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[ 57] ABSTRACT 
A method of producing purified powders and of re?n 
ing metal alloys from alloy scrap and the likeThe 
alloy is brought to a state which is partly liquid and 
partly solid and in mixture form, preferably by heating 
the alloy to create a melt and then cooling the melt to 
permit partial solidi?cation thereof. The mixture is 
vigorously agitated to create a slurry, the temperature 
of the slurry being controlled to provide a predeter 
mined percentage of liquid-solid therein. Then the liq 
uid is separated from the solid either by selectively 
draining the liquid or by producing a stream of the 
slurry and injecting intothe stream a gas in the form 
of a high velocity jet, which atomizes and solidi?es the 
liquid to form a particulate that is generally smaller 
than the solid portion of the mixture (i.e., the primary 
solid) and can beseparated therefrom by screening, 
for example. - 

Y 13 Claims, 4 Drawing Figures 
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METHODS OF REFINING METAL ALLOYS 
The invention herein described was made in the 

course of a contract with the Of?ce of the Secretary of 
Defense, Advanced Research Project Agency. 
The present invention relates to a method of purify 

ing metal powders and of re?ning metal alloys from 
alloy scrap and the like and, particularly, to a method 
of purifying and re?ning by a partial-solidi?cation and 
separation process. 
The best known examples of use of partial solidi? 

cation to re?ne metals are “zone re?ning" and related 
techniques. In these techniques, a liquid-melt region is 
formed in the metal and is moved relative to the solid 
metal; the interface between the liquid and the remain 
ing solid is maintained microscopically planar as solidi 
fication proceeds from one part of the solid to another. 
The solid forming in resolidi?cation is of different com 
position than the liquid, alloy elements being either 
preferentially rejected or preferentially incorporated in 
the solid as it grows. These techniques are useful for 
obtaining ultra-high purity in already nearly pure mate 
rial. They are not applicable for the purifying or re?n 
ing of large quantities of alloys containing appreciable 
solute. 

In other partial-solidi?cation processes, the solid 
forms, not with a plane front, but dendritically, so that 
over large portions of a solidifying casting or ingot, 
solid and liquid are intimately mixed. In this case, as in 
zone re?ning, the solid forming is of different composi 
tion than the liquid remaining. Re?ning can be effected 
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during solidi?cation, provided the intimately admixed I 
liquid can be separated from the solid. Such separation 
can be accomplished by ?ltering the liquid from'the 
mixture by the use, forexample, of a porous refractory 
or a granular ?lter bed. Oxides and other non-metallics 
are removed from aluminum in this way as is the Fe-Sn 
intermetallic from molten tin. Another separation tech 
nique is centrifugal separation of the interdendritic liq 
uid from the solid. The US. Bureau of Mines pioneered 
re?ning of alloys in this way, notably tin‘and Zinc alloys. 
In France, Pechiney centrifuges have been used to sep 
arate zinc extracted aluminum from aluminum-silicon 
alloys. More recently, a removable wall centrifuge for 
aluminum-silicon alloys has been discussed. In this in 
teresting concept, the alloy is partially solidi?ed within 
a stationary centrifuge. The circumferential wall of the 
centrifuge is then removed and the centrifuge rotated. 
Conditions are adjusted such that the skeleton of the 
partially solidi?ed alloy does not rupture and centrifu 
gal force causes the interdendritic liquid to flow radi 
ally outward. Irrespective of the particular separation 
procedure employed, however, there is a great deal of 
trapping of the liquid within interstices of the solid, 
which makes removal difficult. 
A series of processes had been developed or pro 

posed in which a local portion of a melt is caused to so 
lidify at least partly, the bulk remaining fully liquid. 
The liquid is then vigorously'agitated with the effect 
that some of the interdendritic enriched liquid from the 
partially solidi?ed region is washed out into the bulk 
?uid. In a modi?cation of this technique, it has been 
proposed to add grains of pure metalas seeds for crys 
tallization. 

In an Alcoa process for producing high purity alumi 
num, heat of fusion is removed from the top surface of 
a bath of molten aluminum. The crystals that form tend 
to settle downwards and are aided in this by “tamping" 
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with a graphite bar. After approximately 70 percent of 
the melt is solidi?ed, the remaining (impure) liquid is 
decanted. The solid which has formed is next direction 
ally melted from the top down, with the liquid ?owing 
through the bed of settled crystals. This liquid is drawn 
off continuously as melting proceeds. The purity of the 
liquiddrawn off increases as melting progresses. For 
example, in one experiment, initially the composition 
was 99.8% Al. The last thirty percent of liquid to be 
drained in the remelting operation averaged 99.9% Al 
and the last 10% averaged 99.94% Al. A modi?cation 
of the Alcoa process has been proposed, in which initial 
crystallization is caused to occur not on the top surface 
of the melt but on a cooled ?nger within the melt itself. 

Most, but by no means all, impurity elements in liq 
uid metals‘ lower the melting point of the purer metal. 
Examples are iron and silicon in aluminum alloys, when 
present in amounts less than the eutectic composition. 
In these cases, the liquid that is extracted from the par 
tially solidi?ed bulk alloy is less pure‘ than the solid 
which has formed; thus, the solid remaining is the de 
sired, puri?ed material. Examples of alloy elements 
which raise the melting point of the purer material are 
iron and silicon in aluminum alloys when present in 
amounts greater than eutectic. For suchalloys, the liq 
uid extracted is the re?ned portion of the metal. An 
other class of elements which raises the melting point 
of aluminum consists of elements which form a peritec 
tie that is rich in aluminum, examples being chromium 
and zirconium. Ef?ciency ‘of many of the separation 
processes described above can be altered by adding el 
ements which vmodify the‘ phase diagram and,i_lso, the 
ef?ciency of separation. As an example, addition of sili 
con and/or magnesium to aluminum moves the compo 
sition of the iron rich eutectic closer to pure aluminum 
and so lowers the limit to which iron can be reduced in 
alloys where the iron is originally present in large (hy 
pereutectic) quantities. Addition of boron to aluminum 
causes formation of borides with elements such as tita 
nium and vanadium. These are virtually insoluble in 
molten aluminum, are heavy and settle, after'which the 
purer aluminum is decanted. 
Accordingly, an object of the present invention is to 

teach a new process for re?ning, by partial solidi? 
cation, alloy scrap and the like. 
A further object is to provide a process which can be 

employed to purify or re?ne pure material, in small 
quantities, to ultra-high purity, but one that can be 
used, as well, to re?ne large quantities of alloys con 
taining appreciable solute. ' 

, A still further object is to provide a partial solidi? 
cation process which is faster, more economical and 
more efficient thanv previously discussed processes in 
tended to accomplish the herein-discussed purposes. 
Another object is to teach a way of producing puri 

?ed metal powders. - ~ 

Still another object is to provide a process which al 
lows re?ning of a greater range of alloy types than hith 
erto has been possible employing prior-art techniques. 

These and still further objects are discussed hereinaf 
ter and are particularly delineated in the appended 
claims. . 

By way of summary, the objects of the invention are 
attained in a process for separating a metal alloy into 
the constituent metals of which the alloy consists by 
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first heating the metal alloy to produce a mixture, part 
liquid and part solid. The mixture can be arrived at by 
?rst melting the alloy and then cooling the liquid melt 
until freezing occurs; or it can be formed by heating the 
alloy until enough of the alloy is in the liquid state to 
permit stirring or agitating. The liquid-solid mixture 
thus formed is vigorously agitated to produce a slurry, 
the temperature of the slurry being adjusted to a prede 
termined level which, in combination, with the agitat 
ing, establishes the percent liquid and the percent solid 
of the slurry. The agitation in the disclosed embodi 
ment is effected by a rotating blade disposed within the 
mixture and operable to create shear-type movement in 
the mixture during the mixing process. The liquid por 
tion of the slurry is then drained or otherwise separated 
from the solid portion thereof. 
The invention will now be discussed with reference 

to the accompanying drawing in which: 
FIG. 1 is an elevation view, schematic in form and 

partially cut away, of apparatus adapted to perform the 
herein-described process; ' ' 

FIG. 2 is a reproduction of a photomicrograph show 
ing a beginning metal alloy which is puri?ed into ultra 
high purity powders or is re?ned to a higher purity than 
the original alloy; 

FIG. 3 is a reproduction of a photomicrograph of the 
alloy material, after solidi?cation, that remains in a 
crucible after re?ning by employing the drainage or ?l 
tration techniques herein discussed; and 
FIG. 4 is a reproduction of a photomicrograph of the 

now-solidi?ed liquid drained in the process mentioned 
in connection with FIGS. 2 and 3. 

In the procesiqgqibequgeetisi éetailberemier 
producing puri?ed powders and for re?ning alloy 
scrap, the initial material is heated to form a melt. 
Thereafter energy is withdrawn from the melt, until so 
lidification begins, to form a mixture which is part liq 
uid and part primary solid. The liquid-solid mixture is 
agitated throughout the stages of solidi?cation to break 
up formation of a continuous dendritic network and 
thereby produce a slurry. Further heat is withdrawn 
until a desired percent liquid-solid is attained, at which 
point the liquid is separated from the solid. Two dis 
tinct methods of separating the solid phase, i.e., pri 
mary solid, of the slurry from the liquid phase have 
been developed. Both are discussed in some detail 
later; but, briefly, one separation method involves 
draining or ?ltering the liquid in the slurry from the 
solid and the other method involves forming the slurry 
into a stream which is subjected to a high pressure gas 
jet (e.g., nitrogen) which atomizes and solidi?es the liq 
uid phase. The thus-solidi?ed particulate can then be 
distinguished on the basis of size from the primary 
solid. 
The preparation of the slurry is, however, similar ir 

respective of the separation technique employed. Thus, 
the melt is partially solidified while it is vigorously agi 
tated by one or more rotating propeller blades 1, in 
FIG. 1. As distinct from some of the prior-art processes 
previously discussed, it is not simply the bulk liquid that 
is agitated, but the entire liquid-solid mixture which is 
designated 2 and in which the liquid is designated 3 and 
the primary solid 4 (the particles 4 shown are, of 
course, of exaggerated size for purposes of the present 
explanation). The vigorous agitation causes the liquid 
solid mixture to behave as a ?uid slurry to fractions 
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solid as high as about 0.5. A combination of the vigor- ' 

4 
ous agitation and relatively slow rate of heat removal 
from the solidifying slurry causes it to beessentially iso 
thermal and to have uniform distribution of fraction 
solid throughout._ ' _ 

The structure of the solid grains that form during this 
vigorous agitation is often very different from the usual 
dendritic structure that forms during usual solidi? 
cation of castings and ingots (see, for example, FIG. 1 
in an application for Letters Patent S.N. 153,819, ?led 
onJune I6, 1971, by two of the present inventors. The 
solid particles in some cases approach small spheroids, 
and this is an important aspect of the processes de 
scribed herein. Because the ?ne dendritic structure is 
absent, the segregated liquid is much easier to separate 
from the solid than in prior-art methods-there is, ide 
ally, no liquid in small interdendritic “pockets.” In 
other alloys, such as that shown in FIGS. 2 and 3, the 
primary solid forms as a “faceted” phase, without obvi 
ous dendrites, even when no agitation is employed. Ag~ 
itation however, causes alloys even of this latter 
mentioned type also to behave as'a slurry suitable for 
the re?ning treatment discussed herein. 
FIG. 1 is a schematic illustration of the basic heating 

and mixing apparatus used in the experiments later 
mentioned. In the ?gure, the» mixture 2, consisting of 
the primary. solid pieces 4 suspended in the liquid 3, 
forms a slurry upon being agitated by the rotating pro 
peller blade 1. The rotating‘ blade’ 1 creates shear~type 
strains within the slurry. Heat is supplied by an electric 
resistance furnace 7; and the propeller 1 is driven by a 
shaft 8 powered by a variable-speed electric motor as 
sembly 9. In one separation process,'after the- agitated 
slurry has reached a desired temperature (and so de 
sired fraction solid), a tap hole'5 in the‘ crucible shown 
at 10 is opened. Vigorous agitation is maintained espe 
cially in the vicinity of the tap hole 5 and the slurry 2 
then ?ows out this hole. On leaving-the hole, it is struck 
by a number of converging gas jets provided by nozzles 
6 to “atomize” it as is done in standard commercial 
practice with fully liquid melts. In this case, the gas jets 
atomize the fully liquid portion of the melt to very fine 
particles which subsequently solidify. These ?ne parti 
cles, having formed from fully liquid material, possess 
the average composition ofthe liquid (usually enriched 
in impurity). The gas jet cannot, of course, atomize the 
solid particles of metal entrained in the stream. These 
particles, larger than those of the atomized liquid, are 
low in impurity. Re?ning is now accomplished simply 
by separating (as by Screening) the larger size fractions 
from the smaller. _ 

In the second separation process, the metal‘is mixed 
and cooled, as described above, to obtain a partially 
solid slurry. A tap hole is again opened in the crucible, 
but this time, once the slurry is formed, the rotation 
speed of the blades 1 is lowered so the metal in the im 
mediate vicinity of the tap hole 5 is not so vigorously 
agitated. Now, a metal stream again flows through the 
tap hole 5, but this time only the liquid portion goes 
through the hole; the bulk of the solid phase stays be 
hind. It is believed that the reason for this behavior is 
that the solid particles give the slurry a “thixotropic” 
nature. A semi-rigid skeleton of the solid grains forms 
in regions of the not so vigorously agitated melt. This 
rigid skeleton then effectively acts as a ?ne ?lter, hold 
ing back the particles from the more vigorously agi 
tated portion of the melt. While the second process of 
separation by ?ltration may be performed by using the 
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solid grains as the sole ?ltering medium, as just indi 
cated, a ceramic ?lter may additionally be used to aid 
in performing the ?ltering step of applicant’s method. 
When a ceramic ?lter is used, the ?ltering action may 
be accelerated if pressure is also applied to the slurry. 

Although two primary methods of separation have 
been disclosed above, resort may also be had to still a 
third method of separation, if ‘those skilled in the art 
?nd it more desirable. Such third method involves the 
use of centrifugal force to effect the separation. 
The process described herein for purifying metal al 

loys has several potential advantages over existing pro 
cesses. One of these is that the form of the solid in the 
liquid-solid mixture is, potentially, fully non-dendritic, 
and so it is possible more completely to separate the 
liquid from the solid than in existing processes. In prior~ 
art processes, such as centrifuging, relatively high pres 
sures are required to effect separation. 1n the present 
process, the nature of the slurry is such that either the 
liquid-solid mixture, or selectively the liquid, can be 
made to ?ow under a relatively low pressure head (in 
the experiments reported gravity alone suf?ced). 
Three different experiments are discussed in the im 

mediately following paragraphs: the ?rst two were on 
a Sn-15% Pb alloy while the third experiment was on 
an Al-30% Si-6% Fe-1% Ti alloy. The ?rst experiment 
was on a Sn-15% Pb alloy that was vigorously agitated 
during solidi?cation down to 40% solid (by weight), 
then atomized. 
Experiment I: Atomization of Liquid-Solid Lead-Tin 
With mixing initiated at a temperature above liqui 

dus, the furnace was turned off and mixing continued 
as the temperature dropped. Mixing equipment con 
sisted of a variable-speed motor and three-bladed pro 
peller. The propeller was rotated in a manner so as to 
push material downward toward the center bottom of 
the crucible and upward at the sides. 
When the temperature had fallen to the point where 

the alloy was 40% solid, the rotational speed of the pro 
peller was increased to 200 RPM and maintained. at 
that value; a ‘A inch hole in the crucible bottom was 
opened to allow the slurry to emit as a stream; and at 
omization was begun. Nitrogen at 200 psi was applied 
and this caused the liquid in the stream to be blasted 
away from the primary solid. The liquid then solidi?ed 
into ?ne powder. The powder was then screened. The 
larger particles (10 to 30 mesh) in this process should 
contain 2-3% lead and the smaller particles (100 mesh 
and up) should contain 23% lead. The ?rst effort, how 
ever, resulted in about 12% for the small particles and 
about 22—23% for the small,'sti1l a substantial improve 
ment. 
Experiment 11: Draining of Liquid-Solid Lead Tin 
The same initialprocedure as in Experiment 1 was 

used, the temperature of the slurry was lowered until 
the alloy was 50% solid, at which point the rotation rate 
was slowed from about 200 RPM to about 50 RPM and 
the 1%; inch hole in the crucible bottom was opened. 
Substantial amounts of liquid material gravity 

drained from the slurry with very few solid particles 
being pulled down. The drained liquid contained about 
22% lead and the residue in the crucible about 12% 
lead. 
Experiment 111: Draining of Liquid_Solid Aluminum Sil 
icon Iron Titanium Alloy ~ 
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The same procedure was employed for this alloy as 
in the Experiment 11, except that rotation speed was not 
changed when crucible was tapped. The mixing speed 
was carefully watched and kept at 200 RPM. Results 
shown in Table 1 below are for two runs at 750°C and 
600°C, respectively. - 

Table 1 

(A) 750°C=‘l'cmperature When Tapped 

Silicon Iron Titanium 
lnitial 29.8% 6.10% 1.08% 
Draincd 22.6% 4.64% .43% 

(B) 600°C= Temperature When Tapped 

Silicon Iron Titanium 
Initial 30.0% 6.19% 0.94% 
Drained 13.1% 1.77% 0.15% 

In a separation method like that employed in Experi 
ment 1, both the liquid and the solid phases are forced 
through a hole vlocated in the base of the crucible and 
the resulting, mixture is atomized by a gas jet in the 
manner employed‘ in usual liquid atomization pro 
cesses, as above mentioned. The high ?ow velocity gas 
jet breaks up the liquid into small spherical powders 
thereby separating the liquid from the initially 
solidi?ed, primary solid. By varying gas pressure, i.e., 
velocity, and/or nozzle geometry, the size of the atom 
ized liquid powders can be varied over a wide size 
range.‘ It will be appreciated that the angular velocity 
of the mixer, temperature of the melt, size of the drain 
hole 5, will vary with the alloy being puri?ed in either 
separation process. 

In the separation method employed in Experiments 
11 and 111, the rotational speed of the propeller-like 
blade 1 and/or location or direction of rotation thereof 
can be varied so that only the liquid phase is drained 
through the hole in the crucible. In this situation, the 
solid-particles have a tendency to bond together, 
thereby producing a natural ?lter for drainage of the 
liquid. This type of materials separation can "be applied 
to puri?catioon of any multi-component alloy system 
because the different alloy elements normally segregate 
during solidi?cation. ' 
The picture of the initial alloy material for an experi 

ment like that described in Experiment III is shown, 
greatly enlarged, in FIG. 2 and in the vigorously 
agitated state. The material left in the crucible is pic 
tured in FIG. 3 and the material, drained as a liquid and 
solidi?ed, is shown in FIG. 4. 

In the experimental work reported, as mentioned, ap 
paratus like the apparatus shown schematically in FIG. 
1 was used, and this apparatus has one rotatable pro 
peller and one drain hole in the bottom of the crucible 
10. It will be appreciated that more than one propeller 
and more than one hole can be employed in other more 
sophisticated apparatus and that mixers like those dis 
closed in said application may be employed in some cir 
cumstances. 
Modi?cations of the invention herein described will 

occur to persons skilled in the art and all such modi? 
cations are deemed to be within the spirit and scope of 
the invention as de?ned in the appended claims. 
What is claimed is: v 
1. A process for re?ning a metal alloy, that comprises 

heating the alloy to form a mixture, part liquid and part 
solid, vigorously agitating the entire liquid-solid mix 
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ture thus formed in such a manner as to create shear 
type strains therein to produce a slurry containing liq 
uid and primary solid, the solid being uniformly distrib 
uted throughout the liquid controlling the heat transfer 
to and from the mixture, the rate of heat transfer and 
the agitating acting in combination to establish the per 
cent liquid and the percent primary solid of the slurry, 
and separating the liquid portion of the slurry from the 
primary solid portion thereof, said rate of heat transfer 
and said agitating being maintained during said separat 
ing to maintain the mixture in the slurry form and to 
maintain the desired percent liquid and percent pri 
mary solid in the slurry. 

2. A method of re?ning metal alloys from alloy scrap 
that comprises, heating the alloy scrap to the molten 
state, withdrawing heat from the molten material 
thereby reducing the temperature of the molten mate 
rial below the liquidus temperature of the alloy at 
which temperature solidi?cation begins to form a mix 
ture which is part liquid and part primary solid, con 
tinuing the withdrawal of heat to continue the solidi? 
cation process to provide a substantial fraction solid 
whilesimultaneously vigorously agitating the bulk liq 
uid-solid mixture so the mixture behaves as a slurry 
comprising liquid and particulate solid uniformly dis 
tributed throughout the liquid, forming a stream of the 
slurry and introducing a ?uid in the form of a jet under 
high pressure into the stream, thereby separating the 
liquid in the slurry from the primary solid therein. 

3. A method as claimed in claim 2 that includesvary 
ing the velocity of the fluid in the jet thereby varying 
the size of the particles formed by it. 

4. A method of re?ning metal alloys from alloy scrap 
that comprises, heating the alloy scrap to the molten 
state, withdrawing heat from the molten material 
thereby reducing its temperature below the liquidus 
temperature of the alloy at which temperature solidi? 
cation begins to’form a mixture which is part of liquid 
and part primary solid, continuing the withdrawal of 
heat to continue the solidi?cation process to provide a 
substantial fraction solid while simultaneously vigor 
ously agitating the bulk liquid-solid mixture so the mix 
ture behaves as a slurry comprising the liquid and par 
ticulate solid uniformly distributed throughout the liq 
uid, filtering the liquid from the liquid-solid mixture, 
thereby to separate the liquid from the primary solid, 
the latter constituting the sole ?ltering medium through 
which the liquid passes during separation. 

5. A method as claimed in claim 4 in which the agitat 
ing in the ?lter region is reduced to prevent disturbing 
the primary solid in that region. 

6. A method of purifying a metal alloy that comprises 
heating the metal alloy to produce a mixture, part liq 
uid and part solid, vigorously agitating the bulk liquid 
solid mixture in such a manner as to create shear type 

K v 
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8 
strains therein to form a slurry, comprising the liquid 
and particulate solid uniformly distributed throughout 
the liquid, while maintaining the temperature thereof at 
some predetermined level which, in combination with 
the agitating, establishes the percent liquid and the per 
cent solid of the slurry, thereby minimizing the amount 
of continuous dendritic network present in the liquid 
solid mixture, and causing the primary solid material to 
assume a shape approaching that of spheroids, and sep 
arating the liquid portion of the slurry fromthe solid 
portion thereof while maintaining agitation of the bulk 
of the liquid-solid mixture. 

7. A method as claimed in claim 6 in which the metal 
alloy is heated only to said temperature, agitating being 
commenced only after enough of the alloy is in the liq 
uid state to suspend the solid. 

8. A method as claimed in claim 6 that includes heat 
ing until all is in the liquid form ‘and thereafter with 
drawing energy from the liquid to effect partial solidi? 
cation thereof, thereby to produce the liquid-solid mix 
ture, the mixture being agitated to form said slurry. 

9. A method of re?ning metal alloys from alloy scrap 
that comprises, heating the alloy scrap to the molten 
state, withdrawing heat from the molten material 
thereby reducing the temperature of the molten mate 
rial below the li‘quidus temperature of the alloy at 
which temperature solidification begins to form a mix 
ture which is part liquid and part primary solid, con 
tinuing the withdrawal of heat to ‘continue the solidi? 
cation process to provide a substantial fraction solid 
while simultaneously vigorously agitating the bulk liq 
uid-solid mixture in such a manner as to create shear 
type strains therein so the mixture behaves as a slurry 
comprising liquid and particulate solid uniformly dis 
tributed throughout the liquid, thereby minimizing the 
amount of continuous dendritic network presentin the 
liquid-solid mixture and causing the primary solid ma 
terial to assume a shape approaching that of small 
spheroids, and separating the particulate suspension of 
primary solid particles thus produced in the slurry from 
the liquid while maintaining agitation of the bulk of the 
liquid-solid mixture. 

10. A method as claimed in claim 9 in which said sep 
arating is effected by selectively drainingthe liquid 
from the liquid-solid mixture. ‘ _ 

11. A method as claimed in claim 9 in which centrifu 
gal force is employed to effect said separating.‘ 

12. A method as claimed in claim 9 in which the liq 
uid in the slurry is drained from the solid through a ce 
ramic ?lter to effect said separating. 

13. A method as claimed in claim 12 in which pres 
sure is introduced to the slurry to accelerate the sepa 
rating process. 


