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infringe privately owned rights. Reference herein'to any specific commercial product,
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A hypothesis based on
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In order to study the formation of metastable phases of

is propose

Experimental data relating this ratio with quench rates of

"A D.C. arc plasma torch was used to subject sized particles of

d droplets

iqui

the kinetics of nucleation of the crystalline solid phases from the supercooled

synthetic sapphire in the range of 9 to,104 microns to rapid melting and
alumina, the size and apparent density of spheroidized particles were

used as parameters in determining quenching rates,

resolidification.
stable o phase,

1

the liquid droplets are presented.
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' : LIQUID SOLID TRANSFORMATION KINETICS IN A1203 B
y o ‘Amio R, Das and Richard M. F‘ulrath -
, ' Department of Mineral Technology and . | SR
b Inorganic Materials Research Division - N DL S
Lawrence Radiation Laboratory - . B

University of California Berkeley, California '

]NTRODUCTION _ R

(1)

Aluminum oxide has been spheroidized in both oxygen-hydrogen torches

and in D.C, arc plasma Jets.( 2) Flame spraying of alumina coatmgs on both

SR _a commercial and labdratory scale have also used these two devices. 2, 3)

. .’_ _ 'v Durmg these processes both stable o alumina and metastable phases of

| i alumina. have been formed.

e ' .Aiumina has one stable phase (oz). between room temperature and its

| melting pomt.( ) X—ray diffraction studies to 2000 °C have not _shown the
existence ofa high temperature modification. (5) Various metastable phases "‘
__f‘\‘ of near anhydrous or anhydrous alumma ('Y, 8, 0, , X, andn ) have been
S  identified. 4,6,7) Most of these phases are formed by the decomposnion of .

various alumina salts such as hydrates, sulphates, nitrates, etc. In the
: ‘: a Al,04 at approximately 1200 °C. When uf.Ale3 is heated above 2000 °C
},F“i‘.‘f;" it has been reported that a highly defect structure is formed, (8) . This has

‘; been interpreted to be the result of struotural breakdown near the meltmg

(ga) and not as 3

{. -« point as has been observed in a number of crystaume solids

. the formation of a new phase, e

RN RA Plummer & in spheroidization studies using an oxygen-hydrogen flame ;




-2- UCRL-11166 ..

geometric substructures in the liquid. = -

In this investigation the kinetics of nucleation of metastable phases and = ' % " :

stable o alumina "is suggested as being the controlling factor in determining

the crystalline phase present-at room temperature after the quenching of a  *

liquid droplet. - | S
THEORY X

Steady State Nucleation

" The free energy relationships between a liquid and two solid phases A
can be diagrammatically illustrated as shown in Figure 1. .The lowest - |
free energy will determine the stable phase at any temperature, T. If one
solid phase, A, has its free er;ergy related to that of the liquid as shown then.

the other solid phase, B, may appear as a stable'i)hase at high temperatures

or be at all times unstable relative to A. These two conditions are i‘llustrated\(';-. i
by the two dashed curves. In the case whe.re B is stable at high temperaturesv | i
the transformation temperature (A-B) will occur. In the case when B is ' *
unstable relative to‘A then a pseudo meltihg température of B will be evident . :
as shown (Tmb). | : . o ;",.' ?
In the case of alumina where thg alpha phase is reported stgble to - ' ' "" ‘
the melting point then, the metastable phases of in'tereét in this study (;Yénd 6) )
would have pseudo melting temperatures’' lower than tha_t of the @ phase.and - '’ |
the free energy relatiyhjps would_bé as sﬁown by the upper dashed curve m ,
Figure 1. | | . | . |
Classi/cal"theory of homogeneous nucleation as developed by Volmer, . ff.'»,.‘ ) [“

(10)

Becker, and Doring and applied to the quuid-sdlid transition gives the

steady state nucleation rate as; |

‘

. 4 .

. - -.- 3 ‘ 2 . v
. g-n;ﬂexp rlﬁ i .Tm o E,
lawrer_-miam’® Y

v g

a

e te e
~ T
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1= number of nuclen appearmg per cm3 per Bec.

-

number of molecules per umt volume of 11qu1d

=
n

= .
n

Q
0

- solid- hquid mterface energy in ergs per cmz.
AHf volumetmc heat of fusmn in ergs per cm

k = Boltzmann constant.

h = Planck's constant. : - - *‘"
Tm= equilibriurn melting temperature, ‘
T = actual liquid temperatﬁre. o
‘ E_ = activation energy for diffusion in the iiquid whicﬁ forf ‘

convemence may be taken as the act1vat10n energy for

(1

viscosity in l1qu1d alumina,
(Tm-’I)= degree of super cooling.

constants o, Tm and AI-If in equation 1 then the nucleation rate vs, tempera- 8

: ,;*;‘E R ‘,'ture relationship between these two phases may be as shown in Figure 2.

‘ L :The metastable phase may have a nucleation rate as shown by I ® which is

: always lower than I or if I crosses I as shown then at temperatures above ’;.‘
Lol K . "."'

LT T the nucleation of & is favored and below T the nucleatlon of m is favored.

. - In any case the ratlo of the nucleation rates of a and m, R n? at any .

temperature, T, is:, ; _ ! .?-.: L ’ '.
Nonsteady State Nucleation S “l{. AP ’_"'j"'“ ‘
- i \.‘-'zv-',..-< NI

Ifina system such as those encountered when small crystal pa.rtlcles

l'vll
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x . A | droplet then the ratio of the number of sph_er‘é's“appearmg as the metastfble 5 r[ . ‘
“:‘ . .- phase to the number of spheres appearing as the stable phase, Rp = R S
. provided that nucleation occurs at a temperature, T, which is below Tm . r -

: e ' 3 'fhe D.C. plasma jet( 2 when used to melt and spheroidize a crysrtrzxnme ;

‘ ,,A | feed imposes dynamic cond1t1ons such that the exact time- temperature l'nstc.ry1 9 /

- } is impossible to determine, Also,- equatlon 1 is for steady state cond1t1ons

‘ describing the nucleatxon of a solid crystalline phase from a liquid. (gb) The time‘
; - to attain steady state nucleation is determined by the fluidity ofthe 1iflllid as l .
: l " . . showmn by Hillig, (13) Similar calculations as those described by Hillig were ‘1.’
,: made using an estimated viscosity ‘for liquid alumina, 1n The results of such_.f‘:;;‘ ."‘;‘
s calculations indicate that the steady state nucleation rate should be attained in'. . "';"
| ' less than one microsecond. However,. based on particle velocity measuremenfe - :

- - itis estimated that particles are subJected to a heating and cooling cycle of.. .' ¢

- x . approximately milliseconds duration. Therefore, equation 1 can be used provid.ed P

‘!’ - " that the 'temperature, T, be replaced by an estimated function of ‘time T(t), . based .

"‘ on the calculated heat transfer characteristics of a liquid droplet. S :':_- ]

‘ !;;4‘, ! :-. With the assumption that a drop of liquid of volume v is cooled in suct;_:;

a manner that as soon as n nucleii of solid appear they grow at a sufficient

". o . ' . M . . L
4,,}-“:-‘." . , v L : o4 SR S AATE
.T?ﬁ.’""" . . n - rv’ 2 1 . v - 1 ' ) .-‘; -. :
where: . ST AN
a4, v = volume of the liquid drop in em”.; n i PO
DA PN [ . R
T I A oo . A
fles pd e : of a3
;.‘,;:-g-,'f_‘?,f_ e Gv volumetric growth rate per nucleus m cm3 per- sec.. 1
I PP S R 1
N K : ST
HUR IS rT=a small but finite t1me interval. .- prore et e s "3
F RO AT SN ‘.. @ K ’ AL
" " [ . N d
5 ‘A’._,f;;:.;}‘ Let N, the number of liquid droplets at time t equal N F(t) where N
C ,_“;,m '\ . is the origiral number of liquid droplets and F(t) is.a function ot‘ time such
S tat, ) LR s
""3 '::-"-: ’ '_'| N
i des o that F(O) 1 and F(oo) = 0. In a small mterval of tlme, dt, about t, the volum
, ._:‘).".2 ‘{‘:,?.;"_"' R . _ ey N st
' “*-11::‘:'3:{:'.‘:"_ .' : : i.\;' K]
NN OF S o | N o : TEEROR
[ I M . . A W e . . 0‘.' . RN K Y
1 (-:i’ l. . . . . .. - (s N . .. ‘. . N 7 X ‘\l" . . ‘
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v

' | . of liquid drops disappearing by SOIid1f1cat10 is equal to the rate of sohd1fication " '

’ . vy ;
times the time interval, dt. or, : - N N “f‘,; L
| : = I(t) N(t) % dt =‘INGv‘r dt ™~ ' (4)

! dN _. _ v .o ~— (PRI S
. - "INGr=IN ¢ I

For a liquid that has a relatively constant value of the volumetric gi'owth"

L ' rate, the value of ‘7n in equation 5 will be essentially constant, Tpis assumptio:x{ :

( should be applicable for low viscosity. liquids where tﬁe growth rate of the : .

, e solid phase is not strongly dependent on the diffusivity in the liquid and. levels

out with decreasing temperature,. - - ’
From equation 5 and N = No F(t) then the rate of solidification is: o

s IN;—=1NO§F(t)=.-NOF’ ® .

and .

.l N v t .
[ ' F = exp [-ﬁ- L I(z)dz] '

| . - If both a.stable species, a, and a metastable species, -

¢ " from the liquid then:

i, ¢ . . ) ‘ h o o 2,‘ ’
H - M =Ty +I 0, = . o Do (8) L8
;.:-,* . " 1 -_'-,' i \ l ' .'\:I L, f;'}
NS : oo T e
. H i H . = ) P L ..:, ‘,' ' U ) ‘ s .r-;
- F® Fa(t) * Fm(t)‘ T RIS 3 ,(-9) e
T ' R L A R AR I I I
T and Co A ?',:—Qf;'* ey
D A . . ) P e et i de DR
:. B ’;:‘" P ' ] -n','" o hi_"r ..l -.\ 4 4/ .t '.l"‘.;"JJ:’ " £
n' :,:. .‘.' . o N(t) NO Fa Fm P .".» "-_.é: _.‘.‘ . E ‘ : . ‘.‘, 7‘_13;‘;
SRS The rates of solidification of species @ and m are‘then: . "*': | “[i,"
e or i - dN JdN_ - SR Wi
J '_.’ a '= _v_ I N' m - _v_ I N . X :IE:' .
S PR ' dt na dE T A, m . e, L v
v -‘."i:"w N L I ' a o i m ; K " ."‘ ’ ) ’{-Q(E [
A L T A L a4
P f ol - Substituting the value of o and. F from equation 7 and combining ;§
) _.-' . 5 ’ e X
LTy . . . . ) ‘. . “.- ’, , , . ;'u}!
Ti4* ¢ equations 10 and 11 gives: L I kL,
AR AT NS . B A a : . i
EICHER dN . 1“( 3 ft 1,(2) (z)‘ :
LT = - t) e - + %
s dt - “on a,).x.p "Vdo | n :
S fia . : a S @ . - m :
;; ““'i' v, ' !".‘ K ;
ad i, ; - A B
‘ ,"" :?":..' ' , ‘: X. l:‘
Sl VAR P R
R R PTRARAR R SN A
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so that ‘ . . )
t | (%) : ot [1.(2) | I (z). )

a .V f ' o . ‘m ’ ot

S SR 2 - I(t)exp |- vj, _ + dz dt (13) \

o + V0 na Q- at o 0’ na nm ) . o L
and ’ ’ :

N_() o w t (12 Ii=) | R

m v . o m .

N = = (thexp |-v f + dz| dt (14) -
o o T fo. i o ) o "o m ‘ 4
Equations 13 and 14 give the respective fractions of the original liquid - ;f»,'f;,'

drOpleté appearing as species @ and m. Therefore, the ratio of the metastable ' 'f

‘4

.- 2

solid phase to the stable solid phase neglectmg solid state transformations is: R

g oNm® |5 . (15) .
N_® lop | h :
_ | o | \
Quenching Rates of Liquids , . : : . ?‘f',"

s
e

ET R
ety aa
NERAATEA

.:‘v(

t .

-
po
ES
BERILITE, o ey S

AR

- b

';then' - C
_ 47 r2 AT
9= 75
o_ 4 1
kr 5y
° 8 .
: wheré:

‘ h = surface heat transfer coeff1c1ent. .

S e ae

Plummer(l) and the authors as_shown later have observed that «dempletely

melted alumina parficl_es show varying degrees of porosity. It is’\‘assumed that gl

gases are entrapped in the liquid and cause bubble formation, If on being

subjected rapidly to amblent condltlons a molten spherical shell loses heat both?s’-

' by conductlon and convectmn and steady state gradients are rapldly estabhshed

. r = outer radius of the sphere,

r, = inner radius of the sphere, .

k = the thermal conduct1v1ty of the 11qu1d

o AT = temperature grad1ent from the inmer shell of the sphere to . -

,,E

o,
B

W
t
N :é’}.'{

SRR
:

~
1
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! &
+ . ae - \ . - .

ieo o to the ambiént temperature. . . . N 'i'_ Y
Thé above equation is not applicable to solid spheres -.(i:. €, I o =0,) .
. ) ‘ r . » .

? The cooling of the particle may be described by: : -
o . Heat removed _ dT '."/ .
b e sec °C (T-Ty) = -m Cp qt ‘ ‘ .

o where: .
o . m = mass of the sphere, - _ |
A ' - €, = specific heat of the liquid. o .‘ & -
S o .T = mean temperature of the particle, -, - '_':‘:.'_"!’“'- '
‘? ; SR ) " To = ambient temperature. A m ‘ ?
' 3 Combining equations 16 and 17 gives: E 2 ";" S L

S v 41rr3 ﬁg C dT _,_._41rr2(T-TQ) T
o 3 Py p dt r-r 1 ' '

S where: ' o D SR
SV . ' L AR
e p, = apparent density of the liquid sphere. . i sl
a A : < P . ’ ,.".14
SRR p, = true density of the liquid sph oty
SR t . ensity o iquid sphere. RIRYS 5
i b [ 'L
N A . 183
SN S e therefore: ¥
A ko W o I‘. ' . . . ) 5-‘
NI dar 3 A kodt o
G E T- = T Tr- . 3
o ’: o Cp pa + ro . k ) . . ! ‘;
Cel et Tomerm— . yoid
. r_ . h e
g :

s -

oA

bir

:
N
USRS i
2* -
Fa<
..
.
a
N

FRIEE

s
L

e To_f

Py
3w .

M
AR
e .

L In the case where f—} << Zfo’ and T'm: is the Initial te

mpera
i

r< (1 -/lr

«

N34

.("1*-10)‘ _-Spt kot /

where; . !

e s i i 1 4 s o ot 3
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s 4N

S °r 1 b o T ey
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p et e y
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PR

'for small values of t . ' IR :'{
. ~[(T -T](l-xt) Cy L-21)
| e - Co = Tm"';-T‘é . , o
o coiasCtled . oy
.~., : By combining 22, 13, 14 and 15 and changing varlables such that
] XS A C2 z and y =AC t in equatlon 13 and 14 we obtain: 3 oy

v e L) 1,0 -
‘ J‘ ) exp’ j ( = dx - dy

m
R S ~

S K f (y) exp X’TI ¥ n dx. dy l G

m

: i 3. ’
:". "f:: : This equatlon gives R, the ratio of metastable to stable phase, . ‘as ‘a’
g

EXPERIMENTAL PROCEDURE

PR

. Feed Material, Plasma Arc Melting, and Particle Recovery

o

Commercial sapphire boules were crushed and separated by sieving "é:_n'.

.+ air elutriation into narrew particle size'ranges. These were subsequently ;

:{ 4 _spheroidized in the plasma j‘et using an argon-10 volume percent hydrogen - "

.. - plasma gas . and an argon carrier gas. High speed motion pictures of the LY
not x E;y_' -X .
;; 4 m. ~emergent partlcles indicated thelr velocity to be of the order 500 feet per

A .,-!

second.
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" nonspherical particles above 37 microns were removed from the batch by
: surface. For partlcle sizes below 37 mlcrons the fractlon of unsphermdlzed

’ ~ alumina,
arise from both gas entrappment and from the particle shape encountered in.

- agglomerati,on,o'f the feed particles was negligible.
. Ve . .

their size and apparent density.  The value of the apparent density was .""

’ l subsequently determined by a pycnometer.

'" X-ray Diffraction Analysis

R e R I LTt R TS e T R 8 T AT

o 5 . -sﬁ-‘.p— < e

In all runs a fracnon of the particles were not sphermdlzed The

allowing .the sperical particles to roll down a vibrated mclmed pollshed metal
particles was estimated by mlcroscoplc examination and assumed to be all a

The spher01d1zed maternal from any particular size feed always had a. *

considerably wider size distribution than. the feed. . This distribution could_ :

separating the feed material. Considering the inital feed particle size and the s
final spheroidized particle size and apparent density, it was estimated that .
The spher,oidized material after separation of the unmelted angular - g

Qartlcles was d1v1ded into size fractlons by screemng and were further

.‘:d1v1ded on the basis of their apparent dens1ty by air elutr1ahon. Ther—efore"‘“‘"‘

from any one size fractlon feed, a series of fractlons was o tained varymg mv' S
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Microscopic Analysis L S

Direct microscopic observation of the spheroidized material was made,

T T

by mixing the spheres with "iaowdered glass of the same thermal expansion

coefficient and hot pressing (below 650 °C) the mixture in vacuum to obtain’‘a -\ v

..+ dense composite. This comp031te was then polished and the alumina partlcles
etched with ortho -phosphoric acxd For observation of the surface, a thin
'gold layer was vapor plated on the surface prior to examination with the

-7 metallographic microscope‘; Thf's gold layer decreased the internal refleci':i'ons.:.‘

_+#* Thin sections were prepared of selected .sax'nples to obtain the optical proper ties ;.. |
of the phases showing different etching characteristics under metallographic ;.‘- . [’

¢ '. ' examination, ~

| Other Analysis g | - o -‘-, )

phases. This same material was heated to various temperatures for extended

1

I Infrared analys1s between two and fifteen microns was made by the potassmm g

+

- bromide pelletizing technique. Infrared absorptlon Qurves were obtamed for

V

RESULTS AND DISCU$SION

l Identlflcatlon of Phases

The plasma torch was operated under constant conditions of plasma




N
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3 Microscopic examination by metallographic techniques indicated that :_.;.'j‘;.('

many particles were hollow spheres as shown in Figure 4a. The‘ etching

R 0 ‘ b

. characteristics of irdividual spheres were found to differ, with some

+ " relatively unattacked by the ortho-phosphoric acid, and others severely S % -

attacked (Figufe 4b). Except in a few isolated cases, the :spheres obtained ."*°

o N A

showed only one type of acid attack indicating only one crystalline phase !

present. Thin sectibns of the hollow spheres under the petrographic microscopy_‘-:_;,

v
-

_ with crossed nichols showed that those particles unattacked by the acid gave = 17

o extinctions identical tp/ﬁpha alumina while those exhibiting etched surfaces, "l'a; T

.A g
- oy

¢ - had complete extinction. - S (AN

S,

X-ray diffraction of material.fed through the plasma jet indicated that '-“,

i
phases other than alpha alumina were present and that the. amount of other '~

phases agreed with the microscopic exammatlon. Spheres of small size '
or low- density gave very low 1ntens1ty alpha hnes, high intensity hnes*""‘: ;
agreeing with gamma lines obtamed by Stumpf( ) and other lines of decreased
intensity that were stmilar to the delta tines identified by Rooksby( ) The
. ~ last had some exceptions that are noted below. Increasing the sphere s1ze or ‘
density gave increasing intensity ratlo of both alpha to the combmed meta-

stable phase lines, as well as an mcreased ratio of delta to gamma hnes. "

.,
et
P

delta,.

Therefore, the metastable phases formed in this investigation are -, ]
tentatlvely identified as gamma and delta alumina. Others. L 2 3) have - by
x 1dent1f1ed delta and gamma alumina as being present in quenched samples,’

(S ’ gE

Theta alumina has also been reported

' D1fferen]zt1al thermal analys1s of sampl s containing over 80 percent of

Yo
'\

bemg completed by 1200 °C.' This' a_grees with the reported transformation '_
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temperature range for the converstmn of metastable phases formed by

.

dehydratxon of hydroxxdes to alpha alumma ( ) in the absence of stabi. hzmg
.

impurities, Heating samples with Iarge amounts of metastable phases for 18

hours at 800 °C did not change the x-ray d1ffract1on patterns or 1nd1cate
any loss in weight. Heating to 1200 °C showed less than 0. 005 percent loss

in weight with complete/onversmn to alpha alumma.

. Infrared absorptlon spectra of a sample containing a large fraction of

. ? .. metastable phases (primarly gamm_a) gave essentially the same spectra as

‘

gamma alumina prepared by heating alpha moncydrate to 825 °C for two hours'

o grgm e

PR

‘except that'a strong OH absorption band at 2. 9 microns present in the second

case was missing in the former,

!
T BEE 3 P

b

The metastable phases found in this investigation differ from those

M

' found by Plummer, Plummer obtamed primarly delta and theta in

quenching from an oxygen-hydrogen flame, whereas severe quenching was

SRRV

" obtained in this study. by use of the plasma ‘jet.' o - I

"Heat Transfer

- as given mequatlon 2Q., Rad1at1ve heat transfer during coolmg of the hqmd

(15)

" ! part1cles was discounted following the arguments of Gardon who sho'wed

. that for opt1cally translucent matemals of small thickness, the total

thlc-knesses are less than 10~ -2 cm., :be negligib

One modified collectlon chamber geometry was attempted as shown in
N Flgure 3b., The tube 1nto whlch the particles emerged afte%emg melted m“

the plasma was heated by the torch gases pr1or to startmg the partlcle feed. :
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A M

{ .- . identical conditions except for the heated tube showed a de\eased amount of ¢

T~

etastable phases. This is in agreement with the hypothesm advancea

the amount of metastable phases present in the solid. T

B =

-

Analysis of Fractionated Spheres

e

Feed particles in size fractions from 9-13 microns to 88 104 mlcrons

were spheroidized and the hollow sphere fraction separated. The y1e1d of
Lo _‘hoilow spheres obtained was above fifty percent of the feed. The product of‘ ‘,‘ S

. "' each run was separated into size fract’ions by sieving and further classified S

"into apparent density fractions by air elutriation. The ratio: of the metastable;{ #oal
phases to alpha .alumina was then determined for each fractlon, Typical £

, .. : results are shown in Table II._

. The ratio of the volume of metastable phases to the volume of alpha it

Ve alumina vs. the apparent density'for all runs was pltted and is shown in . i

- Figure 5. The points corrésponding to a given range of sphere diameters"- vy

.o

: fall on a continuous band. Because of the width of both the size range and s
o f !
EM '_ . apparent density range, the trend of the data points rather than spe01f1c

§ o ;relatmns are observed. As the size of spheres of one apparent density decreases

" ."\

,‘! the ratio of metastable to stable phase increases.
- equation 23, '

BN I INS o ~ : SHR :

Figure 6, where the ratio of metastable to stable phases is plotted vs.\v

2 1 |
RN

- - 7l

, would be expected fro:n' equation 23..
‘ \ n_ AT

. the ratio n—-— r/emams constant and that 5 for both metastable and stable’ .
a i \ H Yo

... the function P, ’ shows a continuous band of pomts as

'f.‘. examination of|spheres such as shown in Figure 4b indicated that the alpha

:i- alumina partleles are made up of one ora few.grains,




Lo

‘f;'-_ mechanism., Also, if nucleation is followed by rap1d growth as proposed in the "

e,

"1 cooling rate.
L

" objections made by Plummer to the quenchmg r'ate being the Do criterion

" uniform attack of the sdrfac‘e by the acid etch.

quenching alumina, and (e)the lat'ger the spherical particle from quenching *

‘molten alumina the lower its apparent density agree with the findings in this

;,v expected, if the ratlo of phases present were to be a contmuous functmn of

: sohd phase after quenchmg a l1qu1d droplet Therefore, the two pr1mary

“15-. - - UCRL-11168

evident in manylvhollm"l.a_alumina'FSpheres. No d'e'ten-nination of the number

of érains preseht in the metastable'. spheres could be made due-to the severe

CONCLUSIONS '

The’ general observations of Plummer( ) that; (a) the smaller the feed

particles of alpha alumina the greather the transformation to metastable phases |

on rapid quenching of liquid droplets, (b) individual spheres obtamed from ‘
quenched molten alumma are of a single phase, (c) moderate quenchmg

"conditions from the l1qu1d state accentuate the formatmn of delta alumina, (d)

the heat conductivity of the liquid probably determines the heat transfer in

investigation.

as the sole criterion for transformation to metastable crystalline phases are
based mainly on; (a) his observation of a break in the transformation ratio-
radius curve in the neighborhood of 15 to 35 microns, and (b) the inability to" 8

fmd mixtures of metastablé and alpha alumina in individual particles whlch he

.In th1s mvesngatmn a contmuous var1aum of the ratio of the metastable

f

hypothe51s then md1v1dua1 partlcles should and did show,only one crystallme

'

|
" of primary xmportance in the solidification mechanism of molten alumina can.

»

be countered by the proposed hypothes1s on the nucleatlon kinetlcs and 1ts




e T L T Tl
I ‘ ¢ . : . )
T L -
3 { l_ v, '
¢+ .. . relationship to quenching rates, o .
' i . . ) ‘\\ L.
. *,. . ! . . . . . . ~~—— ', _.? » PR -.
T The absence of weight loss on heating and the observed infrared—- = "."j:2y o)
RS absorption spectra of the metastable phases rule out OH stabilization that has;“#f{_'}‘" Y

i
1,
LS T PN
> -

_ been porpesed as a mechanism for the formation of similar metastable phases -

P
+

. .+ formed by decomposition of hydrates or other aluminum salts. The purity of the‘;_'

YT e

; :
. ; NS feed material minimized the presence of stabilizing impurities, Plummen's o P :
g observation of the independence of the ratio of metastable to‘ stable phases onf: ) ::‘: '
i ; :' the feed material (gamma or alpha alumina) and the @nlts obtained in this Rk
N ::'* investigation when the particle collection chamber geormetry was changed ’i i
: © . keeping heating conditions unaltered suggest that an "associated " liquid : »
:, structure does not influence the'nucleation of a crystalline phase frorn : molten:f l
',: " alumina under severe:quenching conditions. -
e W | The evidence of a eontinuous variatgion of the ratio of metastable
. F :
‘ * _nucelation rate curves determine .the crystalline phase obtained. ,,/'
Ve . ACKNOWLEDGMENTS &
' The authors grat‘efully acknowledge the helpful discussi.ons.with DR.
‘ ‘ Olander and J. A. Pask. - %
‘ 1 ‘v . . This work was q'one under the e}nspices of the U'S:; Atpfnic Energy‘{ 5
. ,' Commissien. S _ ’ S '
bR

PIESY YN



=17- _ ' UCRL-11166

. B LITERATURE REFERENCES ST
. M. Plummer, J. Appl. Chem. (London) 8. (1958) 35-44,
2. H. Meyer, Ber. Deut. Keram. Ges., 39 [2] (1962) 115-122.

T " 3. N. N. Ault, J. Am, Ceram. Soc., 40 (1957) 69-74.

, "~ 4, J. W. Newsome; H..W, Heiser, A, S. Russel, and H. C. Stumpf, Akoa’ = o
. Research Laboratories Technical Paper No. 10 (second revision) Alcoa, *
Pittsburgh, Pa., U.S.A. (1960) 88 pp.

'5, M. Hoch and H, L. Johnston, J. Am. Cehm. Soc. 76 (1945) 2560-1.

~«i " 8, Von K. Torkar and H. Krischner, Ber, Deut. Keram, Ges., 39 (2] (1962) ''{’
| .“' v..;.v,: 131-35. . o
- M. 7. A. M. Kalinina, Zhur. Neorg. Khim. 4 (1959) 1260-9, Chem. Abst. 54

L [11] (1960) 10481b,

? | -16062f, o o ‘ ;
: :.f; 19, J. Frenksl "Kinetic Thesry of Liquids, Dover Plubhcatlons, Inc.,, :
Lt New York (1955) (a) p. 387, (b) p. 394, eq. (24). . |
Pl W. J. Dunning, "Chemistry of the Sohd State, "W, E. Garner, Ed.. :

Butterworths Scientific Pubhcatmns, London (1955) p. 169, eq. (50). .i

and A, G. Sharpe, Ed., 4 (1962) 29? -318,

.;-12, W. L. Bade and R. R. John, J. AZ. Roc. Soc.,. 1(1961)4 17

; 13, W. B. Hillig, "Symposmm on Nu leatlon and Crystathatlon in Glasses

' ~and Melts " Am, Ceram. Soc.,, (1962) 77 89 .’ : ' / |



FREE ENERGY AsE-TS —

-18- ‘ UCRL-11166

.LIQUID

S -:78.CRYSTAL
: l | ] |

“ o ‘
b [

(R

o

Lo
AU T

by

Fy 0

Lo

i | 1 1

) TT TmBTmATmB o
TEMPERATURE T IN °K —

FIG. I. DIAGRAMMATIG PLOT OF FREE ENERGY VERSUS

TEMPERATURE.

MU-33499

3
&



-1 NUCLEATION RATE IN NUMBER/cm¥/sec. —

-19-

Tmg Tmm Te
«+— TEMPERATURE IN °K

FIG.2. DIAGRAMMATIC PLOT OF NUGCLEATION RATE VERSUS
TEMPERATURE.

MU-33500

UCRL-11166



-20-

. _ WATER COOLED

UCRL-11166

ELECTRODES .
+PLASMA GAS
o \i/i . POWDER FEED. ,
L 3 .-POWDER FEED \J
) [ “= [ noeper. _ - YH ‘
| : 7zom7 R
4 CARIER 7
d cooLING - E 'GAS é % “!
J cHamBer | : ;4 % —
c . -] . / %
- == L . HEATED / /
— Tuee 4 [
COLLEGTOR 7B 7
| : " COLLECTOR

3b.

.FIG. 3. DIAGRAMMATIC SKETCH OF PLASMA. TORGH. WITH

'QUENGHING AND COLLEGTION CHAMBER.

MU-33501

3
i



——— — e = e s . e 4 — N - -y - "

e o

P I

-UCRL-11166

e ey ain s g -U....sv S g

oy e
. o N . : bn. ..
. . ot R .
’ - - ] I
s . % 8 \M 2 .
° —t o] opd —
. ot Coed .m .
Q. po ] o }
' . . et o o mo -
" - - bm = 0w o
@ m o 3 8 =
& 5 g o & ]
: T c« ~ * o P} )
- p 8 S
. . g - o 9 g
‘ ) m > .M.v w .m.b =1 . ' .
=T s B B~ . IR LR
« rd wn o - s
) ’ - bd a Ll e r . i
) T e & S Q 0O 9 .
. ’ - - Q Ko (o] g e n -1 . .
; ; - o 4 . . @ - .o
ot > Qo - [ o R .
. .. \l.. - s~ a w | 9 n [)] . e e et !l{.,hq.hma,\nm s
S - ? B 8 © 4 & « :
.. Co o - “.8 g g
o ) . 5§ w ° ¥ 6 ©° -
o - e w <= 2 = o 8 .
.t Lt e . s [«% . (9] o el - L.
© ) LT i ) —d )] od -
. - 7] O ey ) prers o ;
¥ _ . pre - 0 o 5 B}
> . - . - . . - w a a prer] — . . A
N - S ) 8 . 5 ! e
. - g & 2 3 2
.-, - - . - - - © ) g ) 3 d
Coo D 1] .m g o W.
o o o N 9 W e
) ~ Bk A T g
5 & % 9 ©
% 2 2 8 g & 5 .
. ' [} 8 o =B - .
. . Kk B @ & & © § .

) o . ~2 ! T . [
. - g ersd . 3 B - .
: vl ” J P Lo - a
‘ . - ' - FP R - e e T
‘ : ’ : ) ; M LAY
) ’ v ; : ) ; . ¥ a ol P
. y = - ; LA ve T Nsl
T ’ : * ’ - ' o S L AL | o~ o SR - e e e [N
: v T L . Ll SN . . . s i,
v - " T ' : s LR e .o, ot .- . TN
) - .. -~ . . : . sl
) T : - s . PN L. .
o0 * T . : - .. . P
L 3 . - e 5 4 R . . o -

~

N

T —

) . - PRIV IP 2 & o




UCRL-11166

= i

-4150

ZN



LOGARITHM OF RATIO OF METASTABLE TO a-PHASE R

30

2.0

-1.0

-2.0

-23-

.0 2.0 30
APPARENT DENSITY Pg ==

' FIG. 5 !
RN LOGARITHM OF RATIO OF
o-\v— METASTABLE TO STABLE a-PHASE R,
) \a, VERsUS APPARENT DENSITY o,
\\\
v\ .
N\ .
\ S
‘\ \ \ ,”\~O
v N \\ 'flo\.
\S\\ \ 0:\\\
A
\°\ \ A
RN
Gl
SN Loy
.'F\A\
NN N
\.¢- T A} N
1 e \
\ \ \\ \ .l>\
\ * \ \
AR N
M) o\ N
M &
o 7-14uy \ MO N
a 53-6lu &N
.0 6l-74u A
® 74- 88u
A 88-104yu
| @ (04-124 u
<% 124-149 1
© 149-174
A
4.0

MU-33502

UCRL-11166



\

LOGARITHM OF RATIO OF METASTABLE TO @-PHASE R

-24-

r2
{ f’a/p,)/s

I}*ARBITRARY UNITS

UCRL-11166
bl‘ — rv T T
_ FI16.6
LOGARITHM OF RATIO OF
METASTABLE. TO STABLE a-PHASE R,
2]
| VERSUS. po rﬂl Porm i}
2.0lo—¢
a .
o 1o o)
1.0 oo »
@ d
" , .
o % [}
(o] I
9 0|0
-0.1 )
-2.0
0 20 80 100 120 140 160 180

MU-33503

4



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:
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implied, with respect to the accuracy, completeness,
~or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. o

As used in the above, "person acting on behalf of the
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mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or .employee
of such contractor prepares, disseminateé, or provides access.
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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