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ABSTRACT. 

/. 

( J 

:The kinetics. of the final stage densification of fine-grained aluminum· 

oxide has been studied by vacuum hot-pressing between 1150° and 1350°C 

and from 2000 to 6000 psi., The kinetics is consistent with the Nabarro-

. Herring creep model. The activation energy for the final stage densification · 

is 115 kcal/mole which agrees with the activation energy for diffusion of 

aluminum ions. The experimentally determined activation energy for grain 

growth is 36 kcal/mole which agrees with the extrinsic activation energy 

for oxygen diffusion. · 

The densification process takes place by two mechanisms: particle 

rearrangement and diffusional creep. The extent of densification tqat 
.-- ; ~-. '· 

· ... -
takes place in the initial stage depends upon the amount of sliding, frag-. 

mentation, and plastic flow that occurs. The final stage of densification 

takes place by diffusional creep and is controlled by aWminum ion diffusion 

in the case of aluminum oxide. 

. ,. 
' 

It has been shown that gases entrapped within pores of the hot-pressed· 
'. 

i 

' . 
1 compact will produce end-point porosities. A technique is described to 

. ;~ .... 

··- . . -..·' 
~ :;. • f .• 

. -~ ' .. - _; ' . 
. i. 

remove adsorbed water when this water is the source of the gas. 
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I. INTRODUCTION 

There has recently been an increased awareness of the improved 

properties of some materials made possible by the use of hot-pressing 

as the fabrication process. This process utilizes the simultaneous. a p-
l.: 

plication of pressure and temperature on a powder compact and is qapable 

of achieving higher densification at lower temperatures than normal 
i 

sintering methods. In addition, the lowe!:' fabricating temperatures limit 

grain growth without the use of inhibiting additives. With an understand

ing of the process mechanisms, the control of density and microstructure 

is potentially feasible. 
·, 

There has been little.._ agreement among investigators as to th~ 

· mechanism or mechanisms that are operative during the densificatldh 

process. ·Models for densification by a plastic flow mechanism have been 

proposed frequently, but evidence supporting grain-boundary sliding; 

particle fragmentation, and stress -enhanced diffusion have also been 

presented. 

The purpose of the present work was to obtain sufficient information 

on the process mechanism from kinetic data in an effort to clarify the 

inconsistencies among investigations that have appeared in the literature. 

Additional information has been obtained as to the extent to which entrapped 

gas is capable of controlling the densification process. 

II. LITERATURE DISCUSSION 

Three densification mechanisms have been considered in the 

literature as possibly occurring in the hot-pressing process: {1) plastic

flow presumably by .dislocation glide, (2) particle rearrangement by . 
sliding and fragmentation, and (3) diffusion enhanced by stress. 



.A ~odification-~{.the pl~stic flow mod.el fora Bingham solid 

derived. for sintering·_ by Mackenzie and Sh~ttlew~rth 1 
was proposed ·by 

· Mu~ray et al~ 2 to explain the observed behavior in hot-pressing various , 

oxides and carbides. · The Murray model subst"ituted.the applied pressure.'_·· 

~· fo:r s~rfa_ce tension as the driving force and, with appropriate simplifica-,.· 1 

- -.- - ··-- :____ 

tions, obtairied an expression for the rate of d~~sificatlon~ ~- ·· 
. . . . 

; ' .. 
. '' 

dp 
.err = . ~ ~ : ( 1.~.--'~p} ': ..•... ·. 

. . -. 

·i~ ( 1) 
, . .' . 

where .... p,.tis the_ relative fractional density, (1 :':" p) = P, ·the volume frac~. 

tion porosity",:, a, is ·the applied pressure .(or applied stress)~ and : yt· .. 
.. . . ' ;·' '. : . . ·. \ . . 

represents the.viscosity a\i:ilfinite shear rate. _The integral form of this 

equation was also found to agree with experimental data obtained by 

Mangsen.et al. 3 on tw~ aluminum oxides& by Vas.ilos4 on powdered fused.: 

silica, by. Kingery et al. 5 in liquid phase pressure-sintering of .. copper-. 
. . . . ' ... 

·bismuth, sodium chloride~water, -and ice-methanol sys~e.t'iis, and by, 

Jaeger and Egerton 6 o~ potassium-sodium niobates •. 

The kinetics of. hot-pressing. beryllium oxide and aluminum oxide 'i.; 
. . . . . . . . 7 . ~ \\ ·<:· 

·in one atmosphere of argon ob~erved by· McClelland did not follow\the: ·· 
. . ·. . . . . .. · . ·. :. . . . . . . ' . ; . ,. :: 

equation proposed by Murray· et al. ·. Basing his derivation on the observed·:,. 
. . . . :. . . . -... :: 

end-point. density, McClelland modified the sintering model of Mackenzie··,· 
. . . 

. and Shuttleworth to include a correction· for the variation of the applied "' 

stress under consta.nt load as· the p~rosity of the compact ·decreases .. 

McClelland found ag-reement between his modified plastic flow model and<" . . . . 
• '1, 

his experimental data for beryllium oxide and aluminum oxide and con..:~··· 

eluded that a plastic flow mechanism was operative. Unfortunately, 

.McClelland did not Gheck his rate expression with the experimentai data. 
I . 

but used as his sole data point the observed end-po~nt density at .which .·:;: 
I ·. . • i . . · .• 

time the rate of densification was presumed to be zero. 
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Except for the experiments conducted by McClelland, the kinetics 

of the final stages of densification for all mater'ials investigated followed 

the Murray equation. This equation, derived for a Bingham solid,. pre

supposes that a plastic flow mechanism is operative in the densification 

process. However, those mate:rials which are known to exhibit no pyro- ,. 

plastic behavior, e. g., potassium-sodium niobate, obey this equation 

from the start of hot-pressing. 

Low temperature experiments were used by Felten8 to study the 

. initial stages of aluminum oxide densification by ,hot-pressing. Although 

no direct evidence was pr_-esented, Felten concluded that the most probable . 
. . 

initial mechanism was particle rearrangement by sliding aided by frag-

• mentation. The observed effects of particle s~ze and pressure were 

inconsistent with a plastic flow mechanism in the initial stage of densifica

tion. After long times the kinetics obeyed the Murray expression; however,, 

.a plastic flow mechanism in the final stage of densification cannot be recon-· 

ciled with the plastic flow properties of sapphire studied by Kronberg. 9 

. 
· Direct micrographic evidence for grain-boundary sliding and frag- · 

mentation was obtained by Chang. and Rhodes 10 on uranium ca~bide hot-

pressed at high pressures. Additional evidence of the role of fragmentation 

in the densifica tion process was revealed by Hashimoto 11 by using CaF 2 
' \ ) 

spheres of a un~form size. Micrographic observations showed that frag-

mentation of fluorite spheres corresponded with the region of maximum 

rate of densification. The final stage of densification also followed the 

Murray equation. 

In both works of Felten and Hashimoto the mechanisms of particle~ 

stage of densification. Either singular or combined the'se mechanisms 

I 
' I 
f 
I 
I 
l 
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; ... -~ '. 

might be expected to display rheological :rJlastieflow behavior; however,. 

. they could not be responsible for the observed kinetics in the final stage 

· · of densification .. · · 
. ~ . 

Using large (0. 030 and 0. 040 in;) singl~-crystal s~heres of alumi~ 

num oxide, Coble and Ellis12 have evaluated the possible contribution to 

; ' 

· ... 

,-- de~sifi~ati()~ b; --~ di~loc~ti~n-~g1ici;-pl~~t-ic-flow~echanism~ -rr:h-eir · -- · ,,-t 

results show that only limited densification by plastic flow seems possi-.. 
· · ble and is only likely to occur in the ini'tial stage of densification. A 

~-----

.. 
. probable in the final stage of densification. . { 

Hot-pressing experim.ents conducted by Vasilos and. Spriggs13 on· 

magnesium oxide and -aluminum oxide have been interpreted by the .. · . 

. N b · H · 14 • 15 d l Th. d 1 l t d th t . t . a arro- err1ng creep mo e . 1s mo e rea e ·e s ram ra e. . 
... . ··~ 

to a diffusion coefficient by the equation 
."{ 

• 40 nn 
€. = k T d2 . .<1 e {.2) 

where E is the strain rate (sec - 1), D is the diffusion coefficient (em 2 I ~ec). 
. . 3 . - . 

n represents the volume of a vacancy (em ). (1 e is the effective stress 

(dyn/cm 2), k is Boltzmann's constant (1. 38 X lo- 16 ergs/°K). Tis the 

absolute temperature, and d represents the average grain diameter (em). 

The activation energies for hot-pressing determined from this model 

j, 
,. 
~-

' 

'~ · .. 

; 
I 

i 
.I 
l 
J 

I 

I 
j 

were consiste~t with the activation energies for cation diffusion, but the_ .· '·. . I ·. _·: t 
! -~ ""· ,.li ; 

diffusion coefficients ·were several orders of magnitude greater than for :·, ·2,· j 
.0: : \ · : . I i i 

self -diffusion. 

A summary ·of thle literature shows that the kinetics for the final 

stage of densification has been repeatedly' found to be represented by the 

Murray equation derived on ·a plastic flow- model. Rheologic plastic flow.·_ ·· · : 

~ : 

'.l 
! 

I 
' j 
' i 
i 

.I 
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by particle rearrangement and fragmentation have been found to be 

initial stage mechanisms .. Plastic flow by dislocation motion has been 

shown to be capable of contributing only S..~ightly to the initial stage den

sification of aluminum oxide and to be inconsistent with known dislocation 

behavior in the final stage of densification. In addition. acceptance of / 

such a mechanism in final stage densification would require the motion 

of dislocations in those materials for which dislocation motion has not 

been observed. Inte~pretation of densification kinetics by a diffusional 

creep model has given activation energies consistent with those from 

self -diffusion but having diffusion coefficients several orders of magnitude 

greater. 
t 

' 

III. THEORY 

The identical kinetics for final stage dens}fication observed for all 

materials suggests that the sarrie single mechanism is responsible in 

every case. Sufficient evidence exists in the literature to eliminate both 

particle rearrangement and plastic flow mechanisms as the responsible 

mechanism. The agreement with self-diffusion activation energies sug-

gests that final stage densifica tion is a diffusion -controlled process and 

may possibly be defined by the Nabarro-Herring· model. 

The conditions present in hot-pressing make such a model appear 
•' 

attractive for the final stage <;>f densification. The applicability of this 

model requires suitable corrections to account for those conditions unique 

in hot-pressing. Both the effect of porosity on the applied stress and the 

effect of die-wall constraint on the creep rate must be taken into account. 

The effect of porosity on the applied stress is to increase the stress 

in the vicinity of the pores. Possible corrections for the effect of porosity 

on creep have beEm discussed in the literature. 16 For low porosity the 

•' 

. f 
t 
' 



.-_: ... 
. '""X_ < 

• I .... 

',· ·,:; • .. '" . ' ' ~ 

.. - 6 ..... ·.·· 
. ; 

·, ·•, . ·;.: 

' ,. 
···.r 

L• t',-. [' 

·-' ..... : :' g.:: 
f' 
~.> :' ~ 1 ·. . ,.. ., •·. t 

reSUltant effective stress, · cr , ca:n ·be re'la ted to the appli~d S tre~~, · cr, ' ... · .~·[.' k 'l 
e. _:.- ·; •· ··.-· .. >~; .. ·f 

by the expression 
., 

'.' 

. ~ i 

'· 
; 

'·:'.I 

.;- .. ; ·.·~: ." ~ ·i{ --~, .. :_ r 
6 :,_ .; • : ~. ··- ~L'i -~/~.: · .. ·· ~:-( 

' !· (3) ·: , r<.;· • .. ···._ ~ 
. r ~- ;~ <- .. "': - ~·· _; ·- . : .· jt 

·' 

~- ~ r~.1 . t-~- ·--~ 

where P is the porosity and b is a stress concentration factor~ . An ·ap- ... {;-:i,;; ·, ',. <.- f 

·propriate.valueTor b can~be-obraine·ct·frnm·the.::.data-of-Spriggs .and -·,....~. -~:Ji_.; :.' !' -_ t. 
. . . . . • • . . • ; ,', :·;. ;•>; •; • ··t • •. I J. 

. ·. Vasilos 
17 

which giv~ the stress concentration factor for the errect or:.·; .• '<>Y ;·:: .' I 
porosity on .the strength of aluminum oxide in the low porosity range. . -~ ,·. ':.··, · · "r 

l, ..,_ I 

. • l- .• : . . I 
.··.-~-;-If it is accepted that the eff~etive stress necessary to propagate a crack ... · t.;·~ :. · · 

:_ ... 
;, .; 

.· ,., . 

•• ·-· J 

•• I. ·./ 

is independent of the a~ouilt of porosity ov,er a· narrow porosity rangt e,s· s. ·, :'~\ ·· • ~ 
theirdata then show that a,pore is capable of affecting the applied s re · .. ·:-; 1 

t,,,, .; '}". y 
... J... 

by a factor of six. · 

The other consideration that must be taken into account is the effect " 
... ~ 

. of die-wall constraint on the cr:eep rate. In unconstrained cre~p, ·a . 
. ·, 

. ' 

I .. I 
. I 

: longitudinal displacement will induce a lateral displacement in which the·:- · . .' · 
; ' ~ ~ . ~t ·~ I .. 

'i 

.. J ~ 
·"~. 

,_. _; 

volume change in the two displacements are equal. However, in con-

· strained creep an increment of longitudinal displacement as a result of '· ' L 
. . . . . . ~ 

an applied stress· will induce an increment of lateral displacement lhat 
'' ; . ;.,'. ~ ':. :,, . . . . ~~ 

l 
: • \Y i , . Will alSO indUCe a lateral StreSS equal a~d OppOSite to the longitudink.lly 

, .• ,. ,: . . .;· •· i ·.:· .. ~. < I 
. _·: applied stress; The result is a cessation of further creep as it must be,-:.:. :<·::; :, . 1 ., 

1.. i ' . ' " 

in the ·case of the ·densification process by hot-pressini at zero porosity. 

The stress correction factor -in Eq. (3) becomes .(1 + bP - 1) and Eq~ (2) 
. . .. ·~ ~ ~;- . .. 

becomes ... · 
~. I ,,. '· ·. • ~·1..·· 

.. ,~~ ~ .. ' . 
. J €. = d2 (J bP I. . '(4) _::,._ : .. ~. : •. :~9: 

. ~·/·:·.i,,,1>:;··:·.-~. ·. 40 DO ' · ·· ··J •. ·.- • :. : ••. 

' ' ... /}'\\ -~~/: , . 
. -";:~-~··.·~)>'.>·:;.·where a = ){ T . a constant at anytemperatur~\ .. , . . ~--::·.;_:~ ;:>. 

Y:> .. l· :·. In· interpreting densification data it is more corivenient to express .· . ..-\ '. •' 
. ~ : ~ . -. ~ < ./ 

deformation by the r~te of change of relative density rather than by strain --~. · 
. . I. I . ·~ '· . .. . , ~ 

... ~ : ' ~ . . \ ..... : 
:- ~ ' ... '., \ 

i 
! 
J 
1 

I 
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rate. The relationship between strain rate and densification rate is 

found by· differentiating the relative density with respect to time 

d ( W/Ai) 
dp - pth 
crt- dt 

. ( d t } . 
=p -"Tat· ., __ (5} 

where W equals the weight of the compact, A is the area and ! is the 

thickness of the compact and pth represents the theoretical density. · 

. • d .Q.. 
Smce E. = ( - Tdt}. where the minus sign denotes an increase in strain 

with a decrease in length, the substitution of strain rate from Eq. (4} 

gives the rate of densification as 

a 2 
- 2- b (J (P - P } 
d 

. (6} 

Neglecting the squared term for low values of porosity and substituting 

again for porosity gives 
<. 

dp = a b (J (1 - P} err 7 (7) 

in which the similarity to Eq. (1) is immediately apparent~ 

The observance of first-order· rate kinetics for the final- stage 

densification may indicate a diffusional creep process and a plastic flow 

mechanism no longer needs to be presumed. 

IV. EXPERIMENTAL PROCEDURE ·' 

A. Apparatus 

The fine-grained aluminum oxide used in this investigation ~as 

·'Linde A (0. 3f'") which contains approximately 300 ppm total impurities. · 
' ~ 

·: Pressings were made in 1 in. i. d. graphite dies in a vacuum hot-press 

, shown schematically 'in Fig. l. The dies were heated by radiation from 

. a resistance-heated molybdenum coil. Temperature was sensed and 

, .. 

/· 

. ' .. 

( . 

t 
' i > 
f • ,. 
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·:.. ·r 
.··; ·'· '1· ••,: I 

' ; . ',. ;~· t ~ :~~ f I t~ 

; ; f) 
~- 1;·~<~~);~ ~<. _,..~ , .. j . '···~ ,· ; > ~ :. ~ 

- 8 - ·.: 

" . 'r' :· . . f ·"' . • . ~.i ·,._.:..-·. . • . . ' ' • \;· ~~- ·.-_:·;:, ~-- ... (:~.;.-:~.~::~\~~-'. > ~-.. 

. ' . '. . ' ,'.: ;.· ·con trolled with a .Pt: Pt 16"/o · Eh .thermocoUple pl~c ed within the die O.nd: ·· ~3-.E~Y,' •. t 
. . ; ·: f·.,:,. protected from the graphite by_ a tantalum shield.' }'he control thermo.:\·:.::_~)~:;·/~~-?· .. f:-' 

--' ' ...•. couple was calibrated Over _the desired temperature range with a thern:o~ -Z{·~,f\~} ~ 
, . couple placed along the axis of the. die so that the bead was in the position· : ::;. ; '·: '·1· 

r-

. . . --- : ... ; .· . )\ 

= ... .:_of tr1e ~ompact. The precision and eontrolof temperature was estimated /:. ;t~·:·<·t· 
to be within± 3°C, .--- ... - . -------- ·. -· - .-. -~-- ---.-- ~-- -, , __ ~ .,.;,·._:·-;-.·~~~:.·:~_·r 

. ,_::;,> ' Pressure was :pplied to t~e compact through a pneumatic-hyd~fu!ic·:·:; ;~•-·;(' :J. 
·~ ~ ~ ~ . . . . }l~- . ,l +~ t . '. " 

'·· · ·.···system that could be controlled to within 1% of the gauge pressure sdting .. ~·-:.\.·-::;·~-~-· :, 
.!: ·.:.·.I' . . f'"· ..... _ ............ _... . \! ···<.1.,1 ;- ; >l~· .. ,.~· ' 

· :· ~:~ ·-~:' ; The pressure system was calibrated with a strain gauge which itselft'was -~.·:}\.:.~ .... :': 

~. 'calibrated on a dead-load, low-frictionstress apparatus. Corrections ·. : {_ ' I' 

'' 

.. •· 
"' < :> ~l • 

. ··J t: 
' ' ' ~ .. {' t 

were made for the influence of the atmospheric pressure on the moveable ,;;t::_ . !, 

ram and for friction in the hydraulic jack. · ·;'">\·' ·:.. ! 
The deformation of the compact was .r.ecorded continuously with a · ~ ) ~: .· , .. I. 

. linear variable differential transformer and periodically checked with a :. ·:>., ·!.~<<·. f. 
. . . + ' .; ... ·.: -~ t _:,· ·: ' :~ ·.- i. t,> 

.. ~ ~ ' ·.~ '. 
dilatometer. Both instruments could be estimated to 0. 000_1 in. ~ ···. ,_ .' ' .. _; ·.·' J 

.... ·l 

B. Procedure .. l 
·1, :<::3·:.·~ ;:·-.', . 

The hot-press was allowed to evacuate for various peri9ds of\ tim: ·. ··> ·; · :·,~ :· , 
_,': !';" •· ·from. 24 h·to 4 days. The initia,l heatingrate was 12°C/min to 800°~ a{~:::: .. ··;,.·· .. i:·~_.:>. 

. /:,::.·_:·('; :•·· ._·,:h::::::at:::::::r:·:::t::: ~ ::o:::e::.::;o:: ::p:r::::: ::e.·; ·_ ·H;·;;~ ';. ;· 
. ,> . 

~ -.~~ ~./ .. · ~ ~.<; '. ~ ~ ·f -~' 
' ~ .' ... _ · .. 

. : :~t-. ·:: ~~:·:: J' 

: ~- .. t:; :· .. ~- 7-~l .. _ -.~~ ~ 

. ·. .:: :, · ... :~-~L-J <: .': ;): ~· 
·:~,·· .. ·_·<: Time zero was taken when the compact reached the control tern-.~ ··,_:. !"~--: ~--~ .· 

·• ·: j\;: ' :::t::::ur ::::;~ -:::::: t::n~a:~f:::it;;:o~! :: 1:: :o~::~d T~: : -~ :.·~:,{;'~;·~{!' I 

t'· 
increased further. full pressure was applied to the· compact. From 

·: • ! ' : ,'{ 

... .. ' .. 
800° C to the control temperature the rate_ of heating was 100° C/min 

under fully applied load. 

.·-: 

. :";;' 'I~:-~ ···-!'~- -:· : .. ' 
I ', ,~ ·• ··: 

pressure range was from 2000 to 6000psi. 
' ... · 

'-1,. '·' 

,0. ··'· 'r' 
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C. Powder Preparation 

Two powder conditions were used. The first cond~tion used as..-

received powder which was loaded into the die in the usual manner and 

cold compacted under 2000 psi. The die was then loaded into the hot-

press in preparation for a pressing run. 

The nominal size of the hot-pressed compacts was 1 in. in diam, 

0. 20 in .. in height. and the weight was about 10. 0 g. 

The second powder condition employed a pretreatment of the powder 

r before loading into a die. A preweighed amount of powder was immersed 

in isopropyl alcohol and allow.ed to dry in a vacuum chamber for at least 

· 40 h. The dry powder was ·loaded into the die ·in a dry atmosphere of 

helium. The loaded die was prepressed at 2000 psi in air and immedi-

ately loaded into the hot-press and evacuated. The time in which the die 

was exposed to the air was usually from 3 to 5 min. The hot-pressing 

runs were conducted in the same manner for both powder conditions · · 

except that the runs for the untreated powder were .3th in length, whereas 

all the runs were 5 h long for the pretreated powder. The time differen(!e 

was a result of a change in the kinetic rate. 

/ 

Electron micrographs were made from each of the hot-pressed 

compacts. Grain size measurements were made :by a linear traverse 

technique in which a minimum traverse length of 1001":'
1

, was used for any 

one compact. 

• •• > 1' 

V. RESULTS AND DISCUSSION 

A. Data Analysis 

The final dens_ity of the compact was determined by its weight and 

its volume which was measured by a displacement method in ethanol with 
/ 
' 
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. compact was calculated with respect toa sapphire· crystal that was 
. . / . 

measured at the same. time as the compact. The maximum error in the 

! . 
t 
~ 

~-. 
t\ 
i 

-I 

';,:·\· t: 
t; .. .. ; . -~ r 

': 'j ' l 
'. · .. ~ ·~ relative density was estimated to be 0. 03%; the measured reprodu. cibilit~y: ·>:_::.Y ... ~ 1.' . 

. ... .. M-. was less th::m 0. 03%. · 

· .. ~ :·~:·. From the~inal-density ~-·;h:·-~:~~cta:~ the-~clormat~~~ c~~v~ ,f, :r~~~(:.~~(·.~t~ 
•. . obtained from the li~ear variable differe~tial ~ransformer. the rela tiv~· ·: ·)~~~ .. !~;~~: .. L : __ :~. r 

~I i.: ;·: < <. density at any tinie was calculate.d and plotted. The rate of den,sific~tion :.; ; ' 1: 
• .,.l. - '.'" .... *"' . . . . ~ ' . , .• 

'. ."· ',<'' .· ; 

... ~· . ~\.. was determined by taking slopes from the relative density vs time plot :t: ;;/ .. r 
·• ~. ~ 1.·,. 'i t 

.. 
. j ' 

' '··. 
· .. 

} \~ ·' 
., 

I' 

·l. 

.. -

using a prism technique. ":.-· -~~' ~. 

The theoretical expr~ssion f()r the densification rate can then be. ·· " . ~.- .' 

checked with the experimentally determined data. 

. Eq. (7) can be written as 

and integrated ;to ,give 
" . 

dp -
dt 

· . ._· 

m ( 1 p) 

. .. .. 

If ·m 

Q.n: ( 1 · - p ) · . = - m t + ~n ( 1 . - p · j 
. . . 0 

where p
0

· is the relative density at time zero. 

relative density gives · 
'·' 

~n p = -rot+ Q.n P . · ., 
o· 

= a2 b<Y.· 
d ' . 

•. r ! 
~ .• 'i. , .• 

• I j, 

,Z-• ... ~ . -~ .. ., ... 
. '• i ~~ > .:. ·' 

_. .. ' . ( 1 0) .· .: ~- ,· ' . : . 

... 'l'l 
. ·. :.. < . . ':·';t' .,:·~ ~- ': 

,• . dp _ !'dP , · 
. ~ .:( · . which can be differentiated arid, realizing that - at - at , gives. -.. , _: 1·:>:·; :_:~·:' 

: 
. .· d p I . . . ' '.;:, . ' "' • ~.·: ., an err - -mt + Qn mP

0 
·• (11) _; l ·_._;/ >./ l 

' ' ·, :; '1, >:· /~ ; 1 
. </:. ·· . .':,' The value m ·can be determined independently from the slope of ;'·X.~.;·<;·>~ l 

~ ;_.,'"?,_:.·. : Eqs. (1 0) and (11) as well ~s from the ratio of their intercepts •. A dire_c.t .. ·:f'l~T;~·~:,:·~~ j 

. . .; . · plot of Eq. (8) also gives the value of m. ' · , 'c,:~~ Xt·~~···:: .'~, ! 

. ,: , .. : . : :} · .. , . . . . . . -.:i~.· -1:~.,~2.';; I 
. } . 

(if' : ·· :.v • • · ".'; · ... · .. · ·.· ·"' · ·:; -~~~.::;:.-~.-t .. L.:)>_.~ __ :: 
\ -~· ... ,::..~-: ···~.A..,. .. • .. '~ 

. ) : '_;. . . 
.. ' -~ • • ~~~-o: .. t~~:···. ·~·-· 
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B. Untreated Powders 

The untreated powders were hot-pressed at 1250° C, 3000 psi, and . 

under various operational conditions. The final stage densification 

kinetics obtained from these pressing runs fit Eq. (11) ~ but the integrated 

form did not fit Eq. (1 0). When the densifica tion rate was plotted as a 
/ 

function of porosity per Eq. (8), the line did not extrapolate ~o the origin 

but intercepted the abscissa at a value of porosity, Pe• denoting an end

.--~_ .. point porosity. Such a plot is presented in Fig. 2 for runs Nos. 13 

through 18. · Using the end-point porosity to modify Eq. (10) to read 

tn (P - P } = - mt + !n P , . e o 
(12) 

the plotted slopes agree with the slopes obtained from Eqs. (8) and (11). 

The lack of reproduCibility in both the final porosity after 3th and the 

extrapolated end-point porosity is indicative. of an uncontrolled,parameter 

rather than an inherent property of the material. 

Although all pressing runs were made in vacuum, it was speculated 

that gases could become entrapped within the die chamber because of 

. slow effusion rates along the die wall caused by tightly fitting -die plugs. 

The evacuation times for runs Nos. 13 through 18 varied from 24 to\_96 h 

and had no correlation with the observed variations in the results. ·~ttb-
., 

sequent pressing runs were made with time arrests at,,500°C from 15 'min 

to 8 h in order to observe whether the effusion of physically adsorbed 

water may be responsible for the variable results. Again no correlation 

., 

'' 

/ 

- . ; 

could be made. The kinetic results resembled those reported in Fig. 2. 

The results of run No. 24, also plotted in Fig. 2, were obtained 

from a pressing run using a loosely fitting die plug. The improvement 

in results suggested that gases could indeed .be trapped y.rithin the die 

chamber and that their release occurred at temperatures above 500°C, 
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_ From the data of Gregg
18 

on the deso~ption of wat~r.from ' • ;, • .-.::.:i.:~;,> ~:~ 
aluminum oxide as a function of temperature and an assumed activation , :~ .. ! ;,~,-.· · •. 
.. · , . . . . . . ~ r:··:_.:'~"'i:'t. ~,; . ; . 
energy for desorption of 20 kcal/mole, as much as 15% of the surface of ~·:\JJ/:t·.·~::; . 

.. _; .. . : . . .· . . . __ .. :_:>·~-~~t~' /\···_ ~~~~>-:·· . 
the powder may be covered with a monolayer of water at 1250°C. With ·; t.\'{<.' 

. " . . . . ' . . . .. 'i' :;:- >i_-J·. / ·-:~. f. 
·~.~ ·. · ; , increasing densification, the surface area of the powder decreases driving./;,:· .. - . [. 

'. '> ~,: ·_. :' :--~-:r . -- .. ~- . --- - .-~· ·;:.-~ . .~-- --~ --· -- ------ .. --.: -------- --- ..... ' - . - -- -· - >-....... { ... :._~-~- .. _ t 
.·_.\ off w~ter into the void space within the die chamber. With tightly fitting <::<{i,. '~·! · ·l 
.. ·.·>!' . . die plugs, this water slowly effuses from the die chamber. However, ~·:·~_..·.T, -~,,·": t 

. t • . ~ • : t ,·. ·> densification also closes thepores so that some. of the water. becomes · i' ·:, .. ?_;_.! 
--:~-- ... - ' ' f.. 

· , permanently entrapped within the compact. The observed end-point . :'(i;, [ 
porosity is evidently a result of this entrapped water •. When a loosely ·. ·. .. I 

• <' •.:· .... 

. fitting die is used, more of..the water is capable of escaping J?efore tbe . , .•.'i . , : 

pores close; consequently, ·the end -point porosity is less than when tightly.~~.:' f 

· ·. fitting die plugs are used. 

The surface area of Linde A powders ha.s been measured 19 by the 
. . 

. '· ". 

.. '.· 

I . ~· •• i., 

t 

t 
'' · · · ·B. E.·T. method to be 15 m 2/ g .. Using this value of surface area and cor- · ; .. · · I 

t 
') · recting for tempe~ature and pressure, only 2 to 5o/o of a monolayer of .. ' 

water is necessary to be responsible for the. observed end-point porosities~· , · ....... i 
. .. .. f 

. l ' ·~ . 

For comparison, run No. 34 on pretr~~ted powder has been plotted . ·. : :;\ .. · ... f 

,. .·_-::.:.:-'' ' .. in Fig. 2. The pretreatment is capable of effectively removing chemi- " .. : '' .. · •: · , ~ 
' sorbed water; thus, the end-point porosity is not observed. Since both . ~. ... •, . . :' 

.·· .. ·untreated and pr~treated powder follow a first-order kinetic expression,·:"·,,., 

•. 
I I ·~ -

•. 
~ i • . 

r';· ~ .. ~ •. ' 

.. 
~ r ' : ; ~-

-~- . ', 
their densifi.cation mechanism is the same, but the effective driving force •: ·~.:.{;;~:;.1.::.; 1 

for the untreated powder is reduced by P. '? • ::::r~.):.:-_.;··~ .1 
. . . e . , 

Figure 3 compar~s the microstructure. of runs Nos. 34 and 24. :: ·> : .. ~ }~);:~~-t? .1 

All the porosity seen in the microstructure of No. 34 for·.pretreated >:~.:~j~ ... ~: l 
powder is at triple points or along grain boundaries, whereas for No. 2~: :;jt;f~!~~.l 

~~!·t~~:i·~>, ~ 1- I ·: ... ·.···· .. ·;J .. '·~r:l 
' ~-I o ~\ 

·., I ' ' -·: ' t ~~~, ' l 
I 
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a great amount of porosity has become entrapped within a grain and is 

thereby removed from an effective position for further collapse~ An 

empty pore cannot become included within a growing grain, whereas a 

pore containing a gas can become enclosed. 

C. Pretreated Powder 

The mechanism by which the pretreatment is capable of removing 

water is not fully understood. Physically adsorbed water is probably 

·· ·· ···removed from the powder by mass action. The means by which chemi- · 

sorbed water is subsequently removed is open to speculation. 

An example of the kinetics of hot-pressing pretreated powders is 

given in Fig. 4 for those runs cond:Ucted at 1200° C. The logarithmic 

relationships and their derivatives are given in Figs. 5 and 6, The 

parameter m was obtained from the slop~. of these plots· and from the 

ratio of their intercepts. The value of m was also obtained from the 

slope of the densification rate as a function of porosity from Fig. 7. In 

contrast to the untreated powder, the extrapolated data from Fig •. 7 

intersect the origin for all pretreated powders. .: 

The hot-pressing kinetics at the other temperatures are similar 

to those presented for 1200° C. All slopes were taken from the portion 

of the curve where the grain growth rate is low. Grain size measure-,, . 

ments taken after 2 hat 1250°C and 1300°C showed that almost 90% of 

the grain growth observed after 5 h had occurred. 

The relationship between the applied stress and md 2 is shown in 

Fig. 8. The slopes are equal to a b which are constants at any tern-. . 

perature. Diffusion coefficients were calculated from the data for 

each specimen and summarized with all other data in Table I. 
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Figur~ .9· is a plOt of log D as a function of recip:ocal temperatu;e ·. ; i' ·j. I • 
... l· 
·.·.which gives.an activatio~ energy of 115 kcal/niole~ The.self-diffusion ·~·.,·._: .. "t(·,f;. L1 

.

2

> ·. ~- activati~n energy of aluminum ionsinaluminum oxide has been measured·:-J:f·; :.;·\.~~: L 
· • · as 114 kcal/mole by Paladino and Kingery. 20 The agreement is excellent . r::· ~·:::(~-t:: 

J. ( '' ; _ and _indic_a tes _ tjla t f!nals tage d_ensific~ tion _[lroceeds _by ~iffusi~~al creep ~ :'~:- : . '·:.li 
.,. . \ : t; • t . - ._ ... -I 

, . ~:·.: · '·y: controlled by.,aluminum ion diffusion. The diffusion coefficients extrapo; ·~-;~, : .•.. ~.-~ .. :_._"'.·.·:·-·.··.·,_._-_:'·.' t.· ...• ~ 
:, .·. lated to higher temperatures are approxi~ately two.orders ofm~gnitude '.. t 

·>:,.·'-. ':· .greater than self-diffusion coefficients. ..;::: . .';~;~::· i·~:'':f 
-~ . ';-'·;~ ·~:··--. ,' -- '! .,,; ,; ~· . < ~ 

- . -~ .. . . 

, The reason for larger diffusion coefficients can be speculated upon~ · r/.· .. ,:; ··.r 
' '. . . .. ~ ·\. ~- -~ : ~ ·. ~ 

Recent investigations have. shown that cation diffusion can be enhanced at : .. J-; ·:' ... [. 
. ' ' ' ' ' ' . '. . .. .L ·. •'. ~' 

grainboundaries 21• 22 and 1.the region of a"grairi that may be affected by a·.:_:;~:··: , ;' I 
'.boundary may be as large as 10 2 -104 A. 23- 26 For submicron particles,.:!:.'<;_>.·!. 

I· 
~. 

as used in this investigation, a very large volume fract~on of a grain may'. ·:r. . _,, . . ' . . -;' ( t . ',. . . ~· 

· . be affected by a boundary .. One of the possible reasons for the 'higher .•. ; . · · '· · 

diffusion coefficients observed in this study is the enhancement of cation 

-:; 

,. ' . ·:. . 

f 

I 
l 

. ,· -1' •. • diffusion by an incr~ase in the boundary layer of fine grains. The effect . 

-·.-- .. 
~ .. ~ !". .,:, ' • 

·Y .- · -r · 

of grain size on cation diffusion has been observed in the case of cesium . . . ; ~- -<· ~ 
i' 

' '! 

chloride where the diffusion coefficients for cesium ions increase with a··.· • ~ ' ,'-_' .::-. I 
decrease in grain size. 

27 
, c.: r ·: , .. - i I 

: ·. .· ·~.· ~-· ~ • Another possible reason may be the effect of porosity on the ·_: ._. l. i ;.~,. . 
' ·"" . ' 

•·'· 

7 

.·diffusion path length. The Nabarro-Herring model uses the grain radius ,C:•.::: ·. ~ .. : >: 
; .•. ~-· .. : ,; : . . ., ~ . 

.. :' ... · . >< ; j : ; . ~} ~:i~: t 
as a measure of the diffusion path length; however. the localized stress , . · , .• ·· ... · 1 <' {·.~ ( ·. .J ... > •• 1 

'·" in the vicinity of a pore is increased, and thereby the localizedatomic '; '·.:.:~._'-: <~·~ .. J 

!lo, .-

mobility is :Hso increased. Therefore, the diffusion path length may be :·:.-:;' .-:···~·:.~·~ 
much less than the. grain radius. Diffusion coefficients calculated from~.· .r .·~.P::·~~: j 

28 30 . '·: ' :; .. ;;·~' I 
·. creep data by the Na:barro-Herring model - have been greater than ·. :· o;.·~;.·Y-..-:,;.:· i 

• ' ~ • \ • _/ ~ ~ ~ • ' . ~ • -. ~ "!, . I 

. ·.,· ._'.-·' self-diffusion coefficients and may indicate that this model overestimates·.:.:·.:>'<·./ .. ' l 
·,, /'e.:"·''.·. I 

- . ~ .... ~ .. ,_ : .. i - ,..·· ; • : 

.;,~ ~- "l:~ .. t··.·~'-!" · ... ,: ~ .i . . ·-. ··:·-
. r. 

- j • • ; :.~r ...... /·. 
.. ~ ;"" . 
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the diffusion coefficients because of an inadequate measure of the 
' . ... 

diffusion path length! 

D. Grain Growth 

Examples of the grain size and microstructure of the hot-pressed · 

compacts for pretreated powder are given in Fig. 10 for each temperature 

and various pressures. Apparent are the equiaxed structure and the 

absence of entrapped porosity. 

i .' 

.•. 

; . 

. In Fig. 11 is a plot of log d(after 5 h) as a function of reci~rocal ·. "_· ;: , . 

temperature which gives an activation energy for grain growth of 

36 kcal/mole. This value agrees favorably with the extrinsic activation 

energy for oxygen diffusion :of 33-37 kcal/ mole measured by Oishi and 
I \ 

' . 
Kingery 26 on a selected group of ·single-crystal spheres and on poly-

' · .. ' . ,. 1 t 

' 'f ,. . 
i .• 

. ,,' j. :; 

·: . .. 
. l J. 

crystalline aluminum oxide. This agreement suggests that grain growth. · '' 

is controlled by the mobility of oxygen at the grain boundary wh,ich< is 

consistent with the generally accepted theory of grain growth. 31 
" ' .\: 

The activation energy for grain growth in Mgo 32 has been shown· J. 

to correspond with. the extrinsic activation energy for oxygen, 33 while 

.iri uo 2 graingrowth a~tivation energy corresponds with t~e value for . 

· · 34• 35 I h f th . . . th ' . t b uranmm 1on. n eac o ese cases gra1n grow 1s s.een o e 

controlled by the structure -determining ion. 

E. General Discussion . 

The conclusion based on this study and on work reported in the 

. ..... ·· 

·• :_.: 
'·. 
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literature is that th.e densification proc,ess .takes place by two major _).: ·: ·.~ · .. · _·: ·.:. I.' 

mechanisms: particle rearrangement and diffusional creep. The very : .· ·· · · 

high densification rate and the high relative density that can be obtained;._··.> :':;:::·· · .j 

in the initial stage of the process can only be accomplished by the 

·:•.-:,. . . . . ;· , .... 
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rearrangement of particles. Particle rearrangement can take.place by· ... ···. ·: ~.: -.,· r 
the singular or combined mechanisms of p'article sliding, ,fragmentation, .:~:/~U;.;_:.) .. 

, . . . . ·p~--.. ~-,~r~··_·:·~··~ 

and plastic flow by dislocation motion. ·It is believed that particle sliding\: ~F ·> ... •• 
. . . . . . ;X}t···~~ ;~~ .. ,~· 

is the main contributor to densification. The role in which fragmentatlon :).~.Y·z1:::~: · 

and plastic flow play in the process will depend upon the local stress , ''.'>'t<t:h·( i 
experienced -and the .fractur.e strengtn or yield strength of the material; ·, .. :·;:. i . . . . - ~ -- ~- -- - .....- .. '..... ·- . -·· !~-

•\' ' 
• < 

' however, no densification is visualized by these mechanisms other than.:, 

· .·.· :, .. "··.·;J,· ... tJ facilitate pa~ticle rearrangement by sliding. 
~ ... ~ ;.-" . ~ . "" ~:. : ' 

_..a '. 
·.Very high densities have been achieved by low temperature hot-. 

pressing of materials such as MgO which fractures easily and which c·an 

plastically deform at relatively .low temperatures. Higher temperatures· 
; 

are needed for aluminum oxide in which the fracture strength 'is higher . 
. . . . ~ ; 

. . . '~ 
and in which only basal slip is possible at hot-pressing temperatures •. · .;· . ·:. 'i. : 

. :. _;_;· ··.-· ' -~ : . 
•f i• Very strong materials and those exhibiting no pyroplastic behavior •. such .. .:·, :)· · 

· · · · · · · · . · · · · :··_: ·r. i~ .. :. r 
as the carbides, need hot-pressing temperatures that are often very ... · .. ~:~:;yj,, : •. ·· f 

near their melting. temperature. :' .· .. ::· .:~.:r:., • . ( '-i 
.• -·< ,· 

' The final stage of densification, ·'as h~s been studied in this work,. ;;~'-l; ·. ~~ · [ ·. ~ . .- . . . .. . ... I 
-~i-. · .. ,• i;~·_>~~~:~-~-~ . 

. .. · .. ·.-., ·:. is by diffusional creep described by the Nabarro-Herring mod~l. The .. ,··. ···' : · · . I 
... ::~(:~.;. kinetics for this st~ge of densification has been observed in most in~es- :··:.}~~~;-:::;; _.::.-· ... 

>~·;'~ .',., ligations of 1hot~pressing. In hot-pressing mat~rials such as carbides, 'ffi~?r;} :' ! 
~-'·'·~·, >·. no fragmentation· or plastic flow may take place and there may be little' :.r·~\;i.::}, .. · ) ~ 

'! ·' ··. particle sli~ing.· · .Diffusion~l creep may be solely oper~tive almost from.>).};;~,;:~:;,_·· f 

·· .;::;:· ·~ .·.the outset. , :·.:-/t.t~:_;\~,>~~::~· I 
•' ' • : .. M·... '"'' 0 ., ...... < •oi 

I VI. SUMMARY •· . ... • .:iS~'W&d I ·'r' ,.·""· . 
• ; •• 4 .. '·. 

. End-point porosities have been observ.ed' in the hot-pressing of :.)~(::.:~:}'::~J;·:J~:t}/~ 1 

. :< .· :': · , aluminum oxide and are ~believed to be due to e~trapped gases wit hi~ : '<·~{;;!@f~t;,·;·l 
pores of the compact. It has been shown that the most probable source·<k~!:~~,~<C:~~{~ 1 

........ ' '... ····~···. '.· . ' . ·'. ·,:: . ... :1' ii~JJNffi~~:: I 

. . ' 
-~ .· . ,_. ... ' 

---···;. 

. . . 
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of the gas in thls case is water adsorbed on the surface of the powder •. · 

When the powder is pretreated so as to remove adsorbed water, the 

powder can be hot-pressed to high density by first-order kinetics. 

The final stage densification kinetics obeys the Nabarro-Herring ·· 

creep model. Diffusion coefficients calcu.lated from this model give an 

activation energy that agrees excellently with the activation energy for 

the self-diffusion of aluminum ions in aluminum oxide. The higher 

diffusion coefficients observed in the densification study may be a result 

of the effect ?f grain size on diffusion rates or the effect of stress on 

atomic mobility in the vicinity of a pore. 

The activation energy for grain growth was consistent with the 

extrinsic activation energy '·for oxygen diffusion in aluminum oxide. 

Grain growth rate is evidently determined by the structure determining 

ion. 

The densification process by hot-pressing takes place by~two 

major mechanisms: the initial stage mechanism is by particle rearrange-

m.ent and the final stage mechanism is by diffusional creep. Particle 

rearrangement occurs mainly by particle sliding which is aided by 

fragmentation and plastic flow. The fracture strength and yh'Hd strength 

of the material will determine the amount of fragmentation or plastic 

flow that will occur and consequently the extent of initial stage . 

den1sifica tion. ·' 
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Table I. Summary of results for pretreated powder. 
'. 

---. . ( 4 d X 104 md2 x 1013 D X 1013 P after Compact Temp. Stress mxlO .. 
. . y 

. -1 2 2 No. oc psi sec em em I sec . em /sec 5 h 
: .. : 

• 
53 1150 6000 0.504 0.41 0.835 0.0786 -0. 0375 

/' 

58 1150 6000 0.500 0. 39 .0. 781 0.0735 0.0287 
·' 

' . ·~ 
-: ·, 

44 1200 3000 0.450 0.58 ·1. 52 0. 296 0.0593 

48 1200' 4000 0.587 0.59 .2.04 0.299 0.0304 

45 1200 5000 0.732 0.58 2.49 o. 291 o. 0152 

49 1200 6000 1. 07 0. 55· 3.23 o. 315 o.· oo9t .. 

35 1250 2000 
\ ... 

0.517' 1. 03 5.48 1. 65 . o. 0498 

60 '•1250 2000 0.412 0. 94 . 
.. 1: 

3.60 1. 09 . 0. 0332 

37 . 1250 2500 0. 625 .. 0.85 
,\' 

··' 4.52 1. 09 .0.0281 
'' 

., 34' 1250 3000 0.754 0.95 6.81 1. 37 0.0210 

33 1250 4000· 1. 13 0.81 7.43 1. 12 0.0103 

51 1250 4000 .1. 06 0.89 :. 8. 39 . 1. 27 0.0067 

36 1250 5000 1. 24 0, 81 · .. 8. 16 ' o. 9_99 0.0033 ,. ; 

' . . .. 

54 1250 5000 1. 24 0. 85 ... " 9. 05 .. 1. 10 0.0033 

39 1300 . 2000 0.542 1. 38 .··. 10.4 3.26 o. 0225 . 

57 1300 2500 0. 889. 1. 31 
.. 

15. 3' ' •' I 3. 83 0.0075 
'li. 

38 1300 . 3000 1. 06 1. 37. 19. 9 .· ' .. 4. 15 . o. 0054, 
.. ~ . 

~ 50 1300 3000 1. 05 1. 35' . 19. 2 . 4.00 0.0053 · .. 
. 

,• 

52 1300 3500 1. 27 1. 27 ., . 20. 5 3. 66 \ o. 0026 . 
.. 

-. ," 

59 . ' ... 
1350 2000 0.758 '2. 06 32.2 . 10.4 0.0045 
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· . . - for untreated powd_er at 1250°C.. : J{'t::·: ·. ft 
. -:·:. . Fig. 3.· ·;;Microstructural comparison of coinp~cts No. 24 from · ~. _,}~\;_;}}:_:· .. · ';,- · 11 

.. ;. untreated powder and No. 34 from pretreated powder; both-·~:::_:;>' \. · !} 
'. ; • . . . ' ' : . I' ,-;:, '. : . ~~ 

were pressed at 1250°C and 3000 psi. :_;. , <;·-,·< ·' t! 
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Fig. 4. i Density-time relationship for pretreated powder at 1200°C.'"" .. : -~~ ·,'··:· '; · ·, .. · H 
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Examples· of microstructures of pretreated powder at various 

temperatures and pressures. 

a. 1150°C 6000 psi d. 13oooc # 2000 psi 
b. 12oooc I 5000 psi e. 1350°C #· 2000 psi 
c. 1250°C , 2500 psi 

Log of grain size as a function of reciprocal temperature. 
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This repoTt was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
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. 

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 contractot, to the extent that 
such employee or con~ractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




