuriu#oynuin~~iuno~~o'n'li~tu' (PCPDFWIN) 

pJd4.19 unnTindquncu (reciprocal lattice) na;1iudiu 4 l jnslunt 



p1d4.20 ttanRnd~unGu (reciprocal lattice) qmNtuntu carine [I -1 01 



qinpl4.19 a i u i m a h a ~ ~ n ~ ~ a ~ a u u i m t ~  4 i ~ n m e i d a r i i  r qinilrirr r l  riu n 

~ v i i n Y y  10.6 fiwZwmt un:: r3 ~ v i i i h  16.7 fiwGwmt uw:: r4 ~ViinYY12.2 fiwi4wmt i . r l da i i  

n i t i iu~nr i iur i i  camera constant (LA) d l ~ ~ i n n k a 7 w n t t f i 9 d n ~ ~ u ~ ~ u d a ~ w ' i u ~ ~ ~  
4 

~z~h~it::u::~i.rlt::~1~i4~::uiu d (plane spacing) rviifiu 2.355, 1.494,2.046 w n i i u i  

~Tmuf uuf iur i ihynuiqiu (PCPDCWIN) q::lhriilnAliiu.mKuPnt411ha~lf n'11e4naa 

(FCC) fi@?! 4.21 dhh::uiu (1 11).(200),(220) ~in~u6inirinyuuuilms'uT::Miia r l  I% 

R ~viinir 72 e4Hi uw:: r l  fiu r3 rviifiu 36 0 4 ~ 1  uw:: r l  fiu r4 ~viifiu 55 awii  u n z d e  



(Y) 

pld 4.22 utmladwnliu (reciprocal lattice) rrnqiuqw 4.5 iin5ur.t 

(n)un:(r) r rriin'y 10.6 Gn~wws 



@d 4.23 unnfifililun~u (reciprocal lattice) 'la$u4lu 4.5 rjniiurutt 



pld 4.24 unnn'd~unriu (reciprocal lattice) poc$uciu 4.5 ijniilunt 

r I~I~YEI 11.3 un:: 12.7 ijniivumt 

F 

Y - L  
@d 4.25 unnRfid?unKu (reciprocal lattice) ~ in f i l tun tu  Carine [I-101 



Ibynu1ntjiuna.r nad (FCC) qinpl4.24 dki r inlh 12.7 ilfiiiwfif UnE11.3 rjniiw.7 

r12.7 d m ~ ~ u u ~ ! u u ~ n t l d ~ u  - =1.1238 un:: - dl11 =1.124 (AuCu,tetragonal) un:: 
r1 1.3 d200 

rdhu!suyuaoa r12.?TiU ~ll,gdii~niTiU 50 ~ . r r i i  unrdlll Fiu dZOO f i i y ~ ~ r i i n j ~  

51.34 4.rii~1nntiriiunt.l~~ 



Y i inimnna4liu~an1~&4~n~r~w~n1us'nu1n~rna4 18 nr in  ~flnauIutriiu 

h&twnt~dal#~nn~nni twn~f iau EPMA lunitnn~saurl~uwnuni~~nij~a.rwijn~wn 

k p ~ d  4.27 ~uiiuijnG~~uwnun~.~~nij'ua4 q~inou wini~iiuu ~u ~ a r t i i w n d ~ ~ u i i i i n i r  

i f t t lu i iau innk 







4.3.1 nis?'an?iuu$duad Vickers (Vickers Hardness Test) 

w ~ n i t n n n a d ~ i n n ~ a d ~ ~ n w ~ 1 d ~ ~ i j n n ~ ~ u u u u d ~ d d i u ~ 6 ~ u u ' u n 1 ~ ~ d ~ n 4 7 : : ~ u ~ n  
Y 

~Z~UUIPUUJWT'~U?'W~~NU~IPM::WO~ 18 nZfPl ' l ~ d ? d P 1 1 1 ~ t l ~ l ~ ~ ~ ~ ~ d l ~  4 3 4  4.5 f i ~ z U J [ i l ?  

- "  2 
Pns'Lu~7ld~~su l B i i i n i t ~ ~ ~ n ~ u ~ u u " b ; l n ~ ~ n n ~ a ~ ? ' n q  Cnunit?'nn~iuu$~uuu?n~nai 

(Vickers Hardness) di?uLn+adb~niinLnai (Micro Vickers) 16aLflmuL~uun?ludduad 



@d 4.28 wnnifinnlluui4&?uLni$4?n~nai (Vickers Hardness) 



dd4.29 wnn%~inifinn~iudddi?flLn&dr~~no?nrna ( ~ i c r o  Vickers Hardness) 

* * 
'3 lnwnn i f imn? i~u~d(~ ickers  hardness test) $4 2 n% rruiilunlt&drn?It:~w~n 

i J  tt:KuuiPwwwtlus'w~Pn~t:na~ 18 nzfm ~ i ~ ? i ~ ~ ! d ~ f l ~ ~ ~ ~ d i ~ t : ~ ~ l ~ d n ~ i ~ ~ ~ ~ i 1 8  n t :h  
* * 

qinrJnZ i i d  3 r v i i  r3t:lnfJ"~~o.r5ufnuln~t:na~18 nzs'w'lfwSn nifi9'ulwns'.rCZdi&\1~nmii\1 
-I n~iu~mdn'ir~.rwnnitnmna~lunit~mn~iuu!;l~~ 2 n k i i  cu u~~~tu1aunfia~unt:fiiufi 

ruinwzn 5 ii.r 10 MIIMLU[S'I. lduv;lrwinwZnid"aunii 5 wilwruas l h d n i s ~ d ~ u u u d n d h  
Y 

n11u uG4nst:Imnqaeunt/i~<uw~u 

-, i J ~ i n . r i u ? w a u l  n i t ~ ~ u n ~ i u d . r u r . r ~ i n n i m n a u i n m t u ~ r ~ ~ n n ~  w a m d n u i n  

sr~u i ia f ln i i20u i~u luns ru f iunis Hall-Petch qt:l+hi'lt~ i71finis~n~ou~and~fi~nLn%u 

u i u n i i n i i n n i n i d ~ u ~ r a ~ ~ r w f i u f n t . r f i h ~  

w S n s r i i Y u i l u ~ u ~ t  unt: u ~ i i r i i ~ u n i t n n n a ~ n i . r b r i w n ~ ~ u r i ~ n ~ i u u ~ ~ (  Vickers 

hardness) udnin?iuui4 unr riin?iuuiid utd cu i n n n n  (yield strength (~,,))udf~u 

n td iu  k u n i u i t n u d n d ~ i n 6 u n ' u ~  qinflunis 0, = H, /c = H, 13 



d 
~ I n A u n i t  Hall - Petch ~ u a u u i n ~ n s u r i n n ~ d i n ~ i u u Q ~ u s ~  tld qnnsin( yield 

strength (o,,)) aadn~zqzi i r i i~a$u i d n i u i t t l a ~ u q u ~ ~ n ~ n ~ n i t ~ d i a ~ d d  [I 7.1 81 

K,, Hall-Petch intensity parameter 

0, iia n ~ 7 u ~ i i u A i i u  

q innuni t  (1) u n n ~ h r * ~ i i u i i d a ~ n t u i i a u i n ~ i n n ~ q z ~ ~ ~ n ~ f i a i ~ n ~ i u u ~ ~ u t ~  tld y w m n  

uadinqqzLiuiu & d l  d id i lc lq ju in  M% i n q ~ f l u i n g ~ n t u ~ h ~ q  (single-crystal ) i iqzdi 
i V d  l f iwqu '  ~ltnaa~nrmit~%i'lnRquu' iwi in lnna dinmuuiidutd tu qnnnn aad&rr:r;ulas 

' 3  i 
ni~~nqiin~iuu%dunzuidu~dL~uuu~~aiiuulnsle4~ntuLinndmlununifuas~all  -Petch 

i l 4 w k ~ i u ~ i d q n d a G ~ n ~ ~ d ~ a z m a u 4 u r i i ~ t l u ~  uriu~i~ndaiia&m5uvnouri?ui~drad 
v 

~nsum'?~uqz~nu"uu'~qin~au~nsuiiliirAnn1~nz~uua~Znln~n5u tld u?~qt ldm.~~ntu 

(dislocation pile-up) i 7 ~ f i ~ ~ d ~ ~ ~ ~ d d i 1 d ~ i n ~ u n i m i ~ f i ~ ~ ~ n ~ ~ ~ u ~ i i m n 1 ~ L d ~ ~ u ~ f i n 7 d % i u  

i 'ldi;nmruda~lnriu nionvau~ntuniu~rnu'u~~iin&mai16~u~ilu~wt1:i1u?~~tureu 

i" m & n i t h ~ . i n i ~ a ~ a z m a u d k ~ i l u s z ~ r i u  unzdnilqiunuuknitm~audZnlnLnriu tld 



uinnruaumtu iia yunt:diKu~o~uin:mnr ~ i ~ u u i n n ' q : i i ~ f l n ~ m ~ u ~ n ~ a u d s l n  

n ~ d i n q i ~ n n n m n z l u n ~ ~ ~ u i ~ ~ ~ ~ ~ i ~ i n B Z i u a ~ ~ n w i n i i 1 w " 7 ' ~ q i ~ ~ i ~ u u " ~ ~ t ~ ~ ~ u ~ u  

i ~ ~ u n i m n ~ a ~ ~ u ~ i ; m ~ ~ u a 4 n i ~ n n ~ a ~ h a u ~ i 4 m t 4 m i u n ~ ' 1 f ~  no4 Hall -Petch 

u i n  u i u u ~ n a a ~ ~ n ~ a ~ ~ 1 ~ z C p i i t : K u r U n t ~ u  u R : ~ u i l ~ . ) ~ u i a n ~ n ~ ~ i u i t n C J ~ m ~ u l n  
4 4  Y 

aa~~ntu lu t :6uu i lu~un t  ~il~1iiu~runuu~1~~1m1.~~'11uuiuinulu iihirin1nw:insi 

n~uui~rn"n?iunu~1n?iu&uw"us'~a4 Hall-Petch "Ia.ix1 filfn~:dlnt~t:6~odll~ND1~: 

n i u i snG inun iw~4  Hall-Petch ui1fluni.ba'suiuh yield strength ~nslnw:lRw%'&i 
Y 

i a ~ 1 ~ ~ i u ~ n ' i ~ ~ z 3 n u i n % n " & ~ r n o i : ~ ~ w i u ~ i ~ u i ~ 1 a ; 1 ~ n ~ d ~ e , n i i  1 k n t o u  'YLUJIIX 
-1 

unz ~~ausianndua.1 Hall-Petch q:!~unnnann&a4iia fi i inqiauinao4lntu~inn47'~q 

Y 
~ ~ 4 z ~ n ~ i u l r a ' 4 ~ ~ 4 u ~ 4 ? ' ~ ~ ~ 4 1 ~  dwa~n~nu :~nu1n iu i t n~4~n '~ " ,~ '~u7~~~4~n tu~a t i~4  

t r r i uu ihwmt  n?iunonn&a~r iuaunl t  Hall-Petch d~fludn?iuui~at.r~11.1?'nq~::~a4 
3 i 

p~aunmol  Aaauinuo.rmou~in~sngu~1d l n u u u ~ l ~ u r o ~ i n q ~ d r u i n ~ n t u u i l u ~ m t  

doun4suiiahiudhln~iuui4va4inqn~unnn4 64pl4.30 q inn t i~da iu lun? iu&u~ 'u~ '  

.tlo~clunit Hall-Petch i'iinimwna4 h€Il:uIi~lf l~ 4 rd?wltlqjliia q i n  u?l?ru I Id u?r?nr 

d II h i  Yield strength ua~7'nq~:C~n.monnda~K~lwunina.r Hall-Petch d t l ~ 1 I ~ l n I a 4  
3 

mnrriina.rinqCri1 Yield strength F.ruulda.twndnnOnit dislocation pile- up 



Transgranular, ductile fracture 

J J 
@n 4.30 wnnitwAomnnrls:vi i~ yield strength rk nuimYQdLnfu nw%oynnod T.G. 

Nieh, J. G. Wang[l9] 

3" 4 u ~ 1 u d ~ ~ ~ u u u ~ u n i 0 ~ w ' u u " ~ f i u o ~ ~ u ~ d ~ ~ d a ? i ~ 6 ~ r ~ ' u s ' n ~ d f i ~ n i t  Hall-Petch i d  

ru inao~~nnra~ tza i i~ id "oun~ i  20 u ihwmt  qui id lntdf ih.rorTNj iu i~Qdnttncii~uC/ 

iiliiu'nlnvz?n~ik~lan~iimiolm"uu"~un:2lj~dn~own~lh~innimmao~ ~ ~ o ; l ~ i n % m i i n " p l  

r 4 -14 vwiudtznitlunio&dinm:auAnnuuuinui~u~un'qiudiu lnrr~ewi:iaiin'pllun~i~1Ij 
3 

~flu~ua~biu?nadcfiq(~on-uniform Structure ) ~ d u  nit6drnti:M'w~nfz6uui~um"~u 
9 

no:uqunitwFim uuuwd (Powder process ) GiSoui\lit?unji nitw5muniu<umou (TWO- 

J 
step processes) ~ ~ n t : u ~ u n i m : ~ u i t n 6 ~ m n : c l ' w 3 n ~ 6 u u i ~ n  

-1 iii;~unrzu~unit~ou1~1~o~iu~1u~lvry'~iu~wonfi1u1tn~11~~ri1n1~~wfi~u3n1~ 
J 

nnrX uiho.rciiunt:u~un~du~nidu n in i i  sintering idq:diI~;ruin~cl~~lijn~dnuuurlnd 

~ d v ~ t i l ~ ~ n l t ~ d i l u u u d n ~ n o 4 ~ ~ 1 ~ 1 ~ ~ d  riujriiluaiqindo~ii.rdiiiniuqinnr:u?unit 

d?u laq j  unzt?dd%oilf i~~nodn~iufindfnnod~ou~nu (Grain boundary impurities) ,n i t  

vqmnan(Nano-scratch) ~ i n n s : u ? u n i s w ~  m Electrodeposition v h ~ h i n  film 

[20,21,22,231 ~ ~ d ~ ~ C u u ' n ? n u 7 ~ i i f i ~ ) ~ ~ ~ n o u f i ~ ~ m o ~ ~ ~ i ~ i d ~ ~ l u n i t f i h ~  uuuiinod 



A A i 
P i 1 d ~ ~ u ~ z 6 ~ ~ ~ n a u ( a t o r n i ~ - s c a l e  sirnulat ion)rw~~'suiuwqinttunit~n~aun~~~a::mau 

1uw d V  r 

unt dislocation u~dt:u~uwnu;lu~ewnwnqma~~n [24,25] 

~innimnna~aa~~iu?1'unk~dfiiuitnw5niu~iu$fi~uitnCp1n~iuuu'~ua~?'fiqlh 
i 

luu8ntzi;ufinunii 20 ui luwnt i d  5 u i luwnt r X ~ i l u ~ i u i i u n m l  ihqzuliiltyu~nnciiq 
I V 

u i c i d ~ u r i a u w i i d  1nuqru5niudiuL~udu~du'ulilau (one -step) ~ inuodnnq l f i ~ i l u  

" 4  u a ~ ~ ~ ~ d G n ~ i ~ u ~ i ~ ~ ~ ~ u ~ i u n ~ u ~ i z f i ~  &d~uqnunw8nfiaunii 20 uifidwwt fiunit 

Hall- Petch ~ f i i u ~ t n a i r u i u w ~ i n t t u ~ a ~ ~ n ~ n m ~ u d ~ i i n ~ u  ru uinnrwiin~iintz6uuilu 

" 2 A wniW ~drl .runidn~iuuu'~utduasif i~ ~ i n ~ i u ? ~ n ~ ~ u w ~ r i i P ; ~ d l ~ u ~ w i i a m n t ~ d t : : u i ~ ~  
A i 

n ~ i u  umnsiidrodruin ~nmn'uP; in~iu uU"4 ut.~nm~?'fiq un::rGuu dluuriudiuqquau1 nln' 
4 -  ~ ~ ~ f i l ~ l ~ h  [26.27,28,29,30,31,32] 1 6 ~ ~ 6 d l d  4.31 q ~ ~ U i l n ? l ~ ~ u ' d U t d Y a d < f i ~ d ~  

Y A  -" A i 
wiintt.Kufiaunii 20 ui luwnt Griigduuwouuinwi/n~iinnd dsfiquni.mn'uwn~quq~vaun 

~ ? l ~ ~ u ' d ~ ~ ~ ~ ~ d d ~ ~ V ~ l p 1 ~ ~ d ~ n 4 ~ f i ~ ~ ~ d ~ ~ t ~ ~ ~ ~ l ~ ~ ~ ~ t  



Vapor+anneal (Emery et al)m 

A Vapor (Okuda et al)[H] 

Vapor (Sakai et ai)[H] 

0 Compacted foam (Hot@ et al)[H] 

Commercial l8k Cold W,TI 

10 
LE-10 1.E- LEOI LE-07 LEQcl L E 0 5  LE-04 1 x 0 0  

d - Gnin Size 



~unimnfieuLdouin?iuLiiu-n?luLniun utann1uri?ifiqimu1nu::noa1dil4 

ulmtJlu ASTM (E9-89a, standard test methods of compression testing of metallic 
C 

i d "  

material at room temperature) ~~~~udo~uaiu~flu~dnf;~nt::uonnuomtid?u~~a~~udiu 

qucinni.rmon?iugavoqiuaiuLviifiu 1 :I .5 ~o iuaiul~ucii wju~nniantant::uon 4.5 

44 4 

f i~Gwns nqiuga 6.25 finGwms nuunntz6u 5 i i a  20 u i l u ~ n o  Iuinu1nu::noa 18 nt?m 

~ ~ U ~ ~ n i t ~ ~ f i Q I I ~ ~ ~ t ~ o ' ~ ~ ~ ~ ~  (Maximum load) ~ V ' i i f h  30 KN ~fi:~mt?lh~uniw'm~riiri~ 

0.01 finGlumt/uii 



i 
wnnni~ inn i tnnaauu~do 'b l t i i n? iu~~u~m~ ' t ln~n  (maximum yield stress) 

di6u 777.73 MPa riin?lu&mqnnnn~~qn (maximum yield strain) ln lk  4.79 un:nl 
C 

uaeKfin?iudnurju (young modulus) ~difiu 17.7 GPa ~ n u ~ ~ u ~ d n q d q n v i ~ ~ i i a ' w . ~ ~ u ~ ~ m  

nio~"~nniud 12.37 KN l n o ~ u . ~ i u ~ 3 n n i n  0.268 GnZ~unt da~$mu~fiuufiu~a~ 
A d ,  ~rnu~ntrrnadh?h nun? n?iu&u~nnnnq.rqn ln'i6u 1 l o o  MPa niua pfin?iudnutju 





wqfinmnitw'snniuu~~5f ipl~inus~ni~nn 

~unitilnsi~umou~n~"iuvod~iu?<unk~dii~w~finttuuad?'n~d$dLnn::tl'~:n 
Y Y  

s~6uui~u~umsw~uu~uowu~ns4fi~d~&m~iu~o4~nu::wfiu1in~mufnu::no4 18 n:Fm 

-1 
~ n u q i i w i t ~ ~ n u u u ~ n ~ ~ ~ ~ i ~ n i ~ t v o ~ ~ f i p l ~ ~ ~ ~ ~ i n u t ~ n t ~ i i n i u u ~ n d i i ~ f i ~ f i q ~ ~ n n i t  

f idnniu t i to ii?uu'iumnlin (Fractography) U ~ ~ ~ I ~ ~ U I R ~ ~ : : ~ ~ N ~ ~ U L I T M I ~ ~ ~ ~ ~ ~ . ~ P J ~ L I  

i 
~o: :n i twou~mu~~u~n'u? ' f i~~u lusi+o<irindimuCn~::uin~o q~ f iuu31un? iun iu i tn  

udspluuuni?tlKuin 1 ii1~Wrjf i i~ionGild14~iu~li~dt::~nn~n" Inu6nwm::nit~iinnit 

u d t f d u u u n i ~ t d w u ~ ~ u ~ ~ d n f i o u ~ d o ~ f l u u n ' u i f i p l f ~ ~ ~ j / ~ ~ ~ i u C n t ~ f i ~ i ~ w i j n  

(Polycrystalline Metallic Materials) &u~u~iui<unkdd~::1fiut4nt::iiniuuonL~uutdnnq:: 

uidoan du utsnt::diCnu d o f i n  Lnof (Vickers ~ardness)un::uo.mt::~i~mu ~n'sodnm 

(Compression Test) 

C 

~ ~ s i n n i t ~ i ? ' f i q o ' m ~ f n u ~ ~ o d u i ~ i n i m ~ o u ~ ? u  ~ m i a i ~ n ~ i n r j i u i i n i t u n o u ~ ~ u  

mn~~utioqryryinic4~~uu~u~u~~nu14dGuw'no~un~~~upl~t~nt::u~n~~ucjiquu'nni~ 4.5 

::A 
ijn?jwm, un:: 6 ijnGwmt ni t~#uKudiquu'nni~~~~nt~nt: :uon 4.5 ih?jwns uuuuodwn 

c r n d ~ ~ ~ i n n i t n n n a u ~ ? ~ n ~ o d ~ n n t t f l ~ o ' ~ ~ ' n m t o u u u u t i a d c i i u r i u u ' u n i t ~ 4 ~ n n ~ ~ ~ n  
i 

s::6uui~urumt t i ~ u n i t ~ ~ r i b u w i q u u ' n n i d u ~ d ~ t d n t : : ~ o n ~ ~ i n ' 1 ~  6 i j n ~ l u w o  Lwe 

~fmu~;uuwqRntnruo.r shear band ~ m r d ~ r u i n u a d w ~ n ~ u ~ ~ u  11n~dd4.36 (n) 5'fiqW 

~n imnkLdominn im t i n  ud d1d4.36(u) i f i~i initunsi7~dnfiouj/u3~~mni.~~h~iCmr:: 

Iu uaiGuhn4 und 



(a 

II 
4.36 i u ~ i u i ~ i u n i m r i a ~ i ~ u ~ n ' w ~ ~ ~ a ~ ~ ~ i n i ~ ~ u u u w u ~ ~ ~ u ~ ~ ~ ~ . r  

C 

(n) 3u~iunt~ncuanuuimr~uir~uo'nrsi.r 4.5 Cniiwnt, 
v 

(a) ~u.r~unt.rnt::uannuim~~utii~uu'nRid 6.0 j ? ~ i j u ~ n t  

l u n i r i t n w ~ i u ? i u ~ a u u w h a ~ ~ n ~ ~ ~ ' u ~ u ~  r:&drnniiKnnr*m::ni'tunnu'nga.~rmu 
Y 

Taw:: r::~i)minnirudt@ra.r~uain~~uuu~iliinutQl~ou (Shear Bands) aQ iquu t .~  UR:: 

n i u w ~ i i n n i t u m n l m  air~da~uiqin~u.riuiIsuln~::~ij~~t~n3ii~w~niilfi~:riimnitunn 

i 
CLd di~1a~ut\llh~iiauq4q81i;a 45 aQPil (maximum resolved shear stress) wof immiid 

J Knw~:ua~~~tlu"imu~[rln~a.~~~uTa~~ q::wu~nwCLd~uaQns:~]~unit~i)mnif ~ ~ r s a u K w a d  



Y t Y 

L U T I ~ ~ I ~  (Flow Process) Cnulufii! a i ~ ~ ~ w w n u ~ l ~ i n n ~ ~ ~ i i n n ~ i u h ~ ~ ~ w i z u ~ ~ ~ ~ ~  (Local 

," J 
heating) [33] 1nuiin?iuwu7uiu~unis?'h~;7n?7uhuiLiimi;:u~u shear band kudlu?qun 

m i i a ~ i f i ~ i m u 1 n ~ z n ' ~ u ~ j u ~ ~ n ~ ~ 7 ~ w ~ i 7 i ~ ~ ~ ? m n 7 ~ ~ i i n  shear band liinnlntnau~un? 

n a d ~ a ~ z ~ q n i i ~ i i i u f i u ~ ~ i 7 n i t ~ ' i n  shear band i i l i i ~ f i ~ 1 ~ ~ 1 ~ J o u q ' s ~ [ 3 4 ]  ~ I ~ I ? ~ ? T D O  

u m n ~ e ~ 5 f i q ~ ~ u C n ~ : : ~ : : i i 6 n ~ m z ~ ~ w i : : K ~ ~ ~ ~ ~ ~ q  K15fiqdtnuumn~flwKnnumzflii~ vein 

Y 
M% River ifirl~u'l::iin?7uLuiua~wlumifipl usihtau~n~flurinwm::~~~i'suu inr l~uqzd 

Y 
n?iuLdTl~l~l~TI?tP~[35,36] ~il i iu~fi iu?~n~~anii . ln~iu~u~u~aa~?'Rqo'muCnu::nn~ 

~ i u i i u n ~ ~ ~ ~ q ~ n n u ~ ~ ~ w i : : n ~ ~ w ~ ~ n ~ ~ u n i ~ w ' ~ n n ~ u n a ~ i f i q o ' m u ~ n c 1 : :  i i s d i i i q : : f i ~ l a i  

~u im~ iu Iun~nn~ iuun f~aa~ i f i q s 'P lw InuzCnum~~  

ad i  (R) 



'#IIII x1Y)O - 10u ssoa 

pld (q) (Q) 

p ~ d  4.37 ~ i i ~ L i ; l b i u ~ ~ ~ m ~ ~ m n i u ~ ~ u d ~ ~ ~ n m : : 1 ~ ' ~ ~ n t : : ~ u u ~ ~ u w ~ t ~ u ~ ' n u 0 n t l : : n ~ ~ i  8 

n::s'mqinnogns::uan 4.5 Gn6u~ms do~6aunfj~~~nnsspls%~~nmwuuuun~in 

(n) @Pnusa~,(~) ~ I ~ ~ Y U I U  35 ~ii, ( ~ 1 )  ~I<~YUIU 150 ~ n i  

(9) KI&YIUIU 500 ~ii, (9) RI&YUIU 1500 L ~ I ,  (Q) i76d%uiu 5000 ~ii 



$d l  (q) @d (Q) 

Y @d4.39wuii?qmfiiuu~~mu ~~mn~u~~ud&~~nn::r~'~~n~::~uu~fuwmtlu~u~ntl::n~~ 8 

nz?m ~innsdnszu~n4.5 ijni!wm't d~dh?~n&~dq~~m~1u~6nolmuuuudadn?ih 

(n) pllmuo?u, (3) ii6druiu i 00 w i i ,  (IT) i i 6 ~ r u i u  I 000 L Y i i  

(ill i i6dnu i~  3500 iviiqnt, (19) ii6druiu 3500 iriiqm~~, (Q) i i 6 ~ r u i u  5000 r r i i  



@d (n) @d (4) 

J 3 "  @n 4.33 rru~?~u.nud~.n~~zw'w~no=:~uu~~u~~ms~u~muta~z 18 nrim qln 

ns;lnszuon 4.5 f ia5wms(s~~)  

(n) ~inamr~u~iu~u~ruluut4nm~mumu, (TI) riiC4rulu IOOOI~I 

(n) r i i & r u i ~  2000 1vi1,(4) r i i C ~ r ~ w 5 0 0 0  1141 



m 
CHULA COMP 15.0kV x500 10)rn%Illr~n 

i i i v 
ldvl4.41 nls~~vlnlu~wo\lqln~~m~14 Vickers hardness ~UQIM 6 i h z ~ l m f  



~inwnnitnnnnd6?unR"~dqnnttPIu%~R'nmuuulJdndn?1n~u~wum Secondary 
J 

Electron ~~dins~n&~~nn::tiw~n~::6uui~u~]mt~ud~uw'nodun.m~4n?::uen 4.5 h s t ~ 6 1 9  

J 
~naru::~mumn&biu~flu~~~dn 4.37 n,a,n,~,q,a d r i i l 6dau lud i~ f iu  iirinanr::nliiu~#u 

J Y 
nad~ilunKuriu w a ~ n i l k ~ u l u ~ d a u ~ : : u ~ d ~ o n ~ h ~ f l u n o d ~ ? l ? N ~ u ~  i ie u inmS/~i in 

i J 
wuuanzdiw vein fiKu nYLl u7~~mmuumnE?hu un::uloqqinpIn 4.39 m~uuu?nu~ui iu  

J 3 
~ ~ d ~ ? l ~ L ~ ~ ~ ? ~ n & ~ 4 ~ ~ ~ ~ ~ P I ~ % ~ 6 n ~ ~ ~ ~ ~ ~ d ~ d n ? i ~ ~ n l 9 ~ d ~ f l ~ f l f l l ? ~ ~ ~ d l ~ ~ ~ f i ~  q i n  

i 
pl4.40 y u a a ~ n ~ r u m n ~ d o ~ q ~ n u t ~ ~ ~ o u a o ~ i n r l d u u i i u u u ~ u ~ ~ n n a a ~ ~ n t a ~ n n a o u u ~ ~ ~  

sruli~aan~fluno~d?;1?io 7ni(un"uaa.rtauumn~::~flu 60 70 ow i i  an::t::~ii.rnnw 

$udid.rqnnlnriiutlo~nitw'~nniuq::~~u 20 30 adnqdoduuriuunuL~uqinut~nmao4 
J i 

ln+od~fiiiutiudlu 7 i n p h  4.41 Lf lun l t f id~~ iuL~%d9ln~f4nn Vickers hardness nad 

iumu~?luuui 4.5 ~jnswmt iiu ~ u ~ i u d i j n ~ ~ u w u ~  6 ~ n ~ w m ' t  S/ljn?wumn~iidaod 

~ l ~ ? t d ~ f i ~ C n ~ N : : u 0 9  shear band dii1iiriinnipw~snn7e~dnniu 

J A, 4 

n i t ~ d n u u ~ n i ? w o d ~ n q n ~ w n n t z ~ u u ~ ~ u w m t ~ u ~ m ~ ~ n ~ : : n ~ d  18 n::% a m  
v L, J 

~-~M;j<unidG ~inntYo~q~nt t~1u%~R'nmmuuuurdo~nnn(~~~) ~ u i ~ r i n ~ t ~ d n ~ u ~ d u u u  
J 

fll?? (Plastic Deformation) a~uriut+md~ilufi?iruu idnitLdnuuflnl?dolqq::~iim w n  
3 

n? iu roudr~n iuq in  shear band diW N u?l?m$liinnltdaua'?ao4Luoin9 d o  ii'Lfi 
J 3 

r~mn?iu:ouquzd qm~qJjn l t ldnuu~muf i?  (Glass transition Temperature (Tg), 150"~ )  

&USL?N N q n ~ i ~ q q : : d n ~ i u ~ f l u  Supercool liquid (ieIqdn?iudeu~un&iunniu:: 

t l ad~u~?)  ~d i i~ i idn i t~d i juu~~dnR" iu i iun i t~d i juu~df l l? t~ ldb~o in~~uu~~ i iu?  I u n l t  
Ld Ld 

nnnodnidiiklriniuitnn@~Bi~n~~u i i ~ n i n ~ u n ? i u d d u n i . r  (toughness ) Wr i u i nqhu  

J 
hw::no4 18 n ~ i n  ~ a " w 8 n t : : 6 u u ~ ~ w m t ~ u " ~ u i d ~ u 1 u n ~ t ~ ~ n ~ ~ n i t ~ Z m  shear band milflu 

fii~~qwrin1unitw'~nn1ua~~ifiplii~~nimuCnw::w~an~uCnu::~&~~iu udiin?iu~flWrdlh 
4 o~n~ iun iu i tn~r iuw&~iu I f lu~~ : :S / i in~ tud t f l~~~ i f iq~~u~u  rda.rqinktsnhd vein 

pattern ~ ~ ~ ~ u C n t ~ f i ~ i . r w r i n ~ n i s ~ ' ~ n n i u a ~ ~ ~ ' m u ~ n ~ : :  dnit~dduuudns@iid 

arii~oi~tlu?nsJimuCnw::no~ 18 nzim ~ i iw8ntz i ;uu i luwmt1u~nt~ f ih~o&~l iu~r i i~  

%nu u ~ : : ~ i n n i t i n y u u a ~ n i t f i ~ n n ~ u ~ ~ ~ i n q ~ ~ o ~ ~ u u i i u ~ u ~ n ~ i u ~ 6 u ~ ~ ~ u i i d ~ ~  



u i n n i i  45 odfli rita ~ in91uLkuuts l~au~d~a(maximurn shear stress) ~ d ~ f l u f i l ~ u ~ n l t  
i i 

finniuuu'~~dflzaad$fia]fmuPauz ~~n: luad l in f in i~m~9idn i tw 'a~uf lda f ls  shear band 

-I 3-4 -I 
l i nw ik l  ~ l ~ f i f i n i t l ~ ~ d l ~ ~ ~ ~ ~ i d 9 1 ~ d  shear band a f i i d t 4 l l u  UanlinuuaNwnn 

f i o n n ~ a a l i n n i t f i u  Vickers hardness d ~ n i t ~ ~ ' ~ ~ ~ ~ 1 ~ ~ ~ ~ ~ 1 ~ ~ 9 1 ~ ~ ~ 1  6 

i -1 Id 

finGwm, ~w~&~~nnztiw7nluQmufnut:na~ 18 nzfm l f l u q j n i i w f  nn6d~nsit:ti.31n3u.rliu 
i i 

drin9iuuui 4.5 finaurnr wuiinutdnn 20 ~g ~ i i n n i f i ~ n n i u a o a i n ~ a ~ : n 1 1 ~ l 8  nzimn 
i I/ 

i u~ iuau imn? iuuu i  6 finawms i j i ~uaun i~dna iu ruasq in  shear band caunii%u.riu 
i 3 '  

di in9iuuui  4.5 fiaGlunt uazfitz~zni98ia~ufl.~aad shear band u i nvu  ~ d f i i u i s n  
Id 

i d  4 8 . 3  A 
6 u ~ ~ ~ i u ~ ~ i i ~ u . J i u ~ m u ~ ~ ~ z n a d n u ~ a n ~ u r y ~ u ~ i u i ~ n i n a 9 i d ~ 9 1 u D i ~ ~ u a 4 a a ~  shear 

band ~&Nin& 



n ~ : u ~ u n i ~ ~ d ~ n ~ i : M ' w ~ n t : : ~ u u i ~ u ~ ~ m ' t ~ u ~ m u ~ a ~ : : ~ ~ o d  18 n:Fm \ b ; [ # A ? l ~ f  

-I 
mu~6un~tr i iuan~iuS"~uvo~5aq (Heat transfer) ~unionqu~uJi~arr::~iiij~'mnnitLfiu 
J 

~qi?ndi.rlriu tnu i in~aonuuur jnunr : : iu~~u~ 'nu ' in~:~~u~~6 donqiun::nqnIunltrri 

~ l ~ ~ l ~ ~ ~ l ~ ~ ~ ~ ~ ~ d n l t l ~ n ~ ~ t d ~ ~ l d o & ~ ~ l u  (Critical Casting Thickness) ka:: 

i 
d i u ~ d i / u u r i i n ~ i u r r u i l ~ ~ r r u i : : a u 6 ~ 1 n i ~ ~ ~ n ~ ~ n i t ~ ~ u ~ m o ~ i ~ p i o ~ u o ~ u ~ ~ r r ~ n ~ d o 1 i i * l ~  

au inwi ind f imn i t  t n u \ ~ ~ n i t m t ~ ~ a o u a u f i n ~ i u ~ ~ u ~ ' m u ~ a r r : : v o ~ ~ i u ~ < u n ~ ~ i b i ~ u  

rnnirnnii?mti::risiiq njn1'ti.r 5.1 Ldadu~un~iuLiluimu~nc1::voqli'~~ua:: ruin rirn 
J d 

nodw~nw&q~nn:~~u 

I 

~~l " ra~3oIun i tno1~aou 

DSC(Difference Scanning Calorimeter) 

XRD(X-Ray diffraction) 

EPMA(E1ectron Probe Micro-Analyze) 

EDS(Energy Dispersive X-Ray 

Spectrometer) 

auu3r~w?tna.~s'aufautn~q 18 n t h  

q n n l q G n a l u ~ f l u u f i l ~ ~ =  135 oamr f l a~ iu l  

q m ~ q G n ~ ~ r ~ n w i l n ' l u d ~ x =  i 80 o ~ m n a d u a  

~nndudnflmdn'ilc(board peak) 

~do+~4udoznnufnuu~a VlQ4=54.19 , 6u=5.24 

35nou=15.33,~o~un~= 23.41 

WIRIL$UU =1.84 



w q ~ n m r n i t w ' d n n i u r e d ~ f i ~ n ' ~ f l u ~ ~ ~ i 6 r y ~ u n i t ~ e n ~ ~ ~ ~ ~ ~ ~ ~ n " 1 i ~ ~ u ~ l l  ttuu 

a i iu?da~dr iz  ~nudnf iu~~~mu&w~~f lu?' f iq~dmz ~ w t i z r ~ a ~ q i n n i n i ~ n a i u ' ~ ~ d ~ n u  

hwzqz~i in~in shear band i i l~%ijn~tud@niatrieun~tw'~naiu usilunimnno.rnkd 
4 i d  4 

~ & ~ ~ ~ ~ ~ ~ N ~ ~ ~ N % M I A T ~ ~ ' ~ M I ~ M W ~ ~ ~ M ~ [ I ~ ~ M ~ ~ M ~ M ~ ~  18 nz% ' m ~ f l l f l N ~ n 7 z 6 l J ~ l l ~ l u a s  
v 4 i 

ru ' i u id?u~n imqnu 'dn~ t~~nnQiUp i~~ued~~ shear band n ~ f l u n i r ~ ~ j ~ ~ n l u n i t ~ d n a i u  

u u u ~ d n z r a ~ i n r ( i i w ~ n k u f n ~ z w ~ n ~ ~ f n 1 ~ t e k m ~ i u  i nud r in r rmz~~muuwn~o . r i f i~  

s'muTn~z qzCj6nrrt-u:: 2 uuu Ze 

~n%.~iieIunitwmqneu 

TEM(Transmission Electron Microscopy) 

EPMA(E1ectron Probe Micro-Analyze) 
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