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INITIAL SINTERING O? Alzoj POWDER COMPACTS
_BY‘HOT STACE SCANNING ELECTRON MICROSCOPY
D. N. K. Wangyan@ R. M. Fulrath
Materials_apd Moleéﬁlar Reseagch Division,. Lawrence Berkeley Laboratory
' and Department of Materials Science and Mineral Engineering,
quversity of California, Berkeley, Californiaug47201Jw
ABSTRACT
 4 Initial stage sintéring of different types of Mgofdopeg A1203
. powders was}studied by measuring powder compact dgnsifigation at various '
cpngtant ratgs_of heating. Hot stage scanﬁing_electron microsgggy was
uséd,péhmonitor continucusly the linear dimeﬁs%onal¢¢hangekpf the powder
éoypact_dpring sintering. Usipg a theoretical ﬁédel fot the initial
».S;gge‘as anvinterpretative tool iﬁ the.analysis ofvsipteyipglqa;a;.it
’ has‘bgeﬁffpgnd‘th%p "non—regctive" A-14 Alz‘ .

higher activation energy than "reactive" submicron Al

03.powder‘siﬂ;ered with a

203npowders.



INTRODUCTION |
Isothermal studies of linear dimensional changes of powder compacts
have prévided most of the'available sintering déta on the initial stage
process. Isothermal experimeﬁts presenﬁ severai problems, of which the
most important is fhe inability to study adequately the initial portion
of the sintering process,becausé the mosﬁ rapid shriukage'occurs while
thermal equilibrium is still being,established.
| To circumvent this problem, sintering has been studied by measuring
densifica;ion using a»constaﬁt rate of heating (CRH) technique.. In par-
ticular, Young and Cutler1 have studied elutriated Alcoa A-14 alumina
powders. BecauSeiéniy one heatingvrate was used in their work, the true
activation energy for sintering wés not obtained. In studying UO2 pow-
ders énd ’I‘hO2 gels, Woolfrey ;nd Bannister2 qbtained the sintering rate
law by perférming CRH experiments at different heating rates. By com-
paring results from isothermal experiments performed on the same materi-
‘al,. they have claimed that théy demonstrated the validi;y éna accurécy
of the nonisothérmal technique. o
Alcoé A;l4‘A1203 powder is generally described as "déad bufned"

or '"non-reactive" material,while submicron size A120 powders prepared

3
by heating decomposablg salts are generally described as "reactive"
materials. It was ﬁhe’main purpose of this work to compare the initial
stége sintering behavior of these‘powders. In addipion, a study.of.
sinﬁefing behavior with variations in green cbmpact density waé also
made. Hot stage scanning electron microscopy was gsed to mopitor the

linear dimensional change of a powder compact at various constant heat-

ing rates. This technique has several advantages when compared with
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other methods: v it provides a means to monitor continuously the
dimeﬁsional changes of a specimen during the sintering proéess, (2)
The temperatufe gradient across the.specimen is negligiblé during heat—
ing,Because of the small size of thg speciméni (3) 1t makes poséible'
a‘étatiSticél analysis of the sintering reéultsg

It is.generaily accepted that the theoretical models derived from
idéalized geometrigs may not ;ruly describg-the sintering kinetics of.
a real powder compact. This is due fo the'fact that a real powder com-.
pact norﬁally consists of a random distfibution of parﬁicles varying in
shape, size, packing geometry and surface geometry. ﬁevertheless, the
thebrgtical models have proved to be valuable as an inte;p;etative tool.
in thé ana1§§is of sintering déta3 and will be used inxthé pfééen;‘workJ
to sthdykgﬁe différence‘in thé sintering behavior of differénﬁ types of
A1203 powdéés.i'

Following Bannister,4 the differential form of the initial stage

() a

Lo/ _ S L

T4k T AL\ n-1 , (1)
(L)

where constants K and n depend on the geometry and the material trans-

sintering equation is

L

port méchanism, AL is the fractional shrinkage, and t is the time. For

the sin;ering of spherical particles, when the.rate controliing mechani-
ism is volume diffusion:

K = (1.95y®_ [rkT) and n=2.0 @
For grain-boundary difﬁusion: |

K =(0.48bebq7/r4kT) and n=3.1 | (3)



where vy is the surface energy, 2 is the volume of a vacancy, Db is the
grain—b0undary'diffusioh coefficient, b is the éffective grain-boundary
width , Dv is the volume diffusion coefficient, k the Boltzmann constant,

r is the particle radius, and T is the absolute temperature. The temp-

-L. The equation, which applies to CRH

‘where K, is proportional to T

conditions, is obtained from equation (1) and (4):
By
d{== .
(Ln) %o e¥P\" g7

dc - /AL
L

)

o
This equation is based on the assumption that, at -any state of shrinkage
. and temperature, the isothermal and onisothermal shrinkage rateé}are
equal. After substitution of the constant heating rate, a = %%, and
rearrangement,‘équétion-(5) becomes:
-1 - . .
AL\ AL Q
2 22V /41T = K - -
a (Lo) d(LO) T = K exp < RT) (6)

If Q and n, which are characteristic of the rate controlling mechanism

remain constant and 6 is the temperatuie:
. dd

n T : .
(é@:) =.(9_)f Koexp(_ Q.) (7
Lo -\alJs RO : :
~Since Q>>RT equation (7) may be approximated by . '
A_L)n = krr? (2) [ewp (-2 (8
L, o aQ P {~ ®RT _
Elimination of %E from equation (6) and (8) provides the shrinkage rate

- equation:

Lo/ _ o1 aQ n __Q_ |
dtQ - <Ko) ' 21 - exp (_ nRT) . (9)
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Substituting equations (4) and (5) into (9) provides the following

eﬂuaolon: -‘ (i(éis : . _
' 2 . L, AL .
S, Y O 2 =
T ar a ( >( > ‘ | (10)
Thus a linear-linear plot of T2 —~—QZ// ——-should give a stralght

line with slope f%.» From this slope, the efrective.activation'eoergy,
%‘ean be determined. From equation (8), a n-fn plot of fractional
shrlnkage at a soec1r1c temperature vs. heatlng rate glves a stralght
line of slope ot - %u' Therefore, the apparent activation energy,.Q, can be
determined. Another wey ﬁo obtain'the value of é% is from the simplified
plot of ﬁhé form &n %Li-lve %u vThis tvpe of plot has been used by
Yoong aod-Cutlerl to determine the effective aetivation energy; In a
reel situation,vtransient shrinkage,.eaused'either by the formation of
neo contacts oetween the pafticleé or by partiole eliding,‘will be in~
Iclo&ed io the total sﬁrinkage. This error can be minimized if the equa-
’eion.invoiving ehe defivative of shrinkage is used. - Therefore, in the

present work, a differential plot of shrinkage is preferred in determin-

ing the sintering kinetics.
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EXPERII‘EEI\"i‘AL PROCED URE
Four different types of aluminum oxide powders were used. They
were Alcoa A-14 AlZOS and tﬁree submicron size powders pfepared by
heating decomposable salts from different Sources.* The compacts were
made by cold pressing the po&defs, to which 0.1 wt% of MgO and appro-
priate organic binder (PVA) were added. The'amount of binder added
depended on the surfece afea‘of the powders. The greater the surface

area of the powders the larger the amount of binder needed. It ranged from‘

1 wtZ to 8 wt%Z. All the cold pressed specimens had a diameter of

0.2'iﬁch and a thickness of 0.1 inch. _AlcoavA—lA A1203 powder was wet

ground for 16 hours in a high purity (99.98%) alumina lined rotating .
mill, dried and pressed. This procedure was used to break up'agglome—
rates. The powder had an average partiele size of 2.5um. The size of
the submicron Al,O, powders were determined by scanning electron micros-

273

copy to be 0.1lpym for the Grace powder; 0.2ym for the General Electric

powder aqd 0.3um for the Union Carbide powder.‘ The Alcoa A-14 powder
particles were prismatic in shape and the submicren powders were more
cylindrical in shape with no crystallographic.morphology. These com—e
‘pacts were‘prefired et 650°C in air for one hour to decompose the
organic binder. vThe green densities of the specimens were determined

after the prefiring.

*

Union Carbide. Linde~A alumina (Lot No. 1006). W. R. Grace & Co. high
purity alumina (Lot No. 2156A-52). General Electric Company Auto-
claved high purity alumina.
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To study the linear dimensional chénge of the specimen during
experiments; tungsten microspheres wefe placed on the specimen surface
to sérve'as referrence:points. The compacts were then heated in the
hot stage of the scénning eléct;on microscope undér‘brogrammed heating
‘fateé, ranging from' 1°C to 13°C/min. The vacuum in the hot stage
chamber was about 3 x‘lO.5 torr. During each sintering run, a l16mm
movieiWAS'made of the TV screen and ﬁecofded continuously the ﬁoVement
of the'tungstenfmarkérs. Linear d;menSional-changeS'weré made by meas--
Qring the distance, an average distance’ of 1,000 to- 10,000 partiélé’
 diémetérs, between specific,microspheres.. At least eight measurements
at different directions on'thevsample sﬁrfacé providé'an average shrink-

‘L -L

"age for each‘temperature} Since the fractional shrinkage I
‘ o

'temperatures were determined with the same low temperature value of Lo,

at all-

X ' . , . 6 ; N
a thermal expansion correction was made for each of the measurements.

?

A detailed description of the principles of this technique has been

_reported elsewhe:e.7



RESULTS AND DISCUSSION .

‘The fractional shrinkage S . temperature plots for two of the four
powders during sintering are presented in Figs. 1 and 2. Figure 3 gives
the results for all the aluminum oxide powderts which were plotted accord-
ing to equation (10). Two different slopes for each powder are noted.
Equation (10) indicétes that the plqt should exhibit a single slope if
(1) the material contains.particlesof a single size and (2) a single
diffusion mechanism operates or if a combination of mechanisms wiﬁh the
same activation energy predominates over the entire initial stage.

The'problem of multiple mechanisms in sintering kinetics was

 tfeated by Johnson.8 He‘has observed that lpw activation energy surface
diffusion, actingvin consort with grain—boundary diffusion,-résults in
an abnormally higﬁ apparent activation énergy for.densification. This
.situation has been described in detail by Cutlerl. Surface diffﬁsion
generally has a low activation energy, and it is expected to be the
predominaht méss transport mechanism at temperatures aﬁ or below the
initial shrinkage temperature. If a neck is formed'by surface diffused
materiél, the flow of material from tﬁe grain-boundary, which is normally
to the neck, is impeded until a‘temperatﬁre is reached at which flow‘
frém the gréin4boundary predominates. The net effect is a steepened
initial slope. The independence of the slopes obtained in Fig. 3 with
the heating rate fér the submicron powders indicates that surface dif-
fusion as a competing mechanism is unlikely. The other mechanism that
might be confused with surface diffusion is the volume-to-grain boundary
changeovér proposed by Johnson and Berrin?. Thesé alternatives are

difficult to distinguish.
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 The most significant thing found in this experiment is that the
effective activation energies calculated from the slopes areé different

for A-14 A1203 powder and the submicron size AlZO powders. - The effec-

3
tive activation energy,-%, for‘A414 powder is 75 Kcal/mole below 2.2%
fractional shrinkage:and 42 Kcal/mole.abové 2.2%. These resﬁlts give
fairly good agreement with the effective actiyation enérgies of 83£1C
and 3813'Kcal/mole,lrespecfively; obtained by Young and Cutlgrl who used
ép Arthenius - type plot. The two effe§tive activation enérgieé calcu-
l%ted for the submicron size powdérs are 44 and 30 Kcal/mqie Wiﬁh_the
bfeakvpoiﬁt ét apprdximately 27 fractional shrinkage. ’Green-densify did
‘nof_affect thé sintering law or the effective activation energy as seen
in fig. 3; A decréase in gfee? denSity‘for ﬁnion Cérbide powder com-
pact, fr6m>58‘t6 32%ltheorefical déﬁsiiy, ohly led to progressively re-
'auéed rétés of.sintéring. This pﬁéuomenoﬁ was also obsgrved by ﬁoolftey'
' wiﬁh UOé material}o |
Data obtained from Figs. l‘and 2 are plottéa_in Figs. 4 and 5
fespécﬁiVely, as in shrinkage aﬁ a given temperature vs. £n heating rate.
Ih theée‘piots,vthe values of n calculaﬁed from the slopes iﬁdicate that
n increases frdm 41.5 and levels éff.aé a valqé of 3. Thé.dashed lines
drawn in‘thesé figures represenﬁ the transitions between h.qﬁ 3.and n = 3.
This‘samé:result was aléo observed for the other two‘powders. The trans-
' itions between regions are not as apparent as the break points in. slopes

as seen in Fig. 3. However, they are consistent with the observed vari-

ations in effective activation energies over these ranges of temperature

" and shrinkage.
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Because éf the ambiguous naturé of the lower portions of the
kinétics_in Fig. 3, further analysis will concentrate on the upper
regions of #hé»cuses;

The‘value of n (x3) observed for the upper portions of the curves is
that expected for grain boundaryrdiffusion and indicates that this is
probably the rate-controlling‘mechanism. The parametérs Y and 9 in

' -2
equation (3) were assigned the values l,OOO-ergs/cm2 and 10 3 cm3,

7
respectively. The particle sizes, r, were 0.1, 0.2, 0.3 and 2.5 microns
for the W. R. Grace, General Electric, Unioﬁ Carbide and Alcoa A-14
A1203 powders, respectively. The diffusion coefficients, calculated by
using equations (1) and (3), are shown in Fig. 6. Diffusion coefficients

- given by other sources are also shown. The bD_ and D,, values are

b

given on the same plot although they are not directly comparable. The:
discrepancy iﬁ the bDb valQe calculated for Union Carbidé powder.from
_that of the other two submicron size powders may arise from difficulties
in determining the actual particle size and/or from the differences iﬁ
grain—bounaary width. The activation energy for the diffusion process
‘obtained for all these submicron size powders has the same vaiue of 93
‘Kcal/mole. This agrees vefy well with the value of 90 Kcal/mole that -
was observed by Chang14 in his déformatidn experiments. However, thé
activa;ioﬁ energy calculated forIA—l4‘AlZO3 is 142 Kcal/mole assuming

grain-boundary diffusion. This could be attributed to the lack of

validity‘of equation (3) when applied to A-14 Al powder. In fact,

2%3
the particle shape of A-14 alumina strongly deviates from the spherical

shape assumed in using equation (3).
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In studying tﬁe shape sensitivity of initial sintering, Bannister
vfdund that n may be affécted as much by the contact geometry as by the
material transport mechanism. Dependihg on the'geometry; a value of
n = 3fﬁay indicate either volume or grain-boundary diffusion. TFor the
pyramid-pyramid and pyramid—plate geometries, avvalue of n= 3 indicates
that the rate cbngrolling mechanism is volume diffusion. - The factor K
used in equationi(l) is the same as that in quation (2)vexéépf thét the
numerical vaiue changes with changing apex angle. Using 11{4'35 tﬁe nu-
~merical value4 in equation (2), the calculated volume diffusioh co-

-efficients for A-14 A120 is plotted in Fig. 6. These results give an

3
activation ehergy of 150 Kcal/mole which is approximately the same as

2,15

previous values obtained by assuming a volume diffusion mechanism.
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CONCLUSIONS

Hot stage scanning electron microscdpy has proven to be useful for
the study of tﬁe sintefing process. This work has provided the fifst
experimeuntal results on thg initial stage sinteriﬁg of MgO-doped Al?_O3
powder compacts in a vacuum environment. With the absehce of further
éyidende, it appears that in the initial stage sintering a grain-bound-
ary diffusion ﬁechanism is resbonsible for mass transporgvin submicron
size Al 0, powders and a Qolume diffusion mechaniém‘is responéible in

273

. Alcoa A-14 A120 powder.

3
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FIGURE CAPTIONS

0. powder compacts at

Densification profiles of Alcoa A-14 Al2 3

various constant heating rates.

Densification profiles of W. R. Grace Al§03

powder compacts as
various constant heating rates. | |

Plot of Tz[d(AL/Lo)/dt]/a.vs. (AL/LO)‘for initial stage sintering
of four different types of 0.1 wt% MgO—doped A120 powdetvcompacts'

with various constant heating rates.
Effect of heating‘rate on shrinkage at a specific temperatufe for -

initial stage CRH sintering of Alcoa A-~14 A1203‘powder compact. .

Effect of heating rate on shrinkage at a specific temperature for

3 powder compact.

Diffusion coefficients calculated from initial stage sintering data

3° (a) Ref.

11, (b) Ref. 15, (c) Ref. 12, (d) (e) Ref. 13 and (f) Ref. 14.
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