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o INTRLLDUC T Tun

fhe ~olicifrcation of metallic melts is one of the most impor tant
reCesses cperermining the properties of solid metals and alloys. It has been
endisd o pnlossivelv raor wany yvears /1. In the early fifties the interest was
Cavead e distrabution ol ampurities and  alloying elements during
Pestoblaicotioe s v the morphology  of  solid-liquid interface, etc. As a
Stethiiay teenit ool these studies,  high purity metal and  semicunductor

Crenilars Bgve been o piown by zane melting and other techniques.

conen period began e 1960 when P, Duwez and his coworkers prepared
W-SE o 3ilova. BGving amorphous atomlc artangements, by extremly rapid (10

-etiificztion ol small droplets of the melt on a cooled substrate /2/.
P coe o1 tuc ecades the giass forming alloys t(metallic glasses or glassy
cetals were an the enter of interest: their formation, structure, special
piuperties anmy possiole applications have been studied in many laboratories

i, oaver the worlg.

wince the vng of the seventies the rapid solidification technologies
“a.e neen applied for the production of commercial alloys, e.g. iron-,
siaminrnm-, ol titamium based  alloys, too. These alloys are referred

liegueniny s "microcryvotalline”, because of their fine grain size,

the e fite of rasid solidification can be divided i .ato two categories.

AR e Fapid olidification extends  the formation  of new,
s tab e e tanteane s the solubility of 3 few alluying elements, can
o bl e ree trac tare or, 10 Special cases glannuy
Sl tate s o Lewt to better physical and  chemical properties or
Chanual cokboaalicns ol these. Secondly:  the  rapid solidification of  the
coalbg crtor e ntep process by owhirch slloys of small o cross  section
1 T N AL it b prnduced anrectly from the melt,

et al, e Sowelring oand processang, ko tha o sense,  the rapd

ATl e i be e can e pegarded ag an esteeme cace of  continuous




Ctidaes can bee turmed not coly from melts but by  such

Selotooe e o deplnotatton, pon bumbardement. mechanical alloying
Yoeabret et ittt e These methods are still 1n the research stage and
TMEL are Ll seore at thies survey .

At e e the rapid solidification technologies have been intensively
Ptudted i moon cGuitries. especially 1n the USA, Japan  and Western-turope.
leineli gl oulhal-, specialized conferences deal with  the progress in
this enecrtiag field of research and  development. The commercialization of
tetalizc aie ses began more than 10 years aga. In 19EC., Battelle's Columbus
raporaterie: oatablished the Rapidly Solidified Materials (RaSoMat) Resource

2nter whero 0re than 6.000 published items have been collected.

The pDrewent survey consists of four chapters. After a short introduction
vhapter 1. the most important types of rapid solidification processes are
“eviewed “hapter 2.5 The application of metallie glasses and
arcrectystalitoe alloys are discussed 1o Chapter 5. and 4., respectively, In
e Cnattei .. some conclusion s drawn. Information on technical literature
mancatent, o proceedingst and on rapidly sohidified  /R5/  products  are

v

collected 1o Appendices | oamd 10,

.o RAPTL - TUIFICATION ROCESSES

. couii: ate RE o metallic melts requires high cooling rates,

L A ue te neat-conduction considerations  there is 2

$AETEGG W mnen ol any given cooling rate, typically 10 mm  for 104 K/s,
6 . 10

EENS EVS SN SV SRR IYS wu for 10 K/s /3-8/. Usually ribbons, wires,
Do e e Lag e by are produced, either with amaotrphous  structure
Powd e el e talbane qrane sese Hy censolidation of powders larger parts

vt Lo abigpiand.

In tnae chapter toe most mportant types of RS processes are shortly
Yeelewed.  upewtal emphasis 1w itaid upon methods which have practical
twportanee . e Classitication 1s based on the geometry of products,

S bree st o Rabilies

HeveoTas o the magarity ot BLometals are produced in ribbon form. Several
TG e e T ton s tesp canting, but all the commonly used ones
R B T eliat gt o the o malten metal 1s brought into contact with o
by e et bt annntrate which serves as oan eftective heat sink /5.

Thedaentie T et Lol ante Uwe substrate through a nozzle. Amonn Lhe

O v pale e tuan polber techoagques are the most popular.




eeel. LrZoonoaper precessus: o the substrate 1s a0 rotating wheel.  The

et . ot b aethad g the o called chill-bleck melt spinning
UMt L0 T et aelteapinning (HIMY) method where 3 free melt  jet s
SR, upe D oL The. Rt o aside 0f a o rotating drum /6/ or on  the outer

Grisce S - rotatin: copper disk 770 The scheme of this latter method is
Siver 10 by il Ysualiy the metai is melted in 3 quarz nozzle by induction
Seating under in 1nel t gas atmosphere. A free melt jet 1s formed which 1s

» L LT

. RS BTy thy, TR . . B [} For oo - v | 0 ”~
et et : ol T ot then flattoens ) U terms 3 puddle o

Vrieve s .
LT Y 19 [ IR TNE A S S 4 J
.
.

el Frnte . ang atfter g short "resitdence distance™ the ribbon  is  separated
rraw the wheet. Bue tao the instability of the puddle, relative narrow ribbons
tsolcarty ol -3 wn w.uth,  can be produced. The thickness is mainly
mtrolles ©. the ratatiun speed (usually 10-30 ms~ 1) and the overpressure of
T taogtiag fraw 52 ap ta several hundreds of millibars). The wheel 1s a
appet e o attaeeters ob TUB-200 mmo oare typrcecal. fhe charge 15 not more than
cH gracas. The tole o processimng parameters has been intensively studied by

Leveral authary 78-10/.

The CHIS: method is typically a laboratory size method, hovewer, several
anufacturin:g processes are based on it and it played a very important role
.f the study ol raptd solidification phenomena. Recently, hundreds of such
small o soale melt spinning equipments are working in research laooratories and

whiswuinl Ule

Wider rinbonas can be produced by the planar flow_casting (PFC) process

Y i thr o case the mollen metal is poured onto the surface of a chilled
Stack snitouch 2 specral nozzie whiech s placed near the surface of the block
ti1g.!l . the melt pool 1y stabilized by this arrangement. The nozzle - wheel
Jap tsoumais, typically sume tenths of a3 millimeter. The nozzle slit is
usually rectangular . a value of 10-25 x 0,5-0,6 mm2 is typical. A laboratory
cize PFC eguipment b4 shown 31 Fig.2. The wheel 1s water-cooled, its diamet:r
atout 50 am, the width 15 about 30 mm. The metal 1s melted 1n a quarz
crezie @ 3% v ISU ami. About 30t g of metal can be melted in one run. Ihe

b Lempeer ctare r 0 measare: by an optical oyrometer,

it aberateny seale 1-2 kg batech, 20 te 60 wm wide ribbons), the
el s trers b thre tewchinegne oo relatively sample. Inoa prlot-plan or
y ot s, haweser o the procedurs becomes more complicated: the crucibie
sl L niazzbe ate spalially sopearated, there must e an appropriate  coojing
A the DL, e tibbon thickness has to be controlled, the simultaneous
windioag el e ribbon has to be ensured, ete, As 3 consequence of the erosion
ol the razzie ny the biquid metal, boron nitride or oxide ceramic nozzles are
med anteart uf o quars. Recently several rompanies have solved these technical

ot cornny 2 L0t SO0 Fg oot meits orF even more.
it iese ol the manutacturing  egquipment  developed by  the ALLIED
HTRON P B v SCELED S0RY ot Murra town, USA, 1 whown g Tag, 8, The

fooraret b n sinducbion fuarnace ante o feeoder,
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HEATING
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FREE JET MELT-SPINNING
(FIMS)

ty.i. Stheratic rapresentation of free jet melt-spinning (FJMS) and
placar flow casting (PEC) processies after | iebermann and Bye /9/

F13.2. Photo of a laboratory
si1ze PFC equipment de-
veloped at the Central
Research Institute tor
Physics, Budapest, Hungary

meling quench-casting  ferd-back windes
furnace whrel measurement
sysiem

Slalt adheme ol oa gquass ccontinuons guench-casting manufacturing line

devetoped by the ALCETD CHEMTCAL Corp., Morcintown, USA /12/




Preeoselt 0 el fram the nozzle un to the surface of the roller anmt
Tel e creoabpour . [t pasces throuugh feed-bach measur~ment system then
HES S A <Y wmuwnst up Y1270 Another process has  been patented by
-ALUUHSUHMI L/t Gmbh :Hanau, FRG'. lhe metal is melted in a crucible which has
note or ta- hetism. The melt 15 poured intc the nozzle by remcving the
slupper rod which closes the hole /713/.

sor the manufacturing of homogenecus, uniform ribbons a careful cantrol

prucess parameters 1s necessary. The influence of manufacturing conditions

e the prive iogl preperties of the ribbons has been s stematically studied for
y y

rtLnipe

e talbie glarses 718-167, as well as for various microcrystalline

piidys Lo-o . ibe mechanism of ribbon formation itself is the subject of
caaeTuus toeoretingl and experimental studies /8, 20-22/.

Recertiy. the PFC process is one of the best knowy and most frequently
lsed methud: i rap:d solidification. Besides of thin amarphous ribbans
guaaily oo gw o thirckd, tapes of different microcrystalline alloys  (under
somme are ssinfectired by this method. In some cases the ribbons are
-Cetursare oo preaaling powders by diminution (see sec. 2.3.2).

Amung the num2rous single-roller processes there are two to be shortly
metbransd teieo dn o the melt  drug process /23/ the molten metal is fed
Lrtormly suroe 4 fdrea surface to produce g strip of the desired width
Tly.w.. o Ine SIRTCCH Company (Gahanna, Ghio, USA) developed the so-calied
weliosvertics” pracess for manufacturing ribbons without a nozzle /Fig.5./.
Sk owady The provedure was saeplified and resulted in a reduction of cost, in

srticutas o i narvew tihbonn and [lake /287 .

1.5, Scheme of RIBIECH's melt
vt low process /267

. . 9
t ’,: ;,' et ,/)_




tooorwinofooiomiopiutesnes e fluund setal 1y poured througbh 3 nozzle into
st T T ta tullieby gt o o process can be used for producing
Tt ctLane Dabibens . but the mars tield of  the application 1 the

wtiong ol tenteer Hton Lol to -2 mm sheets ot microcrystalline alluys, A
LIMRRTCL3l size twil toller equipment wus described recently by  Shibuya and
eworkers 25 . The diameter ouf the water-cooled rollers is 400-500 mm. Fine
ciystalline strips of Fe-8.5 %51 alloys having 0.Z-! mm thickness and
:5U-500 @ width have been cast. lhe charge has been about 500 kg. The
solidificetion rate hes been estimaed to be about 10A K/s.

"he present status of the strip casting of ferrous alloys is reviewed by
-aakawa "2e . Ine performance of single roller and twin roller processes
nave peen cgmparedg by Mifferent authors /27, 287

In actition te ribbons, rapidly guenched wires have found practical use,

too, for example 10 certain magnetic sensors or in fiber reinforced
cempoa b ten

wires witn gimost completely carcular cross-section and smooth surface
Basv been piroduced o, o woditied meit spinning apparatus using rotating water
;o co0ling sedivom - Tin-potating-water spinning process” INROWASP)  /29/. The
scheme of rthe apparatus 1s shown tn Fig.7. The process has been realized on a
silot-plan s :uie, tua. The Japaneswe firm UNITIKA Ltd (Uji, Japan) developed a
colhot and o o itabic egquipment  to mass  produce iron-, cobalt-, ang

d.bkel-ha-ser amorphous. wires. The diameter of the wires is in  the range of
au-1%u pm, the jength can ve as  long as  several kilometers /30, 31/.
Microcrystalline 1ron - based /327 wires have been produced, too.
Jetarls  an the methods, the role of processing parameters and
Lhoe properties of the  sartous rapidly  solidified wires have heen
Mescribed by several authors /29, 31-33%/.

" oo 04 29
!
1yt A A & RER YRR Pag.s. Preparation of wires by the "in-
Tedtnggae o SH rotabing-waoler spinning process”/729/

irotating drum; 2: liguid coolant,
S:tnngzbe; G:melt jet; S:induction
cold




IR S AT S I B POUYET o $14 1T TYSH TR ) SN $ A0 '!!E-'_.l__lA_‘_'_‘l"‘!'.ilf,!"_‘
Trreeen Do Tl an ot e Hade 340 e thoo techiuygue a rutating

. Sttt Thie el osuertaee . The extracted metal solidifires into

.Y rreg2ration of Powders

ine 1eul mechanical properties of rapidly solidified ribbons and wires,
¢t othelp gqeometry van be exploited for engineering application enly in a
oLt i oL iientaticn can be partly abolished by the use of the RS
el st o wbhiieh large party can be produced by  the wusual powder
vl ot osow the preparation ol the RS powders and theyr
sraulieer o belon; Ut th wos i guickly developing branches of rapid
Sitifroat on Lootealugies. The progress is motivated moainly by the  demands

Uoaere:ina o itlusin, for high-strength aluminium alloys.

Roere o urest pumber ot provesses producing RS powders from which the

Yfere:i - sriantu ol melt atomization /35, 36/ and diminution (comminution)
SN ST SR $7. have the greateot nractical importance. The status of the
Podu T oans et vt iaatyan af B opuwders have been recently  summarized Uy

v % ayhu s gt by 89,

4o

st diw i sation o 8 common testure of the various atomization techiques s
Tt peren, o toeometal stream, gt digpersion to small dreoplets,  and  the
celing ertnot ooy gas or ligutd. At the earlier methods the cooling rate was
swdd iy w U aghier than 102 ksu, what unes not belong to the "rapid cocling”

I

cluguos . e o tezsull of Jevelopment, the cooling rate hay been increased up

SO S A
Sheelb Dot quell gen_stumpzation prucesses the stream of molten metal s
eneis oo dieplets by o uatean s ar supersonic gas jet.  The scheme of a
St ot pa o atumization ungt s shown an Fig.8. 760/, In most cases Ar, He,

aecbrees b g3 et uned at a pressure of 1-4 MPa, The (final products are
RTINS CANS: s::n satellites. The average particle size can be decreased (and
te centnn tate ncreased: using higher gas velocity. At the 0SPREY nprocess
e e e otk pze s Between G0 Lo 0 wm, the velocitly ot gas stream
vooabn Mo D0 e sulad trcation rate 15 estimated to be about 10’4 K/s. At
the vloiganre gan atamizsation at hagh gas velocity  (about Mach 2)  higher
auliey proate s lu: L0 IHZ onsoand a smaller average pardicle s12e have  been

ot L SE

Revvois, baa ot gl descrabed detasln on ultrasonie goas  atomyzation  of

Srenowct T e i abbay L The hedbum gas veloctly  was about 1700 m/s
T S T O R A M TR RN 1 SRR AR TN AN | LT %

phe e bt et i fterent methods of 0 spray atomisation  and

e Uy ' ooy devetoprag (O0SPREY process, controlled spray

o Loptrel ady oy nmpactyony o o theer peocesges the  atomy zed




Fig.B8. Scheme of a vertical gas
atorisation unit as cited
by tawley and Doherty /a0/

Statwnary
tungslen
elecCirode

nducion Col  pyeqeure

fig.9. Centrifugal atomisation
by the rotating electro-
de pr.zess /38/

Fi1g.10. Scheme of the rapid spinning cup
apparatus /43/
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Gased on planar {low casting-ribbon comminution developed by
ALLTEL =0 T6HAL [o, 737y




pelt creoplets are cmpinged into @ shape collector. Un impact, the particles

ttattes 2! wela together to form a hot, highly dense shaped preform. The
torwation of refractory oxide films can be sigmificantly reduced by thas
“ethod 42

-.3.1.% it another class of processes use centrifugal forces are used for
atomization. The most important processes are the rotating electrode /Fig.
¥./, the rotating cup and the rotating disk methods. High cooling rates
.about 105 Ks_l) have been reached by the rapid spinning ~«up process
geveloped at the Battellse Columbus Laboratories (Ohio, USA) /43/. The scheme
of the process 1s shown in Fig.10. Powders under 10 pm in diameter have been
nroduced. this process 1s now in  the laboratory stage but it is very

sromising for manufacturing of RS powders /44/.

2.3.¢ Giminution cf RS ribons. The benefits of rapid solidification can be
exploitea ~ot only by atomization of a melt but by diminution of RS ribbons,
too. fhe later process has many advantages over the atomization: the cooling

rate ts nigher due to the more effective heat removal, the process is less
razsrdeus tnhan the preparation of small sized very reactive particles, the
microcellular structure is much more homogeneous and does not depend on
particle v ze, ete. /7377

Fig.ll. shows the schematic diagram of the rapid solidification powder
process based on ribbon casting-comminution. It was developed by ALLIED
SIGNAL  Inc. /Morristown, USA/ to produce aluminium-transition metal
microcrystalline powders in tonnage quantities for aerospace application. The
particles are typically plates of the order of 100 }smz by 25 pm thick /45/.

The uiminution of amorphous ribbons plays an imp ortant role in the
manufacturing of the newly developed Fe-Nd-B hard magrets. The OELCO REMY,
Uivision of GEMERA! MOTORS /Anderson, USA/ has choosen this way instead of
the stundard powder metallurgical processing /¢6,¢7/.

Iron-, nickel- and cobalt based amorphous powders with low metalloid
tontent are produced by diminution of ribbons, too. After heat treatment
these allouys become devitrified into multiphase micrucrystalline alloys.
Accitienally, the powders can be fabricated into bulk parts suitable for
stractural application or into hard wear resistant coatings /48-50/.

2.3.% Cunyolidation uf RS powders. tor the use of  the rapidly solidified
@¢lloys 2s structural materials, the production of three dimensionally large
shapes 1% necessary. It can be achieved by consolidation of powders. In
addition tc common demands of metal powder compaction (high density, chemical
homoqgeneity, near-net-shape), the retaining of RS microstructure/properties

14 ais0 amportant,

“everal kitrdn o of  commercial consolidation processes have been
suecesfally applied recently to RS materials as shown in Table I.




- 10 -
Table I.
. olicatre o oal 27 powders
*le thed Alloy Reference
191 1SOSTaiis Cu-N1 51/
uressing Cu-ii-Fe

Hot —xtrus.u: Fe-B-Si 152/
Co-fe-Ni-Mo-B-Si
Al-Mn-Cr /53/
Ti-Al-Nb 754/

:plosive Ni-P

vungpacticn Fe-B-Si 7155/
Co-Fe-Ni-B-Si /56/

The <tatus and prospects of the consolidation processes have been
¢ritically snalyzed by Flinn /38/, Raybold and Cline /39/.

2.3 sSurface Melting Processes

If a wetal surface is exposed to high energy-density laser, electron or
e beam, 4 thin rapidiy solidified layer can be formed. The process is 3
pereiat vane ol substrate quenching, 3 self-substrate RS method.

A number of excellent review articles covering fundamentals and progress
:n the Jevelopment of rapid surface melting has been appeared in the
'vterature /57, 59, 61, 65/.

In proctice, the laser surface treatments are especially important /57/.
vsriods types of lasers (CUZ' ruby and Nd:YAG) are used in a wide range of
interacticn Time (from ps to ms). Extreme high cooling rates (1010 K/s and
netre - have bheen achieved by ns pulsed lasers /58/. Either the beam is scanned
Ciothe prabe 1S moved. Copmon problems are: crack formation in the solidified
bayei, nverlapping of the tracks  and the  high  reflexivity of  the metal
arrfaces. the practical amportance of the electron /60/ or 10on beam /6l/
neelting 14 osimited because of the need for vacuum envitronment.

ine suprface melting processes are used either for simple melting
‘glazing  or o modification of surface composition (surface alloying and
ciadding) 597 tormation of amorphous, as well as microcrystalline surface
layern aire 1eported depending on alloy systems and processing conditions. The
Venetitn ot raptd solidification (formation of new metastable phases, fine
and homogenenusly  distributed precipitations, grain refinements) are
cxglorted nanly for tool and bearing alloys /62/, cast iron /65/ and various
aatomobile parts 764/,




sitinnative to o rect surface melting s the plasma  spray of RS

auwders C8 0 S

Ihe rapid curface melting processes are now mainly in the development stage.
robably, the efforts will lead to a number of practical applications in the

sear future.
3. AMORPHOUS ALLOYS: PROPERTIES and APPLICATIONS

inc metallic glasses (or glassy metals) are rapidly quenched alloys
w“ithout luny range atomic order. In a wider sense, all the non-crystalline
saarphious) 3lloys are called "metallic glasses”, independently of the nature
«f tneir forcmation 'e.g. electrodeposition, sputtering, ion implantation
2tU.

Their preparation, structure, properties and applications are subject of
monographs, conferences {(see Appendix 1.) and thousands of papers. The most
important types of rapid solidification processes has been discussed in Ch.2.
In this chapter the properties of metallic glasses are shortly
characterized, then the present status of application is reviewed.

3.1 fundamentals

5.1.1 Atomic utructure. Amorphous alloys are frozen Jiquids with aperiodic
structure. /é66/ what means that the long range periodicity of the atomic
positions  1s absent. Therefore the structure has to be described by
statistica: means. The commonly employed description is the atomic pair
Jrstribution function (PDF). This microscopic structural quantity can be
girectly vetermined by X-ray, neutron or electron diffraction experiments or
a2 cambination of them. The PDF describes the probability that two atoms are
separated by a distance r:

Pae(n)- z.,”;N 25(‘ * )c c ’ (1)
ahere A, % denote the identity of the atom, CA CB denote the composition, N
t.othe total pumber of atoms, rll 15 the separation between the ith and jth
stume g .
A 4 tf the 1th atom 15 A
¢ : (2)

0 utherwise,




1
—
[}

[}

In oabrav. . the cnmpostticn of the anearest neilghbours i1s not necessastily
“he <ame av e gvetaye composlition. The Warren-Cowley parameter & is given

™y

A - 4 Zae

CulA

A (3)

snere ZAB 1s the B coordination number around an A atom and ZA is the total
“oordination number iround an A atom, ZA=ZA3+ZAA provides the measure of the
compesitieaas shert o range order (CS5R0) 767/, If «< 0, there is an association
t=ngecy 27 neterageneous atoms, while if «>» 0, there is a tendency to

fissociation of unlike, or seqgregation of alike atoms.

3. Structural mogels. A series of structural models exists ranging from

rense rardom packing of hard spheres (DRPHS) to "microcrystalline" model. All
or them :@rmpnasize one or two significant features of the amorphous state as

£11 a5 thell phys:cal properties.

fne  JRPHS mogei  succesfully describes the high packing density
dppifvacnhing those of crystalline state, what can be achieved in the random
struycture 35 well as the average coordination number (12-14). Some of the
“etar-metal glasses can be characterized well by DRPHL. The DRPHS model was
crigiraily zeveloped for single-component elementary glasses and liquids. In
this sense, cach atom is a3 structural unit.

rer rtransition metal-metalloid glasses (TM-M) the "chemically
carrelatec”’ models are more realistic, because of the covalent bonding
charar:ter between the constituents is more pronounced /68/. According to
thezse modele the structure of glasses is built up from molecular units where
the lucal cnemistry dictates the multi-atomic units to be formed (oxide
ylawmes .. raslarly to this, TM-M glasses can be regarded as built up from
stry tural units where the local composition is s:milar to the corresponding
tntermetalilc phatets). Such structural units could be a consequence of the
covalert oo ting betucen T and M, aod also the atomic size ratio between M
TSR A

v

“ne vy orach, ctalline model 14 vbased on the assumption that, since the

syatallsne atar - »ag the lovest energy, the atoms prefer to be crystallized
vttt AN g verby b b e be s T the sense, the amorphoos state would be burlt
Gh Fomie vy e muriented myciocrystalline pacrticles of  the appropriate

itabite or metantable intermetall o compounds.

Do SRR Luia dtelectny ang resl structure. The oldest concept of a structural
sefe .t o0 tre anciphous state v the free volume. The free volume is  not
Biomurjenie e Twe Voo at regiong, the liquid-like regions high in density of
Prev vedaee gt ttee colpd-like tegrons low in the density of free volume, are

'h".":ll""’ s




severg! structural defects do arise from the preparation circumstances
surfale rTystallization. changing the cooling condition across the cross

sestron of r.ubens, ete.l 71/,

5.1 2 Thermal properties. Among the thermal properties the gqlass-forming
sbrirty  CGHAD  ang the thermal stability (glass-crystalline transition
terperature, 'cr) nave a basic importance. Both of them are closely connected
#i1th each other. from the details of the GFA one can get informaticn about
the nature of the glass-transition, i.e. how the supercooled 1liquid is
vitrified guring an appropriate cooling. On the other hand, thermal stability
cf a gless can be investigated by heating the amorphous material to T to

cr
ntaduce crystalliine phases.

$1.2.1 Glase transition, glass-forming ability. In Fig. 12. the state

tunctions enthalpy B, entropy 5, and velume V) of a glass-forming system can
L2 seen 1n various <tates. In the temperature interval around the T glass
itransition the system quits the thermodynamic equilibrium. This is because
the relaxatinn time, necessary to reach the equilibrium atomic arrangement in
the upetoaccibend lllunltg will be commensarable with the time of  the conling

prucess  ar ¢ consequence of the increasing viscosity /72/.

Fig.12. State functions of a
glass-forming system
in various states /68/.
A and v, are different
cooling rates.

V HS

">y

Temperolure

Accarcing to Fig.13. the glass-forming ability is the property of a
yatem te olitify withoot crystallization. In order to vitrify a material, a
Srrtrecat coclvmg o rate Rf aof  the  lagquind must be exceerded and  also o
etbreaentiy tow glas, temperstule xlg) munl be achieved. Both of  these ar;
Bl tetistee o tiee gy tem o [ the necessary cooling rate is less than 10
r- !. the sy tem oo regorded ou o good glassformer,  Ihe  supression of  the
cryntallization has o kinetic, as well as o thermodynamic criterion. Between
The oneltiog pornt lm aid l”. the frequency of the homogencous nucleation  and




e wrewtts f aryntallbine phases show a very sharp maximum according to
1. Ka oo 0,31'(41“-,
L= _;r_ e |-t } e a ) i (8)
L

K,. (ll_%f_;\, Ar‘/r‘] (s)

-

-

Hece K ooarg r'n are kinetic constants, m is the viscosity, b is a shape
iattor. & sic B aie dimensionless parameters relateo to the liquid/crystal
irterfacisl tension @, and to the entropy of fusion 4S5 | 1.=1/T, . From egs.
4 2, 0iluws that the glass formation favours low melting point and high
fg. fhis .o ailustrated an Fig.13. From metallurgical point of view the
existens: i an 2u.ectic peint 1n the equilibrium phase diagram (or at least
the larae aeprewsien of the liquidus temperature) can be regarded as a first
‘rrtericn for the sasceptibility  te glass  formation. Simul taneously, the
eStenie o Ltably antermetaliic compounds (strong tonding vetween unjike
stoms . the  linitea nutual solubility between the components (the
Ch-exlstence o1 superseturated solid solutions) are also necessary for the
“a<y Jioss formation /73
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ticbhe A hyne-Transformation-Temperature /111/ diagram,




I. sume ot the well-known glass-farming alloys, tagether witp

Srere Lol et Dty

toal constants (necessary for the estmation of GEAY  are

-cllectew sfter vavies 774/, Yrom the data it is clear, that the ratic of

a4 gyulde for estimation of criticsl cueling rate and for
the GFA. 3Systems with lg/lmz,o-a are good glass formers.

PAE  can tegetited an
g m !

Table IT.

Liquidun T_ and glass tramsition 7o crystallization
7, emperatures and predicted critical covling rale
R* [nr surification of some clements and plass
forming allovs: R salees based on CUT cunves for
fraction of crysallizaton x = 107 °; after Davies/74/
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dn tie basis of the chemical character of the constituent elements, the
Jlass-torming alloys can be categorized into the next groups:

s., Metail

€20
B Metal wetal gystems:

late-varly transition metals, e.g. Ni1-Nb, Ta-Ir, (Co,N1,Cu)-Ir
me:tal-transition metal,e.y. Be-l1, Be-Zr
trangsition metal -rare earths, e.g. Co-Sm, Ni-Gd
transition metal-actinides, e.g. U-V, U-Cr.

5.1.2.2 Ihermal stability. The thermal stability may be characterized by the
tenperatre ot the wunset of  the crystallization. The crystallization
Teempe Pt I(r,. similarly to lq, depends mainly on the bonding state in

Tt o bars

The bonding state determines the atomic diffusion which results in
l)fl’llx/rlr.ll)",
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T A S L i depends on the Sype ot the crystallization

SE TR LT Tl 1 Azs primary, eutectic Jr pclimorphous. The tyue of
ivStalitzation Degianing with primary nucleation and crystal growth is

Gt st acre 2as:iiy than the eutectic one where the surface energy has an
rroertzat role 79 0 At & given type of crystallization reaction both lg and
'L" afe U - ntr:ns:c property of the constituent elements. As a consequence
2f  this, the thernail stabilaty \Icr\ changes systematically with the
sroperties of the constituent metals i1n the periodic system (together with
~ther phvsical propeciies), 3s it was pointed out by several investigators
e 77T Vo tyjrsal o esample. Frg 18, shows the systematic change  of 'rr

wt P mrerabier e e v - o0 Yo- . Ni-, and Fe-based glasses tf the host metal

:s partially replaced with uther metallic elements.
‘ne .aiues ot ‘cr have beer collected for several alloys 1in Table II.

fhermal stability data oan amorphous binary alloys can be found in a review
article oy zang 7787,
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5.1 % Structural _relaaation. Amorphous alloys in the as-prepared condition
ire a0l only metastable with respect to the appropriate crystalline phase(s),
3ut  slue .mstable with respect to a differently configurated, denser
wecphous ldate. Atoamic rearrangements within the glass state gradually lead
towatds thi+ “i1ceal’ amorphous structure. The sum of these atomic-scale
searvangenartys 15 called structural relaxation., The description of the
Y IR Y Pothe redaxatyan anvalves the use of o spectram of relaxation Limes
el - e Trum ol activation enecgie: /797, Host of toe properties display o
combinatiog ol reversihic and streversible structural relaxation. For o given
matertas e proaperties may show a large reversible component and others a
negligihlie ne.

VU8 Fle tyacal properties. a0 Electronts structure. According to the data

Lophaotoent ron experiments, there 18 a strong similarity between the liguid




2 glassy states. de the other hand essentially the same d-band peak
prartiane el found for secsercl transition metal-transition metal glasses
#0n in M cutrespording crystalline state. This means that ailoylng
lIetermines predominantly the electronic structure, and the order-disarder is
3nly of se<condary 1mportance.

N

5.} tiectrical resistivity of glassy alloys is relatively high, ranging from

30-400 »Qcm and it 1s weakly temperature dependent. The temperature
;cefficient, ol , hodever, can be either positive or negative, depending on the
zempositiun. Among the attempts to explain this behaviour, the Ziman-Faber
theory .uriginaliy introduced to explain the resistivity of simple liquid
metals’ appears to be most consistent with the experimental resulis.

J.1.% Haunetic  pruperties. The saturation magnetic moment (u) of 3d
Lt g M

transition-metal based amorphous alloys as a function of the nominal
¢-ejectron concentration, ny follows a curve similar to the Slater-Pauling
-urve for crystalline alloys (Fig.15.). Compared to the Slater-Pauling curve
of crystallire alloys, the curves for amorphous alloys are shifted towards
small- r .atues of ng- Similar behaviour was observed for crystalline
SMPGaads. Sur N AN {re-Co-Ni)zﬂ. This shift is due to the metalloid element

Jeduting the mument ..ansition metal, Similarly the Curie temperatures for

amorphous alloys are generally lower than those of pure transition metal
alloys of the same composition.(Fig.16.) /B80/.

'he effective permeability ( u, ) has been measured for a variety of
1lloys aorepared under different conditions. The value of Je reflects the
anisatroples developed: namely the shape and strain anisotropy and the field
or stress-induced anisotropy. The contribution of these sources is widely
investigated ‘81/. The permeability in the as-quenched state is low, except
1in A :0 compositions. Fig.l17. shows the main role of the magnetostrictive

snisotropy determining the value |

The @main sources of coercivity H. of amorphcus ribbons consist of the
following contributions: intrinsic fluctuations of the exchange and of the
tocal anisotropy, clustering of atoms due to short range ordering, surface
tefeguiaritie. and volume pinnming effects. ”c i1s decre2ased by the structural

relanastiog .

ite celue of the mayretostriction coefficient of ferromagnetic glassy

atleve et o owide range from about aleu'5_ through zero to -bx10'6.

Ihe:_uwel _loss 1n the amorphous state 1s frequently less than 1 the
crystallyee s, amilarly to the cry<talline magnetic alloys 1t can  be
Sivided ote three parts: namely static hysteresis loss, clasysical and excess
Cdy cutien? Ganse, hrgL 18, 0. From experimental  measurements 1t has  been
NGw: . thaet the excess cddy current loss 1s responsible for 90-99 % of  the
tota. puwer loss of the amorphous materials. The progress 1n the study of

amorphous aaynetiue has been reviewed recently by 0'Handley /82/.

S.oh Me ranaead properties. Mechanical properties constitute the most unique
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thatacter:stics of ylassy glloys. Fracture in these alloys proceeds by highly

Piralvzer snear deformations in contrast to the brittle fracture, commonly
sLuetvet o tioti-melallic glusses.  Becouse of the lack ol translotional

seriedicitly, the fracture stirength of glassy metals approaches the

. (3 .
thegretical strewgth / 6‘"3—6 ! as compared with O, ~§g to 5‘,~-§: observed

for crystalline metals where dislocations are created and propagate through
the crystalline lattice.

Metallic glasses exhibit an interesting combination of mechanical
oroperties, 3 very high fracture strength and high fracture toughness. The
dJuctility and thoughness of Fe-based glasses are very susceptible to thermal
asniealing and hydrogen enviroment. A complete loss in ductility of Fe glasses
may occur after annealing without crystallization.

ihe tracture strength G; , hardness H | Young's modulus E , Puisson’'s
tatio p and fracture tensile strain ¢ (40") of some typical glassy metals
ste Listed an Table 111 /68/.

Table III.

Fracture strenth o f ol asy metals, Viekar's Bacdness B g nuac<), fraveaes vre noth
seohgnun Y Yoo o cadubes (Ut g nun -l Poosuis tates ¢ aned senside sicid

hl L -
atrainy oy (B0 -r.

14 cr H s E v =3
PlrCuadig 3¢ 137 293 9-3 -4 1-52
Bl Niged’ o 432 1ty 2-83 74 -3 1-3
e, Nl i 10 50l v-6 V-4 173
[N I - - 9-3 [1 IR 3 1-2)
Coaizs e - — iN-0 0-34 2-15
Fe- .. [F18% — - 17-9 0-32 2-45
NiLoNiss 83 -_— —_ 13-2 U-37 2-
er,..t'.x;.. FRY) -_— End 33 ¢-36 2-27
Tioluse 610 -_ _— 10-0 0-3o 246

Fe-based glasses arr very sensitive to quenching conditions /16/ and
teng to be prittle, whereas glass-forming Ni, Pd and Pt alloys exhibit a high
quctility oven in oo partially crystalline state.

$.1.7 Chemical _properties. Amorphous alloys containing significant amounts
/> 5%/ uf Tr show excellent corrosion resistance both in concentrated acid
and in electrolitic solutions /B84/. The resistance is due to the formation of
4 dense uxu-hydroxide layer on the metal surface. Unlike the crystalline
wetallic surfaces the protective layer would not be broken by the grain
toundarie., resulting 1n a much better corrosion res.stance. The corrosion
Tesrstance nowever, s ot at  all o general property of the amorphous

vl oy Ao withiont Lo Mo oare susceptible to envirommental attock.

e o apboun alloy surface was found to have a good catalytic potential

B, te
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LoARt L Tl g Metallic Llassies

ine crooaal properties ot metallic glasses have been exploited since
270 when A 16D CabEMICAL CORPORATION (now Allied Corporation) introduced
ilevivle aayeetic shields to wmarket. The soft magnetic glassy metals
cepresent till now the most important field of application. Among the other
3ruducts the orazing folls and amorphous fiber reinforcement materials have
Jeer. widely Gisseminated. A number of devices and materials are in the stage
i de.elopment. Comprehensive articles on application of metallic glasses are
dvzllatle 1r the literature /3, 12, 62, 89/.

3.2.1 S0ft magnetic materials. The special atomic arrengement, the isotropic

character. the absence of grain boundaries result in such properties and
nrogerty combinations which are favourable fer practical applications. The
wust remarkable ones are as follows: high permeability, low coercivity
~narrow B-H loop, gocd core properties), good domain-wall mobility (ease of
wmagnetization). nighAt effect, high electrical resistivity, thickness (good
n:gh freguency behaviour). These properties are frequently coupled with high
--echanical nardness and with good corrosion resistance. Additionally, the
jiassy itructure makes possible a wider choice of allaoy compositions than in
*ne case ¢f the microcrystalline ones. It means that the composition (and
Zincessing. can essily be taylored to various requirements, e.a. positive,
negative or zera magnetostriction coefficient; flat or rectangular shaped B-H
ioops, et

The tundamental aspects of amorphous magnetism /82/, guides for material
zelection /89/, the most important fields of soft magnetic applications
-90-93, . ant the problems of commercialization /94-96/ have been summarized
recently in numerous review articles.

Based on gevelupments during the last decade, the compositions of the
Gzl promising types of soft magnetic glassy metals nave been established
.37/, pamely :
a.! :ron based alloys with high (1,6-1,8 T) saturation magnetization,
relative low permeability and high magnetostriction coefficient.
Ilese were uriginally developed for distribution transformer
ipplications but they can be used at higher frequencies
stout up to 50 KHz), too.
b. whall based alluys with lower saturation induction (0,6-0,9 T)
Dat with excellent high-freguency properties (up to about
suli wHz o and nearly zero magnetostriction.

Tvpiea. #lloy compositions and related magnetic properties are shown in
Fapre IV tallowing /977,
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Table IV.

Foperser o Some Amorphous Magnetic Allogs (From C H Smuckh, Ry /97 /
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Soft wmagnetic amorphous materials are now commercially available both as
T1bbons and components (e.g. induction coils, transformers, recording heads).
The amarphous magnetic wires and powders are in the stage of development. A
iist of manufacturers and products is compiled in Appendix II.

actallic ylasses was the saving of energy in distribution transformers /98/.
I-+ acvantages of amorphous cores can be seen in Fig.19. where core loss data

are yiven for prototypes of transformers made by different manufacturers and
1n different sizes /12/.

v —r—T— 1 ’ ' v T
stlicon stee! 0 McGraw-Edison
A (ki

O Westinghous.e
8 Allicd Signal

® Cencral Electric

g

core loss/W

metallic glass
—

’j—"b‘—_. e 7

0 20 40
full load power/(kV A)

'Y, bneryy losses 1o transformers of various sizes made by
various companies after Gilman /12/

[ron buned amorphous  ribbons, very frequently ALLIED Corporations'
ﬂ!lﬁuAﬂR 26049 $-2 alloys /99/ are wused in this types of transformers.
ratleus technieal problems darise by substituting the polycrystalline Fe-Si
steets for setalle glasses. These  problems  are due  to the mechanical
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nardgness. ne embr:ttlement after annealing, the unusual thickness and the
high magnetostriction coefficient. Therefore a new transformer design is
necessary . 100, 101/. In several countries manufacturers have managed to
solve these problems /e.g. GENERAL ELECTRIC, HWESTINGHOUSE in the USA, 0SAKA
and TAKAOKY 1n Japan, HYDRO-QUEBEC in Canada/. To provide a thicker praduct
MLIED CORPORATION developed a technique for laminating strips by warm
sonsolidation for usc 1n stacked core transformers. These POHERCORER strips
ttre up to 10 lavers thick and have a packing fraction better than that of a
sihgle wound ribbon core /7102, 103/.

The most i1ntensive development work on amorphous core distribution
trensfarmers 1s carried out in the USA, Canada and Japan where the field
Jerformance of these devices is studied in the framework of large-scale
3fulecis. Ir the USA the Electric Power Research Institute (EPRI) and the
tmpire State Electric Energy Research Corporation (ESEER), in cooperation
witn manuracturers organized a standard test program. After nearly two years
uf continuous operation no significant change in power loss was found /104,
105/ .

Recertly ALLIED-SIGNAL announced plans to construct a 60.000 ton/year
capacity facility to produce METGLASR amorphous ribbons for these
applicaticns /89/. Tne installation of a production 1line for distribution
transformers nas been completed by WESTINGHOUSE ELECTRIC Corporation /103/.

Amorpnuous ribbons have found prac.ical use in several other types of
transformers, including 400 Hz power transformers in airborne and military
applications /B87:, and large pulse transformers used e.g. in linear
wweelerators /1067

5.2.1.7 lraguctive components for_electronics. There is a rapidly growing

interest in the application of metallic glasses as special transformers and
induction coils in different branches of electronics /89, 92, 107, 108/.
Approupriate cnoice of composition and subsequent heat treatment of ribbons
enaule the magnetic properties of these devices to be tailored to meet widely
si1ffering requirements.

One of the wust amportant field of application is the switched-mode
power supplies opersting at 10 kHz to 200 kHz, where the metallic glasses can
teoiace the conventionsl soft magnetic materials an inverter transfurmers,

saturable core resctors, current compensated chokes and spike killers /109/.
A number of 1nductive compunents for these application have been commercially

avarlable wince the early eighties /110, 111/,

AaGistsus ribbons can be used instead of permalloy or supermalloy in
ol learage cireutt breakers (ground fault interrupter). The main part of
these device o consysts of a toroidal core opzarating as a differential current
ttanuforior - Jhany reported the use of Co-based alloys for small  fault
current- and be-lp-Vohy-8 glasses for large ones  /107/. ALLIED  CORPORATION

duveloped cheap, tton vased metallic glasses (MEIULASR 260% SM and 2605 4-35)
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Tar these cirnueses 112

020103 Regnetic heaus. The combination of good soft magnetic properties and

high west resistance gave a yood rossibility to wuse metallic glasses in

various magnetic heads for audio, video and data storage applications.

Cobalt based, nearly zero magnetostriction alloys meet the demands for
Jttaining high density, high frequency and high reproducibility recording.
H¢ny oetails have been published on the magnetic properties of amorphous
slloys and on the design of amorphous magnetic heads /113/.

Amuorphous magnetic heads are commercially available since 1981. Audio
oudds are manufactured at a rate of more than three millions per year by
japanese firms TDK Co., MATSUSHITA Co. SONY Co. and others /92/. Video tape
tecorder heads ore produced 1n Japan and in turope /113-115/. Amorphous heads
tor data storage applications are also available /113, 116/. In many cases
aicrocrystalline Fe-Si-Al ribbons are used for the same purposes (see section
5.2.3;

f.7.1.4 Magnetic_shields. Metallic glasses having high permeability and low
magnetostriction can be used for magnetic shielding /117/. As it has been
nentiened. ALLIED's flexible magnetic shields (under trademark METSHIELDTM)
were the tirst commerclal gmorphous metal products /97/. A number of

applicaticns make use of glassy metal magnetic shields e.g. spiral wrapped
cable shielding /118/, and shielding of cathode ray or TV tubes /119/.

5>.2.1.% Sensors_and_transducers. Currently, the interest is rapidly growing
towards different types of sensors for mechatronics, robotics and other
hranches of industry. High sensitivity, independence on environment
(temperature, humidity), robustness, small 3ize: these are only a few of the
strict reguirements against these devices. The special magnetostrictive
tehaviour ‘either very low or very nigh magnetostriction coefficient), high
magnero-mechanical coupling factor ( 4 € effect), the high tensile stress,
simul taneuwusly with gond soft magnetic properties and corrosion resistance,
Lombine to make tre metallic glasses possible candidates for sensor materials
#0/. Several types of amorphous sensors are already commercially available
but the maority of them are sti'l in the development. The principle and the
practical wue ol amurphous sensors have been summarized by Mohrar /120, 121/.

$.2.2 Brazunyg f1iler materials. Among the non-magnetic applications first of
vil the ductale amorphous and microcrystalline brazing filler alloys are
worth mentiohing, Thev have been developed by ALLIFD UHEMICAL CORPORATION at
the end ut the seventies /122, 123/,

‘v otirazing toils have many advantages over the traditional ones:
thaey sl chentcal sy more homogeneous, do not need any organic binder and have
cacellent  wecting charocteristics.  The form of ribbon instead of
voasutt -Liinder camposites makes the handling easier,

recently o the MLTED CORPORATION offers different types of ductile

DraZzioa tocis o budaneg mocke ) bavsed allaoys for o tagh temperatore brazim




.G, Hi-#. i-B-%., Hi-Cr-Fe-B-Si, Ni-Pd alloys) as well as aluminium or

‘cpper boased alloys for lower temperature brazing and soldering /128, 125/.

2.2, biber reinfurcement materials. Both the good mechanical properties and

rorrasiat resistance of amorphous alloys are exploited in the use of wires or
-iobons for tiber reinforcement in concrete. Relative short (15-25 mm 1long)
xlies or narrow ribbens (0,5-1,0 mm) are added to the concrete in 1-2
olume X /126/. This technique is important in the wmanufacturing of thin
swrface iasvers or shell type constructions of concrete. Good results are
reported recently by Magyari in the testing of a 30 mm thick shell structure
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1.2.4 Latalysts. The use of amorphous alloys as special, selective catalysts
are now in the stage of development. The recent results are encouraging /85,
de. 128/

&, RAVIDLY SOLIDIFIED CRYSTALLINE ALLOYS

S1ncy tne second half of the seventies the microcrystalline alloys have
tecetved o giowlhu interest. With respect to processing, one distinguishes
"w0 major groups:; alloys prepared by rapid solidification of metallic melts,
s0d altvys .made by devitrification of amorphous precursors.

In both cases, the advantages of rapid solidification are utilized: the
xtension of solubility limits, the formation of new, metastable phases and
refiaements of grair size. These features result in improved properties as
aigher ultimate tensile and yield stresses, better elnngation, good corrosion
resistance, etc.

fhe wujority of microcrystalline alloys is prepared nowadays by rapid
solidifi.ztion processing using the methods discussed earlier (Ch.2). The
microestiuetural features (e.g. dendrite arms spacings, grain size) can be
influencey greatly by the solidification rate /hig.20/. The typical yrain
~3ze e eetween 1-j0 g m, First of all, the high performance structural
“lloys, Lpecial <oft magnetic alluys, and some type of brazing filler
matertals belong to this category.
I other aues the crystallizationr of amorphous ribbors (devitrification'® is

asen to fron g wmicrocrystalline structure. Iron- and nickel-based struc.ural
material and rvon-nendymium-boron hard magnets have been produced by this

day .

Ino i chapter, firest a short introduction to rapid solidification
ottt b grves thes the major frelds of appliations are discussed., for a
e tar b et e peler Lo e cireralure, enpecially too o procecidings of

conterences God o ymposta organdzed on these topies (see Appendix 1),
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f1g.20. Microstructural consequences of rapid solidification
2.ter Flinn /38/

+.1 Constituticnal and Microstructural Features of Rapidly Solidified Alloys

ine solidification of an alloy from the melt can lead to various
mrerostructyral features depending on the following parameters:

- alloy-compositicn,

- temperature gradient in the liquid just ahead of the advancing
t1guidssulid 1nterface /G/,

- 1nterface velocity or solidification rate /R/,

- surface energy of the solid/liquid interface,

- wmpurity types and levels in the melt,

- growth mechanism nf the solid phases.

fhe purpose of this chapter is to give a short overview of the
mictostructural consequences of the applied cooling rate /1, 129-131/.

ine microstructural consequences of rapid cooling from melt are
summarzet 1n Fig.2] the (cooling rate T is defined as the product of the

tempelature gradient G and solidification rate R). In passing from ordinary

Canling oo i to couling rates greater than 1[12 K/s, the microstructural
[uzatuios become relined because the time for coarsening during solidification
1u reducee. dath still higher cooling rates, however, nucleation can be

depressed (o temperatures well below the liquidus temperature, and novel
microstractures come 1nto existence (extended solid solutions, metastable
Dhases 854 {8




Temperatuie graeen!. G =mmme

: .. 2l scheme showing morphological developments [rom rapid solidi-
fication after fFlinn /38/
0AS: dendrite arm spacing,
5DAS: secondary dendrite aram spacing

rrom tne point of view of the development of the microstructure, the
vistribution uf solute atoms between the solid and solidifying melt, as well
as the acrpnatogy of solid/liquid interface have a basic importance. Both of
them car be  treated quantitatively on the basis of the fulfilment of
cauplebr s Cendibions at the selid/liquid interface (or the degree of  the
veparture from at;. Consequently, we can classify the events at the
“nterfore, and also the resulting microstructural features as a3 function of

“the nierarcny” of equililbrium states /1, 133/

a., The full diffusional (global) equilibrium (in which the equilibrium is
ma1ntained 4% all time: never fulfills in the practical cooling processes.
*nis car nagpen only 1f the rate of the advancing of the interface 1s slow
compared witi: the Ji1ffusion rate of the relevant solute in the solid, and if
the required diffusion distance is small. As a result, there is no chemical
potential gradient, and the composition of the solid and liquid is the same.

b.y I 41! practical cases the equilibrium is maintained only at the
tntertface. and the local composition of the solid or liquid at the interface
arffer: frum the sverage ones. If the interface velocity is slow (cooling
tate !v'b-la" Ks/s) and the temperature gradient is high,a planer interface

morphology develops /Fig. 21/, and

Kool (6)
C‘
Paltiis ot e pntertace, whers “n and ul are  the equilibrium interface
Lmpetities L being traed by the phase diagram, and k 1s  the equilibrium
pet titior et dee st oemphantze that koas different from umty (usually
taee 1} 4 onnequence of the different thermodynamic activity of the

clate ator o e the tiquid and soltd phases., As the solidification proceeds,




- 27 -

e Calute 0 reected into the liquid. fhe diffusion 1n the liquid is
usugaliln i ited. o & solute-enriched boundary layer builds up ahead of the
advancing eterface see F1g.22).  The concentration of the liquid at a
Srstaive o7 irum the 1nterface can be expressed as:
-(‘lb.,)x'
C‘ = co 14 -’—;K e (1)

shere Di s the diffusion coefficient of the solute in the liquid, Co is the
Jverall alloy compasition.

‘rom £q.7 1t 1s clear, that DL/R may be considered as a characteristic
irtstance aetermining the width of the boundary layer. With increasing speed
rate of the solidification front the solute distribution curve will be
steeper i1;.23), what means that the available time is not enough to build
47 the steasudy state form of the boundary layer, so the value of partition
cecefficient w11l vary in this case according to /13&/

K* (R).& ¢ Eon (8)
4+ PR

i b.gggg_ . where 1 is the atomic distance).
[
In1s 1nteraction (between R the solid front and the boundary layer) is the
source of perturbations, responsible for the constitutional supercooling
CSC) anc 1t leags to the destabilization of the planar interface.

The concdition of the CSC is:

P nﬁc =K
¢C= 35 73

where m is the slope of the liquidus line ).
¢. in the ranae of rooling rates Rus< R (Rab (where Rub is the critical
cetucitly tor the intioduction of CSC, "ab the critical velocity for asbsolute
-tability the constitutional supercovling is predominant in the cooling
system. Ibe appropriate microstructural manifestation is the appearance of

Gencrites and cellulars 1n the solidified structure.

The gendritic structure shows a continuous refinement as the applied

cooling rate increases, which 1s characterized empirically by a3 power law:
139

-m
2 =Be (9)

wheie B cunit, € G.Rz cooling rate,

b the way  Lthe dendritic arm Spaing A /h1g.28/, and cutectic
tetegdaveiiar wpacing A/ ig.2%/ can be regarded as 3 measure of the cooling
Pale Tar o gisen aystem.

€
9. Ie e range of 10° K/s cooling rate the stable phases cannot always

tbaeale 0 e ufficiently fast,  therefore the local compositional
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sircumstances 3t the solid/liquid interface favour the formation of
aetastable phases, and the metastable phase-relations determine the interface
cangitions . Accorcing to t£q.8, it is clear that the partition coefficient is
elocity -tependent and changes from k (its equilibrium value) to unity as the
jrowth veiouity i1ncreases /Fig.26/. As k approaches unity, more and more
solute atoms are trapped by the rapidly moving interface and k=1 is the
=1netic condition for partitionless formation of single phase extended solid
sclutions based on the terminal phase of an alloy system /136-138/.

The banetical picture of the solute trapping is, that, while solvent
atoms can be transferred from the liquid to the solid by making anly small shifts
1n pusition and bonaing, the solute atoms would need to diffuse over long
Jistances to avoid being engulfed by the rapidly moving ssciidification front.

The thermodynamic criterion for the solute trapping is the possibility
=+ the undercooling below the Io curve, where the molar free energies of the
Liguld ang soliid phases are equal /139/.

Ihe geometrical structure of Io curves is illustrated in Fig.27 for two
Jdifferent culectic phase diagrams. This curve is very important in
cetermining whether a boundary exists for the extension of solubility by
tup1d cooling. If the Io curves plunge to very low temperatures, as seen 1in
T14.27a. single phase crystals with composition beyond their respective To
curves cannot be formed from the melt. Such systems are susceptible to the
imorphous phase formation. In this range of the freezing velocities (105-1010
K/s) either solute trapping or a glass transition occurs. There is only a
limited t:me available, so any lateral solute segregation in the 1iiquid can
only take place for perturbations of the solid-liquid interface having very
short wave-lengths. These short wavelengths require such a large increase in
the area of tne interface that the perturbations are retarded by capillary
furces ang the planar interface is stabilized again. Therefore the resulting
phase 15 "featureless™.

T N\ /
a T'IL\ ,ﬁ,l/l. B
. . /' .
-
a N\ B
LI N ss
Ve .
< (g * By ) 7
A B
b
PLgL 2T, chiematye representation of 'o curves for the liquid to crystal

transtormation in two types of eutectic systems as cited by
weettinger and Perepezko /133/
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-.2 A\ppir. oot PS Crystalline Alloys

w.é.1 imign_ performance structural materials. 'he development of  high

petformue  Structural materials was recently mativated by the requirements of
The 40TOSpaCe 1ngustry. A number of aluminjium-, magnesium- and titanium based
Trinddy werrditied ailoys proved to have better mechanmical and corrosion

properties than tnhe conventional wrought ingot alloys.

Aluminlum_2ilavs. It :s known that the equilibrium solid state solubility
.and the crifusivity’ of transition metals in aluminium is very low. Only
ipcut e:gni alleying -iements have higher solubility than 1 at.X /3/. The
tzp1a soligification in many cases extended the solubility and it made
mesiole 3 wider range of compositions to be chosen.

frree tyosec of alioys are 1n the focus of the interest: high strength
sarrusise resistance 2iloys (7 XXX and 2 XXX series), low density alloys
~l-t: bassd' and nigh temperature alloys {(Al-Cu-transition metal alloys) /3,
DS T 2.1 B
‘he areciiitation nardened Al-Cu-2Zn-Mg-Co type alloys belong to the
varst Lo LI Y0 and 7091;. These are commercially produced Dby
z.-eTORIV3ITu6 Lt soveral manufacturers in the USA (ALCOA, KAISER). The 104

*ociwingy rat2 resullts 1n secondary dendrite arm spacings ranging from 1 to
an. e oontent i tne alloying elements is inc.eased compared to usual
tapeer i tren, lez, 1337,

P second group of alloys has a low density and a high elastic wmodulus
Ar-t ¢ ¥ sllevs,. Eacn weighi percent lithium added to aluminium can increase
trie £iast:c aoculus by six percent and decrease the density by three percent.
Fecently M lIED-SIGNAL Inc. developed two types of rapidly solidified
al-Li-tu-Ma- /1 ailoys with high (3.3-3.6 wt%) lithium content, resulting a
gensity resu.tian 12-14% and ultimate teasile stress ranging from 580 to 596
%3, Tre carcocsion resistance 1s also better (Fig.28) /37, a&5/.

ihe hih temperature alloys form these third group. These alloys contain

crarcpt.oo ceotale at o a high level f‘e.g. Al-Cu-Mn, Al-Fe-Mn, Al-Fe-Ce,
S S .oone petermetallic compounds of these transition metals are
bl e L gt tempetatures amd they hinder any grain  boundary

SRR e, D - GHAL Ine Ty new type of Al-fe-v-51 powders have excellent
ernenyesl o Urnertyes dus2 to the existence of 3 stable intermetallic
comnce fo ot g olume fraction and homogeneous distribution /45/. In  the

IREELS A soe tener sl tampanles having the capability of commercially
vy sl e atamtnaum alloy particulates: ALLIED-SIGNAL Inc. built o
e coas U, US040 th year Y85/, the TRAMSMET  Corp. (Columbus,

. v
0oey ,
' toeny A

wantrovs, rated gt S0 metric tons per year  and

yoen T T e b Lo e trie tund per o year cach /1847
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Hagresiua 3lioyvs. Nowadays the magnesium alloys are rarely used in the
aCFospace Lodustly i spite of very low density (1.80-1.85 g/ml). Their poor
Twthanitel propgertice and bad corrosion resistance have been improved by
Leifb-sloiiat Ine. using a rapld solidification technology and new
enpesitlica 45/, Ihe B3 magnesium  alloy powders will probably find an
i.iregses appitcatiun 1n automotive and aerospace industries /181/.

tuk siluys. RS prucessing has been applied to both of conventional
T1-31-¥ snd acvel alloys containing rare earth or metalloid intermetallic
d3iloys 145 Therc 1s a lot of results in improvement of high temperature
mechanical prouperties but the application is still at the development stage.
The protiems are discussed by several authors /140, 141, 145/.

3.2.2 fceol sid_bearing materials. The tool steels contain a substantial
amount cf harc and brittle eutectic carbides which make their processing
Siffrcuie. inee 1960 tool steels are produced by atomization and subsequent
Ot orsactitie pressing an the  USA, Sweden and  Japan. The products have
aptforaay i iributed fine carbide precipitates and snall grain size. This
ACreatic tare Fesulty 1o more 1sotropic properties, 1mproved thoughness and

cLager et e Tne commerciaslization is limited by their higher costs /62,
Lalooetieio 1 aluo wned to produce bigh  pertormance materials

. beer sectianed an sen, 2,032, Ray repor ted /48-50/ an
Dynbairsat i wt oo, chiomium, tunguten alloys with low content  of boron
e cal bty devitiabication o very fine gratned (about 0.2 Hm) matrix hawy

e taoert el waee stabilized by boride  and  carbide precipitations
thaut o a0 Thes alloys bave  high hot  hardness  and  excellent




aiptetoo recgstance at elevated temperatures up to 5S40 UC. In Table \. the
MF tempeiaiure hardness of microcrystalline and conventional tool steels is
Lotipared Cpa7.
Table V.
Hot Hardness Uata After 30 Min. at lemperature
Hot Hardness, HRC
Room
0 o 0
Alla, Temperature 315°C 540°C 650°C
?c70C1§8Hu259511 44 43 43 42.5
-‘[‘.;{ HZ21 Sl"f‘l “9.5 45 }Q.S 19
LoSC,Q &V, 3.2%Cr,9.5%, Lal.fe)
Alal HZ28 < teel 46.5 42 32.5 20

"y.55C, 1.8V, 4.0Cr, 18w, bal. Fe)

Sintlar goug results have been achieved by hot extrusion of ALLIED
Lorp. 5 devitrium 3085 snd Devitrium 7025 type Ni-Mo-¢Fe)-B alloys /148/.

+.<.5 Irc.-based magnetic_alloys. Although the amorphous soft magnetic alloys
were in the spotlight of interest for wmany years, the RS processing is
cnccesivlly, appiiey voth to conventional crystalline soft magnetic alloys
“e.y. re--1 anu to the novel class of hard magrets (Fe-Nd-B), too /149/.

+.2.3.4 zuft magnetic alloys. lmprovement of the traditional iron based soft
magnetic rateriale (lower hysteresis loss, higher permeability and electrical
resisti.1ty; can be realized by increasing the content of non-magnetic
cumponents {51 or/and Al). Such materials produced by conventional
techruloiy. however, have very unconvenient mechanical properties: they are
nritiie. they can not be rolled or any machining can not be applied.

Ihe technology of rapid quenching opens 3 new way for the development of
s0ft maynetic materials. The improvement of the propetties of the crystalline
s0ft magnet:: materials became possible immediately. [his improvement is
abservabile from two points of view an one hand the materials with traditional
~empesition nave betier mechanical properties for machining and on the other
‘g, the mauwnetin andsor electrical properties of the alloys become better

vechun: b aew techology makes 1t possible to increase the concentration of
stloving - loment. .

P ity sy tewm w b b e conctdered o more detar s be-AL, Fe-51 and
[T Y i

Teredl Ly e e sane i properties ol vapidly yuenched  materials  may  be
Poniowed sttt oantly o some Canen by heat  treatment.  Such a8 case  1s
emanstrated v g, 29 afrer  fakanashi et a)l. /1%0/. In this fiqure
Bys™o Tedt Joups ol o 10,6 w% AL content (a) and s 12.7 w% Al content (b)

secN o bl e eed The cul ces owere measured 1n as=-quenched state of  the




F1g.29.

d-c hysteresis loops for rapidly
quenched (a) 15.4% Al-Fe alloy

and the alloy in the Sendust re-
gion, and (b) 12.7% Al-Fe alloy.
/150/

As-prepared ) and after 800°C

1h annealing (---) for Fe-Al alloys.
As-prepared (—-) and after 900°C

Ih annealing (---9 for Sendust.
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samDics g efter anncaling at 800 O¢ for I hour. It s clearly seen that
wnile 10 the vase ul (a.) practically there in no change, in the case of (b.)
the hesat trvatment manes the magnetic properties better (coercive force
drcreases. remanence 1.¢. squareness increases). The Fe-Al alloys with
3-18 wh Al i rapidly quenched ribbon form have very good mechanical
atoperties. 29-30 pm thich and 1.5 mm wide ribbons can be wounded -<round a
red with | mm diameter and they can be bent by 180° /150/.

te-S1_sysiem. According to Narita /1 it is established that rapidly
nuenched i--3i alloys with about 6-7 wk Si  have very good magnetic and
mechanical vroperties. The thickness of the ribbons can be easily changed
‘rom 20 o tc 150 pm. In the as-quenched state they can be rolled and the
wmajority 5f them can be bent by 180°. With heat treatment at 1000-1100 °C for
! nour an extremly soit material could be produced so that every ribbon could
oe bent Oy 180%. ine magnetic properties of rapidly quenched Fe-Si ribbons
ite atsu very good. A ribbon of 6.6 ¥ Si content has a coercive force of 60
ple after 3 heat treatment at 1180 °C for 1 hour. A sample with 80 mQOe
coercive force has 0.25 W/kg loss, which is less than the best quality
commercially available textured 3 % Si-Fe sheet.

In Fig.30. we present, after Narita /151/, the losses of various Ffe-5i
materials 1 funclion ot the flux density. Besides the results measured on a
acn-textuien Fe-5i sheet, noted by (S18), and the textured sheet noted by
iC13%. the lusses meassured on ribbons produced by rapid quenching technology
are shown. One of the ribbons was annealed at 1100 °C for 1 hour and then
furnace cooled. the third one (F.0.0) was heat treated at 750 °C and quenched

inte o1l [t carn be seen that the sample noted by (F.0.Q) has the lowest
t0ss.

re-Al-51 zystem. Rapidly guenched materials in this ternary system exhibit
similar properties as the binary systems mentioned before. After Tsuya /152/
in tig. 31  the coercive force of Fe-Al-Si alloys measured after annealing at
835 °r tnr 30 seconds is shown as a function of the concentration of the
thive cemponents . The  level  Tine ndicating  the  lowest  coercive  foree
“ofrespond. tu 30 mBe., [Ihe rapidly quenched Sendust (F884.9Si9,62A15.48)
vribbon iy ductite. 1t can be wound up around a rod 15 mm in diameter /152/.

Sengust wiloys have found practical use in magnetic heads /153/ and
other device:.,

4.2 3.2 nare magnetic_alloys. In the development of hard magnetic materials a
sudden chiange was brosght in hy the application of rare earth transition
wetal atlo,u. fhos type of magnetu has two peculiarities, one is that they
Are Gener sy, produced by powder metallurgy, the other is that initially high
wadlt o tent ratetlalys were used (e q. CnSSm). s 1ncreases the price ot

av Mmater o subicotantyat by,

sttt tew veary, however, 1n the coutrse of application of rapid
quenchie, toennolagy o new type of hard maygnetic materials was disovered (sev
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e.c. Lrc2? =t al. .26;) which resulted in the development of Fe-Nd-B hard
ragnetic niterials. These magnets are produced both by melt spinning and

traditivici puwder metallourgy /71547,

Besiugey their relatively low cost their advantage is the extreme high

stured nmayneiic energy density (BH) For commercially available magnets of

max”
this type. 5. Heumax 35, produced by SUMITOMO SPECIAL MATERIALS Co.
Ltg_/Japan nas \BH}max=279 kJim}. According to Wecker and Schultz /155/

capidly guenched Nd-Fe-B magnets produced at optimal quenching parameters can

feuch & uuerllve farce as large as 24 k0e, and a small amount of cobalt

33di1ticii Jivweu a fartner improvment of the coercivity /Fig.32/.
u Y T T T T 4
aA‘em 085 . o
.. . ' Fig.32. Coercivity H.; and re-
) N manence J_ of optimally
t sl * l‘_
. -4&n aquenched ribbons vs Co
7] R R S, ‘ content x /155/
S . B :
sl p
3 \ oss H
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Qurinyg the last years the g.inding into a powder of the melt-spun
ie-Fe-8 rinbons became 3 prominent process with consecutive pressing of this
cowder in a oulk form using some fixative. This method has a great advantage
recause during pressing a magnetic field can be applied and in this way so
tiigher guslity anisotropic magnets can be produced. DELCO REMY, a Div. of

GEMERAL M:1D25 12 manufacturing Fe-Nd-B permanent magnets under the tradename
HAGRECUY Tt gy

.7.4 0wnere, kapia solidification processes have been applied in many other
cases 1ntagdimg miceel-hased  superalloys /156/, stainless steels /157/,
coepper bae g alleys S8/, ete. The majority of them did not reached the
Ltage of aanaiactaring till now.
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the tewvelopment ot the rapid solidification opened new possibilities for
noth sf resr:h and manufacturing.

The study of rapid solidification phenomena contributed to the
ungerstand:ae of the foarmation of solids under circumstances very far from
thie 2quilitrium. It became feasible to prepare novel types of microstructures
-olavsy or microcrystalline)l and alleys having unusual compositions and
sroperties.

'ne ~ommerciaitzation of the rapidly solidified alloys has bee. started.
Tne excatienr snft magnetic properties of metallic glasses are exploited in
szveral a»v1c2s as 1t was mentioned earlier (e.g. magnetic heads, shields,
inductive caspusents, ribbons for anti-thiel systems, sensors). The use of
flexible oprazing and soldering foils is disseminated, too. Among the
microcrystalitne alloys the RS light metal alloys have found a practical use
as structurai materials 1n aerospace industry.

In spr7e of these results for the market penetrat:on a relatively long
time was ne-~ded. Ine commercialization of a new material is a complex process
wheTe not uniy the technical characteristics of the materials but other
factors alsu have to be taken into account. These factors include the need
Ior new manufacturing and design methods, the improvement of competitive

naterirals, o well as ecunomical considerations.

[n tne present applications the high-priced, high performance materials
are 1n the fucus e.g. the high strength 1light netal alloys for aerospace
industry. This apgplication is a rather limited field regarding e.g. the
sluminium 1ngusicy as a whole. Similar statement can be made reiated to high
cobalt content amorphous scft magnets, too.

In 1987 Gilmen estimated the annual production of rapidly solidified
ailoys tc br about 105-106 kg per year /12/. It is really a very small part
01 ibe vap2cily of  tne wetallurgical industry. But it is an eseential
wuantily 1 we take 1nto account that the first ductile ferrous glasses were
overted bl b vears ago. And bl o, an o amportant porsnt, that n many canes
Iy ampresenent o the properties 1s not more possible by the traditional

wuy .

The rauid soliastication processes made possible the manufacturing of
Jreductn wil umall crouss sections, ain this sense they meet the trend cof
Jevelopnent o modern metallurgy.
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Appendix_I1.
Poloof =y PRODUCTS and MANUF ACTURERS
Mot oty tarerp Produ:t
t. Atclte Corp. (formerly MEIGLASR anorphous alloys
ALL!Is: ChEMECAL CORP ., a.) soft magnetic ribbons

b.) ductile brazing foils
HETGE Ay rRUDUCLES,

Fars:,; sny . 1. USA METHSHIELDO® flexible magnetic
shields

ALl L-sIGUAL inc. RS aluminium- and magnesium

Horp: town, NS, USA based alloys for structural

application

S | S S AR R S RO ¢ HAGNEOUENCHR "rare earth”
GENE U MGTOR: hard magnets

andersan, (N, Unsa

S.on IBRY drodn aoy Lroa. RS alloys i1n form of wires,
M Cstes | U sheets, fine particulate

~ o HETICHD ME ALY Qb scft magnetic amorphous ribbonsg
Py dapan typ. ACO and ACO-S,

wound cores for control reactor

HARP G UATEREM s Loe MARKUMHR alluys: RS powder:
8y1lerra, MA, ULA for plasma spraying and compaction
o #WAILUTHITA ELECIRIC amorphous magnetic heads
terr ot AMEPRICA
Ll oaa, L USA
PoOREYIRC K IBBUN TECHHOLOGY RIBTEC MO -yp. metal fibers and
veip. . Gohanea, OH, USA wire for rewnforcing composi tes
e TRANLME T Lorp, RS sluminium alloy particulates
Sualue G, UuA
T VR T amaorphous and microcrystalline
e .ot wires

Y B T \IIRHVAC" salf't magnetic amorphous






