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I~, I P.t;UU1: l l ur1 

itJp ·-ul1;:1f1catiur1 l1f m1:tall1L melts is one of the most impo:-tant 

,:: •. ,;e-,·>t!5 ·lt'•::rmin111~1 tt11• properties of solid •Ltals and alloys. It has been 

.:.llh:~l •··~·"''""''[" r.ir u.rn~ vear!; /1/. In the early fifties the interest was 

.......... : ••: ·· 1!1·.t: ll111!. 11111 111 1mpur1 l11::. and alloying elements llur111g 

.... ~>!!:. -t;·' P'. ~·•t! nu1ptmlug) of so!'d-l1quid interface, etc. As a 
;·t 1··t 1 • .1 t ! , .. :: i !. ul tr1.:·.1: •;t111l11!:i. h1qh 1111rily metal anC1 sem1;;11nductor 

c: ,::tJ!'' t .. ; ... 11een ;: 11~11. fl\ 1•1111: 1111d l111g anti other tcch11i1'1ues. 

·• '•P.~. p•·rioa tl,'>:p:1 r;. l'J60 wtie11 I'. Ouwez and his coworkers prepared 

\u-"'r ll~ '"'· li;:l\lf~:J .Jmor~nou:.; cHom1c ariangements, by extremly rapid (10 5 

.o!H:f:::;;t:o11 .:: :.;:r.dll d1 •• plet5 of the melt on a cooled substrate /2/. 

~':. • .... ( '" tl•r .lec::iae!. th~ qL:iss forming alloys {metallic glasses or glassy 

!.r:• .. !!:; wt!rt 1n t:ie ·:enter o!' interest: their formation, structure, special 

;.;op1.:•·l1e-. i!!1<l :10:.s1ul1! appl1c:atiun~ have been studied in many laboratories 
ri. •)\Pr t.t1f: ,,llf}Cl. 

~.1r1t:1 tr,e 1:'1CJ of tt11: '.;cvl'rit1cs the rapid solidification technologies 

e.g. iron-, 

are rr.ferrcr1 

'1.e CIC!!r; :t;1pll1!11 frir the pro~uct1on of commercial alloys, 
1! 1m1111•1n;- .. ,111! t1 tan1um t1.1!;ed alloys, too. These alloys 

lt11: :,..,,,fit!. 01 1;i,11d sol1d1f1cat1on can be d1v1ded ;.1to two cateuor1es. 
t, .. , · ·r r;.;11rl .11!1rl1flC:?tlOrl •'lo:ll!IH1S the formal!OO of flP.W, 

' r. . I •. ~J; .. l . I ~ 1 • ; '. ' . ""·r'"''·"· trw ·;1tl11h111ty of a !'t:w alluy1no clt!mP.nt!;, r.a11 

I'• I ·111 . t'oll! Lil t1r:lt1:r phy!;ic:al 

IJ I' , I 11 "111:1: 1a1 c:a!;r.:; !JI J:.:;y 

ct1emu:al propcrllt!s or 
i•d'-tlJ,t j , en.;: ... ,,, t • t:n·, r•t t.ftf_·~••·. :; I' 1.11 IHI l y : ttu: 

a111J 

rap 111 ·;ol 1d1f1cation of th~ 

.t I l · "~ I· '"'"",lr II ilf'lll'f'.'o'· 11~ wh1r;ll ;,( (Oy!; If •;m;i(} l:l'll!i!; !ol.'Cllllll 

.. 
'.' 

.; I· ,· ""'": .11· !1•• p1111l111:1:1! rlfl'f'l:lly flum thL' melt, 

.111, ;l'f• : i..1ir1 11111 ,11111 111111:""'•11111. 111 lht•. •;i•11:;1:, U11• r:11111I 

i: 011 t 1 n1111w; 



•• • i !"rum melt~; but by sui.;11 

.:.1. ~1r.1,!:i:1t1~·:1n, 1011 tiurnbar•l~mcnt. mechani1.:a1 alloying 
)! tr' . i : ~ ~- : . : ! t' . ltH,..,t. mrthUtt~ •. ir1• ·;till in the research stage and 

. . :. . 1·11•··· 11 tt1 l "> '•<I I VI'~ . 

1111· .. >' :t. thE rap 1t:.1 ·;ul 1111l1cat1on technologies have been intensively 

Western-Europe. 

the progress in 

; tutlll:ll !;· 11. •ii\ i:u11·1trte'."l. e~;11r.r:1al ly u1 the USA, Japan and 

.r::.:;:,,::1 'h.i: !..iun1 .• :-., ·;1u:i.;1.l11n:tl t;onrercnces deal with 

:~1~s ,•,cit1ri,; field ul ri·~;carch ar11J development. The commercialization of 

···-·tai!•i: c!l<: :;t•,: DCllln :nure thar1 10 years ag:i. In 19£0, Battelle's Columbus 

• aoor<tt1·1 1.:, "'':tab! 1shP1t the P.apidly Solidified Materials (RaSoMat) Resource 

-:'rite: "t•:,:, .Jrt: than ti_OOO publi5hed items have been collected. 

rtie orc··.t:nt suney consists of four chapters. After a short introduction 

the mo~t important types of rapid solidification processes are 
· .. \ l ewe rt 'hp appl icat1un of met a I l i r: gl assc·; and 
1:01t:ruc1 ~· ... t.1!: !rw al l11y·. are rltsr;u:.~;m.I rn l:haJltP.r S. and ta., rr.:;pci.;tiv1:ly. In 

~.ru~ t:naritr•t ·- ~>nme con1:lu!;1on t!; drawn~ Information on technical literature 

prr1Le1·tl1nw.! .mil rm rapidly ~;ol1d1ficd /RS/ product!i arc 

.:111 ier:tell 1°• .\pnenr11ccs i .mrl Ii. 

- . ;,.\? IU 

. ' , ... 

,,.,·: . 
I• 

"ii r f IC:.\ I IOll ~ ROCi: <iSf S 

:tt .... p,; ,..i melall1~ melts r1!quirc5 high cooling rates, 

i1111: r_, :1 .. :.1l-1;undur:tion c1H1~'1llerat1ons there i~ a 
;-,fit::: f •.. 1r1y !Jl\l!r1 cool mg rate, typically 10 mm for 10 2 K/s, 
f, '·, .. .int! J4,r1> for to 1° K/s /}-ta/. Usually ribbons, wires, 

·'•· ,. ·I " 1.1, I I·, .• , ... jt I 111hw1•1I, I! I llu:r w i lli am11q1hllll!i •; t r111: t11ri~ 

~.,, !111•· ·;r.1111 .,.,,! fly 1:nr1!;ol1clat111n 111" nowdf?t!i larger Jiarts 
•· ~ 1 I ,. .. t ,J[) i: J l I .l~l! • 

!n tr:1: •.r1apt~:1 trii: m0!:t important types of RS processes are shortly 
:·r-·. 1 eweo. ia1d upon methods which have practical 

!!,. ..._1:1·;·.i11 1·:1t1011 1:; tla~t:cJ on the geometry of products. 

tr11 ,:;;i 111r 1 t~ or P.·. 1n1·tal•; art! prorJur:ed in rrhbon form. 'irveral 

•. 'r : o "· ........ 1..1~ 1 ·1·~ :1:1! l!ll ·.ti·i;• r:.1~.ltr19, but all the commonly U!HHJ uni!::; 

. J ·,. f ~ :1 ! I• •• I •· ~ ! -, r : , , ' , , , .. 1.111· •noil t1•11 nwt.11 l!i hr1111!1ht 1nt11 r:nntar:l w1 th ;1 
. ,., 11•·, ! ': I"'' 1111•! "'1!1.,t1.1t1· wti1c:h !ir:l'Vf!!l a!oi .in ,,ffcc:t1ve heat sink!'>/ . 

t111· •.11h!ilratr! t11rouqh a r11111lr.. Amn11ri llw 
.·I " It,, 



) -

. . u .. · :.u~•:•trJtt! "' a rotating wheel . r tt.: - -

~~i~!-~J~~~--!~!! __ ~e!~~!~~ 
.1•~ t ·'w l ~ · •P 1111111111 : f .ll-l'j) n1e thod where a free melt Jet is 

1.: :nt. U1·· :n~i11lt• ol <• rotating drum /6/ or on the outer 

1.:. fhe scheme of this latter method is 

~n·•r· 1:1 I- i~:.;. 'Js•J:Jl i; the metal is melted in a quarz nozzle by induction 

"lf·.;t1nq u1H1er 111 ir11~1 t qa5 atmosphere. A free melt Jet is formed which is 

f !~ t lt:::~ .. , : t ... ,,,,f.I I • ... "'-- .... 
ut · ' - :: t ,. . .u::J .1 ~- t ,. r J ·;t11; r t "re~; ttlcm:e rti •;lance" ttu~ r l bbon is separated 

•:·1in· rti •. ~ :.-1rn:t'L. lh.1f' td tin: instability of the puddle, relative narrow ribbons 

~·:-iHCail~ i-> ·n., w.utt •• ,;an ::.ie produced. lhe thickness is mainly 

•ntrollec! •· the ratattun :;peed (usually 10-JO ms-I) and the overpressure of 

·:.. • '·-;r"•t f~"'"' '•P 111• t.n ·;1'\Tral t11an.trr.d5 of mil: ibars). The wheel is a 

•!!;a1111•t•·r ·• 111 llltt-Lllll mm iirt: tv11u;al. Ila.: t.:haqJc t!; 11ul mu1·c tha11 

: ;:U -il"il•-" :. • t•1. 10!1.· ul prm:e:....;11111 parameters has bec11 intensively studied by 

~ c 11 c: r a l au n: " r ~. I El - l u I . 

fht CH~~ method is typically a laboratory size method, hovewer, several 

~~nufaLturiG:; proc~sses are based on it and it played a very important role 

,r the ::;tlll1~ nf r<iptd sol11J1t·1cat1nn phenomena. Recently, hundreds of such 

;111ali :..:::;!•· 1111:lt ~;11111n11u11:qu1pmcnt~; are workin!:J in research laooratories and 

~ r • • v:..: t ~ : t 1 •· · __ 

vi I lkl 

!l' i•1 tt:1 •;;:i_;1: n11: mullc11 metal 1:; IJUured onto the surface of a chilled 

'1 1 ;;cl- ·11111111:1t ~ ·.1wi:1al 11r1.17l1! wta11:h 1•; 1ilar:ml rwar ttw !;urface of the block 

r 1y. l II!•! melt pool l~ :.;tabll1zed by this arrangement. lhe nozzle - wheel 

.IJP t:> ·"'·"'· lyp1c<1lllf ·;umt:: tenths of a m1ll1metcr. lhe nozzle slit is 

'"'Llall} rt!,.:·.r1'.111L11 a 1.alu(• of 10-25 x 0,5-0,6 mm 2 is typical. A laboratory 

';1ze :•i:-c t"q•.ir:ment ''.. stro~i;1 :r. Fig.2. The wheel is water-cooled, its diamet,r 

··,at.out :::;,r IT•m, tt .. · wir1th 1'.; al:Jout }II mm. rhe metal is melted in a quarz 

.'J/1'<: If S'.' l'1!' ;1-r:1• •• \tJuut .Slit •J •Jf metal t.:an be melted in one run. The 

...... ~ l /' : !. l t 

It' J ~ f • 1
; : ; ' 

•! th:· t.•·1:ti111q•lf' 
'" ii .. t,,,,.,,. •• r. rti .. prn1·1·1111r,. hr-r:nmr>•; mnrr· r:nmpl ir.atrr1: 

the 

p1lot-plan or 

thr r.rur.ihlr 

.•l tt .... ,• l·;. tn1· 1 1tit1ri11 t1111:k11w;!; :1;1"• tr, IH: r.untrol Jed, the simulta~cuu5 

•• : nrJ t '·l •!: · •, .. r i t1tir111 ria~; to r11· '!ll~11:·1:cJ, e tr;. As a ccm;equence or the eras ion 

1>1' tr1t! r,01.11 .. ny thf: 11q111d n11:tal, horora n1tr1de or oxide c:eramic no7zles are 

:•;ecJ 1·.-.• .. o1·1 •. 1· quart. f~r.cr:ratl~· '>r!Vl!l'al r.ompan1e~ havP. solved tilest: tr.chnical 
.. O(I ! t• • 

~rll' m<ar111 I ;ar: tu r 11111 1!q111 pmera t rlcvr? l opr:ll by the Altllll 

'Ii r-11. , .. , .. .'11 I 1111 !:1110· ' 1.1 M111 l't'ol1tw11, ll';A, ... :.how11 Ill r llJ. L llat• 

'··: I ". d' I' I I !'I •Iii 111 : 1111111 l 1 •111 I 11r11.11.1• 111 l.r. a f'1•1•rlr•r. 

' 
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t•j.l. ~ch~~~ti~ r~prPsentation of free Jet melt-spinning (FJMS) and 

;ll;ir.;11· fl11N 1:;1·•t11111 (P~£:) 11rru:1!s•a•:, aflf?r I 1d1erma1111 anr1 Hyt? /'J/ 

t i 
I 

.j 
' 

Fig-2. Pho~o of a laboratory 

size PFC equipment de

veloped at the Central 

Research Institute tor 

Physics, Budapest, Hungary 

n.rhu•i: qurn<t.·c••llnl lrrd·h•c~ "•ndrr 
furn•n -.hrrl rur.nurrrnrnl 

~~~•rm 

• ld. \ 11.llt:I':!' or ·l quasi .r;o111. Ulllllll!r q111mc:h-c:a!;l111n m:rnu!actur1nr1 I Jiii! 

,;, \ •': optirl hy t111~ fll t 1111 1:1111·111:1\1 Corp., Mon 1 !. tow11, WiA I 121 



•. 

·· , .... r,·1: rn1111 tr1•' •t.>L?lt• ,;11 tn ttw surface of the roller amt 

. : , !·.:.:: ,. r t!JOor•. ft pa~.!:l!S throuqlt feed-bar.'- measur<>ment system then 

.. ,_ cltt". ~Hlut1;! up -'12!. ~nottwr process has been patented by 

-~:.UW-ISU!!·!:u'i: Gmbh dfanau, FRG'. !he metal is inF?lted in a crucible which has 

: ~01e OP -~· bo:c0m. The melt t~ poured into the nozzle by remcving the 

.:.,;,rer n,,: ,1h1ch closes the hole /13/. 

'"" u .. , 111a11ut"<ir:tur1n9 01· homo!Jr.rwous, uniform ribbons a careful control 

ULuces~ ;1drameters is nece5sar). The influence of manufacturing conditions 

i;: t~e p:1\· .• c:.::l urLJpertit:s of tht: ribbons has been systematically studied for 

" .. r,;w . : , ... • ... !!tr. •1la,•;t~~. ;[4-lf,_', a'.; w1!ll a~ for variuu~ microcry~talli11c 

1: ~\' ine mechanism uf ribbon formation itself is the subject of 

•:»it:rli•l'.:i t'.:e,•rct1r:3l and ex.,.erimental ~lt;d1es /8, 20-22/. 

Recer·t!y. the PFC process is one of the best know~ and most frequently 

1.>ed m::thul!~ :oi rap111 solid1ficat111n. Bec;idcs or thin amorphous ribbons 

:1·.11:1lly •· µ:,, t.111i:h1, t.1p1", 111' d1ffen~11l mi1:rui:ry:..tall11n: alloy:, (u111Jcr 

! !!1m· art: .::.:i .. ;Ln·r.:rt~•! tJy tltt!i m·~thod. In some cases the ribbons are 

.. i:cur::,;;r·~: .-._, p~·,._1.n1ny powdt:rs tJy diminution (see sec. 2.J.2). 

Amc•!•;.J tl•P numt?rous single-rol Ler processes there are two to be shortly 

.,, .. r,t1;1n,,:; r,.•rio. in lltl' melt ll!'U!J 1aoces:; /2j/ the molten metal is fed 

·.!'ril"llt o:.['(l" -1 rlr1;,,, :.u;:fJC:t: to product• a strip of the desired width 

cit; .... · !ti·· "!f!l~Ctt r.nmpany (Gahanna, Ot110, USA) developed tt.e so-called 

·1:r-l; 0\·1•rfi,·.-i·· pr'l~.f!SS for ma11ura1:turing r1tJhons without a nozzle /Fig.5./. 

·--\ 
1 ·; , ••• 

wa·; ~•11npl11'11~11 ;.rrut n:sulted HI a reduction o! r.ost, in 

I I t•lio11:. ,J111l r I akc-. /24/. 

'1q.'1. !ichem1: of RIBHl:tt's melt 

11v1·1'1 l11~1 p1111:1";" /24/ 



!.: .. • i 1111n1l 1·1et:d 1~ puurcll tt1ruuyll a nozzle in tu 

t...ll •• .... !:11· proces":> can tie used for produc1nq 
~·~: ..... ,~:· ·: .. i:.· : !!;t1 .. 11-o. tlut u ... m;111• t't1!ld nf th: app l i cat i 011 1 !; the 

: ~- ~· !. i l lr i '. r : ... l l ,., t. • i. llllh li.l tu 1-.:'. mm ~.t11!el:.; Ul m1crucry!iliJlli11c alluy:.;. ;\ 

.:n>r.err.ai :;:;.~ t1o1H• 1uller e4u:pml'11t 1o1a:.; de:.;cribell recenll~ by Shibuya and 

·u,;orher~ '.'') . Thi! r!1am1~ter uf the 1o1ater-cooled rollers is 400-SOO mm. fine 

.:1~stalltn" ·;tnw; of l-r.-4.'> \<ii alloys having U.2-! mm thickness and 

o'..iU-'luO r:u• <•llllli ti;ne uee11 cast. ll1t:: charg>.! has Ileen about 500 kg. the 

,i:liciifl~<J:1·Jn rate h;;s Deen estima:ed to be about 104 K/s. 

fhe ~·~~~nt status of the strip casting of ferrous alloys is reviewed by 

,';:ikawa '!t. . Itrp f11?1·forr:ian1:1• nf :>u1gle i·oller anll twin roller processes 

":!\,• [Jf><•n -:om;!;iren 11·, •ti ffer.~nt ·111tho1·~; /27, 2Bi. 

In ac:!:t1on to ribtJ11ns, rapidly quenched wires have found practical use, 

!or,, f(il 1•,:imple t" -.:ertairi mannct1c sensors or in fiber reinforced 

wire" ~ntri .i1mll.i: . .-·11npl1;t1:ly :.1rc1Jlar cros:-,-scct1on and smooth surface 

''-•-t: tH .. :11 pr1,d111.1:1I '" ..... u1!1I11:ll nwl l :;pi1111111u JJ111ar;1t11:; u~ill!J rotat111u water 

=~- ~cJol 111:J :•ecli11n• . ··.:~:_!:~ta.!_.!.~~.:~!!.!.!.:!:._~I!!!!rti!!9-£!:!!~£~_: INROWASP) /29/. The 

·;i.:ht!111e of r.tw ;1pparatu!; i•; stwwn 1r1 fig. 7. The proces~ has been realized on a 

;.d lot-plan s :;..:ie, t110. lhe Japane:;1: i 1rm UUllIKA ltd (UJi, Japan) developed a 

'"· ~t-.ot: Hi.: ,1,it;;tJI, !?:;uipmt·rit to ma~~ producP iron-, cobalt-, ancJ 

.j .. ~·e!-•1;i·:··: ... muq,ti.111:. 1-11rr·•;. !he lliametcr of the wires is in the range of 

~r.1-l'>u ,1411:, U1t• it:11gtt• can tw a~; lony as several kilometers /JO, H/. 

"fi crncryc; ta 11 i ne iron - based 

:h~td I[<; CHI the 111Pthods. the 

I !>21 wires 

role of 

have been 

processing 

produced, too. 

parameters and 

tl11· ;ii 11p::r I 11··, of tlH: .. 1r11111:. rap1<1l\.· 1ml 1di fim1 w1 rt?!i have htHHI 

r!escn!:lec1 U)' ~;evera I author!> 129, .H-J'/. 

I I .• ~ ! , t ! \' l f I 

i;' lit 

-

i 1q. i. l'rt·p.irJttofl of w1r11:; by th1: "111-

n1t.1l.111u-w.1l1:1 ·;p11111111!1 prp1:1:·;•;"/'/'J/ 
I: r·u tat 1110 1lru1n; 2: l u~u i tJ 1:110 I an l; 
5: 11011 IP; 4: n11: I t .JI! l; ~: i r1dur: ti 011 

r. (J I I 



. r::· 

'. ti t •• - • 

j.o,.. 111 t~1.:. lcl:i11que a r1Jtat111q 

;n~ 10uJ mechanical properties of rapidly solidified ribbons and wires, 

tt• .. ;< 1.:omt:tr~ i:m tie exploited for engineering application rnly in a 
·,. " . lii"l!lil~.I II c;111 tJe µartly abolished by the use or the RS 

. ,, 

. ,,, : ... 

t l~ l f : l .• , 

· trnt t:, .,ti: ,·11 l.1!"1'' part .. can br. prol1111:ed by the usual po.-1h'!r 

•,.·!111• :·. ''"~' l~11· J!ll!IJ'll'al 11111 111 lhl' l<~i JlllWlh!l"!; ;t!lll lh•!I!" 

t . tti ulO~. t quickly developing ~ranches of rapid 

:t ~1 · 1 !r••ilu~p.·::. !h1: 1.ruqrr!';!; is nmlivalP1t mai11Jy by the demaruh 

:r:::t1_,t:·i t'ur h1gh-strennth aluminium alloys. 

_, ::r•·., ~ r1umncr n l prui:c~i';es prouucing RS powders from which the 

.:r1,nt~ ~! melt atom1zat1nn /3~, Jb/ and diminution (comminut1on) 

i?,. ,,,,._." Pa: qrt:alt!'. t r.•ract1r:al importance. The status of the 

•". ,. • ' ·1 '. '!l'I l 1 dll .i !' I-. • puw1h!l'!, ha\lt! 111'1!11 i'Cl:l!lltl y Summarized l.Jy 

' !~ tn;:, l ;! ~)!If! !: l 1' •' / 5'1,' . 

) . ! .~'ltlul. . ·1mm1ur1 l1~:1tt>re of Uot.: \lariou!; atCtmization techiques is 

! ''! '''··, . 1lrnpl1:ts, amt thr> 

•. •..i11i.y 1_•:''• t:\ y.1. ·•r 11qu1rl. .\t the earlier methods the cooling rate was 
? 

,•,,.Ji:, •·t ··:~jl11·r tl1.111 io- r.,'.;, what 1JrJes not belnnq \.o the "rapid cocling" 

. ,. 
, .. 

:.~ .: :c·::u!t u! 11cvr.!.1pr.w11t, ttw r:ool1nu 1-.1tc. ha:; been increased up 

tr 

t • .~!..!:.:£.~_\.I~'-=-~-~~'~!.~~!!!.!!.! p1ucc:;:;e~ the s trnam of molten n.e ta I I ,. 
" 

.: .. ~.c:i. •':. d:1•pl1·t:. tiy ,, .i1t1·,,1111 'II. :;11pcrsor11r. !Iii'- JCl. The scheme of a 

·t c .,, ; .•• 1to11111.1~11111 11111 t 1!; ·;1tow11 1n I i!l.IL /4U/. 111 most cases Ar, tie, 

.: r '·'"': I._ 1p·; cH.: •;:;Pd ;1 t a pre'..i:;ure of l-4 MP a. The l' inal products are 

.. ·•1c11c. 1! .-:: :~: • .• at1!ll1t1· :. Hie a~•:l'a!Je particle size can be decreased (and 

·•1· ·co•.r11J r.1'· i;11:rea:;1:rl; W>lll!J hiqhcr uas vr!locity. At the OSPREY proce5" 

... .1! •. f I I ·.111· '" rwtw1·•·11 ~II l11 '>II 1'111, llt1• 1;1:l1J1;1ly 111 !Ja:. :.tn:.1111 

'. .. il11J l1•:al11·r1 rat1! 1:; 1:stimated tu be about 10~ K/s. At ' .. 
't:,. o:l 1 ::1···"''' q.1· .. 1tom1/:11.1t111 .1t 111!)11 qa·; velor:ity (ahout Mach 2) hl~Jlll!I' 

.0•11:1111 r:1 1· lfJ c11 111' ;, .Ir.ii .1 ·.a11.1ll1!1· avPrarw par.11:l1! !dlt! hav1: br:1~11 

. "P'" tt: )t! 

••• ! ... ·,, •• .1. ::i ": 1 .. ,. I rw t11~ l 1 um IJ••" v•~ I or; 1 .y wa~; ahou l 1700 m/•; 

.... t 

11• tr I I 

'· ";. ! " l ·, .11·," l np 11111 : 11:;1• HI 'f pn11:c:;!;, r:o11trulle1l 
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chamber 

Fig.a. Scheme of a vertical gas 

ato"isation unit as cited 
by Lavley and Doherty /40/ 

~•·r~ 
lu.ng:.len 
eleelluelc 

Fig.9. Centrifugal atomisation 

b) the rotating electro
de pr~::ess /J8/ 

Fig.IO. Scheme of the rapid spinning cup 

apparatus /43/ 
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· :•:. l l. ;c111:r:,;,t1: rl!.i!Jra~1 or· a rapid :.ol 1Llif11;at1on powder pron.!!•~• 

t;.i::i•:J c111 pl:1nar fl111·1 r:a:;t.ir1!)-l'tbhon r:omminut1on rtP.veloprHI hy 
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:•o:dt ·n..:: 1 «·•· H• .mp111yt:l.l into a shape collector. Un impact, the ~artu:les 

! latt<'•' :i;··t ~··•·lCl t<Jqether to form a hot, highly dense shaped preform. lhe 
!Jr111at1or1 ut rt~fraLtury ln1ue films i.;a11 lH! s1g111f1i.:a11lly i·euuced Lly t111s 

·.:tt1od '4:! 

-.5.l.i ir• dn~ther class of processes use centrifugal forces are used for 
atom1zat1on. The most important processes are the rotating electrode /Fig. 

~.i, the rotating cup and the rotating disk methods. High cooling rates 

.about to 5 ~s- 1 i have been reached by the rapid spinning ~up process 

•JC'-'dOpl'll .1c thL Batlt!ll•! C:olumllus Laboratories (Ohio, USA) /'4}/. The st:hcme 

of tt1e pru~;e;;s is shown in Fig.IO. Powders under 10 Jl.m in diameter have been 

;iroduc~d. lh1s process is now in the laboratory stage but it is very 
promising tor manufacturing of RS powders /44/. 

~.j.l ~!~!~!.!E~.-£i!_~?__!:!bons. The benefits of rapid solidification can be 
e~plo1teo ~at onl) by atomization of a melt but by diminution of RS ribbons, 
too. The tater process has many advantages over the atomization: the cooling 

rate is nigher due to the more effective heat removal, the process is less 
t:azardou:, tn;in tht' prepara1:ion of small sized very reactive particles, the 

rn1crocF:ll11iar structure is much more homogeneous and does not depend on 
partir:l•· ·.•If·, •·ti:. 151;. 

F1g.ll. shows the schematic diagram of the rapid solidification 

process based on ribbon cast1ng-comminution. It was developed by 

S!GhAL Inc. /Morristown, USA/ to produce aluminium-transition 

powder 

ALLIED 
metal 

m1crocrystalline powders in tonnage quantities for aerospace application. The 

particles are typically plates of the order of 100 J4m2 by 25 }'m thick /45/. 

lhf~ tl1m1nut1ori of amorphous ribbons plays an imp ortant 

minufac tur rny of the newly developed Fe-Nd-B hard magrets. The 
UlV1sion u!' GF.tlfP.A! MOTORS /Anderson, USA/ has choosen this way 

tt1e :;tandarrJ powder metallurgical processing /461 47/. 

role ir. the 

DELCO REMY, 
instead of 

11011-, nickel- and cobalt ba:;ed amorphous powders with low metalloid 
~antent are produced by diminution of ribbons, too. After heat treatment 

tnes~ alloys ~ecome devitrified into multiphase micr1..crystalline alloys . 
. \cdtt1or1all>. t.tie powders can be fabricated into bulk parts suitable for 
·;t.r111·t.ural :1pplir:at1nn or into hard wear resistant c:oatinns /48-50/. 

l . .S.~ ~~~;.11_!_1!_!!-!!~~~-l!L!!~_1:!2~~!!.£;~- tor the u:;i: or the rnpidly :-iolidifie1l 
all,1ys ~p. ·;tructural materials, the production of three dimensionally large 
'.;t•apes 1~; necessary. It can be achieved by consolidation of powders. In 

add1tinr1 tu common demands of metal powder compaction (high density, chemical 

homOC)trnrnty, nr.;ir-net-shape), the retaining of RS microstructure/properties 

·:, .... :1.1! k11·1J:, of 1..ornmerc1al consolidation r;rocesscs have bcnn 
"1r:r·,.~;f11! !" 1ppl 1Prf r1•r:P11tly to H'i matr.rtal:> a~; !';hown in Table I. 
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Alloy 

L:u-N1 

Cu-:11-Fe 

ft:!-H-Si 

Co-Fe-Ni-Mo-8-Si 

Al-Mn-Cr 

Ti-Al-Nb 

Ni-P 
Fe-B-Si 

Co-Fe-Ni-8-Si 

Table I. 

Reference 

/51/ 

/52/ 

/5J/ 

/5:./ 

/55/ 

/56/ 

Th~ ~tatYS and prospects of the consolidation processes have been 

cr1t1call~ analyzed by Flinn /18/, Raybold and Cline /J9/. 

~.4 Surface M~!t1ng Process~s 

If a G•~!1l surf~ce is exposed to high energy-density laser, electron or 

:ui tJe.im, .J th11. rapidly solidified layer can be formed. The process is a 

.p:T1;i1 1.:a:;i o:· ~rnb~;tratc 4ue11.;hi1111, 3 self-substrate RS method. 

~ number of excellent review articles covering fundamentals ~nd progress 

1n the development of rapid surface melting has been appeared in the 

! 1 terat1Jre i57, 59, 61, 65/. 

Ir. prJctice, the laser surface treatments are especially important /57/. 

~ srioJs t~pes of ldsers (C0 2 , ruby and Nd:YAG) are used in a wide range of 

1"ter3ct1·;:1 :1me '.frnm ps to ms). Extreme high cooling rates 00 1° K/s and 

n.1re ~Jv~ hnen achievRd by ns pulsed lasers /58/. Either the beam is sca~ned 

i; tt11! 11111t11· 1·; 111,1v1:1J. Cou1mrm 111·oblem!; arc: cral:k formation in the solidified 

i.iy1:1, ,,,., !;1pp111u nf l111: t1;:i1:k:; .11ul ltw hi[Jh rr!flr:x1vily of thr. mf'tal 

.. 1rtac1:· .. ltu· pract1i:al 1mportan1:1: of the electron /60/ or ion beam /l,J/ 

•1.r~1t1111J 1:; 111:11letl t:JeL:<:1u!;e of the r11~ed for vacuum envi1·onmcnt. 

ir1 .. :;ut f::ic•! melt111g pro•:esse~; are used either for simple melting 

·'.1Jaz111!1 r11 r11od1fii:ation of !HJrface compor.ition (surface alloying and 

::ladr111ir1 1 ,•,•J:, fr1rmat1on of amorphous, as well as microcryslal1111c surfllL:I! 

layt:r'.. dll' !•!ported rJep.mdinn nn alloy systems and processing conditions. The 

~t:r11·t1t:. 1! :a~11d ;ol1dif1cal1on ~formation of new metastJble phases, fine 

,,r;t! t1oniuq•'11'!•o11•1ly rlistributed precipitations, grain refinements) arr. 

··~,i101t1:rl •:,:11ril~ fnr tnol anc1 h1!arinn alloys /62/, cast Hon /6j/ and various 

•. 1tomut11l1 part•; 164/. 
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lh~ rapid ~urface melting processes are now mainly in the development stage. 

~robaOly, the efforts will lead to a number of practical applications in the 

J. AMORPrlOUS ALLO~S: PROPEHTIES and APPLICATIONS 

in~ metallic glasses (or glassy metals) are rapidly quenched alloys 

,,: ttiout lor1y range atomic order. In a wider sense, all the non-crystalline 

~~~rp~aus' ,lloys are called "metallic glasses", independently of the nature 

1 .• i tne• r ror.~at1on i e.g. electrodeposi tion, sputtering, ion implantation 
.: tc. 

fheir preparation, structure, properties and applications are subject of 
fuonogr3phs, conferences (see Appendix I.) and thousands of papers. The most 

I~portant types of rapid solidification processes has been discussed in Ch.2. 
Ir. thi~ chapter the properties of metallic glasses are shortly 

characterized, then the present status of application is reviewed. 

J. l f urn1a1111;n ta l !i 

S.l.l ~l~!!!!.<.:_~tructure. Amorphou:.; alloy::; are hozen liquills 
structure, /66/ what means that the long range periodicity 

position~ is absent. Therefore the structure has to 

$tatisticai means. The commonly employed description is 

with 

of 

aperiollic 

the atomic 
be 
the 

described 

atomic 
'.nstribullor. function 1.POF). This microscopic structural quantity can 

a1rectl} Qetermined by X-ray, neutron or ele~tron diffraction experiments 

a comOinat1on of them. The PDF describes the probability that two atoms 
separated by a distance r: 

( 1 ) 

by 
pair 

be 

or 

are 

v1t1ert? .\. i! cJeriutt: H1t: identity uf the atom, CA c8 denote the composition, fl 

: . nw t•·t.al n11111t"''" or· atnms, 1· •~ the !1f!par::ltion br.twr.r.n the ith anc1 .1th 
I ,I 

A 1 f l111: 1th atom 15 A c 
~ (2) 

11ttwrw1:;1~. 
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'":ti!., ..... tr11· r·nmpo'j1t1on of the neart?st mnghbours is not necessa11ly 

-.r11· -::im.~ a~- ::11· ;He1o:1ye compos1 t1011. The Narren-Cowley parameter Gl is given 

'.' ~ 

0) 

·:neri.: l .\B is the B coordination number around an A att'ill and ZA is the total 

-oordinat1on number 3round an A atom, ZA=ZA8+zAA provides the measure of the 

..... ,~11:_,1t1• ... ;1: ;111•1 t !""'!)" 11rd1!r (C:!iRO) !<.71. If•< 0, ttwrr. i~ an association 

~-'mJC·1c\ J'.. rietero~e11eous alums, while if•> 0, there is a tendency to 

l1ssut:iat!<H1 l•I° 1Jnl1ke, or segreHat1on of alikP. atoms. 

a.\ Struf_!~ra.!_!!!OO~!.~.:. A series of structural models exists ranging from 

r.enst' r::u·dom oack in~ of hard srheres (ORPHS) to "microcrystalline" model. All 

ur thP,m .!r:;pna~1ze 011P. or two significant features of the amorphous state as 

lh~ 0RPHS monei succesfully describes the high packing density 

.;p;•ruJ~!lll•!J tho:;..: elf 1;r~:;talline ~;tatc, what can be achieved in the random 

~truLt~r~ as well as tne a~erage coordination number (12-14). Some of the 

=~ta1-~~tal ~lasses can be characterized well by ORPH~. The ORPHS model was 

~r1y1rail\ ~eveloped for single-component elementary glasses and liquids. In 

this sen~e. each atom is a structural unit. 

(ot transition metal-metalloid glasses (TM-M) the "chemically 

corrP.latec·' models are more realistic, because of the co~alent bonding 

rhar2cter h~tween the constituents is more pronounced /68/. According to 

tri;:se 11111·1!~!·. tt•e structure of glasses is built up from molecular units where 

tr1•· !i.,..:al cric:mi:;try r11ctatcs the multi-atomic units to be formed (oxide 

vi.1·.•;e"c . i 1 .. 1ll;ir1., t;; tt11s, Tt-1-M glasses can be regarded as built up from 

"tr11 tural 11n1tc; where thP. local composition is ~·m1lar to the corresponding 

111terrnetal!1c pha~e· ~). ~uch structural units could be a consequence of the 

... n.·d::r·~ !,, . 1!••'.I !ll'~ur:1•11 TM ar11l f.I, am! al!iCt thr. atomic !iil'r. ratio betwr.rr1 M 

ai:r: : r·' r ., 

~r;, ·• :·H:·· .. lalltn1! mor1Pl 1:; oased on the assumption that, since the 

;';!;t;tll:n· ;t ,• · ~·:.,, 1.r.1 luv1•:;t 1:n1:rr1y, the atom!; rirr.fr.r to be cryfitallized 

•• ,,., •.. ,,. ·• ~ ·1, .111 .• l 1 ·.1· .. IP. 111 t.111·. -.1,11:;1:, the ;in111n1tiuw. :;lal1: wuulll he 1Ju11 t 

,;~. I: '1o;. ~···, ! 111:· JI 1·,urlf:llte1l m1i:1ui:ry:ilall1111: particle:; or the appropriate 

:L1tll•' :1r '"11·t.1:.t.t!J!1· 1n~l!rmctal::r compounrl!i. 

l!. -.i~.!.~ .. t':!:•.:._,;1_:!c'·.t.~'.-:!~!~.!!:~L~1!:~£!!:!.!:!:.: The oldest concept or a strur:tural 
.:t• r· t' . l I. '.: ,. ,,,.,, 1 ,1tir111'.; '.1 ta lt: I•; th1: f rP.C v 01 umc. J he f rr!~ VO l UrtP. i !i no l 

!!1•1· ~1.:·11.0· IH•' !.r11 ·.11~111-!1~1· l°l~')IUll'., low ln thr: tlcnstly Uf free V01unic
1 

ill"C 

' JI• 1. ' • ! I J' 1 ' r ~ 
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':Jt'•.-'r.;~ ·_;trw:tural clt>fect~; rto arise from the preparation circumstances 

5~rfa~~ :r~~tJll1zat1on. changing the cooling condition across the cross 
~~~tto~ 0f r.~bon~. etc.} i71;. 

s. 1 l !~~:rr:::1 l _fl!"~P~!:!.!~:!.:. 

~bttlt) G~A~ and the 
Among the thermal 

thermal stability 
properties the glass-forming 

(glass-crystalline transition 
tcwperaturt', T ) nave a ba~ic importance. Both of them are closely connected er 
~ith each other. From the details of the GFA one can get informatiPn about 

tt~c natun· 11f the glass-transition, i.e. how the supercooled liquid is 

\itr1tied auring an appropriate cooling. On the other han~ thermal 

of a gl~ss can be investigated by heating the amorphous material 
~~nduce cr~stalline phases. 

t•111ct1un~ ~!nlt•a!p~ II. entropy S, and volume V) of a glass-forming 
Le seen i11 \Jrious ~tatcs. In the temperature interval around the 
aans1 t1011 tt;e system qui ts the thermodynamic equilibrium. This 

stability 

to Tcr to 

system can 

Tg glass 
is because 

the relaxation tim~ necessary to reach the equilibrium atomic arrangement in 
rr11· "'JJW! .1·cif1:1I I 111111111 w1 11 h•: 1:ommm1~;11rahl1! with ltw t 1m1! of ttm 1:11111111!1 

~ruc~s~ ~~ d con~eq~ent:t of the increasing viscosity /72/. 

Ill 
z 
;:..· 

Fig.12. State functions of a 

glass-forming system 

in various ~tates /68/. 

v1 and v2 are different 
cooling rates . 

.\cr.or::1n1; to f1y.lL the r1la·;~;-forming ability ic; the property of a 
.,•;t1·m t.r .11l1r11f., 1r11ttr1111t cr.,·;t;il!1.1at1on. In ordr.r to vitrify a material, a 

:11t1r:a1 "1 11 ·111111 r.it1• R~ nf ttw l1q11irl muf.t tir• 1!xr.11r.rtr.rl and a)•;o a 

· .. 1111:11!11l1-. low 111 ,.,., l1:mp1:1alun: "l!JJ mu:..t lie <11,;h1cvcll. Uullt uf lht::.c <11"1: 

11.111. t1·11"'•• .11 •:•·· :.y-.f.r!m [f tllr: r11•i:t::..!;ary 1,;ool1n!J ratr. &!; lc5:; than 10 7 
I 

r· lttt· :.;-.l1•111 ••. !"P•)Jllh!ll J:; a !IUOll !lla!;sfurnwr. Ille tiUPl"l?tiSion ur llw 

• 1;.,t;tll11::t.1011 11; .... , 1>1r11!ttr:, a~; wrdl a•; ;i tht!rmortynamic: r.rilP.rion. Br.hH?P.n 

·r.: ro1:lt1:rJ ~;·.llll 'm ''"'' r,,. l111: l1cquc.111c;y or the llumooc11cou!; 11ur:lcat1011 JlllJ 
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:~1.· t n ... t·: ,.- •:• \'..t:il 11nt! ph;l';~s shn"' a very sharp max1111um according to 

T" ~ "'t-[-tr._'{r• ( 4T• )'] l ~ 

"l 

u " { ( -~ ~-~ AT,/i:,l } "' ~ , l .. 

tit_,,~ 1<.,1 .iP:.; ~ '
11 

are k1net1c constants, "l is the viscosity, 

:~~t~!. ~ Jnc ~ are dimensionless parameters relat~o to the 

(4) 

(5) 

b is a shape 

liquid/crystal 
.~·t~!rfi'.!"1;,! ten-llor: <:t :rnd to the entropy of fusion 4.S , lr=l/T

11
. From eqs. 

~ ~. zo! tu~s tnat the glass fnrmation favours low melting point and high 

fht.0 "' d lu':itratell '" f l{i. U. From metallurgical point of view the g 
r.:'lli5le>1•:• .. : df• <>11~1.;.:t1c point in the equil1br1um phase diagram (or at least 

!ht, lar:J~- ·J~pre::.:::;ic.11 of the l 1qu1dus temperature) can be regarded as a first 

.r!ter'.r·< !':1:- ~h·; ·;.o•,r.1!ptitnl1ty to glas:; formation. Simultaneously, the 

:1'.:;h"- • •,1 .• tJlJl• 111tcrmt:tall1c; 1..:umpuurnh (~;lrong t-ond111f.J between unlike 

-.:t.Jl!l5 ,1.J the ~:r . .iteo n.utual solubility betweer• the components (the 

»c:.-e,.,1 :it•:nct: .. 1 supersaturated solid solutions) are also necessary for the 

--·a~;. 1•··~~' fcr:nat1on 173,. 

-------------------

02 

;. ! > •• \ I 11w-lrarrnforrnat10n-Tempcrature /TTT/ diagram. 
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:n !.:~.1i~· r ~ io~e ot the ~ell-known glass-forming alloys. t~gether w1t~ 

-Lllectuu ~fter u~~l~5 !74;. rroa the Gata it is clear. that the ratio or 

! !J C;Jlt ''-''.i.,~'!t'tl .1: •• 1 !JUllk fur C~l1111alio11 or Crtlical (;ooling !"ale ·'llllf for 
~r lli 

the GF~. :;~stems 1111th r 9 11 11 ~0 . .\ are good glass formers. 

Table IL 

l.i41uid"' r .. :a .. s:b .... 1r.1w1iu r.-~~allin•iom 
T. 1nnprr.11ur'"' a• P"l'liinl'll crilial ~ r.Hn 
Ir fHr \ilrifica1ina u( "8ll1r ~ .. :a.. a:b"' 
f~mi•i: :aHo'-.: II~ ':al11n !ta'"' - (·,-,.non flll' 
fr:ac1iutl of cr~.,.aUinuua x = 11 · "': :aflcr l>atin/74/ 

, __ 
'•••I ~ r .. r.. 

rJr .. '\l.1i.:n .. 1 K K ~ «;. K ,·• 

'I;, r:~' '"~~I tl~lll I) ,, J 11 x Ill'" 

1.:.,11. I~~. 1Clllll t lll!lll II Ji ! 6"• 111 

1-.:, .II,, 1 • •• ,,..,. .. t'IS'fl 11.&ll _Ill• hi 

r.: I !•1111 '"' '-" 11-.&U _, ! ,. IU .. 

..\u. · ,.lii .. •1 , .Sa. 4 :'I• _;je) n.&i ~ " ' .. ,. 
I c. ,11,. '""' "YHll "-'iii ti 5! 111.ui-
1-~., ,:-.;,., .H,. I 1<: 7)) ,.p t>H J·~ .• 111· 

I'"'•"' .8, .. '"'' 7i<S flOli ti~ :1-5-. 111' 
t n: I :111 ,,~ .. '"""" u fl! s ... 111· 

h:- .. S1, .. B, 1 '"'" !'Iii hill 11 Sll I II• 111' 
,1,,S1.ff, 1 i .l-lll ~x~ ~51i 11-~ll 1-1 ~ ,,,. 

I , .... I" .•. •:'~ '!lt. ~:!~ "<9 ! !h .... 

.. r .•. ~ ••• I'. "7' ~Ill 17' II' 1 ""• 111
1 

........... 111~1 (IP "'" 
,,.,, I ll • 111' 

''·: .:--.h., .• 1.U~ 'N' .&•11 """ I .& ~ 111• 

l'J ... t ·"·:Ou .• , '"' ~ "'·' .\fl? II~ J ~ ,. 111; 

1'.1 ... :-. ........ .. ,,, f\Cl? "" llM I·:? ,. 111; 

Llr1 tf, .. tJ<J~l!> ut the chem1cal character of the co11sli tuent elements, the 

1Jas~-torn111g alloys can be categorized into the next groups: 

~- j ~~!!! __ ~~!!!!~!~-~!~!~~~ /IH-H/:c.g. Fc-8, tti-~. (Fc,Ni,Co)eo<P,8,C)20 
r: ~I~·! ;rJ 11 ... ta J . ·~.>'.:.'!!'"!'.:: 

latt:-r:arly tran:atum metals, t:.1J. th-Nb, la-Ir, (Co,N1,Cu)-lr 

mt:lal-t1.:in:;it1on metal,e.y. Be-11, Be-Zr 

tran';1t.1on r:.etal -rare earths, e.g. Co-Sm, Ni-Gd 

~r;1::·-;it1on metal-actinides, e.g. U-V, U-Cr. 

>.l.l.:l .!.!1i:.!:!!!2L~!~~!l!!~· lhc thermal stability may be characterized by the 

~··,:1r,,.:-:1•._; .. !t. ~t11• uw:r.t of the cry!;tall1zatio'I. The cryst:lll11at1on 

!"•:,p.r-.ir.•.r·· lr. 1 . ·;:m11arly to 'u• r11:pcrrrls mainly on the bonding statt: 1n 

"11: •;l;i· irw tlllrid11111 ·;tali! llutcrm1nc:, th~ at.1m1c; dirrus1on which n::;ult:• 111 
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•• .. ~ ' . 11· 11 11t.;w111!:> Ill! the ~~·•w of lh!! cry:stall1Lal1m• 

• .,-.,~, ··'·· ··: 1 :_ 1-> i..rr1111ar)', "!ulet:ti..; ->• pGlt•o•phous_ The 

: 1;stai t 1L~ t ~011 Dtgt:1111nq w1 th ;>ri•a1-y nuclt=ation and crystal 

tyµe 

growth 

of 

is 

~ ·ti.~:ca ~Lr~ ~a~:1~ than the eutectic one where the surface energy has an 

!~·;11'rt~:1• r-oi~ iC,. ,\ta given type of crystallization reaction both lg and 

• aae:: u ·· :ntr:n-"'" 1•roperty uf the constituent ele•ents. As a consequence l. .. 

~f !hts, !h= therna! stab1l1ty lie•' r.hanges syste•atically with the 

": ·:ocn1es Jf the .:onsti tuent •eta ls in the peri'ldic systea (togethe• with 

~cner ph\~LCdl prope~:1es), as it was pointed out by several investigators 

77 \ t"p1•.tl "'·••l'I•'. f111_14. ·;h11w•; u ... ·;y•;l1!•;1li1: i:hangr nf T 
• 1: .. 

. :1••. ,,.,.r .. 1 •. ,,.1r, .... 'll'o· 111 !:11-, N1·, ;uni l1:-1Ja~1:d !tl;1:;:,1:!; 11 lh1: hu:;l ••:till 

:~ parllall~ r·eplat:t:d w1lh uther •etallu; eleaents . 

. ne .aiu~s at l ha~e been collected for several alloys in Table II. er 
!hermal sta~1lity data on aDorphous binary alloys can be found in a review 

artacle en .~~r~n ; 78/. 

: 1g.l4. H!crohan.lnt:ss 

of Fe-and N1-

ha·"'' ula•;s\ 
;;llu~s as a 

lu111: l 1on nr 

t: :- " ·. t ;, I ! 11 a· .. 

~- ~-rr-, ~ 

:- "' . . ~ ·- .. r ..•... -··." 
; -- r 

r 

!'. ~ J • 

• r 

•.• ......... : ~ 

, . . : ..• 

l l •Hl te11p~ra-' '· ·~ ~ 
tu re : 76/ ~ 

.. i 
I • r 

f 

l). 
···i l- t ' / , . . / , w···· , ,( +.(. r 

~:; J I . . + .. 
t ~ / ,- .. 

! d 

...... I 

i l • ~!!~!:t~~~!_!~!~~!!!~~- Amorphous alloys in the as-prepared condition 

ire i1ot onl; •netastablt· wilti respect to the app•opr1ate crystalline phase(s), 

::-:ut .J!·;c. ."stabl1 ... :tr• respect to :1 differently configurated, densr.r 

·;,'.IO.-C:!'lou· ~d te. ~ tnrt11c rearran9ements w1 thin the glass state gradually lead 

toward!> tt•1·; "1aea1·· amorphous structure. The sum of these atomic-seal!! 

:allcc.1 r,!1'11r.t11ral relaxation. fhe description or the 
:,. ~ I U t & I • 

••.tll .;:·. '1111:1 ti! s..l1vat1ur: t:llCllJlt:!, /]'J/. MO!il of t11c propertll'S d1:;play a 

.;on1tJ111at1 .. " •:r l't!~f!r!.l!i:t: arn.l 1rn:vcr•;ible !;truc:tural relaxation. For a ~pven 

·r..1tt:r!a: _,,. .•. ~HJf11:rt11?!> rnav !>!rnw a laq)t! reversible component and othPr!; a 

rlt'!Jll!JltJ:t· :111!. 

~ 1.4 fl1· ~1 ir '.!].!"~~["rt.!.!:~" ·•. 1 1_1_~:1~tt~~1_;_:.; !!!f.~!.:!~!!!· Ar:cnrd1nn to tl11! rlata 
i! 11tor1t.11•r11 .-;1n11 r!"P !rlmf!r>t ... tt1erc 1s a !;tronq sin11 lar1 ty bP.tween thP. l 1qu1d 
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1qj glas~\ ~·)t~s. 011 ~he othel hand tssPntially the sane d-band peak 
i•:·;1~u.n'..'. ····:- f:11111r1 for -;e.-~r;;;l tl·ans1t1on metal-tumsition 111etal glasses 
.trl.! ~" :: , 1.:urrespo~d1ng crystalline state. fhis •eans that ailoy1ng 
I~~c:rm1ne~ ~redoo1nantly the electronic structure, and the order-dis~rder is 
Jnl) of se~ondary importance. 

;_\ Ll~~!£~~~!_£~~is!!~!l of glassy alloys is r~lativP!y high, r•nging f~o• 

'.>O-•OO ,.._Qcm and it is weakly te•perature dependent. The te•peraturi" 

~oeff1c1ent,~, hoAe~er, can be either positive or negative, depending on the 

:omposit1un. ~mong the attempts to explain this behaviour, the Zi•an-Faber 
tneor~ .urig1nally introduced to explain the resistivity of si•ple liquid 
~etals) appears to be most consistent with the experi•ental results. 

J.i.5 Ma~~!!.£ __ ~r~g~rt1es. fhe saturation •agnetic •o•ent 
transition-metal based amorphous alloys as a function of 

<p> 
the 

of }d 

no•inal 
~-e~ectrcn concentration, nd follows a curve si•ilar to the Slater-Pauling 
~urve for ~r~stall1ne alloys (Fig.I~.). Co•pared to the Slater-Pauling curve 
of crysta:line alloys, the cur~es for amorphous alloys are shifted towards 
~mall r .alues of nd. Similar behaviour was obser~ed for crystalline 

•Jmpc.·:·111·. ·iu• n ~.., (r .. -co-Ni) 2e. This shift is due to the metalloid element 

:.:t.lut·111y Uit.: mumcnl .. a11:.;itio11 metal. 51111ilarly the Curie te•peralurcs for 

amorphous alloys are generally lower than those of pure transition metal 
alloys of the same composition.(Fig.16.) /80/. 

rttc: effective permeability ( ,..c ) has been •easured for a variety of 
1lloys orP.pared under different conditions. The value of,._ reflects the 
an1s~tro~1es developed: namely the shape and strain anisotropy and the field 
or str~ss-1nduced anisotropy. The contribution of these sources is widely 
investigated :81/. The permeability in the as-quenched state is low, except 
1n ) •O rnm~os1tions. fig.17. shows the main role cf th~ magnetostrictive 
Jntsutrup) ll.:t~rm111111g lhe value 

rti~ :01au1 s.:>urL;es of £O_!!civity Hc of amorphcus ribbons consist of the 
following contributions: intrinsic fluctuations o! the exchange and of the 
~ocal an1~o!rop~, clustering of atoms due to short range ordering, surface 
!rr1·qui:ir~qe-. 11111 ,olumt! n1nn1n9 effects. He is decr'?ased by the structural 
t e l.n .1 t 1 nr . 

at tt.e ~2~~£.!QE!!.!.£!!~~ coeffic1ent or ferromagnetic glassy 
-6 6 

.. lfllh- l";jlllW froni about 4Uxlll , throunh zero to -taxlO- . 

l_~!:-i.!~!!!:!._.!.9:!'..; 1n the amorphous 5tate 1s frequently less than ir1 the 
•1y·;t11ll'" .. ,,,._ ·i1m1larly to ttw c:ry•:tall1ne magnetic alloys it c:a11 bt! 

.:n.illell '"~'' thre1: pJrt.;: nanudy !ilat1c hysteresis loss, clas!.1cal and excess 
•Ill, :u11,.r•! :-i:.•,1·· .. ·11!J.lU.·. From experimental measurements 1l has been 
,nc,w:. th.t' f.r,1• f~llC:l"i!• cclcJy 1:urrr.nt luS!> 15 l'espons1Dle for 90-99 \ Of the 

lCltd. µuor11•1 loss of the amorphou:; materials. The pr:>nress in the study or 
amo n1hou·. ;;o., 1111•: l 1 ·,r> ha:• lwen l'l!V 11:wcrJ r ncen t l y by 0' Hand 1 ey / 8 2 /. 

~. ! .1, r.!1· ~ .. 1r111 • .i1 prop~!~~~I~!:'· M1:c:ha111C:al proper tier. i;onst1tul1! the mo~;t 1ir11qu11 
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·t1:1t.trten·:t1c:; of tJlass\o ;dloys. Fracture in these alloys proceeds by highly 
··a'.17•: ·:•1 .. :1r •1eformat1ons 1n i:ontrast to the brittle fracture, commonly 

.:L·,e111e..; , .• rru•r-111..:l-•l l 1c: ylJ:,:;c~. U•:t:au:.;c u( the l=Jt:J... u( ti·a11:;lal1u11al 

~er1ua1clt~, the lracture strength of glassy metals 

tneoz-etio:ai stre,gth i &;. .., [u ' as compared with o; -fr to 
ior crystalline metals where dislocations are created and 
the crystalline lattice. 

approaches the 

G;. -£ observed 
IO 

propagate through 

Metallic glasses exhibit an interesting combination of aech~nical 

properties, a very high fracture strength and high fracture toughness. The 

~uctilit~ and thoughness of Fe-based glasses are very susceptible to theraal 

.;ma.:!alrng anll hydrogen enviroment. A complete loss in ductility of Fe glasses 
~ay occur after annealing without crystallization. 

iri .. 11a1.t1ir1· c;trtm!Jlh "f , hardness H, Young':> modulus f , f'ois:>o11's 

• :1t10 v ar11J fracture tensile strain f C w-1.) of some typical glassy metals 
1 

,; t: l 1~tt:1I an l.Jlllc.111 /68/. 

Table III. 

Fr..i. tu:~ .. rr..:; . .;•h •.!,.;I ,,~. r:\11,::.ila. \·,,;_,.~,·,. i-..ir.fr.t· ..... Htk.; nu;\"•). fr.1-:rar~ ,rr .r~.!th 
:r ·.'-..; 1a::l :1. \'·.l;' ..;· ~-~HJu.lhi tltJ 1 ~;:nun·-). l'o.J>..va» 1.1t~·•., ..1n•l : .. ·n.,:~~ ,sdJ 
~:r,,1;n ,~ \l•J • •. 

II "' 
,, ... , E r '* = 11:31: ------

PJ;;l.""•,:;i,: .;;: 157 ?·91 o)·J 1)·+1 I·);? 
i'!._;~•1uP., .. ,. lt1J .!·Ill '>·+ •J·:-:01 I ·51) 
t·· ~- ~....- ••• 1· _,., H1 ,_,,, j IJI hi·6 U·+•I 1-;+ .... , . ;11 'I·) I) -4.; I· .!J 
\ o) . ~'..;"I n:' I~ ·II ll·H ?·IS 
f.:·· ii" HI+ li·•J 11·3? 2-+; 
:\i .... ::-.11~ ···j IJ·l O·;; .?·.!«> 
Zr;~l ·.,,., hu ll·i 0·)6 2<!7 
·r • .;v(.''-'.;..-> 610 10·0 O·Jt. 2·116 
-----· 

Fe-oased glasses ?r1 very sensitive to quenching conditions /16/ and 

~e110 to De ur1ttle, wherea~ glass-forming Ni, Pd and Pt alloys exhl~it a high 
:lr1c:til1l; "\Pr1 111 ;: partially r.rystalline ~tate. 

S.l. 7 £b£~!£~!_QI~e£rtie~. Amorphous alloys containing significant amounts 
1> ~\/ uf rr ~how excellent corro~ion resistance both in concentratr.d acid 

and in elec:trnl1t1c solutions /84/. The resistance is due to the formation or 

•• dt·11:.t! u,. 1: - r 1 ~· lJ r ox itJt: layer un the metal surface. Unlike the crystalline 
,,, e ta l 1 1 c · • u r ! ace !; the protect1vr. layer would not be broken by the grain 
riour.•1a r 1 e · .. r'.?!>11lt1ng 1n a much better corrosion res~stance. The corrosion 
: ·~-: J 1 1 t .·rnr· ,. r1n~11·v1•r. l'"i r.o t ~t al I J neneral property Of the amorphous 
I I I •• ··!. ,· .;; •.r1111it 1 1 ur f.111 .111! o;11·01:Ppl1lil1! to 1:11v1r11111111mlal atta1:i-.. 

ir:r •· 1;1!••111•. ;,J lo·; ·;urfacr.: via:; found to have a !JOOl.l catalytic potm1t1al 
fJ ·,, rl' 
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.: .. ' 

h.- ·::.;· 1.;! plt.1p1?rt1cs Ill metallic glasses have been exploited since 

! 'tit> <1he• 0 ~l · I UJ CriHHCAL CORPORA I ION (now Allied Corporation) introduced 
;'le-.1t.1!t .:i;qnet1c sh1dds to market. The soft magnetic glassy metals 

:epresent till now the most important field of application. Among the other 
Jr~oucts tn~ oraz1ng foils and amorphous fiber reinforcement materials have 
~ee~ widel\ ctissem1nated. A number of devices and materials are in the stage 

~• de.eior~ent. Comprehe~sive articles on application of metallic glasses are 
a.a1i?.ble ir the literature/}, 12, 62, 89/. 

3.2.i ~oft ~agnet1c materials. The special atomic arrengement, the isotropic 
character. th~ absence of grain boundaries result in such properties and 
~1ropert~ comb1nat1ons which are favourable for practical applications. The 

~·ust remarkable anes are as follows: high permeability, low coercivity 

:narrow B-H loop, go~d CQre properties), good domain-wall mobility (ease of 
~agnetizat1~nl, n1ghAE effect, high electrical resistivity, thickness (good 
~;µn fre4uenc~ behaviour). These properties are frequently coupled with high 
. echanic,.l r1ard.-1es<; and with good corrosion resistance. Additionally, the 
jia~5• otructure ~a~es possible a wider choice of all~y compositions than in 
.. 1e •:ase: cf tt·.e microcryst2lline ones. It means that the composition (and 
;J!nc~ss1ng_. .:an e,,;::;ll~ be taylored to various requirements, e.g. positive, 

aega~ive er Lera ~agnetostriction coefficient; flat or rectangular shaped 8-H 
!OUP5, e~:·. 

The !•,ndamental aspects of amorphous magnetis~ /82/, guides for material 
~el~ct1on 189/, the most important fields of soft magnetic applications 

.9Q-9},. anr. the problems of commercialization /94-96/ have been summarized 
r~cently 1n numerous rev1ew articles. 

Bas~a on oevelopments d11ring the last decade, th~ compositions of the 
.::<::-. t p!·um 1~·1 nu type~ ot 50f t magnetic glassy metals have been established 
. 17.'. namel~: 

f:H1t• 

a.) lron based alloys with high (l,6-1,8 T) saturation magnetization, 
1~lat1ve low permeability and hig~ magnetostriction coefficient. 
lr;ese were originally developed for distribution transformer 
1~r'1catiuns but they r:an be used at higher frequencies 

1L11u t up to ~O ~Hz), too. 

o .... :1<dt tla~ed dlluys w1tt1 lower satur·ation induction (0,6-0,9 T) 
ti.it ~lllt? 1•:..i:ellrrnt h1gh-frcqucnr:y prr>pcrtir~!; (up to about 
·,110 ~.tlz ;mrJ nearly Zt!ro magnctostr1ction. 

lq;;, :.s. ;•!loy co1npo!;it1ons and related magnetic properties are shown in 
, ' . ' !nl lowiru; /97/. 
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Table IV. -------

Soft magnetic amorphous materials are now commercially available 

-,; IOU ., -... .§ 

" 0 ... 

0 

------.,.......-.----·--------"T--. 
• 

me1allic glass -----~-..A--- • ---. --
20 

full load power/(kV J\) 

o ~lcGraw--f.cfison 
A ( )~;ik;a 

0 \\' nl i11gho11~.r 

• Allit.·d Signal 
• General Electric 

• •1J. l'f. ~11c1·!JY los5c~; rn tran!;formers of various sizes made by 
various companies af ler Gilm&~ /12/ 

I rnr: t1.1·.1~1! amorptir,us r ibt>ons, 

-.it rr.1 v:f! :u.n•, •;-2 ;sJ loy!; _199/ arn 
very 
used 

frequently ALLIEO 
in ttlis types of 

Corporations' 
transformers. 

•.Jl'l•·u·. t1•ct1111c.i1 piul>lcm:; dl'l!.it! tJy !>Ub5tllutin!J the polycrystalline Fe-51 

-;t.1~1·t:, !'Ill i:11~L11J 1i: !Jla:;:;ll:.. Tt11!!i•' proh)r!m!i arr. rhrn to ttw mcr:har11r.al 
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11art1ness. ~r1t• emtJr: t tlement after annealing, the unusual thickness and the 

tagh 111a~11t:t"stricti.on coefficient. Therefore a new transformer desi':)n is 
necessary . 100, 101/. In several countries manufacturers have managed to 
sulve these probleras /e.g. GENERAL ELECTRIC, ~ESTINGHOUSE in the USA, OSAKA 
wd UKAOU in Japan, tlYORO-QUEBEC in Canada/. To provide a thicker product 
\LLIEO CORPOR~IION developed a technique for laminating strips by warm 

':onsolidat10~ for use in stacked core transformers. These POWERCORER strips 
!re ~~ tn IO layer~ thick and have a packing fraction better than that of a 
'111!-}H; wounll ribbon cort il02, lOl/. 

distribution 
the field 

fhe 80st intensive development work on amorphous core 
ttdnsformcrs is carried out in the USA, Canada and Japan where 
Jerformance of these devices is studied in the framework of large-scale 

(EPRI) and the the USA the Electric Power Research Institute 
E~p1re State Electric Energy Research Corporation (ESEER), in cooperation 

witn manufacturers organized a standard test program. After nearly two years 
uf continuous operation no significant change in power loss was found /104, 
~ 05! . 

R~ce~tlv ALLIED-SIGNAL announced plans to construct a 60.000 ton/year 
capacit} racility to produce METGtASR amorphous ribbons for these 
applications /89/. The installation of a production line for distribution 
transformers nas been completed by WESTINGHOUSE ELECTRIC Corpor3tion /IOJ/. 

~morpr1ous ribbons have found pracLical use in several other types of 

transfor~ers. including 400 Hz power transformers in airborne and military 
3ppl1cat1u~~ /87 , and large pulse transformers used e.g. in linear 
it.ctleratur~ /106! 

j.2.i.? !~~~£!!ve_£omQ.Q,ne~ts_for ele£tronics. There is a rapidly growing 
interPst in tt1e application of metallic glasses as special transformers and 
induction coils in different branches of electronics /89, 92, 107, 108/. 

4ppru11r1ate ~ooic~ or composition and subsequent heat treatment of ribbons 
err<iblt: ttu~ magnetic propertie:; of these devices to be tailored to meet widely 
differing requirements. 

One of th•· .1n1'.;t important fwld of application is the switched-mode 
powPr 'iuppl It"> n1wr;Jt111n at 10 ktt1 to 200 kHz, where the metallic glasses can 
:1·;'i·•"'-' !t.,. "1111v1~11t1•.J11;1i :;ult ma!Jrictll; nwterial:.; 111 inverter tran!;furmen;, 
.;atur 1hit' ,:t,:·1! !t:al;lo1:;, curri:nt compensated chokes and spike killers /109/. 
A r1unit>~r u! 1nduct1ve components for these application have been commercially 
a11il1lahl1· "111r:1· thr> 1~;uly P.1ghtir!!i /110, 111/. 

·''!11;i,.r:·;lJ', r1t1tir;11., ca11 he u:wd ir15tcall of permalloy or supermalloy in 

"lltr, 11•.ir.iq•· ::1t1:111t !ll'l!akc!':; (!JrtiuncJ fault interrupter). rtie main part Of 

:r11·::.tJ d•·~tt•.' c:u11·,1:>t:, uf a turo1l.IC1l c:ore opJrating as a differential current 
trar1:.frir1:11•1 !tio111!J r1·p11rte1J tilt! u:,c or Co-based alloy:; for small fault 
i:urr1·11t· t11i! I •··rl1-V-'i1-!1 !Jla•;:w:; ror lnr!Jl! cmr.:; /107/. ALI IfD CORl'ORArlON 

•J1:11tdup1:.: 1:rll'.ip, 111H1 u;i:,cd 1111:tallu: ~11a:;sc:; (MUGLASR 260~ SM and 260~ !.i-.S) 
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·i.1.l..1 t·!'.':l'.":~!~_'..!!:~~~- Ttic t:nmbi11ation of good soft magnetic properties and 
tt19h :.c<:r re'.;istance !Jave a !JUOd 'ossil:iility to use metallic glasses in 

vanou~ mallnetic heads for audio, video and data storage applications. 

Cobalt based, nearly zero magnetostriction alloys meet the demands for 

.1ttaining high density, high frequency and high reproducibility recording. 

~Jny details have been pu~lished on the magnetic properties of amorphous 
i!loys and on the design of amorphous magnetic heads /113/. 

Amorphous ~agnctic heads are commercially available since 1981. Audio 

11.!ad~ ;.ire inanufacturcd at a rate of more than three millions per year by 

Japane~" ! 1 rm•; TOii: Co., MATSUSHITA Co. SONY Co. and others /92/. Video tape 

r~corJer hca~s Jrt produced in Japan and in Europe /111-115/. Amorphous heads 

tor data storage applications are also available /113, 116/. In many cases 

Jlcrocrystalline Fe-Si-Al ribbons are used for the same purposes (see section 
!; . 2.]' 

~.:.1.4 ~~~et!E-2~ield!. Metallic glasses having high permeability and low 
~dgnetostr1ction can be used for magnetic shielding /117/. As it has been 

•1ent1011ed. :.\LLIED'~. flexible magnetic shields (under trademark METSHIELO™) 
.1 ... re .ia: ! l r 5 t con1merc1a l amorphous metal 

appl1cat1011:.; make u:;e of glassy metal magneti.:: 

cable shielding /118/, and shielding of cathode 

products /97/. A number of 

shields e.g. spiral wrapped 
ray or TV tubes /119/. 

j L.I.~ ~cn~ors and transducer!. Currently, the interest is rapidly growing 

towards different types of sensors for mechatronics, robotics and other 

branches of industry. High sensitivity, independence on environment 

(temperature, humidity), robustness, small ~ize: these are only a few of the 

~tr1ct requirements against these devices. The special magnetostrictive 
oehav1our fe1ther very low or very nigh magnetostriction coefficient), high 

milgr11: r.o-m1:1,;r1an1cal coup! ing factor ( A E effect), the high tensile stress, 
s1multar1euu~ly with good soft magnetic properties and corrosion resistance, 

1,;omoine to make tr.e metallic glasses po~sible can1idates for sensor materials 

~O!. Seve1·al types of amorphous sensors are already commercially available 

uut Hie m,1 !O!ll\ cit· them are stPl in the development. The principle and the 
Pl<1Lt1c:;J! •1·.t: ul ... murpllou~; ~trnsurs have lwcn sum111ar11ed l.Jy ~1ollr1 /120, 111/. 

l.2.2 ~1<1111·'.i J.~!Je!·.~~~~E.:1.~~.:>· Amorin the non-magnetic applications first of 
': ! tr1•. •111l • 1 lr: :i111orpt1011•. anl1 m1Lrocry!;lall ine bra21ng filler alloy!'.l are 

.• nrt.t1 •n1"1t1uhirirJ. :nr·v have bPen devnloped by ALLlfO CHEMICAL CORPORATION at 
ttw CPIJ uf U11: ~.1·v1:rit1t:~; /122, 12}/. 

'11: I~ ~; ti r ;i / 1 ri1; f II l l •; have many a1lva11 taqefi over the traditional ones: 
: r ... : 1 .11 ·· .. r1•:ro11 c: a I : 1 lfl(JI I! t1nm0ocr11~ou!i, clo 11 C> t need any organic binder and have 
"~C:td 11:11 t <i I' ' t 11 i !I ct"' '"' c t c r i !i t i cs . The form Of ribbon instead of 
:·:;,,1:e1 -t;1r1111:r c:r1mpw;1 tr? .• makr:~• tt111 hanc11 inn easier. 

r·. I' I: (. f I t I \ ' tt II' ;\I I.I F n CD HI' 0 fl A I ICHI () f f fl rs d if re~ P. n t type 5 0 r du r: t i 1 e 
r 11 "1 1 '". r • , i 
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.•·.g. ii1-i·. '.i.-B-::., tli-Cr-fe-8-Si, Ni-Pd alloys) as well as aluminium or 

·:.:;1µ.:r· t1.,·;··l! .J l luy·; for lower temperature brazing and soldering I 124, 125/. 

!.2.~ ~!~~£_£~!~!~!:E~~~nt mater!al~. Both the good mechanical properties and 

:. :ro~10•1 r~si~tanc~ of amorphous alloys are exploited in the use of wires or 

_ 1obons for fiber reinforcement in concrete. Relative short ll5-25 mm long) 

·~ire~ or il~rrow ribbons (0,5-1,0 mm) are added to the concrete in 1-2 

.olume t /126/. Thi~ technique is important in the manufacturing of thin 

~~rfdce layers or sh~ll type constructions of concrete. Good results are 

!"t:por teo rect-ntl y by l-4agyar l in the testing of a JO mm thick sh•~ll structure 

. 127/. 

~.2.~ Catall~!~- The use of amorphous alloys as special, selective catalysts 

jre now iP t11~ stage of development. The recent results are encouraging /85, 

!t. . 12 8 ! . 

~- t<Ai'l!JL'r SOLlDIFiEU CRYSTALLINE ALLOYS 

51n~r :ne second half of the seventies the microcrystalline alloys have 

r t,c.e1 ve1.1 ., :vowi11p tnterw>t. With respect to processing, one distinguist:es 

two rnaJcr ~roups: alloys prepared by rapid solidification of metallic melts, 

.:rid aliuy~ .n:H1e b~ t1evit.rif1cation of amorphous precursors. 

In ~oth cases, the advantages of rapid solidification are utilized: the 

~xtension of so!uh1lity li~its, the formation of new, metastable phases and 

ref1~ements of grnir size. These features result in improved properties as 

~1gh~r ultimate tensile and yield stresses, better elongation, good corrosion 

~esistanct, ~tc. 

rhe ,;,aJori ty of microcrystal line alloys is prepared nowadays by rapid 

~Q!!Ql!i~~!l~~ processing using the methods discussed earlier (Ch.2). The 

mir:rn~t1111·1.11r·:-iJ t°Pal11rr?<; •.e.!J. r1enr1rite arms spacings, qra1n size) can be 

111tlu1:nc1:1J c;:1,;1lly l.Jy the: ::HllHhf1cat1on rate: /l1g.2U/. lht! typical yra111 

.. ;ze 1~ t1 .. tv1f:(?n I-ill}'.. m. first of all, the high perrorr.iance structuraJ 

··llo.,:i, Jpe.·:al •;1Jft ma!Jnetic alloy:>, and some t~pe of brazing filler 

m"tenill-. b1·lo'lp ~'' this category. 

[r, other i".E•!:. ttic crystall1zatiofl of amorphous ribbors (Qevitrirication' i~ 

:1se11 to f ";:. :1 :111cro 1 :!·~stal '. ine •;tructure. Iron- and nickP.1-based struc.Jral 

material .1:''.l :ron--nf'fldy1111urn-tJOror1 hard magnets have bnen produced by tt11s 

''" y . 

1r1 r.~1i· r:traplf:r, f1&"st a :;t1r1rt introrluct1on to rapid solidirication 

.• "n' 1i111·1:: 1 :;• ·•''· tl11!:: 1.111! m:IJOI I 1cl1I!; of appl 1atirm:; arc r11scus:rntJ. for a 

·"'•:1t:·!"ri·., .. 11'1! 1nrr111•,1o1 urqa11111:1! 1111 lhr::a! tup1c:s (!H!f! l\ppcncll>< 1.). 
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Fig.~Ll. Microstructural consequences of rapid solidification 

<-ter Flinn /}8/ 

~.1 Const!tt.t1onal and Microstructural Features of Rapidly Solidified Alloys 

lhe ~ol1dif1cation uf an alloy from the melt can lead to various 
~1Lrostructural feat11res depending on the following par?meters: 

- alloy-compositicn, 

temperat•1rP. gradient in the liquid just ahead of the advancing 
:14u1d1sulid int~rlac~ /G/, 

- 1ntP.rface velocity or solidification rate /R/, 

- surface energy of the solid/liquid interface, 
- impurity types and levels in the melt, 

- growth mechanism nf the solid phases. 

rhe purpose of this chapter is to give a short overview of the 
m1~rostructural const!quences of the applied cooling rate /1, 129-lJl/. 

Irie •:11crostructural consequences . 
:.11mma~1Zt>•l 1n Fiq.21 the (cooling rate T 

of rapid cooling 

is defined as the 
from melt 

product or 
are 

the 
tt:111p,:r<1t11;·1: qraJ1c11t G and ::;olldification rate R). In passin!J from ordinary 
'·•!.Lr": :1: .1: t 11.,· 1.11 1.nul 1nu ratw; !1r1!at1:r than 111 2 K/':., lht! m1c:ro!;lr111:t11ral 

l!;:t~,1;. •. tu".ome rel 1111nJ becau!;C tne time for coarsening during solidification 

1~, ft!Uuu:1:. ~11th :;L1ll higher cooling rat1Js, howevl!r, nucleation can be 

uepres~eo to temperatures well below the liquidus temperature, and novel 
1111C'ro!.lr•1r.t11rr·'> c:or ... into existenr.r! (extended solid solutions, metastable 
p ts d J ·~ •; • ~ •i . l } :· . 
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r 1ca tion atter Flinn /JO/ 

D~S: dendrite ar• spacing, 
~DAS: secondary dendrite ar• spacing 

rrom t~e point of view of the develop•ent of the •icrostructure, 
c1str1bution uf solute atoms between the solid and solidifying •elt, as 
as tne ~Prpnrylog~ of solid/liquid interface have a basic importance. Both 

tht!m can : . .1t treated quantitatively on the basis of the fulfi l•ent 

the 
well 

of 
of 

"'l'lll?hr;·'"' ·'~1111;t111ri~; ;1t ttw snl1d/l1q11id 111terrar.r. (nr th1? dr.grtH? nf the 
•!cµar• .• r, f,.,,., it,. Consequently, we can classify the events at the 

· ··t~rL.11.1'. .u:tl al!;ri the resulting 111icrostructural features as a function of 
"'t~•c; nierarcn~" of equ111br1um states /1, IJ}/ 

a., Tht full diffusional (global) equilibrium (in which the equilibrium is 
~a1ntaincJ d~ all tlmPJ never fulfills in the practical cooling processes. 

'n1s c;:;, ~·~~:cit:n onl~ 1f the rate of the advancing of the interface is slow 
~o~pared w1tr; tne J1ffusion rate of the relevant solute in the solid, and if 
the required diffusion distance is small. As a result, there is no chemical 
p~te;1t1a! qrJdicnt, and the composition of the solid and liquid is the same. 

b. 1 lri . .i ! practical c:tses the equilibrium is maintained only at tht~ 

:nt~tracP. and the local composition or the solid or liquid at the interface 

lltf!er: fr:Jlfi the a11era,1e ones. If the interface velocity is slow (cooling 
:at~ lP-h-10-J K1sl and the temperature gradient is high,a plandr interface 
morpholo:;y ll•:velnps /f l!J. 11/, and 

( 6) 

r·:lr1:~, .~ •r11 11111·1!;11·1-. wh1!r•· c:. arnl i:
1 

arr! thr. eq111l11Jrium 1nt1!rfac;I' 

·.~1pw:1t1 .. ; . c1r-11ir: r1~1:1l tly the pha:a: 1J1anram, anc1 k 1!; the equil1br1um 

; • .it t1•111r· r :' •1. ;1111· '··1~.1 1:1r.pha:.i11: that k 1:; rllffcrrml Crum uruty (u:;ually 

· · · I · 1 • .r · ·• "''";•·q11,.nr:1· "" ti"' 11trr1:r1:nt llwrni111ty11an11c ac-l1v1ty 11r ttw 

I•: tr11. 11q111rl anll !.>Ol111 pha:OI!'•· A!, thr. ~11l1cl1f1r:at1nn i1rnr:1!l!ll!J, 
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~t,.. :..:l! .. ~· t•· ;·~ctt•lf into the liquid. (he diffusion in the liquid is 

1i-;u;;'. :-. : :· : ~t .. :. ;o ~, c;olute-enr1ched boundary layer build~ up ahead of the 

.uharn:1111; :;:t~rl.Jc:.: .~ee t1g.'2"l.1. Jt1e concentration of the liquid at a 

.! l ~ t ~II: t: tr·Jiu the 

c, = (0 ( I + 

i11t1!rface can be exJ1re~scd 

-(tl• .. )x') 
l...::.!t e 

k 

as: 

(7) 

'here o1 is the diffusion coefficient of the solute in the liquid, C
0 

is the 

J~era!l allO) co•position. 

=ro• fq.7 it is clear, that Ol/R •ay be considered as a characteristic 

Hstanc ... :.,t.•r11101ng the width of the boundary layer. With increasing speed 

r~te Jf th• ~ol1d1f1cation front the solute distribution curve will be 

stt:~per -~I l:;-~J:, what means that the available ti•e is not enough to build 

u; tne steau, state form of the boundary layer, so the value of partition 

coeffi~1ent .111 vary in this case according to /lJ4/ 

&< JC { 1l) • k + to ~ 
-4 + 01t 

~. =!:.L . where l is the ato•ic distance). 
bL 

(8) 

ln1s interaction (between R the solid front and the boundary layer) is the 

~ource of perturbations, responsible for the constitutional supercooling 

CSC' ana 1t leaos to the destabilization of the planar interface. 

(he cond(tton of the CSC is: 

G' •1l C ~-L< 
1> s. " 

dhere m is thr. slope of the liquidus line ). 

L. • ir1 tt11• rannr. of r.ool inn rates R ( R ( R b (where R is the critical 
c~ a c~ 

.i::~uc1t-. l•.i the 111l1ot.h11:l1u11 of i.:si.:, l<ab lln: c.;rilical vtdoc1ly fur ab~ululL' 

. talJil1t~ t11e cun~t1tut1unal supercooling is predominant in the cooling 

5~stem. rtic dppropr1ate microslructural manifestation is the appearance of 

u~ndr1t~s an~ cellulars 1n the solidified structure. 

rhe ~enor1:1c structure shows a continuous refinement as the applied 

.;ool1'1CJ r;it1• 1ncn•a51><;, wh1cti is characterized emp1r1cally by a power law: 

(9) 

wr: .. ; .. ii n,11·;t, l 1;. ff.!' i;ool &n!J rall:. 

11. "''" u.1~ r.tw <1mu.lnl1r: arm :;11ar:1no :>. lt1n.l4/, and uul1:r:l1c: 

1:.t1·1 l.1r.,·i i.11 ·.p.11:11111 /\ /t l!J.2'>/, r:a11 he r1:narded as a mcasuru or thr. c;nol1nn 

s 
!1: ,_, ... ranqr. or 10 IUs cool rno rate the stable phases cannot always 

11• "; ·.11ff1c1~ntly Ca:;t, ttwrcforc tt11! loc:al compo~i1l1onal 
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fig.2J. Solute distribution in melt 

unllcr var iou:; ~;ol idi r ication 

rate /R/ 

-; 

I 

J 
1o9 

Fig.24. Uendrite arm spa

cing versus soli

dification rate 

for aluminium and 

copper alloys and 

two steels after 

r linn /J8/ 

• 1r1.2S tut,.•·!;c 1nterla111r.liar :;pac1r1'.J /\ Fig.26. Curves show1no the depen-

1· ·I for1c;t IOfl or f}l"OWttl VdO- dence or the interface par-

'·,• tition coefficient k on 

velocity /1J4/ 
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:!rcumstan.:~s Jt the solid/liquid interface favour the for•ation of 
·netasta~le rnases, and the metastable phase-relations determine the interface 
.:nnoit1u11~'- ~ccort1lng to E:q.8, it is clear that the partition coefficient is 
.:docit, ·:et••·ndcnt and changes from k (its equilibrium value) to unity as the 
Jrowth vp~oc1t) increases /Fig.26/. Ask approaches unity, •ore and more 

5olute atoms are trapped by the rapidly moving interface and k=l is the 
~1netic cunoition for partitiunless for•ation of single phase extended solid 
::c!ut1011:;1 based on the terminal phase of an alloy syste• /ll6-U8/. 

Jiu ~.1r1elll.:.!I pu;turc of the solute trapping is, that, while solvent 
.:toms can oe transferred from the liquid to the solid by making only saall shifts 

1n pu~1tinn and bonding, the solute atoms would need to diffuse over long 
u1stances to avoid being engulfed by the rapidly moving soiidification front. 

The thermodynamic criterion for the solute trapping is the possibility 
.:i the undercoating below the T

0 
curve, where the molar free energies of the 

::~u1J an11 :.oliu phases are equal /lJ9/. 

fhe ycometr1cal structure of T
0 

curves is illustrated in Fig.27 for two 
different eu~cctic phase diagrams. This curve is very i•portant in 
~~term1ni11g whether a boundary exists for the extension of solubility by 
1 :ip11J cuol lll!J· If the 1

0 
curves plunge to very low temperatures, as seen ir1 

c 1q.27a. single phase crystals with composition beyond their respective T
0 

. urve::, carn:ut be fo1·med from the melt. Such systems are susceptible to the 
Jmorp~ous phase formation. In this range of the freez111g velocities <10 5-10 10 

K/s) either solute trapping or a glass transition occurs. There is only a 

limited t~me dvailable, so any lateral solute segregation in the iiquid can 
only take place for perturbations of the solid-liquid interface having very 
short wavr!-lengths. These short wavelengths require such a large increase in 

the area of tne interface that the perturbations are retarded by capillary 
furces ann t11e planar interface is stabilized again. Therefore the resulting 
pllase l~ "ft:atureles~;". 

B A 

\ ,/ 

a" /·/'\ /311 
'\ 

/ Q . 
,·<a .. ·~ .. >, ---

B 
b 

• 1q.:i. ·,, tll'mat1°: rt~pre:;e11tat1011 of r
0 

curve!.i for the liquid to crystal 
tr;111r.1n1·mat1on in two type5 of eutectic systems as cited by 
!I· 1~tt1nni:1 and Percpczko /1!>3/ 
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".µpi!·-,~:.:·• J! P.~ Cry:;tall 1ne Alloys 

~.i.1 ~!~~--2erfor!~nce structural materials. ~he develop•ent or high 

;;.·rforr.•.111.:tc- -;tructural ruterials was recently •'ltivated by the require•ents of 

:~~ J~rosµ~cc inaustr~. A nu•ber of aluminiu•-. •agaesiu•- and titaniu• based 

:·1;:.ll!~ ·;oi1t!lf11~11 :liloy~ proved to have better 1u?chanu:al and r.orrus1on 

;·:·op:::rt ie~ t~1an tne conventional wrought ingot alloys. 

~l·Ji:1i1uum JU!!!~· It !S known that the equilibriu• solid state solubility 

.ar.d tt1t' ".!!ffusiv1ty:· or transition •etals in alu•iniu• is very 

1oou! e~qr•~ allu,1ng ~iements have higher solubility than l at.I 

low. Only 

/JI. The 

:~~ta s~!1~1f1cat1ar. in many cases extended the solubility and it aade 

1a~~1~!~ a ~ider ranye of compositions to be chosen. 

rt!ee t~3c~ 1·f dlioys are in the focus or tne interest: high strength 

~~r!~~ian re~~stancr 3~loys (7 XXX and 2 XXX series}. low density alloys 

~l-t 1 :Ja~:~.-;· an•! n!•jh temperature alloys ~Al-Cu-transition •etal alloys) /l. 
. . ;; ., . i /; 0 - ; .:. j -

;'1. :i::"t« l[;ltation nc.ardened Al-Cu-Zn-Mg-Co type alloys belong to the 

__ ...:':C\r:.1.·J·.?t.11~ ~t 

;u,u and 7U91J. lhese are commercially produced 

5~,eral manufacturers in the USA (ALCOA, KAISER). The 

·~ci~r; ~~t~ resu!ts in secondary dendrite ara spacings ranging from 1 to 

..,. :: .. :·: .. _. •:i:.~r.~ .;f tne alloying elements is inc.eased compared to usual 

:;,., "'"·''!d ~re.up of al toys has a lc.w density and a high elastic modulus 

Ai.-•,·· .. lluv:> •. [~o;n weight percent lithiu• added to alu1ainiu11 can increase 

tr;e f:iast!c .Jooulu:; by six percent and decrease the :Sensity by three percent. 

~~~ent1~ ~LtffO-SlGNAL Inc. developed two types of rapidly solidified 

-il-L1-i.u-M•:·/t aiiuys with high ll.l-l.6 wU) lithium content, resulting a 

0P.ns1ty re::1; .. ti110 12-Ul and ultimate te.1sile stress ranging fro• 5•0 to 596 

-!'3. ·r.t: \'.-i•:-~!'ior1 rt::;1stance is also better {Fig.28) /H, 11,5/. 

lht. ti:;·· t1;m~1crature alloys form these th.ircJ group. These alloys contain 

·;-.-w.-1·.. •:!!· ;1! 1 t1i[lh lr.vcl 'e.g. Al-Cu-Mn, Al-Fr-Mn, Al-Fe-CP., 

. ;.,,. 1•·t1·rml!t<:l I 1c cumpuuruls of thr.~e tra11s1 tion metal~ arc 

. r iii! •' 
j lt!l I', ·• I:.:,-' _i.;~i,\l 

lt:111p1:!;1tur1:!. a111I they hinder any !Jra1n boundarv 

!n...:. '·;new typr. of Al-fe-V-S1 µowrlers have cxr.elle11t 

olu:~ to lflP. C'listencc Of a stable intermetallic .. ~ P -~ r ' J " •• 

···1m;1·... · r r0 .qn •1lum.: lra1:t1011 and homogeneous distribution /II.SI. In lt1t! 

· '.' •r. " :.1 '.'!'.1:' .: :,impanic:.. having the capability of commercially 

•1.t.! 1',,:,1!r 1um .illuv particulate~;: ALLifO-SIGNAL Inc. lluilt " 

.1·. ! • ·•,, .. J'.;I' th. >''ar :4'J/, thr! TRA'ISMff Corp. fr'.nlumhu!>, 

. , ·"'' : ·' '- ""'"'''"'"• 1;il•:1l ;it 'JIJ metric tun:, per year a111l 

•· .·· ·: J.,.:;; .a•:tr1c l•J11'.. 1wr year 1!ac:h /144/. 
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t !J.i~. ~Jlt spra¥ corrosion rate of RS Al-Li alloy in co•parison with 

~1n\ent1onal alloys /45/ 

~~~e:;!~~--~~ l~!.~ _ Nowallays the magnesium alloys are rarely used in 

.. c·r•,-:.r,;ac~ 1 •.• 1u:.;t::) tit :>p1te of very low density (1.80-1.85 g/ml). Their 

~ ,,ctnr.l~...: ~ ;:.;ropi:i-ti.,~: ~11d bad corrosion resistance have been improved 

·.~;_[fO-"luil.\L Int~. using a rapid solidification technology and 

unrcs:t: •. t ~5;. In~ HS magnesium alloy powders will probably find 

ti. .. rt>;;•;,,!; a;;;. I 1.:at1u11 ir1 automotive and aerospace indl.stries /141/. 

the 

poor 

by 

new 

an 

~!!~~!~~-~!l~l~· R~ µrucessing has be~n applied to both of conventional 

1:-~l-\i ;;1.J .1c.vei alloys containing rare earth or metalloid intermetallic 

Jllo}~ !~~ Th~rt ts a lot of results in improvement of high temperature 

mt·i.:ttart1cal ~·rup•~rtlf~~ but the application is still at the deve!.op111ent stage. 

The pror.dcm•, are ihscussed by several authors /140, 141, 145/. 

~. 2. 2 I~~l_ :!~~~-~~~!!!!92!!.!~!!!!~~ fhe tool steels contain a substantial 

Jmount cf har~ and brittle eutectic carbides which make their processing 

:t!f1i.:u!t .. :r:r.t' 1'160 tool steeb are produced by atomization and subsequent 

r.rn ?!ill' r "·'" tir1~~;~1n!J in the USA, Swf?l1c11 and Japan. fhe product5 have 

.m1for: .. ,, .:.-.:r1Uut1NI fine: c:arbuJe prei.:ipitates and s1.1all grain size. This 

.l<:t"l. •• .tr·. t.di· rt::iJit'.. 111 more 1sotrop1t; properties, improved thoughnes~ and 
. . . . ' ... . rri.· •:nmnterc1.sl1Lat11,n 1~ limited by thr.ir hifJher co5t!l I(, 2, 

! ., i. 

. r. r . . ~ . . ,,•;. :, 1·. ~d·.11 wo1:11 l" pr111Juc:c hl!Jh pr.r!"urmance mat1!r1al:; 
,_..,.,. ·:

10 1? ! 1 n'u-~o 1 r1 ~;1:1.. l.} .1. Hay rcpur tcrt /4ff-'JO/ (Ill 

:)-.t .. ::/.,';·1 .;f :1.,,., 1;1t1-.11111u111, lUll!J:.t1:11 alloy!> with low coritcnt uf b•Jl'1111 

... ; ... 1r.1 .. ·1, ~!1:\:lrtl1i.:<.1t11ir1 .• \er~· rir11: qrained (about 0.2 µ,m) matr111 ha:; 
'. .. ··r· ,. : • ! :. ··:' ,.,t11 · :. ~.;,., •; t.1h 1 11 /•!'1 t>y 

havr: 

tior 1 de 

hl!Jh 

and 

hot 

ca rt11 rlf: r1rer: i p I tat I nn!l 

and 1:icc1:l l1:1tt 
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clli':.~: · ! ... t5t:!nt:t> at elevated temperatures up to 540 uC. In Table \. the 

:•1·ir: t.:ir:;io:•~HJre haroness of microcrystalline and conventional tool steels is 
-__ Jr .. ;; a rctl · i .. -: .··. 

Table V. 

Hot Hardness Uata After JO Min. at lemperature 

Hot Hardness, HRC 

Room 
.\l Li. Temperature ll5°C 540°c 650°C 

;c70[ 1 18M~2d~S 1 1 u 41 u 42.5 

.\bI H:ll !i t••P ! 
49.5 45 14.5 19 

IJ SC. ll ~ i. , 5 . Z>C r . 'J • ) Ir:, t.al. fej 

.\hi H26 ~ t.cel 46.5 42 }2.5 20 
u.)5C,i.uv.~.ocr.1e~. bal.fe) 

~L~1lar qooa re~~lts have been achieved by hot extrusion of ALLl[O 

i;oq:.., i.k\;triun. }065 ;;ncJ Oevitrium 7025 type Ni-Mo-lfe)-8 alloys /148/ . 

.. • .: • ..I !I~'..'.-li~~!:~-!!~!!!:!!£ allo~. Although the amorphous sort magnetic alloys 
•~re in l~e jpotlight of intere5t for many years, the RS processing is 

• .. ~cesf~!!~ appi~cu uoth to conventional crystalline soft magnetic alloys 

·e.~J. rt:-:1 .1ra; to the novel class of hard magnets (Fe-Nd-B), too /149/ . 

... "i . .S. l :;_ll!!_~!!.9!!!:tic_~!loys. Improvement or the traditional iron basP.d soft 

magnetic r.atcrial~ (lower hysteresis loss, higher permeability and electrical 

res15tl•lt; ~an be realized by increasing the Lontent of non-magnetic 

c~ruponent~ :s1 or/and Al). Such materials produced by conventional 

techr•s lo'IY. •1owever, nave very unconvenient mechanical properties: they are 
orit~le. t~c\ can not be rolled or any machining can not be applied. 

rh1· teLhnology of rapid quenching opens a new way for the development of 

~oft ma11nettc mdtcrials. The improvement of the properties of the crystalline 

-;oft magnt?tl:: matt?rials became POS!iible immediately. rhis improvement is 

ab~erv~~l~ fiam two points of view an one hand the materials with traditional 

.. t::mpv;1tirir1 'l·1vr. tietter mechanical properties for machining and on the other 

'•1110. t111· 1r.:i;,J11!t11. a11111ur eler:tr1cal Jiropt?l'tie~ of the alloys become better 

;iec;,u:;. t.t'~ 1:t~~' :echolCJ~JY makes 1t po551ble ta increase the concentration of 

~ •' . ,\ I 

· ··-.1. 'J. ; .. ·. Ir .. : .. p:i·t11; 1n1.p1:rt11::. ur rap1tlly qu1:111:t11:rl nratcl'ial:; may tw 

: ·:.;-,.,•,! ;··.11!: .. 111tl., 1'1 ·,111111· 1;;,:.c·, ny t11:at treatment. Such a case 1:; 

.1r·r.1~r laka11a:;h1 P.t al. /l~O/. 

I<!. 7 w\ 

In 

Al 
this fi!lUrf! 

con tm1 t ( b > 
: ('. ~. I! I· ....... ·.1:r•;,. I t11: l"lll :1:•; ~llJl"I! 1111:a'.;rncd 111 a:;-quc11chnd stale ur the 
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20 
.. CO.I 

-- -- i!f 
- - L.;.. 

1 
.c, lbl 

r !iJ. rn. lr'l11 los~; µer kg measured at 60 Hz 

1~ ~ function of the maximum flux 
•!f?ns1t\ for various Si-Fe speci-
111:11· •. dtcr lla:·1ta .'l~l/ 

• Hc(m()e) 

Fe 

d-c hysteresis loops for rapidly 
quenched (a) 15.41 Al-Fe alloy 

and the alloy in the Sendust re
gion, and (b) l2.7l Al-Fe alloy. 
/150/ 

As-prepared ~ and after 800°c 

lh annealing ~--) for Fe-Al alloys . 
As-prepared (-·~ and after 900°c 

lh annealing (---~ for Sendust. 

1.2 

0 

~ 1.0 
:& 

0 • 
~ 0.8 

"' ~0.6 
.j 

7 
0 

~0.4 

0.2 

::-> 6. 51Sl-Fe Rlbbonl60llllll 
r 

0 
0 0.2 0.4 0.6 0.8 1.0 1.2 
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Fig.JI. Concentration depen

clcru:c! n f the 1:01! ri: 1 Vt! 

force He of 5endust 

ribbons in the cry~t. 
state annealed at 8J~;Oc 

for JO minutes in 
vacuum after Tsuya 
/1 'j2/ 
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,,unoi<·"' .;: ,i •• :~er :..inr:L.il1ng Jt BOU 0 t: for l hour. It is clearly seen that 

t;nil€ i11 t•:e t.aSt:: ut' \3.) practically there in ilO change, in the case Of (b.) 

~he hea~ trLatment ma~es the magnetic properties better (coercive force 

t1ncrcases. remanence l .•'. squareness increases). The Fe-Al alloys with 

Q-18 w:'. .ll ir: rarn•tlv quenched ribbon form have very good mechanical 

.1r opt!rt ie~. 20-.SO }'. m thicl.. and l. 5 mm wide ribbons can be wounded "lround a 

rod with 1 mm diameter and they can be ~~nt by 180° /150/. 

!.::-51~~~~ . .\ccording to Nari ta I 1 it is established that rapidly 

:;111°m:hf'rt i · - ·~ i all oy!i with about 6- 7 "' Si have very good •agneti c and 

mechanical uropert1es. The thickness of the ribbons can be easily changed 

~ rom :!O ,.._ '11 tc 150 }'- m. In the as-quenched state they ::an be rolled and the 

~~JOrit~ 0f them can be bent by 180°. With heat treatment at 1000-1100 °c for 

! hour an cxtremly soft material could be produced so that every ribbon could 

oe bent o~ 1R0°. Ine magnetic properties of rapidly quenched Fe-Si ribbons 

ice als~ ~eri good. ~ ribbon uf 6.6 X Si content has a coercive force 

nOe ~iter ' heat treatment at 1180 °c for 1 hour. A sample with 

GOerc1ve force has 0.25 W/kg loss, which is less than the best 

~omrnerc1~llv available textured JI Si-Fe sheet. 

of 60 

80 mOe 

quality 

In fig.}0. we present, after Narita /151/, the losses of various Fe-Si 

111<1tcrial·. :1· tu111:t11m ot the flux ll1m~;1ty. Oc~idc~ the rc~ults mea;;urcd m1 a 

nc11-texltH·,·:: re-Si sheet, noted by (518), and the textured sheet noted by 

~CIJ). tho· !~~se5 measured on ribbons produced by rapid quenching technology 

are ~•l"1•1w11. Orw ot the ribbons was annealed at 1100 °c for l hour and then 

turnar.e 1:c1oled. thP third one (F .o.o;. was heat treated at 750 °c and quenched 

into oil It Lan be ~een that the sample noted by (F.0.0) has the lowest 

1055. 

f~~Al:~!-=i~~~~- Rap•dly quenched materials in this ternary system exhibit 

~imilar properties as the binary systems mentioned before. After Tsuya /1S2/ 

1<1 fig. >I. the coercive force of Fe-Al-Si alloys measured after annealing at 

flH 0 r: frq so !;Pceinr1s is shown as a function of the concentration of the 

l111 '": I. f; :11 If II i .t 'SI ! ' .. I 11., I 1:ve I 1 i 111: 1111111:;1 t inu the lnw1:!•l i:1mrr: I VI! f11ri:1: 

~ (11' rt: :;J· IHI(!'. ~ \J j(J mOt:. lhe rapidly quenched Sendust (fe84.95 i9.62AIS.48) 
l' l l:JbOll i".1 L1111:talt.:. I t can l.Je wound up around a rod l~ mm in diameter /152/. 

Sendu~t allo~s have found practical use in magnetic heads /153/ and 

u tt1er OC\ l Cl"'. •. 

... 2 J.2 !_l:•!'~!_!:!!!il!!!!!l.~_.tl!2Y~· In the development of hard magnetic materials a 

·>udden r.tt:.rir11: ~1as bro•ight in by the application of rare earth transition 

,;,tJtal all .. )·~ fr1.:, typr: or magnet:.. has two peculiarities, one is that thuy 

·rt: r,1!fi•'I .: : , 1·rndr11:f:rl h~ pow1lcr mctallur~JY, thr. CJthr.r ir. that initially hif)h 

... ialt r;1 ;,f,fll H'.d1:nal:. ~wrt: IJ!;f!fl (e fJ. Cos~m). lhJ!i 1111;reauus the pric:1: ol 

.o 0: 111.1 I 1 •: I .r , . • .11 Ii" I ,111 I I .1 I I ~ . 

:11 rr .. · "' r lc~1 vt>ar·:,;, how1?vcr, 111 the course or applu.:atio.1 or rap11.J 

·1uc11i:r1:1°· 1 ~· 1·r111ul"!l' ,1 1ll'w type of t1ar1J ma!Jrll!t1c: mater1;;,l:; wa~; d1sovuretJ (!;uc 
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e.~ Crc]' ,-: al . . ~6:) which resulted in the development of Fe-Nd-8 hard 
: .. 1gnet1r ··:;;:,~rials. these magnets are produced both by melt spinning and 

:rauitlld-..:i .-u .. uer metallurgy il54/. 

Be~ttl~~ tne1r relatively low cost their advantage is the extreme high 

~t~red na~ri~~ic energy density (8H)max· For commercially available magnets of 
tti!!i tyi1t•. · .J. Ueumai. }5, produced by SUMITOMO SPECIAL MATERIALS Co. 

Lt!J./Japan nas ~BH.: =279 kJim}. According to Wecker and Schultz /155/ max 
~apidl) Quenched N1-Fe-8 magnets produced at optimal quenching parameters can 

•·e ... ct1.; ,:u • .:;.;111e t·Jrcc a:. large as 24 kOe, and a small amount of cobalt 

Vid1t1c;; J:·.o::; ;i f.irtner improvmer1t of the coercivity /Fig.}2/. 

I I I I 
- us 

• T 

• • 

s_. IZ ,.... ____ !-----------... 
~ -- . -.............. 

! ·- " ! .. If ,._ I I ................ ......_ 
!:: C ,_ IS It-• -· 11 I "1\ ,-. 
i ' 

'\ oss 

"'\·~ 
• 

·-
I I I I I 

0 DI u ... 

t 

Fig.}2. Coercivity Hcl a~d re

manence Jr of optimally 
quenched ribbons vs Co 

content x /155/ 

O"rirt;J tile last year:> the 9• inding into a powder of the melt-spun 

i<c-fe-B rinrrnn!; became a prominent process with consecutive pressing of this 

~ow~er in a oulk form using some fixative. This method has a great advantage 

t·~cause during pressing a magnetic field can be applied and in this way so 

r11gher Gua!1ty anisotropic magnets can be produced. DELCO REMY, a Div. of 
lifllfRAl Mr1o:'"i l'.: m<1nufa1;turing fe-Nd-8 permanent magnets under the trddr.name 
r-i.\lillt f~U' r,, "!: '1 1 . 

~.! ~ Q!~~=~· kap1a sol1d1fication µrocesses havP been applied in many oth~r 

1::is1::; tr" !•nJlP•; r1Jr:i<.1d-haser1 !il1peralloy~ /156/, stainlr.5s s~eels /157/, 

. 1;p~1~r ti.1· · .J 'JI lo~~ :' 1'>111, etc. rtw 111a.1ur1 ty of them dH.I not reached the 

·.t:lf)•: r;! "1r1•iLrr:t.1r1:10 till llOW. 



!he ~~\~!opm2nt or the rapid solidification opened new possibilities for 
ooth ~f r~3r:n and manufacturing. 

fhe study of rapid solidification phenomena contributed to the 
un;Jt>1 s!3nd1:1\. at tnt- formation of solids under circumstances very far from 

r_::" ~Qut llt•num. It tit-..:ame feasible to prepare novel types of microstructures 

~la~s~ ~= ~1crGcr~st~ll1ne) and alloys having unusual compositions and 
.J;-opert1e::. _ 

lne ·om~··rc1al1zat1on of the rapidly solidified alloys has bee;, started. 
Int~ cxc::l!P"' ·;•1rt lllJ!Jnct1c propertic5 of metallic glasses are exploited in 

:kvera! '1•". l•'".!<. as 1 t was mentioned earlier (e.g. magnetic heads, shields, 

l'!ductllie cJq1unt~11L, r11.Jbon~ for anti-thief systems, sensors). The use of 

fl~xible oraz1ng and soldering foils is disseminated, too. Among the 

n1crocrystall1ne allovs the RS light metal alloys have found a practical use 
as structural materials in aerospace industry. 

In -;p1 '• of thes1! rnsults for the market penetrat:on a relatively long 
time wa~ r1e~Jeu. fne commercial1zation of a new material is a complex process 

hn~~~ not u,i~ the technical characteristics of the materials but other 
!actors also ~avt to be taken into account. These factors include the need 
(nr new manufacturing and de~ign methods, the improvement of competitive 
rt.aterHds, ... :, well as ecunom1cal consuJerations. 

[n tnF~ 1•rl!!Hmt applicatrnns the high-priced, high performance materials 

dre in the fucus e.g. the high strength light netal alloys for aerospace 

111dustry. ft11:... api;.l1cation is a rather limited field regarding e.g. the 

~lumtnium indust~y as a whole. Similar statement can ~e made related to high 
..:ol.Jait c1Jntent amorphous soft magnets, too. 

In ! 0 87 G1lm2n estimated the annual production of rapidly ~olidified 

alloys to bt- about 10
5-10 6 kg per year /12/. It is really a very small part 

nr tilt.: LcJ,,J1.: "\I ui Ult! onetallurgical industry. But it is an eseential 
·;uant1t·, 11 ,.,,.ta~.!' 1r.to account that the fi'"5t ductile ferrous gla~Sf!~ were 
l 11 .,;r tr"l ·di ... • l · , p;JI' . "~I". i\rrtJ l l I , .111 1 mp or tan t µo 111 t, lha l HI 111any 1:a~it!'• 

·ir.\ 1r•1prr .. ,.,;:,.,rit or tri·· propt:rt.1•~a 1~ 11ut more poss1b.le by the trachtiunal 

fhe r.1~1J sol1~:f1cat1on processes made possible the manufacturing ot 
;_,rodul.~'.. ~;1:r ·.;m .. JJ 1:rus5 !;cclton!i, rn tt11s sense ttwy meet the trend cf 
:Jf!\P.!op•:lf'r:r :n :•1orlror11 .rwtal lurny. 
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