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ABSTRACT 

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

synthetic sapphire in the range of 9 to,l04 microns to rapid melting and 

reso lidifica tion. In order to study the formation of metastable phases of 

alumina, the size· and apparent density of spheroidized particles were 

used as parameters in determining quenching rates. A hypothesis based on 

the kinetics of nucleation ·of the crystalline s·olid phases from the ~upercooled 

liquid droplets is proposed to. explain the ra Ho of the metastable phases to the 

stable a phase. Experimental data relating this ratio with quench rates of 

the liquid droplets are· presented • 
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LIQUID-SOLID TRANSFORMl\ TION I<INETICS IN Al 20 3 

· Amio R. D~s and. Richard M. Fulrath 

: · Department of lVJ:ineral Technology and .. 
Inorganic Materials Research Division 

Lawrence Radiation Laboratory 
University of California~ Berkeley. California 

INTRODUCTION 

7~1 ·: 

't ,:.~ . -~ ,,.., 
.. :· ... ~ 
.:. 9 

•. :~ .9 
~-· . ~ 

.Aluminum oxide has been spheroidized in both oxygen-h;~irogen torches(i> . 
. :y:~-

·· .. a commercial a~d laboratory scale have also used these two devices. (2
• 

3) 

arid in D. C. arc plasma jets·. (2) Flame spraying of alumina coatings on both · .: ,;(:~: ·: .· 
·~:·\;;.-.. ~ ;, 

•1, • 
<1'"...· ••• 

} ~ ~· ~· .. 
'··.1::·'. ; ~ 
,'' ·.: 
'.' 

Durin_g these processes both stable ot alumina and metastable phases of 
.. :·,· ... ·:·.· 

' It ' ~ . • • ! ' 

. .. ; ~-\ .·. ~ alumina. have been formed. . 
-Alumina has one stable phase (a) b~twee~ room temperature and its 

melting point. (4) X-ray diffraction studies to 2000 °C have not shown the 

,. 

••. • ,,- ;·, ~(i-·: 

existence of a high temperatur.e _modification. (5) Various metastable phas.~s ·. : · ~):·{//{:: 
. ·· .. ·' . ~ ' .... .. ;· .. /~·.)>~::~-~~~;};:·~ . 

. 1 of near anhydrous or anhydrous alumina ( 'Y .~~ a, e ,1( .~~ ?\. and~ l; have been ·: ·_;·, }~).f:;; 

. . (4 6 7) ' . ' . : ~' . .-: f,:;::'::i:r:~ ·. 
· ; identified. ' • Most of these phases ar~ formed by the decomposition of .:.1:P~~g8:·:ir· 

· ' various alumina salts such as hydrates, sulphates, nitrates, etc. in the '.WJiJ,~l: i 
~ _· :·:::. 

1 

absence of stabi.lizing impurities the metast~ble phases are all converted to .{~·:t·~~!;:_:Nf· 1 

:. ·. ·.·: : .. :a Al203 at approximately 1200_ °C. When a.A120 3 is heated above 20~0 °C, /~/~·.::::·~};}:;:[··: 
.,_ • • ' 0 'I : l• •, . ~·';..•'• •f•'{,,, • ' 

·:. l .' ·~ .. :.': • ;
1 

it has been reported that a highly 
1
defect structure is formed. (B) . This has "<\~:li.:\f¢~E.~~~. i 

. : ' '·:,,.l,.:~·::.t~; :~·'''· ' t 
~ • .1· • ,.,, .~~··· t riJ,,j j 

:.> r_:;,,, .:. f been interpreted · to be the result ?~ structural breakdo~ near t~e meltit1g .:?:-r:i]~~~f~: .. ~t·. :
1

' 
. '" ~~--' """ ... ' . 

· · · t. point as has.been observed in a number of ·crystallin-e solids (ga) and not as ·:.:;:~ti~(~fJ.]~/-'. 'I 
·· '' ., · . . · .. :;~ :; ,: ::~3;~:'.lr · I 

· · ·. , . . the formation of a new phase. : · ··· · · ·· :;'i.f·!:-,:J,;:;,:zy,~x-.·. : .. . ~, ------ ···.-;:~~~-~~:r~f..,;,s~:~·. 1 
. , ( ) . . ... : ... . 1,,:·' • !., •. , I . ,' , . _ 1 · · tr.V''·~~t~•;.;":';··· 
.. ~ ~ _ , . Plummer in spheroidlzation studies using an oxygen -hydrogen flame.: [Y·~a;~~}i.( ; 

• ~ ( '\f •• • • • : . Jl;~<:.~:~··~tt·.. l 
.~•. •;.t ... , , :.t;:.:~'t~(4l~f' .. ~:!i ,', I 

: :-~~·:_ ;;:~?~·-j· ~hypothesized that meta·stabl~ solid phases would be formed from the liquid ~~~~l~~~f;jr.fV· ~ 
' ; .. '}~? '.· ·:. to the greater mobility of aluminum ions relative ... to the oxygen ions in the· . :··:·r·/~:7:~~r::t,: .. I 

···~w-~~ • . . ·' ~ ~~·····'· 

· ;~;f~~;·~(, crystal and the possible decrea.sea coordination number of aluminum ions ·in'·~~,~·~:L'~~f7,}:j>_. 
•.. 1' ' ~ : ·'- ' • . . \ .• Ji,~ t.- _, ·.: ' 

· ., .: J · :·,!'·:·:the liquid. Therefore, a crystalline s'olid is ·formed representative .of the: .;.~.\~:i.·;.:.~{#:,i;J:· ~. 
. . '. ~ ··> . /: . . . ,' ~ :: .~·~.i.:.~;o;;· •. :ri:>: . 

~, • ' • • ."'! : • ' ' • . • • " ' ' J. ~~ ' '· i ... t • ~~ ~ ' 

~· :~. ~ .. : -~·; .. :.· . · · · .. :)·~ ~-.~.:~~ ~~1:~~~H.~·:~·. 
: ... r·.:.. ·. · ........ ·. · .,·· .1 ::::!. :~~,:~·.::::; ... y,.~~-tt'H;Kn~i:-~-n .. · ,:: · · ... . . · : ,: .'( ( <~ · .: · · : .... · · · ... : · .'. · · · ·< 1 :' .. >: . .- -:i :; .. : :':; ~ ;?i!n~f!i :·:1 ..... 
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ge~metric substructures in the liquid. 

In this investig:atton the k~etics of nucleation of metastable phases anij 

stable a alumina ·is suggested as being the controlling factor in determining 

the crystalline phase present· at, room temperature after the q"enching of a 

liquid droplet. 

THEO~Y 

Steady State Nucleation 
r ' -~ 

.The free energy relationships between a liquid and two solid phases 

can be diagrammatically illustratecl 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 energy :related to that of the liquid as shown· then 

the other solid phase, B~ may appear as a stable· phase at high temperatures 

~·. 

.. 
. . ·, I 

.·: .• 

•.' 

... 
'• .' 

f ~.-. • •• •• 

·~. 

,'I 

.. ' ., 

' ..... 
or be at all times unstable relative to A. These two conditions are illustrated .',. 

I 

' 
by the two dashed curves. In the case where B is stable at high temperatures 

the transformation tempe~ature (A-+B) will occur. In the case when B is 

unstable relative to A then a pse~do meltihg temperature of B will be eviden~ 

.. 

' . ' 

as shown (T ) • . m 
Q. ., 

: .... 
b 

In th'e case of alumina· where the alpha phase is reported stable to · 
. . ··;. ;• 

the melting point then •. the metastable phases of interest in this study ('Yand 6)'.:~·-····.-· 
. :· ' . . . ·· .. ' '' 

would have pseudo melting temperatures; lower than tha.t of the a phase. and· . : '_:~:~- { ·. 
1. ··••· . 

the free energy rela/hips would .be as shown by the upper dashed curve in <).~:.L : .. · . 
F1gure 1. '· · ··' .. · 

/ ' : . \~. ~~ . ·. . 
Class!J:ar~theory of homogeneous nucleation as developed by Volmer, 

Beck~r. a~d Doring (lO) and applied to.the liquid-s~lid ~ransition gives ~h~ 

·- . .. .. ., -~ ~·) .. l 
·.·.,, . 

,.; 
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' .• ! 
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... l· 
-~ '· 
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~-,-:- . 

. : 

I I 

,. •• ,• •··r· 

. .... ,;.., ---~--~ .... .,_-,~- ...... - --~-----... ~ .n ;,-.~..::: ~~· _,.. ,• 0 < ,• 

_., .. _ . :. >>>:·~ ·;. : . 
Eri = activation energy for ~iffusion in the iiquid which for. -:. -',- . :.;,{i·\:; . 

convenience may be taken as the activation energy for·: ':,· · . . _-.-/ :! ; 
• 0 • • • • • • • (ll) • ·_. ~~ },::. ~_;;,;::_:.;:.~ .. 
v1scos1ty m hqu1d alumma. . · .. ·::/-\"·;: :;. _, 

(T -'I)= degree of super cooling. : -<: ./ -~; J.>.~'-·+-;_ ·_· ., 

T = actual ~iquid temperature. 

m - .,, ....... \ 0 'i;: 
,. . . ... . :. ,· ~-. ~· ·:. ~_., ~··r:: ... ·... ·~: .; . 

:-' .. ·. '. If there exists the possibilty of nucleation of tw~ different solid pha_ses ~\~:'·rf-~.?-~-.:· ;.J 
' . . '. . . . ' .. . .: '.¥:f. };.<;. . . -~ :~ 
:· -~- .·-. (t;l', the stable species. and m, a metastable species)' which have-different_ ::··.X~:'i;:_:6}./Jf:: 

:~ ··. ~~:·._-·.;.~ constants a, Ttri and ~fin equation 1 then the nucleation rate vs. tempera-: :f:;.:y;;~> _':;?ff.:· 

', ,'':' : ,' > , , ,'ture rela t~onship between these two pbas es may be as shown in Figure 2. , ., , ·:::}d\'i:',:·i~: 
-:· ;,. .t · · .. : .. 'The metastable phase may have a nucleation rate as shown by I~ which is : :/~l{;:iti1:·_:~1,f~--~ 

~~ ~\~·~·:<--:·::. ~t.:ef~!: 
always lower than I or if I crosses I as shown then at temperatures above;;i .}~}{<'qt·? 

·. 1 • ·.' . • , • a m . a . . . . .. d. f':<f,~~- ~~~.r.::t , 
... ':·.:··";~ . Tc the nucleation of a is favored and below Tc the n~cle~tion of m is favo~_~do_:~l:~~:r~-·f.~fW' : 
. , ·, .. , .,. .. ~···,~:r·:·::'.-: .t;;::. 

In 
• ' \ · l ,r:'•t ·I .'!i',''' , 

· · ., .. · · any case the ratio of the nucleation rates of a and m, Rn" at any ,/:-_ _. ·. ·:_i-~~.'l';:,~~,~.::-J~: .: 
: . . . . . ' ' / ·. . . . ' .. ,q:~:: -~:( !~~: ' 

'I) •'. ;,~~~;_:·_._· .. ·.: t t T . . /' . ' . .· .. ;·.! • i'"· ~···1" .. : ·. • empera ure~ , 1s:. _, : : .. ;.:,r '''1t··~:, ~f .. ·: : 
.ft·.~!·-. .. · · . ~~· ,,;,:· ... /1.:;~:.:,,-!rf i 

. ;:. .,o' / · · I ' '···· ~'~·''i'i' ···t;··ll · 
.. \,.:·. -~ .. ~: .. ). . R (T) - m ~ i( ·)·\:":t ~·:f:~~.t;~~;~:~·:l·j .. 

:.
:: •. ··'::··;.w··~··,·l·~····,~,~·l·.;~;···~•,.·•ll:;;··.t:; •• ·:t·;· .. ·• n .o ":" ~ • •. 2 "! ,. f•;j: '"'"S' ·' ' ;_ .. i,.,, , '; ,' .. , . . _' ~·. (.: :,. ;.~ ~-~~~~.:~ .~/~,t~:~~;:~~~ 1 

W • · I . I , 1 • • , • • r t' • 1 · •• ' • .o~.~~#>\ ·~',.l.a•'t:~~ ~f.'"-' I 

...... >~il~~: NonsteadyStat~Nucleation . . 
0 

•• :· ••• • :··:.·.·~·--· • •• ::~ :, ·-~··:;:·:·~)_.~l!;);;.~t~.:r-:~r~o·.::: 
•: ':7'~Jt~:i)¥ .. ~:: • ' t ,\ 1 !t • >4 I I , j • ~ ,.} .. J>;-.r ...... :~-~~,~ .: > ~fj·:~--.-. If in a sy1stem such as those encountered when ,small crystal particles.' <:t:·~;.:;r~{!'~.;~:;,-; ~-·a>~\.·< . . i . · . . ; · · ' .. , ·_ ·. : · · · 0 

.. -~: •• ::. ·; .... _t:::·:h~:r:f:Y. 
:-:)}~-:~}?~, -~re liquefied a~d quenched. and the cry~~al gro~th rate is so.ra~id_tha.ta llticle.~s.~t:;~JtE8· 

,:;:.:~:;·/·'t:J::·.· once formed determines the c'rystalli~~ 'inodifi.cation ~f the 'solidified liqui4 i.;_:·:~:~r<~:t~:-~Jl!~li. 

\).2:~;r;;· · ·· · · · ·. ; : : .t , .:;t,).2;,:'' · .. r':~·~r~rt!t~~~. 
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droplet then the ratio or tiie number of sphei='e·a-_appearing as the metastable. T:·\-~.;' 
··-- •. t.,r, - . . .. ,. ;"" . 

phase to the number of spheres appearing as the stable phase; R = R . · ~!..;-:~ .. -~,~:_:~ .. ,. p n - ) · .... r .. ,· .• 
• • •f ..... '!·": 

provided that nucleation occurs at a temperature, T, which is below T m- • · :~·;i;L- ~- , .<. 

The D. c. plasma jet (l2) ~hen used to melt and spheroidize a cry~lliilcl~.z1.·::.:·.: 
feed imposes dynamic conditiohs :sue~ that !~exact timHemperature hi~t~±;~;;~::, 
is impossible to determine. Also,: equation 1 is r steady sta'te conditions ·~-·.;~,:~·-;.::· . . ..... ,# .. 
describing the nucleation of a solid crystalline phase frol!l a liquid. (gb) _ The ·u~e}'··:·:::. i 

. ~ . ,.Jo.J,·:.: 'j·~~··· 

to attain steady state nucleation is determined by the .fluidity of---th~ liquid as·.'~::;)' )~·.; :. -

.' shOMI by Hillig. (1 3) Similar calculations as those described by Hillig were .,. ·. ;-·;.;·-~~.:-·· . 
made using an estimated viscosity .for liquid alu;mina. (ll) The results of sue~_::~?_;·::·- . 

. . ~ . 
calculations indicate that the steady state nucleation rate should be attained in_ 1

';: · ' •. • 

; . 
less than one microsecond. However, based on partic.le velocity measurements .. _ .· 
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~ liquid dr.ops disappearing by i.oUdificO:tios:s equal to th~ rate of solid~icati~~· 'j.-; 
tlmes the bme interval~ dt. ,or. · · . ·-·~ .. 1 .. ·· . . . 

·,~ ... .# ••• ' 

-dN = I(t) N(t) v dt = ·JNG " dt · (4) .. ::;~:. 
n v .. ·.-·; . ; -~~;).· ~ .. ) 

........... '---. ... :~ /·;:. 
-~ = tNG ,. = IN v ----.._ (5) ' ... 

and 

a' . v . n ··~· 

For a liquid that has a relatively constant value of the volumetric growth· ·: 
'. 

rate~ the ~alue of '1~ in equation 5 will be essentially constant. This assumption 

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

solid phase is no.t strongly dependent on the diffusivity in the liquid and levels 

·out with decreasing te~perature. 

From equation 5 and N = N 
' 0 

F(t) then the rate of solidification is: 

!. F(t) = .-N F
1 

(t) 

and 

from the liquid then: 

and 

.. 
0 ~ I ' 

~ 

• ;.. • ~ • • ) : ! 

\ f · •• ~~ ~ ••. '' i 

IN..!..=IN n o n o 

F = exp [- ~ 

·I(t) = I (t)' +I (t). a m 

F(t) = F (t) a . 

·S. ' . ' . 

' ·~ .. 
' .. 

(6) 

. 
' 

·; 

;. 

. 
" 
; ~ 

. . 
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t: = v («< 
iim 'Jo. 

it,(t) exp f~~(z) + Jjczll dz] 
a· nm J 

dt (14) . 

. 
Equations 13 and 14 give the respective fractions of the origin~l liquid 

droplet~ appearing as species of and ~·- Therefore11 the ratio ~f the metastable 

solid phase to the stable solid phase neglecting solid state transformations· is: 

- Nm(t) ·. J: . (15). 

.. 

where: 

R - N (t) 

a .l: 

q = 411' r
2 

t::.T 
r-r 

0 

q = :t:leat lost by t~e. hollow sphere in cal. per; s~?· ~-

'·• ' 

r = outer radius of the sphere. 

r 
0 

= inner radius of t~.e sphere. 
' . 

' o I 

. ... 

k = the thermal conductivity of the liquid, 

. ; 

.. . . 

:,. '· .. 

"'~ .. ~ . . 
l.,l ... • 

. I 
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to the ambient temperature. 
. . I 

The above equation is not applicable to solid spheres,_(i. e., 

The cooling of the particle inay be described by: 

where: 

m 

Heat removed 
sec 6 C 

= mass of the sphere. 

= specific heat of the liquid. 

dT 
or 

mean temperature of. the particle~ 

= ambient temperature. 

Combining equations 16. and 17 gives: 

where: 

4 
"[ 

p 
a 

dT 
err 

4 1T 
2 

r (T-T0 ) 

r-r 
0 

"K"""r 
'!r 

+ 1 
1\; 

Pt = tr~e density of the liquid sphere. 

therefore: 

dT 
'r-'r = 

0 

In the .case where 

then: 

ltf. L 

where: 

.· 

k 
Ii .s 

k. 

<< 

dt 

. k) .j +$ 
.\ s 

-~ .... 

. • .. .. . , . 
. .. 

:., 

, . 

. ' 
' 
~· 
i 

' 

!~· 

.. ,. 

i, 

I ~ t._ 

\: . 

/ 
/ 

/ 

= o.) 

' i ,; ~r 
~ ... · .: 

; ~ '( J. .. 
~I 

'i;· f 
: •I ... . ; 

.. . . 

. .. .. . . 
,. 

I . 
: 
I 

I 

I 
! 
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1-r 
o/r = 

. for small values of t: . 

where: 

T-T 
0 

C. 
2 

= T ·.,:.T.., m · o 

- r •.;. .. 
-8-
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c
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· · . . . - . ·:··~....... · ·· · ··· ;r~ii:h·~·.:··:~ ·, 
·The quenching r·ate was considerably reduced in .one se.t of experiments. i~TiA:':ot--> .. 

. . . . . • .·. . .. · ·~ ·~,~(t:.J· ~ ·. ~-{ :_. 
by allowing the emE!rgent particles to enter a heated tube furnace (Figure 3b)~;~;;:W--.;_;··.!; 

. . . . • •. . ·. . ,. ~ ': ':t · .. : .~1.·-~~~!·~ :~ .. :.·~-

In all runs a fraction of the particles were not spheroidized. The . : ·_: __ ;·l5~~~~;~_:;:: :,;· 
~.: ~'~:!}·;!(: ~ .. ' 

nonspherical particles above 37 microns w~re removed froin the batch by: >~;:~~it·<-~., 
t I {:. /~~ .·:.-. : ' .. ·. :· 

all.owing .the sperical part~cles to roll down a vibrated inClined po-lished meta_l:·:~.:~?;}-·;,>· :-
. . j L-·{;";:•: : 

surface. For particle sizes below 37 microns the fraction of unspheroidized :·.-:: :r.> ~<-
. . '. . . . :t:J}t'~ ·. :\ -~- .. 

particles was estimated by microscopic examination and assumed to be all·a· ·.,·.;;; . .:,·:~.: 
_-·. :!'~[·~~·-~: :::;,· ... · . 

.. · alumina. . ,. , . · 

. rl/:•····:.'.· cons id:::b::h:;::i:~: :::::::~t::::~:yth:;~:~Ja::i::i:t:::~7::::1: a. \~!t.~:t, ·.; . 
. . .. 

I, .. 
.• ! arise from both gas entrappment and from the particle shape encowiteretl in 7-;·:;L(~_ .. · .. : ·.:-:_ . 

. . . : : . . :~:!.~{:~:··-~·; ~ : ': . . ...... .. ' .. • 

i 
.,, ... :· 

separating the feed ma~rial. Considering· the inital fe~q particle size and th~ T·<t~<> .. ,:: 
/ . . :;: t~~:f/ti:'~-~-:~. ·>. · · ·: ~-·;. final spheroidized particle size and apparent density, it was eshmated that ... :.:~-:,;; ... ·:. _.. 

;'~:~ ·. · aggto~::a ;::e::i:::e::t::~:~1::t::::::::::::e:r the unmelt~ angular • .. ~, i~rt~\;, , 
,, ... ~. _. ~articles was divided into size fractions by screening and were further ·, ._ ~ ·:':t{;:w-·-~- .. _. 

• 1 I 1 • . • '.•' ~: :\;: .... •!' .: -., ,'' . /':: . •divided o~ the basis of their apparent density by ,;_ir elutrialion. Therefer~. J{;~~i;>-
, .• ,,.t ' "f . . . .. . .~\ .. \ .. ~.·;~1·-f"'. ; :~: : ... :.; . ·: rom any one s1ze frachon .feed. a series of fractions was cb tained varymg :m;; :l:(.:~-~,~~!··· .;-' .';'.' 

.:~:~<;·+:·.i'·:·' . 
:: .: ;, .. :- .. the1r size and apparent density •. The vaiue of the apparent density was 

1.:: • 'f : .. :·i .~·j ~ ,~ t ,· . 
·\.t'~:~-x; .. :,\:. subsequen_tly deter~ined by a pycnometer~ 

:'. ~ · .. ·: . :· 
': )!. L .:· . X-ray Diffraction Analysis 

'\/''b:" . 
·.~ Y;:, : · X -ray powder diffraction was used for both phase identification and. semi f.~:~.~·''~\._':>{~·;;,· . ,/_J'k ~~-~ ~ ·. :·. . . . . ,_. o.:· -~· !\ ) .. ,... ' 

r •t .. • , ;·~!:i:·~~~:,.;t. }:~~~:, · 
· >"J ::~:/. ~ ::quantitative analysis of the· volume fraction' of phase.s present •. The amount- of \{i{~f-~;·~-~>-· 
. ·' ~i-~~~i; .. . · ·,.-: , . . . ~ . t • • • • • : • ;':· .i!fr~-·~:'t;;:,~. -~ .... 
'·.';ZiT: .. ]au metastable phases was collectiv:ely reported in' th~ analysis •. The .. tota_l- area';;;:li/~t: ;:.r~:.· 

l \ .'~1 !/;I' •• ;.t.: ' ) , • ' • · ! •,' ~ ... ~.i .: •. ·t_..~~ r,_· ·: •·• 

:-.)·tr::~: :lf;:' under six x-ra~ diffraction 1~ s for the metastable pha,~es ·was': compa~-ed 't~: ->~~~:,~~}.··:.~···>·. 
·.~.- ' ·.~- ·; ,~ .. ~ .. :. : · · . . .. : ·-}~~~J1r: ..... ~ .... , ... 

. · .<~,'J-; 1 · the area ·under 1selected alpha alumina lines·depending on the alpha ~on tent of ~--7;~G.i~~~:t~-·~~ :·· 
'···.~,l:: \ : -- . . ·-: .. · ·. ·. . .. · .. : · . · · .. } .. ,;.. · · .. ·j.i~r;wln<:-'i. _. ·rd · the sample (Table I) · \. · · .. .. ·· . . . · .. :.\·~,.~- ... ''·?·<:i 

A'tl~i· ;' · 1 

• . : ·•· .. : \ .. ,,'; • , \ :: :'; : .·:; :; ::. ;:,i~ ,· : :;j i; !;i.~~i~.::~~J 
· ·. ·,_-_., ·.·•.. ·'·' ·• .IIi ·•~·- · ·~·· ... '•\'·' •. ,:.•. --····· •''··•r·r···.,, ·•,; e•'i'~ , .. ,. ~-·.-\•\!.,;-~· 1 ).•·--
. ~::~: ~+r::.-~ · :· -.:, _- .... _ · _: >- ·(~>.: : ··\ .r:: ::: :::i-1 :·~2~ ~ .. _:~~-~t.\}~. \~I!l~~vi~iJ ;:t{-~ ;-;~·+~~J ~-E:;.'{.;?~=~j f:~~~r:~~ff.~t;!~r:r::f 

·~ .. \ >.. 
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X-ray DiffracUon Lines' U.sed.in Semiq.~a:rtitative Analysi.s 
of Phases Present in Quenched Alumina Spheres 

Alpha Phase Metastable Phases 

•, 

... 

' 1' 

Greater than 90 
volume percent6 

. "d" spacing in A 

Less than 90 
volume percen~•o 
11d~ 1 spacing in A 

Phase 
0· 

11d11 spacing ~ A 

. . ~ . 

I ~ 

'· • 
.l 

• t 

? 
'! 

·. I :· :, 
.. , ,,.,4 . . 

' ' ' . . .. 
\ l a 

... 
('. 

l~ 

. 
: 'f 

·I .. .. . 
':: i :.:· ,._ 

~ t . 

·. 
.. . ,, 

1. 09,9 

1. 078 

0.998 
' 

... 

/ 
•. t 

' · Size range 
in microns •• , I, 

1•-

44-53 

.53.-61 · ... 
II 

" 
61-74 

" 

I<· ., . 
'. /'{ 

'· ). 
•' ... • \1 I .. 
· ... ·•· ' "~ . 

•: 

.. 
2. 552 

2.089 .6 
. 
"·.t~ 601 

; 

.· 
.· ,, .. , .. . '• 

'I '• 

•· .. ... .. 
_I .. 

·. 
, .. 

'I •'I 

Table II 
• I 

Analysis of Spheroidized Material from 'a 
Feed Slze Range of 53 fo 61 microns , 

1 • f 1 jo ' 

Apparent . 
density f.a. 
(gms.l c~3.) 

'· 

lnR 
Size range. 
in microns· 

1- • I 

.. ' 

2. 35 1. 00 61-74 ,, ..• 3. 16 

2.04 

3. 01 

3.72 

1.62 

·2•24 

·' 

., l 

' ., ' 
• -• I! I 

~ •{ -:-1' 
I ,_ , • • ~<. 

.,_, . 
'. .. 

: ·-. . ' 
~~ .. 
···' , .. 
~ ' ,:,n 

1. 01 

1. 61' 

0.74 

r ._t.._ 
\ 

. i 

.. 

I 

\. 
I 

'·· 
74-88 1. 26 

1., '··.· 

II 

. .. '•, ;:•\ 
I~" • II 

'I l • a~ ;~ ·. :--(• .. 
'. 

2. 59 

2. 46. 

. ~ :' 
•, 

·~· 

•.' 

'; ., . 

r 

~ . 

J 
.' ·.~ 
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Microscopic Analysis ·)· . . \:r .. 
. . - . . . . ' . . ~:, .. ;, \/~~~~ ~ ... 

Direct microscopic observation of the spheroidized material was made·:t) ~:.:·; · · . 
' . ' I •'> •·.' ' 

by mixing the spheres with ·~owdered glass ?f .the same thermal expansion . ·.··.~n···.i2:~. ·.~: ... 
I 0 ' \, ~-•• ~-~.'·,;t~::.· .. · ... 

coefficient and hot pressing (below 650 °C) the mixture in vacuum to obtain ·a ::}.~.·:· · · · 
. ·-;·.:· ·· .. 

dense composite. '!'his composite was then polished and the alumina particles ~ ".:;.·:~; · ·' 
. ~:_- :f~:- ;;~_ :' . . 

. . . -~ -,· :··· -.. ·-etched with ortho-phosphoric acid. Fov observation of the surface11 a thin 

gold layer was vapor plated on the surface :prior to examination with the · .•. ·:·>~.', .. ·· . 
. • ' '1"1;~- ·.: • . 

metallographic microscope~ This gold layer decreased 'the internal reflections'.·./\; . · . . , 

Thin sections were prepand of selected ·samples to obtain the optical proper'ties •:.~'. 
/ . . ·.:\' .. 

~: . ~·,.' .. 
of the phases showiljg different etching characteristics under metallographic ".~. :.' .. :, . 

....... ' .'~/.. ~0 .- ·: 

;. 

: . .:·:~"· .· . I' .. ._ "' 

( -~ (< ~~. ,- ' 
examination .. / 

· .. •' 

. Other Analysis· · : ,'';f\'.' f. 

, <:' Differential thermal analysis wismade on spheroidized inaterial whicb:\ti~i\:;i ! 
>' ·,., by x-ray examination was found to be above eighty percent of the m~tastal51e · ; ;(::::/.' .. ~:': ~ 
; ' . . . ·.,; .i/;~}?};;: .. : 

:.·~ phases. This same material was heated to var~ous temperatures for extended~;:\:!'~:;!~·::!:' .... · . 
i·~_" ·~.(,.' . ., • ' ' ' I ' . ·~· . ' : ~-.. ~~~~:~~·).'~·-. ~ .: 

... , : \{~·,.times and the weight loss and relative amounts of ,the phases present determin~~~{M;~~ -:.,:,.'··. ~.:· 

~) S~ 1 ~. Infrared ari~lysis between two and fifteen microns was made. by t~e potassium : ~~~~1~.'~ f 
'·.;.:-~··>.'.f .. ; bromide p'elletizing tecnnique. Infra~ed ab~o~ption <eurves were obtained for .. ~~.)1~1[t.:+': .. ~· 

; ;~·.,::: ·'.~;::·: the feed material, spheroidized material containing large amounts of the meta.;.::·~;.~··1.%J.;f(/<J 
\ ~ • ,1 fo ~· • ' ', •, jf. fT~:.'~~=~ .~:; ~,; 1> ~· 

; ;:/~:r ~~ble phases and gamma alUmina formed bydehydratilig ~luminum hydroxid~~/l~i~{~}L ll:;: 

; .:: •.• J I • RESULTS AND DISCU:?SIOl,\1' . . ... ·-·-"·-·- .... :.:--;~·:h;f: :·:·; .. · ... 
: · ~ ~~:~.; ·~-~ •· J·r · . :- • < =,~--t~f: ~-r~~:':~~ ··!· . . 

. . · .:·: . ·j'ldentification of Phases .. ·: ::::.i.i,;! •. )',:'.~·; .·. <' r .... ·;_·~- ·..... :: -~. ,1 ': -~:'·:tr.~;~:;..:~~~~; ::~::. J.' . 

.... , ,: . . i·.• The plasma torch was operated under constant conditions of. plasma· .. ~· .. : :. A·/J?\~~j;{~.;~~~;\·!, ~;. 
0 'i •·';, 0 0

' ~,f '• ' ' 
00 0 

.... t ~ .. ;_,~ ;u;h~·~~<• ~~·t: \'~!: 
: • ~~ .. :il' :t.(. . ·. J · .. · .,. ... '(Yt' " .... ,. ' ... \ . .~ 

~· · · ;·. · current, primary and carrier· gas flow rate, and cooUng water flow, and the ':h.:-{-:.{ri:::t·i.~"':.::•.:- 1> 

: .. ·.·.~.·~.~.:·.·-~ .. ~··.· .. ,'.:_·,:.1 .. ·· g.eometry qf the p.'article co~lection c· ... lm~ber.was ·m~intained co~stan't,· De~i~~·:~~~t~~~>j>.' .. r .. - . . . . ;-, :, .. ,:.1/~~:(·~:·.:· 
. ·~ .. '~? ;· Y:. the size of the feed partie lea gave .increased a of metastable phases as :.· :::;:~:'j·:~:)~~ .. :l?.;;; 

1
·::-_ ~ .... .. r::.:.,·J.). I . . ... ·. . . , ~ lt.\. •• 1 ~ 

1 
1

: ~:· ;c ·\~;} ' . , , 1 ' 1.. ~~., .... .'':-•~ ·":.t:~;i i· .. ·- \. • I 

.... ··. 
. . ' . 

' . ' ' ', ·. ,;, ;, ' i ' ~ ?;I 
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Microscopic examination by metallographic technique's indicated that .. : ;.- :·:::· . 

many particles were h~llow sph·eres as shown ~n Figure 4a. The! etching':.;.;·~~-<~~,.' 
, .. 1· ~~ : ~ ';~;;~r 

. characteristics of irldividU:al spheres were ~ound to differ, with some · ·' · 

relatively unattacked by the ortho-phosph~ric acid, and others severely ·. :. : ··~·.: ~~~\ .: .. 
\ ~ : 
• ~ J~ •• 

attacked (Figure 4b). Except in a few isolated cases, the ;~pheres obtained ~ .. ~. i' .. 
• ~· ... ,. 0: ~ 

' ' 'J' . showed only one type of acid attack indicating only one crystalline phase 
. . 

present. Thin sections of the hollow spheres under the petrographic. microscopy:·!, 
"' 

. with crossed nichols showed that those parti_cles unatta'cked by the acid gave' ~ .. ·· ~:r 

extinctions identical to~pha alumina ~hile those exhiblting etched surfaces, >;·,. :~;., :~. 
,/; . . ,,·; ~~1!1 ~·. 

• .. ' ~ • ~ ~ • • 'r 

had complete extinction. ----·---- -- -.. · ·:j~~ •. :. t . 4, .. 

_X-ray/diffraction of material.~ed t~ough the plasma jet indicated that 
: ·~·~. (~ , 

I.\.' 

phases other than alpha alumina were present and that the. amount of other 
. ' .; .. \·. ~ ,·' -·: ~ .. 

size · 1 ' .,, : • 
,~ ~ •;i.,r.' 

~···~ ~ ... ~· 

or low· density gave very low intensity alpha lines, high intensity-lines · '·7.:·::-'.t:-; . .:;··: .. 
.. ... ·~:-.·; ';' .';;,,f. 

agreeing with gamma lines obtained by Stumpt(4) and other lines of decreased:f;:.~:·{;: ', ·. 
• • ; ~- ~ ,,.y';_.' t • 

intensity that were slmilar to the delta iines identified by Rooksby(
16! The. · ~,t~~·;.~:;·. > .. 

phases agreed with the microscopic examination. Spheres of small 

-~ 

t ~ =.: ),_1~-~,· : . .... 

last had some exceptions that are noted below. Increasing the sphere size o~g\-.J:~::·.:·:;: .. · 

density gave increasing intensity ratio of both, alpha to the combined U:e~" : j'~~t·~.{··.· 
stable phase lines,. as well as an increased ratio of delta to gamma lines. · . :)·,~·~·2V'~/;'t··, . 

• f ~ .~ : • 0 . _., ~ :·~),;.~-··~~.-.:.~~~:~:·. ·. 

, · :: .. ; .J However, th~ 1. 95(\ :1. 989. and 2. 277 A"lines given .by R;ooksby ~s comp~ratiy~~Yf~~:·k:; 
... t • · l ~-i: . ·. · ·-::~: · ;ir• f • -_~· 

. ·t ·•. _;?·;~! strong delta lines, were either negligible or. abs~nt in the phases iden-tified as:;·::::~:~:. 
o ~ L ,· 

0 

I ~~ ~: • 

0 

° O :~ ;·~\:::.~i~~~ : .. .-- ~· :i 
:; ~;~.,;)~-:fj delta. Therefore, the metastable phases formed ~ this inyestigation a~~, ~-/:~,:.j~;~~.;~~~:,;. :.; .. 
·,.,,;·.\!;, ·~·. ·. tentatively identified as gamma and delta alumina. Others. (l, 2' 3) have · :: ·, · :·.\·~~~}·~~·~~. ·:_ · 
t~. t;.'tt.,.~-- ;. ~ ., . . ~ . . . . '; ·: . ·•. :, ~t ·~\jy,'_;. ~t:;. 
l'"(J,fl.fl·~..-- >4- • ·:, ·.,,.-~~~:·.·, .... (~~~ ... -; 
;-:,_:)~·f·· ·~:. !'. identified delta and gamma alumina as being present in quenched samples.:~- ;.1 ))::'.'J{);;~;~J: . . .. ·:,.•.~ ~-... ,., .. .: . . . "'•.'·,;.~;i-.''-· -~~· ,~ .. ~ .... 
':·~~\·!~{ f 1•: :" .. '(1) ' .<. \;i)'\-;f;,f'i.~l .• ;·,. ~ 
. ,:r~·;. ~:.. · Theta alumina has also been reported. ·. · · · • ~ .;.q·~~;~.;;.;~" /:· : 
. I~\:\:~ .. ··. !- • { . I • , .. ~ ,-\~~·,.:~•;:;:5i~~ 1.~ . .. 
. :r··!·r .. :"· . . , "'~0 • ' • • ·~·1~,~:·.~~1,~ 1 .0 .. :~· · '.:·~·t:~:: ;;_ . D1fferen11al t~ermal analys1s. of_ sampl s contammg o~er 80 percent ~f_.t:;\~-~~:~:!~· ji\i· . 
-~~-~.t/(:•(/: metastab-le ph~ses gave ~ne exothermic peak sta ting at 1130 °C the reactiori~f:fti61~~~:\~~·: . 
• t·'h ... ~ ~f'J .... ,. I 0 0 • • • ., l,~ .. ~~,~.'-~ ~;-~:.:t· 
~ _$ :.1! - "' . "· , 

0 

0 I ~ o • o 
0 

• 
1 0

(".,. 1~\ -~·.- ... ,/. t ' 

_·:~:::;~~1~'!//' being completed by 1200 ° C. This· agrees with the reported transformation .~~ :~f.:'{t·:i~,;:'i/' 
~ ~~-.~ 1 ~ , ... . • .... 1. '",, ....... ,·\ . ... · .• · I 
:';",. ... f'..,,·~j...J_~:\;' ,.o· . · , ,,· ~ 0 

• • • \ • • 0 • • • • • • • o ·~·1-.·i•.,:-:..:.',~._; 'r,'- ·o\·J. 
l"l,.~~- • .!; • .,t~-t·~. 0 .. . : . .. 0 ... ·' .. ,. -~·. ' :.to:·(<~:'}~~~·,;.-~i'_.~ .. · .. ··; .. .-0 

~~." ~'t ~-·•,) :t-:~~ /;·~ • ,1,': •:- ',~ ' \ • I • • o • i o -~· ",1. :; o~ I \ •) ,J,:.t~;~ ,;"~ :~. ,){~~'• ,: 
_-:~~--~~~~·-···;:~ ~ . ~:'. . . ·.· t'~·· ,\. ~ .. ·.;·. ··~·· .. '·~ I • ·.~ •• '• ~·~ • •• ·~~ ~-~~~)~:tP:~~"~~-~::~:~·.? 
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.:,~ . . .. . . !-: ' : : ·~fj::.-{ :. 
temperature range for t(1e converstion -'of metastable phases formed by~.~·: .--;>";~~:;~··)_:·~-- .. 

. ' ' . . . . ~ -:·l·:. ·,~< .'.' . . 
.. dehydration of hydroxid~s t~ a_lpha al~mina (4) in the absence of stahL lizing .' ~<:1;;-.;·~-· :· 

·, \.. ' ~-.:.; .. -(:{:..~.>· . . • .. : 

impurities. Heating samples _with large amounts of'metastable phases ~,or 18 , F: ~0:'' ·-

hours at 800 o C did not change the x-ray diffraction patterns <:>r indicate 

any loss in weight •. Heating to 1200 o G ~bowed less than· 0. 005 perc~nt loss 

in weight with complete/c"onversion to ~lph·a alumina. 
/ -

Infrared absorption spectra of a sample containing a large fraction of 

m"etastabl~, phases (primarly gamm.a) gave essentially the same spectra as 

·-~·-··:~~:~~:~~~-.: ... 
... -· -­,,, 

,.·' 

·· .. 

·­... 
.# • : -~. /'·,. . .. ·.·t ·~ . 

,;{ . 
. ' . 

• 1 ~ ' ~- • •• 

:. 'l;·~· .. ~-) .. · ... 
. . ·. ~~ . ·. . -~ ..... : .. 

•.'•f r ·.: ..... · ... 
gamma alumina prepared by heating alpha mcmdlydrate to 825 °C for two hours:':.-\_: I 

. '-~:: .:-:. ! . .-! 
except that' a strong ·OH absorption band at 2. 9 microns present in the second :: '·.>:; ·.·, ·. j 

• ~ .: • 0 • ' ~ 
•, I __ ......._.:_~ ~~·:·:.; -· 

" case was missing in the former. 
•'·: l! " . -~} · .. <~: '. 

~he metastable phases found in this inv~stigation differ from those 
... :\::/ 'i -~· .·_ :J 

found by Plummer. (l) Plumm~r obtain~d primarly delta and theta in _-: ;\'Ttt _ :9 

·~--~-t :>1 quenching from an o~ygen-hydrogen flame, whereas severe quenching wa~ _ -·:~·::;_~:_;./~...:·: -~ 

.· .··.L ... ::::~::.r::• study by use Of the plasnia jet. . · · },:j~,;~fJ: ,J ! 
·.·, L.,..,·· 

'·- .. '·_·:·_··, ,, . ,., .. -< ~ _;.;~~--.. : ... :--/' '. 
_. 'i.': · ·· All particles of one size when fed: into the plasma torch should heat at.· }/'(,J _:_;~_: ... · 

. · ·: i -/ · . <';i·::S'· ~'i~~; 
,< : '_;.. /;>.approximately the same rate. However, when x:qelted and injected into a----cold._!-::·_;._·;:,.> ·-:-
, _~ ....... <'-~·~.,ji~t~' . ' ·, . , :- ·t :~-·r ~-:,;:·.:/:;-. !:·,, ·:· I · >·· ::; '~{_: gas_, their cooling rate will depend on their diameter, apparent density, ~tc· •. ;1.l·>;1_.;·. : .: : I 
. :_· ~ :-. ' :.: -( . - . . : .· ; . · ... ):-'[;i;\~i( :'.: .--- : i 
.-·-:-~·.'-~b·_:}_·:. as given in6]uation 2Q. Radia~ive heat transfer during cooling o~ the liquid·_ ._:Ttt~hr~~:·.i.[~) 
~--. l~ 0

, ;.,;, •o • : 

0 

• 

1 
• ~- 000r•::f'·~-~~'<~f-;;: \-~~ -..••J'O 

. :·:_:->·; :·· .- -' particles was discounted following the arguments of Gardon ( 5) who shoW~cL.':.::.h:;_:~L/'\<·t~~ 
'··. :'',_-:',. >' : - . - ·: ~·~:~i:i\~7>{ ;-,·.>:. 
· · '· _ . that for optically translucent materials of small thickness8 the total . , - ·,: '( ;.t·i.~{{ <·:: 

· · : ·. · · · · · ·· ·. .'··.('·:s;<··~t- ;·.-: -;_ · · I 
:;: . r::· emissivity is directly proportiop.~l-~o tl:iickne~and would_, ~ t?i~ case w~~t~--~~\~{;;~_2 1r·i.;;_:~. :· 

! ' .•. ,: . ( , "•; ... •4.:.?'r~,i."',-\%'1l ... .,_• ·.:' • • i 

·-~~:.-.-~_._'.;_[:.~_-·-~_:_ .• _, __ .!._thicknesSes are less than 10 ~2 em.,. be negligib small. . . ; . . :. : .. ;:~}!~~~;~;,: r 
· .~ · · One modified collection chamb.e'r geo-metry was attempted as shown in·.·?~'~}~)~.~:,?·: f 
. . . . . . ; . ~;~ ! :~:-~-~~J~·~t: ~ .t~_ ~~ ~.I ? 

· .... :t;·:·~:' ·:,:Figure ?b. The tube into which the particles emerged afte~eipg melted.~'- ·.r~{(;/;~1~:.;;_.c::.~i·~-~--

·:·>1.1·~~~--:"::--'· t.he plasma was heated.by th·~ tor~hgases prio-r to starting the pa;~lefeed.')i)_;}·i~]~:x>_{_ 
--~ (~~ -:, .. _:· . . . ; . . . ~--... ~;:~-~·!;(-~?~~)·:~ -~ ~ .. ··' 
. ·-::-~ .. : Spheres fx:om this experiment when compa~·ed to.the spheres obtained under · __ ,;t'':?·.;:.:;,_.~--~,.-,._ 

.Y~l:Y.> . . : .; r · . . .: . · L. :; :~ \, ;,.:·;~ .. ·:c: ~" :}·.:;;: ;1:-i!r~~~fj\;t. 
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of grains present in the ~etastable spheres could be made due·to the severe ·. ;,-.~·:~:. ·,.~,~J; 
· ··• . :r~C· 

evident in many hollo.v.a~lumina spheres. No determination of the number 

. ~ 

unifor:h~t::~:~lt::s~~::t::::~~~:::::<~~ that; <al the smaller the feedj.'~S ir 
. . •:y,"·.· 

particles of alpha alumina the greather the transformation to metast~~le phas~s __ :·. ·.f.._:.~'li~_;;:.::::'·.'.·. ·.· 

on rapid quenching ~f liquid droplets, (b) individual spheres obtain~d from __ · , _. 

qu~nched mOlten alumfua are.of a single. phase, (c) moderate quenching . :.;tl·' 
conditions from the liquid state accentuate the formation of delta alumina, (d) .:_~tf~L 

::::::~:0:1:::::tya:: ::~ t::::::::::1:p:::::l:::t::eh:::~r:::::i:g . '··j/;lti'i 
·~olt~ al~mina the lower its apparent density agree with the findings in this ·t.':•:;1tMI 
mveshgahon. ·.; : . . ::i: ,!/ .. ·Xi 

. . .. •':!. ~ ... -:>:·~·:~~/: . : 
His objections to considering the' cooling rate of molten alumJ.na droplets.; ·.:Y,~;;·:~.·-~;.~{ ~·. i 

'• I t ~· :• ,·' ;!'',.:~· .. ;~~;:~·:,~.) ' 
as ·the sole criterion for transformation to metastable crystalline phases are :· :; \/~<:·':,.:;¥:{."-~-

. ·.·.··: -~-.~.;~-~~#~;-:·:~;?~·.:-~ 
based mainly on; (a) his observation of a break in the transformation ratio-· _: · t·<:;~:~;p-·6 

. . ... · ;.\. ·\·:;;~··~·::·:;. 
radius cur~e in the neighborhood of 15 to 35 microns, and (b) the inability to , }s:.;~:::iJt~>~, 

l 

:• 

' . . 

' . 

I o -·~·: ... 
1

j!':\:.~·: ;·JI\£·.':=' 

. .. Jind mixtures of metastable and alpha alumina in individual particl'es which he>:i~:!;)~~(:~M:·.:~ ; 

' ,;/· / expe.cted, if the ratiO of phases present were' to be a continuous functi~ of •. !:j.};}~t~f:.: 
~.·:·:·.};-_/:··. coohng rate. . . . · . . .·. · ... : .. -.-h~·:;::if~~~n~t:·:. 1. 

:. ~.:..~;:}, .. / -.: . In this investigation a co~.tinuous ·varia.'~cn of the ratio of the-meta~tabl? ·.-:·~··~}.:l~~.j~f{. r 
.': ~·.:; ·; .:. to stable phases vse the quenching rate was found as proposed in .t.he byppthesi'~edi.mUi~r.· i' 
• :< ;. ': .·:. ·.,-. ' • . ' ' I , . : , '. . , . · : ~ ~ (';:~~.·; ~ff : ; 
\.·.~':.i ;1.. mechanism. Alsob 1f nucleation 1s follow~~ by rap1d growth as p~ppos ed ~. th~. :~; ·.:;,:*/~-~1· .. (';,. 

4 j, .,, . . . . . ~ ~ : ··":·~'\t.~~t,?:~\~t~} ....... ~\· 

~.:~~or.:;~f~ .. ~ -. :h~p.oth~sis t~en individua.l particles sho~lq ~d ~~id show.only.one c~yst~lline .:.·:}··H\~i~it{!~t~· ... t. 
:: ... ·::r>:"'~':, sohd phase after quenching a.liquid droplet. Therefore, the two p~~mary . ··<:. :q~};.;:f; ·1 

.·.:·;_1\J::, objections ma~e by Plummer to the quenc~ing rate being the_. . ·. cri~erion, ·: .. :.;.':·~~;;,~;:I~·~~;.,: · 
·'I w '.. '· I .. '·• .,, ..... • • J'l}r ~l )I' • ' • ' • .~·,\ f.4":- 't. :fl!t; 
:: [ <1~,;·. of primary importance ·in the solidification mechanism of molten alumina can ... · : ;,~.t/~"·:·~~ .. ·.· · 
:' f:·-i :: .. : . ) . . .... ~ ~::~;·~;!.::·,!{: :·· . 
. ~· :{·~.··~·:.be countered by the proposed hypothesis ~m 'the· nucleation kinetics :and its';·:: n:·.?S>1~~~~~;.{f;:;:i :. 

:.~.~~::.}!_ · .· .. ·.·. · , , · ~ Y:</ .: '· :).· .. h··.:\~ :ti;m.in~Jf.% 
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~1'6-

.. .t:• 
~ , ( .~ .. -;:··· ,Jo: .~ • 
! ~ l . ,·· .. ;-_!. " . I 

relationship to quenching ~ates. . "-._,,,_____ . ; : }.:: .. ;.;/. · 

. The absence of weigh.t loss o~ heating and the observed infrarea- · . :·:: ~-.. ~ .. \,·: .. 

absorption spectra of the metastable phases rule out OH stabilization that has:''.f~.~ ... :: 
, .. "; 

• f ,,,~···-..! ..... 

been porposed as a mechanism for the formation of similar metastable phases · :~ · . 

formed by decomposition of hydrates or other aluminum ·salts. The purity of the.~ 

Plummer's feed material minimized the ~resence of stabilizing impurities. 
: '~ · .. ~;~ . 

observation of the Independence of the ratio of metastable to stable phases on: · 1 

. ·the feed material (gamma or alpha alumina) and the rESults obtained in this 
'.••; 

investigation when the particle collection chamber geormetry was changed 
~' . 
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m~unted in a glass matrix. The alumina 

spheres .are the hollow particles; the solid 

appea;ring particles are glass surfaces 
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I FIG . .5 
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LOGARITHM OF RATIO OF 
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VERS.US APPARENT DENSITY fa. 

'\ 
\ \ 

\' ·' ' 

., ' \ .. 0 
.. .. , 

' ' \ 
·0 

\a, ' ; . ' 0, .. , ... \ •' \ 

\ .. ', \ ~ 

\ \ .. 
.. 

'f \1!1 \ ' 
~. \.0\ \ ._, ~, 
' \ 

\ 
.\ \ \ 

'P . . \ \ . :\ \ ,, \ \ i>'\ 
\ .• \\ 
. ' \ 
. ' \ \ ., 

'~ \ • ~ 
0 7- 14',u ~-¢ ' 
~ . 53- 61 .u ' . 

1!1 61 - 74,u ' • 74- 88,u ... 88-104,1.1 
-. 104-124,u 

-<i> 124 -149 J.l 
~ 149-174p 

I ~ 

1.0 2.0 3.0 4.0 
APPARENT DENSITY fa -. 

MU.33502 



I, 

a:: 
w 3.0 
(/) 
~ 
:I: a. 
t!s 2.0 
0 ..... 
w 
...J 
a:l 
.~ 

1.0 
..... 
(/) 
~ ..... 
w 
::i! 0 
lL 
0 

0 

!;:( -0. I 
a:: 
'lL 
0 

~ -2.0 
t: 
a:: 
~ 
C> 
g 

0 

::(\f~~: 
.. :.··. ''·'' .... 

. . 

cP 
:--~ ·,' 

: ·.:•:' 
"' 
0 

. "' 0 . 
~ 

0 00 
.,.;. ' (:f)-

6> 
0 

20 

-24- UCRL-11166 

FIG.6 

.LOGARITHM OF RATIO OF 
METASTABLE fO STABLE tr- PHASE R, 

VERSUS f'a 
. I . r2,--, -1} 
l-falftl'3 . 

' 
c: 

0 0 0 0 
0 

c:: 
r. _0 10 
1- 0 

0 

40 60 80 100 120 140 160 180 
f'0 r2 { . f 1 I -!}+ARBITRARY UNITS 

(1- 0/ft) ~3 . 

MU-33503 

/ 

'~ 



This report was prepared as an account of Government 
sponsored work. Neither the Urtited States, nor the Com~ 
mission, nor any ~erson acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or nsefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process 4is~1osed in this report 
may not infringe privately owned rights; or 

B. Assumes any li~bilities 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. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminate~, 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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