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WOER AND PARTICULATE PRODUCTION OF METALLIC ALLOYS
Nicholas J, Grant
Department of Matarials Science and Enaineering

fassachusetts Institute of Technoloyy
Cambridge, Massachusetts

The focus of this presentation is on the more recent developments
of particulate metallurgy of alloyed materials wherein the final product
will be a fully dense body. These particulates are not intended for the
PM press and sinter technology, although ome of the powdered particu-
lates could alsc serve in the PM press and sinter industry and elsewhere,
Concerr: also is for more highly alloyed particulates in contrast to lean
alloys or pure wetals; tne Tatter are capable of being produced by many
additional techniques, for example, by reduction of fine oxides, grinding
of cathode sheets, etc.

Particulataes are defined here as powaers, flakes, foils, slivers,
ribbons and strip. Because rapid solidification is an important factor
in particulate metallurgy as discussed here, all of the particulates must
have at least one dimension which is very fine, somacimes as fine as 10
to 50 microns, bul more typically up to several hundred microns, provided
that that dimension permits a minimum solidification rate of at least
102 K/s. The maximum solidification rate may be as high as 109 K/s for
special purposes, but rore typically would be in the range 103 to 106 K/s.

+

The major demand for rapid solidification (RS) is based on our aware-
ness of the noew-found control that rapid solidification provides over the«
micro and macro structures of the resultant particulates, which structures,
in turn, can be manipulated to enhance the properties of the resultant
fully dense body produced from the particulates.

It has always been the primary aim of all materials scientists and
engineers to control structure, because control of structure equates to
control of properties. For many years, and still true but to a lesser
degree today, as property requirements became more demanding, complex
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alloying provided many of the answers, Today, taking into account the
high cost of wmany alloying elements, the need for special uelting and
casting technoloyy, and the difficully of hot converting large, coarse-
grained, segregated ingot structures, alloying technology of ilself has
Jost some of its appeal.

Look through the Titerature and the handbooks, how many new ingot-
based high-speed tool stecls have appeared in the past 15 years? The
last important wrougnt superalloys were developed in the mid-sixties;
the last cast superalloys were developed in the late sixties. The end
points were reached whes the highly alloyed wrought materials could not
readily be hot worked on the best available equipmenty the end point
fur cast alloys was associated with lack of touyhness due to large
amounts of coarse secondary phases and a very coarse grain size,

Rapid solidification technoloyy (RST), Tirst a curiosity for the
making of glassy a11oys,(]) was soon thereafter demonstrated to offer an
unusual degree of structure control in microcrystalline a11oys.(2) As
the high potential of RST for <.oructure control became more and more ev-
ident, the number of interested scientists and engincers who cane and
are coming aboard is quite remarkable,

An unexpected benefit of structure control through RST is the total
reopening of alloying technology in materials developments. In micro-
crystalline alloys the high degree of metastability of the structure and
its otherwise homogeneous nature are strong inducements to try unusual
alloying combinations, With glassy alloys we hope to see the development
and emergence of a Hume~Rothery of metallic giasses.

e

The Achievements of Rapid Solidification

To date four curves are known relating secondary dendrite arm spacing
(DAS) and solidification rate. These four curves are shown in Fig. 1; they
represent plots for aluminum al]oys,(3’4) copper a]]oys,(s) an austenitic
stainless stee1,(6) and an iron-base Mar-Aging stee1(7) Fairly significant
differences are observed among these curves, which should aiscourage the
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Basty e of meeaated DAY vatues from atutanm aloys s a ceastire of the
sulidificat fon rates of hicghly diffevent alioy syStess in the absence of
at Toast a partial calilnation aneve,

As the Titorature has already shiown, there are namerous structural
ghamygos with fncveasing solidification rates,  Most ot the structural
chanues are not continesus functions of the quench rate,

Changen which have been studied and recorded are the following,

T,  Deervased miero amd mecroe searogation,  This would appear {o be
a conlingous harction of inereasing soliditication rate,

20 Tuereased solid solobility,  Onoaverage, the inerease varies
fran alley to alloy and alloying types.  Important changss are not ob-
sorved until seme minimum value of quench mate 1s exveedad,  Extensive
reviows are available in fhe Heerature,  Inoaluwsina ailoys this sccurs
aboeve about 1@3 kin.(a’q)lu austenitic stainloss steals 1u‘ s will
suppress procipitalion of Ti0, Bore than 267 ot the TiC, over a tairly
Wide ravage of 11 and G centents,can be myintained g solid supersatura-
tian.klt}

2, Chanues in sty shape and distribution ot secondary phases,
These changes parallel, to an deportant measure, the chames in DAS,
Thore are sublle changes in chenistey as wolly such changes have been
poorly dosumented thus far bt could be fwportant enough to stimulate
additional rescarvch.

4, Plimipation of west sogregation phases,  Since segregation
phases are a function of the slowness of soliditications, their chem-
{stries should te {and are) related to the solidification rate. for
soliditication rates in uxcess of about 10“ s for aluminum alloys, the
equilibrium phases rather than the seareaation phases are cbserved,  The
many complox seqrogaticn phases in aluminaa involving Al, Cu, te, 81, Hn,
21, ete., disappear in favor of the equilibrium phases A1\M(H Fa i, 2r),
M, and others, (1115 13)

8, tormativn of certain metastable phases, These phases, on heating,

oW e
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Tater sdecompose 10 olher metastable phases or to stuble phases. So}id»
jfication rates in excess of about 104 K/s are qeneviliy neccssary.('J’!S)

6. lPormation of glassy alloys. Quench rates gunerally in excess

of ahoutl 105 K/s have Loen shown by many investigators to be required to
preserve the glassy state. There are a significant number of exceptions,
but the need to exceed some minimum quench rate is clearly reguired, One
might be reminded that the glassy state represents the condition of "zero"
segregation since the liquid state is preserved to roon temperature with
minor changes in atomic rearrangements. This, it would seem, is the ul-
timate achievement of rapid solidification tectinology,

Referring to Iig, 1, the following solidification modes and processes
are fdentifiable, with approximate solidification vates (K/s):

-2
a) Ingols and large castings: from about 107" to 100

b) Gas atomization (subsonic): from about 109 to 10°

¢) Gas atomization (ultrasonic): from about 1“3 to 105

d) Water and steam atomization: from about 102 to ]04

@) Metallic substrate particulates (coarser than about 20 microns):
from about 104 to 106

f) Metallic substrate splats (finer than about 10 microns and down
to sub-micron thicknesses): 106 to 1010

A1l of the above particulate forming techniques have now been applied
sufficiently broadly that materials research people are knowledgeable
about the structures which can be produced for a wide range of alloys.
Since there are two or three orders of magnitude of wolidification rates
to contend with for each process, the experimentalist nust apply his
knowledge and skills cleverly to achieve the rates nocessary for his struc-
tural control.

Briefly, since the topic has been well reviewed in recent literature,
one strives to optimize the heat transfer coefficient., This is done pri-
marily hy control of particulate dimensions. With powders it's tﬁe par-
ticle diameter; with nonspherical particulates it's the thickness dimen-
sion. In each case the smaller the diameter or thickness of the particulate
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the higiser the guench rate,  The second inmortant varvi.sie, in the case of
daomized powders, is the velocity of the particle in ity wtwospheres in the
case uf metallic substrates, it's the effoctive conductivity of the sub-
strate.  Secondary facturs, but sti11 very dimportant, are the conductivity
of the gas phase in atomization (helfum will wive an omler of magnitude
higher quench rate than either argon or nitrogen), the conductivity of tie
metal or alloy being solidified, and the suporheat of the liquid metal,

In atomization the superheat serves fwo tashs: 4t has a small effect on the
solidification rate and, in the case of powders, it is fmpertant in torms of
particle spherodisabion betore solidifying,

The Ceonomic Point of View

It takes enoray Lo caavert a metallie Tiguid streeam into particulates
of large surfuce area, The etfficiency of the conversion is very puor, os-
pecially in atomdzation, and has been caleulated to be of the order of 0.5%
in subsunic yas n:omization.(]g) In similar caleculations, thy samg gsouree
caleuluted an etficiency of 27 for the ultrasonic vas atumization process,
This difterence of 4 can account for a larae ditference in the volune of
gas required to achieve a given atomization goal. In flat particuiate pro-
ductien, there is a1s0 a cost associated with the achievement of thirner
and thinner particulates. Since the primary aim of particulate production
is to achiove a particular stracture (for gxample, a selected value of scc-
ondary dendrite arm spacing), the aim should be to produce the coarsest
particulate which will achieve that structure., In R8T technology, the
yield of a given particulate (size, shane, size distribution) must be sec-
ondary to the yield of material with the desired structure. Huopefully both
yields will be high,

Because the degree of contamination from subsequent handling of the
particulates is also sharply influenced by the surtace »vea, the coarser
partizuiates offer important advantages. What is beiny said here’is the
following: if a solidification rate of 10 K/s provides the desired initial
structure and is convertihle te a product with the dnsired structure and
properties, don't strive to attain solidification raktes of 105 or 106 Kis.
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The proliferation of particulale production techniques is well docu-
mented in the publications of the four RQ International Conference Pro-
ceedings, and in the even larger number of smaller but equally productive
conferences on Lhe Saun topics.(17“20) There are nevertheless some comments
and generalities to be made about cach of the classes of RS techniques, with-
out attempting to select any one type of process.

Gas_ Atomization (Subsonic). Clearly this is one of the oldest, bust
understood RS wethods. The use of inert gases is an advantage in several
ways. Nitrogen, the lcast expensive, can be used wheraver there is no
concern over rcactions of nitroden either with the solvent netal(s) or
with reactive alioying elements. Helium can be used instead of argon with
the potential for a gain approaching one order of magnitude in solidifica-
tion rate. There are also subtle differences in tiw delivery of helium
gas in contrast to argon or nitrogen; these differences have been observed
both with subsonic and ultrasonic gas atomization but are otherwice poorly
documented,

Whore air is used, as for Jow alloy steel powder production, it is ob-
viously much cheaper but can only be utilized effectively in special cases
(easy reduction of the oxides, lesser concern over some retained oxides,
utilization of an oxide as a structural stabilizer). Where moisture is a
problem, as with aluminum atomization, subsequent treatment of the powders
to break down formed hydrates may casily cancel out any benefits of the low
cost of air (or combustion gases).

The extremely low efficiency of subsonic gas atumization (in terms
of new surfaces generated, for example) can result in high costs of inert
gases, in which case recirculalion and recovery of the gases is an eco-
nomic necessity.

Satellite accumulation is often a problem in gas atomizatﬁonu Satel-
Tites are the fine powder particles which are attached in varying degrees
to a coarser particle. Satellite buildup is very much a characteristic of
each different gas atomization process. The degree of swirling or
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turbutiaoe of tha o saliditying droplots {n cach proade on faoa bt e Hhe
soliditicabion vates and the relative velocitien ¢ Tarvge and srall dreop-
Tets are sore of thy foatures of atomizatio: which witl determine satel-
Tite Padldup,  Fiaure © shows vaeying Jenrges of satellite buildup iu
subsonie cas aloaigation,

T presemas of the satallites s vsdesirabie cn several counts:

ay the packing donwity can be decreassa several jorcent,
b} the fime aatellites ave yenorally querchied fuch more vapidly tnan
the parant particle (substrate guenching, in ettects, These differonces

Tead o important aicrostowctural ditferepces in the cenvolidated moeduct,

The sore oxtrae case o twe Targer particles vailiding, with one of
the purticles aleeady solid, which loads to the forsation ot 2 cap, i3
BOre serious,  Aaain, the cud is substrate quenshed and is mach sore
finely siructiored, leading to wicrostractural variations which may pro-
sent jraparty prableas,  Seme of the contritugal atomization methods aes
known Lo exhibit thin fype o cellindon fo o qreater Jdoare than 16 oh-

served with yas atemization,  Pigure 3 shows the s stracturg or the cap,

Gas Atomicartion (Ultrasonic),  The ultrasonic aas atemization (UHGA)
process o be dJdiscussad below s that Based on the invention of Hielson
and Tove (Rohluva, Swedon) which utilizes a serdes of wadified Hartman
shockwave nozzles (an annular wing has alse been used) to gonerate o set

Fopulned, ultrasonic gas jets onto a flowina Tiguid metal stranm.(g
Two froquency randes are indicated, a major one at about 100 kilohert:
and @ broader, weaker one at 70 to 0 Kilohertz, Oxiting aas velogities
are recerted Lo be in excess of Mach 2.('“’ The comhination of ultrabigh
veloeity aas jet., in the pulsed mode, was reported te be responsible for
the generation af vary fine powders in a parrew sice ronde,  Cur studies
tond to contirva these claims.  Poarhaps the wmost interesting aspect of the
USGA precess is that high=speed movies show that atomization is a gingle-
step process, in contrast to the three-step process vbserved, amain by
hiah-speed movies, for the subsonic gas atomizatien prnceﬂs.(“"“‘)
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o high e tocdityy oalaed vas Jets can oprodie o very tine owdes
(2230, average size, for atuine. ailuvs asing TO0)=100 psig 0ay proge
suragl, wAth inticated A values team abaat U8 Lo 3 sicrens for powders

finer aan 280pm, Sea Fhes, A el b,

trodike the swsonic, thrav=otep aas atomization process, the NG
proco.s dees not trap the atowizing gas) dowdors ted to be gquite sphers
ieal, aead sateltite population temds to be szall (nowever, satellite
dengity iy the rvesult of ofbor praduciion verianing, as welld), figure 6
shows typical USGA alwainum powder,

EY

Pho use of still higher qas oressueres than 10U« 100 psig 18 bnowm
Lo resals in still finer powdor siqes, with higaer solidification raites,
should such tiner pewdors or hiobker quencit ratoes Lo dasired er negoessary.

v the gas atomization provesses there are o rather significant
number of oparating variables, which apply whether Lhe processes are sub
or altrasonic,  Important variabios are:

T, HMetal coveam diaseter,  bor ultrasimic aas atarizarion this value
15 aboat Hee oor finer to allow for total intoractions botweon the ime
pinging gas gets and the free-falling Tiguid molal streas,

oo The diameter and length of the gas nezsles or perts,  Thoese
dimorsions detorming the length of the Tawinar flow of vas, feor waxinum
efficiency, a5 well as the velooity ot the gas jets.

3.0 Gas velocity, Whereas one gonerally awmasures pressure, the
correct variable is the gas veieaity., In subsonic gas atomization the
primary role of the gas stream is o incroase the velocity of the liquid
metak stream; the Tow shear resistance of the Tiquid metal then leads to

(2 .1

disiniegration of the liquid stream at high velogity ( 3)

S Inghuded angle between tho ays dot and the netallic stream. For
maximan gas ef ficiency one would prefer a targe anglei however, ihis re-
sults in lateral spray formition requiring much larvger tank diameters.
Furthor nigh levels of yas back pressure arve generated which usually
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provics total soring and e in tact Tead Lo aan lawiling up Lheger ok

Lhee ortuible o Ren dish, A shallow anigle at jrne woget Toe s toow

Targe vompynent of gas refloction off the Tigdd steocam surface; re .ults
in turbuient fas fiow (s the distance of travel increases)s; and generally
results in yary coarse pewders, The total includad engle betveen the op-
posing yas Jetn s typically 40 to 60, bodng on (he swaller side for
greater efficiency for the USGA jrocess

»

Gy Ligquid wetal superheat. Suporneat is very important, With pure
metals, which are characterized by a freezing point, sufficiont suparhcat
is especially duportact., The formition of refractory surface oxides by
any of the components of an «llay can, in Lhe absence of adequate sipors
haat, Tead to highly dreealar towder shapes,  Alusinum oxides are awong
the worst, In the three-ster subsonic gas atomization process, high
Tevels of superheat are essential cince thoe powder-forning step will be
well removed from the gas-metal intoractios zone, and a varioty of inters
mediate shapes are foried,  See Fig, 4 for indication of the role of superheat,

Water and Steqn Atowization,  The muen higher quench capacity of
water and stoan is a plus feature Tor those fluids, and typically setidi-
f1cat1on rates are greator by 10 to 100x compared to qus atomizition
(10 compared to ahout 10 ) ¥/}, The oxidation which can result with
water and stedn s somzuhat more sevove than with air,  Accordingly,
steam and water are used for atomization and quenching only where the
oxide of the alloy being atemized can be reduced relatively inexpensively.
Low alloy sleels and cast irons are the best candidates for these proc-
ceses.  In the Tatter case, the oxides which are formed are used for re-
action with the carbon of the high carbon cteels or cast irons to produce
a decarburizaed iron of suiiable purity for powder processing.

Contrifugal Atomizing Processes.  There are a number of centrifugal
procosses in operation, several of which may be classified as cemwercial
{small-scale)ventures,

/
A, Rotating Electirode Process (REP), Several features characterize
this process, wiizh has a number of points of merit, as well as sevaral
which present important disadvantages,

e
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rlhscrer b systers require o vacuus, which D puar tor hio 9 quench
rates s and Taser beans are expensive and L3 Yot e thadr colbing
action,

23

e Purfarated Reoating Cups.  The use of hicghespend, rotatim,
perforated cnns §s an vasy way to neter ddguid metal for atorication, A
scareh of the Titerature will reveal 3 cupability Lo produce a1 wide range
of particulate siapes and sizes, Hpherdcal, tear=drop, ricesshaped
(acicalar), and ribLon-shuped {Targe aspecl ratio) particuiates have bren
produned.  Must o1 the succeseny have Ler wiith the Tewer welling ruetels
aned alloys, Tess than apout Y5 0 (11738) atasization tesgrerature, oue tu
the Timitativns of strenoth ang erosion or alloying resistauce of Lhe cup
material.  Steels, Wateresistant o110ys and cueralioys are preferved cups,
s lam,mﬂy al the higisagr eac of the temporature ranger 74 Lo Gud'g

(975 w5 173K),

wrntide Metals o has produced centritainlly atesized oluoin
dlloys commorsiaily fur a sendon of years, using o rntatinq, parforated
steet cup, T }u;ﬁb”n‘ dich oavn atomizad in air, dadicate selidifieation
ratas of aboat 107 Koy yields of uuaful eice=shaped jowders are high {05%);
and Lne powiban e continously novad, fndrCn, andd het rolled in a single-
roll stand to essentially full 1rn51»].\“

Lo Bhoar Lip Centrifugal Atomization, Ocdginally scaled up to
pilut-seale operation in Mnyland, the process of powsing figuid retal

into g high=apeed rotating cup, with a thin Yayar of jiauid vetal climbing
up thee cup wall to be atondzed 15 1t passed over thwe sharp Tip of the cup,

has a nurler of apparent adventages as well as soue disadvantages,

The thinner the woving tetallic laver, the shavyor the lip of the
rotabing cup, and the higher its centrifugal spead, the finer the result-
ant powvder size ard the ereater the colidifieation rates. Rotational
Sproeds abe Timdted both by the atrangth and temnorg*ure of the cup wa-
toriat, as wail as by Lthe nonumifera spreading of the 1i¢u1d motal layer
withkin the cup, With alloys poured s1ﬂnxfwcant1y atove about 1300°C
(15727}, most cup waterials will nat retain the oriainal shavp Vip required
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ackivyad by oettivg a Tayer o0t it ay salindfy oo rutating, wiernidly
coolt dish,  with escallent ‘oo arature control o poaring rate, g oangs
fore powier poedact 18 somand whhon Tty Ly by polat Lively coarse, o
incriese e el idifination rdte of than engise Tiﬂﬂ}g dropiols, iap

drepiets are Pyl o boliny s Jntnoan teey fly by e wonieve guench
vioh
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Bigveat sinale svehinn with ot i tha st TR gl cothods new i 5o or
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i deedborent s e peiattvely coargo cavelt s penaduoed, which Toacs

Wonbaw solinitioatdon ratos unlose geentod by waactienal o guenyeineg des
view
e Bebini ity Poooean (e ol Bl anesa ) altairation AR UNY

esters anad dina v nycooen whick s inteoducnd e the wolty the melt

T8 then eaposnd o vacaus via a delivery tube, A2 the Viguid retal riscs
Tty fubo, Yhe hydrogen, boine vy poorly bound $n the vl i3 rapidly
releaned, Titeraliy disiutegrating inw an atvadzed Spray.  Both enhgrical
poveiars and tieke (spiatted) prosduct are e duced (o funetion of Lho cone
Lainer vessel siza), Powder sire i prehably net vasy to control within
rarrese Timihes Sonevare, the product i oxtrenel yoeiedn, Powders tend to
be of dinterewdinte sirne with indicatod Queneh rates rggre 162 K/5 (in part
Gue bo the far that atomization takes place into o vacuts chamber),  The
technine 45 poriaps best characterized a5 an inverted stroam degassing
PrETess savh iy has Leen e Ve La Hsive on reeval dasing Tauid Wi il
of hvdrejen cenzitive steel allovs inte inaat mulde throuvﬁ A vacuum, The

.y ; s . , i)
"solusle gun atewization process” is a predustion nrecess, ' =0
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. ey : . R4
clan .y alinyst of at feast 1@ y, whieh can e fotnoer irerpased to 150 or
7 .
s by sroduning thiuner paed culates fabeut W to E0img.

it
o

Py mhedoes auanbion nas oo with the volative tarits uf atomiza-
tien vs, substrale gueachind tnchidaues far alley dovelopment or TRAR T

tion, Litforengis {aside fres conch mates; which ern jroartant botweon
thasr rroeesses inglude the following,

Conurtace araad of fine posaers s sivgnitigantly araelinr than for
flat oarticaiates of wal thitieessy 0y 2111 play a role in the ax-
yaer o ether surface contaminetion,
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S Packing density of poweers at best is abowt Ghoiter sheaiod

fiat marticulales 1t can booas SWigh as 8 Lo o4 0 D eftiniency of

heating and the HIT or extrusion efficiency favor ine flat jacticulates,
3, Flut particu1atuﬂ rarely prosent trappoe gas problens; sate of

the atanizing processes producy significant amousts of hnlluw povders
which nrosont, najor problzs,

4. The structurat uniformity nf fiat partizsulates (if thin enough)
Lends Lo be dwportantly greater than that for powlers where the siz
range wiay vary from less than ope to over 250,

G, tee nrodaction by ooubstrate quenching versus the sevinal atum-

iration tuLHﬂiquﬁﬁ, Foe now Lhe dowder processes aptear 10 enjoy an ad-
vaitingo,

Most substrate quenching techriques (not inciuaing production of
wide strin oo o finishod or semi-finiched produnt, but as an intermediate
paw atoriall) atilize smali Haoeter (width) metal delivery nozzles to
provide o thin particulatn, (9) Multiple powring nuzries clearly can be
used to dncrosse Tigudd meeal dotivery rates,  Helo extraction can not
only wesvide a wider particulate but could alse use o series of parallel
phaols,  The volwme of Toenaly tacked, continucus pacticulates cen vaickly
be very Tarae and must thew be consolidatod into wore densely packed ma-
terial. More convenient shapes than continuous rl)hun are also produced,
such as scni-povdor shapes wiieh are nob spherical,  In facl such shaped
products can be taitored to specific dimensions fur use as finished par-
ticics {n

1Q1 as“nc ratio rod snancs for congrete reinforcenent, for
oy
\ S

ot

f
iy
ample).

But for sore continuous, lacger scale oparation, using about bmm
dianeter Tiguid souring stream., which can also be produced throush sev-
eral pouring nerzles, powdss peaduction provides a ouch easier mredtust
to barsile for subsequent HiP, hot mechanical pressing, hot extrusicq,
ele., into semi-finiched, fully dense mateciols, Porhaps the Jaat jm-
portant variable is the greater specific density of ihe powders comparad
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£0 worninuously preduced Tong vibobon shapes, which toat fhen be shiured
or Uouctured (i sufficiently brittle) dnto an isvmwaeiiale Ghise whioh
can bo handled sinilarly to powders,

Bevertheless the casy achicvercnt of solidification rates which can
b 16 to 100 fimes greater than for wost atomized powders is not to be
overlookied for structure dmd property reqrivenents. freollent properties
have been eeported Tor alloys produced by substratn guenching (splat-
ting)(Bé ,10) further innovabions in substrate quenching to produce a more
controllod, diccontinuous splat which can be consoiidated with 2 minimum
of hamdling and interwadiate proceszing woild be wilegue
The Glassy Alloy, oute to iuetile Microerystalline 1oy

(]
w2 w oar

1€ one checks the literature it becomes ¢leas that up to the present,
the bolk 0f 311 RS powder produstion has been concerted with microerystal-
Tine alioys, whereas a majority of the RS substrate quench in has been
cencerned with giassy ailoye,  fhe Tatter would cortainly ve trug of rapid
soltdifTication by melt apinning wethods,

Clearly those atondzation processes which (dﬂ raach or excead obhout
1Ur t/s will allow glassy ailoys to be produced,” (38,36) Als0, since there
are no real barriers to predusing sicrocrystalline ribbons, strip and flake
by substrate quenching the subteguent processing steps should determine
which of the several rapid solidification processes to use for particualate
procuction,

If an alloy is a responsive glass formery and if its compositions
can be wodified to minimize the volure fraction ot the resultant hard or
brittle phase on crysiatlizatiun (typically below alout 50 vol. pet. and
sraterably Jess than about 35 vol. pct. y. the production gf extremaly fine-
grained, ductile alloys becotiss an attractive pn;uwvxul.( 7) The mora
attractive basic alloy systoms are the olasu- formsipyg Tranzibion Hrtalw0~
HonMﬁtalga alloys., A namber of T Ty ~TM£ corpositions din the rasge from
a5-15 to 75-25 atoric percent Tock attractive for orys allization from

the glasey state.  The major {(initial) attracticn of st arting from the glass

o e e e e v e e e s W TR TITIE RYEL Yheia a ©
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gtale .n the notoatially, extieedely unifori, five aedin size which can

o

"

be provaeni,  Inoconirast, a micl rore vardal booevadn mige Wil orerutt

whon attempting Lo guanch te a selested fine UAS which can be converted

#0 a devired. aniforn, tine oradn Lize throash hod work, Grain siscs
a1t (3*,39,‘3) St 14 :
well bedlow ore: wieron have heon 1v;1r pared includivy sars fine-

grained guctile alloys erystalliizoed from the olassy statn‘(dl) seo

Fiz, 7. In faut caveful werk fhuu1d be capanle of producing arain sizes
between 0,01 and i, 1pm on crystailization,  Retention of these strustures
during gt consolidation will provably be much wore difficult, Thene k-
tremely Tine-grained allurs should be uf wnusual interest in terms of
many properties,

I3

Befunts in B farticulates

A miibor of defects have alvoady henn aentioned above, hut are werin
rapeating and elaborating upun,

13

1. Allay Rractivity, urfass Area, amvg Aurfece Pefeots
PRI : hadld o . o 3 e L A . P M

Ly

The finer any powder or pirticulate, the areetor 1ty reactivity with

the various afmosphores it will encomntare dn sulisequunt prutessi ing to a
Fully dunse structura, The puirity and Uype o 4as ured for atomization
or the working atmosphere 18 therefere viry fnportant, Clearly inert

a role in detersising the salidivication and cooling rate of the partic-
ulatns,

gases <ould b preverrest, realizing that the specific gas will alss play

The probabitity ds that the gases to be used w311 not be of ultra-
high purity both betause of cost and hecause of difficulties in purying
tha tank or containar in which the particulates will be forue

Y

d.  Turther,

the probability is extrenely great that the particu?ates will be exposed

ko air for a eignificant time for neocezsing reasent. W th powders, this
sugyests a preference for sphorical shapes witiv a minioun of satellites

and an absence of submicron particles to achicve adnfoum Pﬁst1V1tj

Rlioys bascd on or rich in elements which oxidiza readily must be
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chene oxiden Wit not disseive and v ned pheredice taoan dmeartant o
ot dn Bt b frers AL with the tein, comting rotractory oxnde Sl
e alusinn particatates ) the saperadleos will sbow coed to exeeliee?

prohenioal behavios 14 heo exteadod or bar worked evtoniiv 1y, In b

hat fsostabicadly or et meehacicatty proveccd vonogtionys, crableas oo
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tu v cain continnous, su that bt precsed particulite bt rarely

1 N o
Gruiore nresortivs, and the produach must b boh wicled,

The wholu subdect of vatde filmeg, thoivr stabitity, wethods of o=
wol g aredkdoan o8 Songrotidiz ilion, and cheiv cabsequent role on prop-

ertios rowains a aritical fssue, eqpecially in pressed o shane RS pars

ticulale wiructuras whera excoliiont protertios are beimg sewhit,
Figure 9 shows the rade of Such stablo ooides in BIP'ed fully dense

matarials,  Figure Ju shows the nharp ratention of particla shape, with
new recrystaltized grains staying within particle beundaries; note in
particular the raunadtant taroe adn size vaviat 1yv fenn puint to reint
due to the use of a wids canae of powder wisns, (41) Pigure 99 showt s
nol=untypicat fracture o3 an alloy such as that shown in Fia, 22, ihg
fractura s an dnternartielo failuve, thevetore, in iy case, alse an
intovaranular failure,  The oVloy 5 not actually irittle since ay rugh
as 1ot glonuation can be orealiced in short tise stroos-rapture Lot
however,y both the ropturce sirensih and tho Mucti1ity AL Tracture are con-
sidecably Tess than for the sane powder voterial after hot weteusd ;r.K41)

LY

4. Refraciory Cucbides. iy vapid seliaiticalion, it 13 oot
vaexpacted that <11 or g sianiticant amount of the carbon present in, say,
Shp=xa11nv= grosrainloss stoals will be therve in supersaturated solid solu-
Lions, (30,41) Uncontreiled heating Lo the HIT terporatare or to i hot
axtrusion fampoecaturs can rasuliy in the precd ;1 dion of coarse refractory
iy e arjor partig]g

carbides (TiC, Tal, HIC), QOnce toraed, genera
sury.ces, these carbides canant bo readily (f ul u11¥ disselved, e
can ¢f ¢ourse work with sh Tower carcen conLants whore chemistry =o

paruits,  Prefeorably, one shou}a teaperaties and/ov vechanically protreat
" the ;'rticula 55 befura hot, consolidation Lo indace precipitation ut the

carbides into finer particles end thus avaid subsequeont severe coarsening
at the HIP or exirusion tomposature, (41)
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SJHMARY

While there are nuwarous problems and faults with RS particudiates
an¢ particulate production, the resuliamt structuras ard properting ore
of sush esxzcelience that major siadies should be continund to learn how
to eliminate some of the probles and faalts, how Lo opbindze procesuing
variables, and how to take advantage ui the unique structural control
made availaple by RST, Tne potential for highly iuproved alloys remaing
high and essentially is a near tuerm proposition,

>
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BLACK AND WHITE PHOTOGRAPH

Fig. 2. Variations in satellite bavt1(1e attachment to
powders of IN-100 for two subsonic gas atomiza-
tion sources. (a) 138x, (b) 200x.



Finely structured cap which
splatted onto a larger, so-
l1idified, coarsely structured
particle.
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t]‘.. ( (‘E."‘ view (i‘ “‘ (‘f\ H‘,U! 1nNU
alloy 2024 + Li. 1000x



Fiqg ! Fine-qrained crystallized glass

showing unittorm grain structure



Fig. 8.

Astroloy 700. (a)Subsonic gas atomization with
argon showing argon entrapment. (b) After HIP
treatment 2 hours at 1204°C (1477K) followed by
2 hours solution heat treatment at 1204°C (1477K).
128x and 26x.



ORIGINAL PAGE (a)

RLACK AND WHITE PHOTOGRAPH

11-100 RS material. (a) As hot isostatically
pressed 2 hours at 2204°C (1477%). (b) Stress-
rupture failure at 982°( (1255K); interparticle
and intergranular failure; elongation about 10
100x and 200x.

o
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