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TECHNICAL REPORT NO. 1

(In Press: Ceramic Advances, Vol. 2)

SINTERABILITY OF ZrO and Al 0 POWDERS:

THE ROLE OF PORE COORDINATION N,, DISTRIBUTION.., '.

By

F.F. Lange and B.I. Davis

Rockwell International Science Center
-; Thousand Oaks, CA 91360

A,4 ABSTRACT

The sinterability of two ZrO2 powders containing 2.2 and 6.6 m/o*

Y203 , respectively, a A1203 powder, and A1203/10 v/o* ZrO 2 composite powder

was investigated. Shrinkage was measured at a constant heating rate. Capil-

lary size distributions were determined by mercury intrusion after heating

*" compacts to various temperatures. Iso-pressing eliminated larger pores with

larger coordination numbers which results in greater sinterability. Local

densification, i.e., densification of multiple-particle packing units, en-

larged pores between these packing units. This phenomenon of local densifica-

tion initiated prior to bulk shrinkage and stopped when the shrinkage rate

reached its maximum. ZrO2 inclusions, known to inhibit grain growth, also

inhibited sinterability. This observation, coupled with previous work,

strongly suggests that grain growth, supported by dense packing units, helps

*m/o = mole percent; v/o = volume percent.
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lower the coordination number of pores and therefore is helpful in the sinter-

ing process. Large multiple-particle packing units (large agglomerates)

produce unsinterable pores, i.e., pores with high coordination numbers. It

" was shown that colloidal/sedimentation treatments which decrease the size of

the soft and hard agglomerates reduced sintering temperatures and increased

strength.
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A previous paper' outlined a new concept concerning the sinterability

of consolidated, agglomerated powders, i.e., compacts that exhibit bulk den-

sity variations on both the macro and micro scale. Only mono-size (e.g.,

spherical) powders, packed with a periodic arrangement do not exhibit these

density variations. Thus, nonperiodic arrangements of both mono- and poly-

dispersed powders, spherical or otherwise, must be considered as agglomerated.

Pores are the central characters of this new concept and their coor-

dination number (R, defined as the numer of touching particles that form the

pore "surface" in the consolidated state and/or the number of surrounding

grains in the partially sintered state) distribution (V(R), the function that

describes the volume fraction of pores with a given R), their principal func-

tional property. Use was made of a thermodynamic concept, first introduced by

Kingery and Francois 2 and modified by Cannon, 3 which shows that pores with a

coordination number less than a critical value (Rc) can shrink and disappear

(kinetics permitting) by volume/grain-boundary diffusion as shown in Fig. la.

Pores with a coordination number > Rc, will only shrink to an equilibrium

size3 as shown in Fig. lb. The critical coordination number, Rc, depends on

the dihedral angle, which depends on surface and grain boundary energies and

is therefore influenced by atomic bonding and surface chemistry. Thus, from a

thermodynamic viewpoint, the volume fraction of pores that can disappear is

given by

3
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f V(R)dR
4

'A

where 4 is considered the lowest coordination number.

The previous paper I suggested that the pore coordination number dis-

tribution of a powder compact was dependent on how multiple particle packing

units were arranged In space. Two types of multiple-particle packing units

were visualized, i.e., domains which consisted of relatively few highly co-

ordinated particles and thus have the lowest pore coordination distribution

-* and agglomerates which consist of packed domains. The interdomain pores have

4. a higher coordination number distribution than the domains themselves. The
,agglomerates pack together to form the powder compact. The interagglomerate

pores have the highest coordination number distribution. The pore coordina-

tion number distribution is thus the sum of the distributions within the

domains, between the domains, and between the agglomerates.

The effect of consolidation forces (e.g., Iso-pressing) and heating

on the pore coordination distribution were discussed.1  It was suggested that

consolidation forces cause the multiple-particle packing units to deform to

fill in the largest pores and thus increase bulk density by removing higher

coordinated pores. Increasing the bulk density increases the proportion of

ilk pores with coordination numbers < R. thus helping to explain why compacts with

a higher bulk density achieve higher end-point densities for a given sintering
'I

schedule.

4
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The effects produced during heating to temperatures where diffusional

processes promote neck formation, etc., are summarized in Fig. 2. One agglom-
1.

erate is shown. Domains within the agglomerate are the most highly coor-

dinated with respect to particles (i.e., greatest number of particle contacts

per volume) and contain pores with the lowest coordination number distribu-

tion. It can be shown that the free energy charge per unit volume (i.e.,

,. driving force for shrinkage) can be expressed as
iq

a- nydA'

where n is the number of contacts per unit volume (n a 1/R), y is the pore

surface energy per unit area and dA' is the decrease in pore surface per unit

compact. Domains will therefore be the first multiple particle packing unit

to undergo shrinkage. Since each domain can not be expected to shrink at the

same rate (both n and the V(R) within each domain will differ from domain to

domain), the net effect is that domains will shrink upon themselves, breaking

some interdomain necks to enlarge and increase the coordination number of

Interdomain pores as shown In Fig. 2b. The net effect on V(R) is to eliminate

pores with a low R and increase R of other pores, i.e., a process that hinders

sinterability. This process of local densification can occur without bulk

shrinkage. For this case, pore volume within the domains is transferred to

interdomain pores.

5
J505OA/bw
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The multiple-connected, dense domains can now support grain growth.

Grain growth (Fig. 2c) reduces the coordination number of interdomain pores.

Thus, grain growth at this stage allows interdomain pores to spontaneously

disappear. The end result Is a dense agglomerate.

Multiple-connected agglomerates will undergo the same process as

described for domains, i.e., enlargement of interagglomerate pores and grain

growth to decrease the coordination number of the enlarged interagglomerate

.pores. The differential shrinkage between agglomerates should not be as large

as that for domains since they contain many more contacts per unit volume. Bulk

shrinkage is thus expected to commence with densification of agglomerates.

.- Thus, local densification, first of domains, then of agglomerates,

increases tha coordination number of the enlarged pores between the packing

units. Grain growth, first supported by dense domains then by dense agglom-

erates, decrease the coordination number of these englarged pores. The effect

"4'- of the effective compressive stress due to "surface tension" (a = F/ V = FydA')

and applied compressive stresses (hot-pressing, HIPing) on reducing the coordina-

"* " tion number of pores will not be elaborated here.

.. The purpose of the current paper is to review the experimental obser-

vations that appear to support the concept outlined above. These observations

will be detailed for ZrO2 , A1203 and A1203/ZrO 2 powder compacts.

ell.5.

6
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-.1 2.0 POWDER PREPARATION, CONSOLIDATION AND EXPERIMENTAL PROCEEDING

Two Zr0 2 powders were used, one conta. ..2 mole % Y203 which could

be sintered to a single phase, polycrystal tetragonal ZrO2 ceramic, and one

containing 6.6 m/o Y203 which produced a cubic ZrO2 ceramic. These powders

are manufactured* by heating cellulous soaked with ZrClO 2 and a soluble

yttrium salt in air to produce the ZrO 2 s.s. and to burn off the carbon. The

hard, partially sintered agglomerates of ZrO 2 ss, crystallites are milled and

washed to remove excess chlorine. TEM examination indicated that the as-

received powder still contains many large, hard agglomerates, whereas the ZrO 2

crystallites were 4 0.1 pm.

-.' The a-Al203 powder is believed to be manufactured**
4 by atomizing an

alkoxide in a manner described by Visca and Matijevic. 5 The particles are

nearly spherical, and the powder is claimed to have a narrow size distribution

with a mean of 0.59 pm. The as-received dry powder contained many large, soft

agglomerates which could be broken apart with ultrasonic treatment.

t .Previous work6 showed that all three powders could be dispersed in

water at pH - 2.5 (using HCI) and flocced at a pH between 7 and 9 (using

NH40H). All three powders were subjected to a colloidal treatment outlined in

me Fig. 3. The purpose of this colloidal treatment was to break down soft ag-

glomerates with the surfactant and to eliminate all hard agglomerates (or mill

*Zircar, Florida, New York, U.S.A.
**Sumitomo Chem. Co., Osaka 569 Japan (Tyoe AKP-30).

7
J5050A/bw
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particles) 1 o 1 m by sedimentation. Flocculation prevents mass segregation

upon storage and/or consolidation. Flocculation also consolidates the powder

to a higher volume fraction. Washing to remove excess salt introduced during

*the disperson/flocculation steps is performed by removing the clear supernate,

remixing with deionized water, and refloccing several times.

Only the ZrO2 (+ 6.6 ifo Y203) powder was milled. A high purity* A1203

jar and media was used which introduced fractured Al203 grains (i.e., the wear

product) with sizes between 5 and 20 4m. These were eliminated during

sedimentation.

Figure 3 illustrates the size distribution of the three powders after

redispersion. Note the bimodal distribution of the small particles and the

larger hard agglomerates for the unmilled ZrO 2 (+ 2.2 m/o Y203 powder).

Two phase mixtures were prepared by determining the solid contents in

each flocced system, redispersing, mixing the appropriate volumes using ultra-

sonics, then refloccing to prevent mass segregation.

Consolidation was performed from the flocced state by filtration (slip

casting). After drying the green density of some specimens was Increased by

iso-pressing at 350 MPa.

Two types of air sintering experiments were performed. In the first,

specimens were heated to 700C and then heated at a constant rate of 50C/min to

1550C (or 14000C for the case of ZrO 2 ) and then furnace cooled. Linear shrink-

age was measured during these experiments with a high temperature extensiometer.

*Coors Porcelain Co.

8% ,m ,I 1[Ahe
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In the second group of experiments, specimens were heated and held at the de-

sired temperature for 30 min before furnace cooling. These specimens were then

examined with a mercury porosimeter* to determine the equivalent capillary size

distribution as a function of temperature.

3.0 CONSOLIDATION EFFECTS

The bulk density of the filtered ZrO2 powders was 33% of theoreti-

cal.** It could be increased to 49% of theoretical by iso-pressing at 350 MPa.

Similarly, iso-pressing of the filtered/dried A1203 powder increases the bulk

density from 51% to 60% of theoretical. Figure 5 illustrates the mercury intru-

sion data for the filtered and filtered/iso-pressed ZrO 2 (+ 6.6 m/o Y203) pow-

der compacts. As illustrated, the capillary size distribution is larger for

the lower bulk density compact relative to the iso-pressed compact. Since the

mean particle size is the same at both bulk densities, iso-pressing not only

Kdecreases the size of the larger pores, but also reduces their coordination

number. That is, the compact with the higher initial bulk density is expected

to contain a higher fraction of pores with coordination numbers 4 Rce

Similar results were obtained for the other two powders.

rh

WMicromenitics, Inc. (Auto Pore 9200)
**ZrO2 : 6.6 m/o Y203 ), cubic structure, pt = 6.05 gm/cc;

ZrO2  2.2 m/o Y203), tetragonal structure, pt 6.07 gm/cc.

9
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4.0 LOCAL DENSIFICATION

!7
Local densification is a more descriptive term for what Exner7 des-

cribes as rearrangement. As outlined above, domains will densify during the

early stage of heating. Since each domain is multiple-connected to one an-

other, but may not shrink at the same rate, void space between poorly bonded

'domains will enlarge. If neighboring domains exhibit sufficient differential

shrinkage, pore enlargement, due to domain densification, can occur without

bulk shrinkage. If a portion of the multiple-connected domains (and then,

agglomerates) exhibit the same shrinkage rate, bulk shrinkage will take place

during pore enlargement. An enlarged pore is less sinterable due to its

increase in coordination distribution.

4'.4 Figure 6 illustrates the equivalent capillary size distribution for

the filtered (Fig. 6a) and filtered/iso-pressed (Fig. 6b) compacts of ZrO 2 (+

6.6 m/o Y203) at four different temperatures. These results show (also see

Fig. 5) that pore enlargement (i.e., enlargement of equivalent capillaries)

precedes bulk shrinkage, viz up to 9000 C. Pore enlargement continues with the

initiation of bulk shrinkage at temperatures > 9000 C. The process of pore
'.

enlargement stops between 11000C and 1200*C, at which point other processes

cause the large pores to shrink.

Figure 6 (and 5) also illustrates that pore enlargement takes place

by a redistribution of pore sizes, viz small pores disappear* and larger pores

*Due to plotting, Fig. 6 does not show intrusion into smaller equivalent
capillaries where the intrusion values are c 0.002 cc/gm.

4.'. 10
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are formed. This observation is consistent with the concept of local densifi-

cation, i.e., pores within densifying domains (then agglomerates) redistribu-

ting to enlarge Interdomain (or agglomerate) pores. Domain (or agglomerates)

,' densification only leads to bulk shrinkage at temperatures > 9000 C.

Figure 7 illustrates the constant heating rate, shrinkage results

plotted as relative density vs temperature and shrinkage rate vs temperature.

It is interesting to note that the shrinkage rate increases to its maximum at

~ 11000C during the stage of local densification.

5.0 EFFECT OF GRAIN GROWTH

As shown previously and reviewed above, grain growth, supported by

dense domains and then agglomerates, occurs throughout the sintering process.

It was previously hypothesized that grain growth is helpful in reducing the

coordination number of pores that would be otherwise unsinterable. To test

this hypothesis, several different experiments have been initiated. One of

these, which will be detailed elsewhere,8 will be reviewed here.

Previous work9 has shown that Zr0 2 inclusions, introduced as a second

phase powder into A1203 powder, locate at 4-grain junctions during densifica-

tion and hinder, but do not stop, growth of the A1203 grains. Dihedral angle

measurements showed that the average A1203 grain boundary energy is - 1.5

times the A1203/ZrO 2 interfacial energy. One might conclude from these

relative surface energies that additions of ZrO 2 to A1203 would increase the
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driving force for sintering. On the other hand, if grain growth aids sinter-

ing, one might conclude that ZrO2 additions, which hinder grain growth, would

also hinder sintering.

Constant heating rate experiments were carried out for A1203 powders

containing 10 vol % ZrO2 (+ 2.2 mole % Y203) which were filtered and iso-

pressed as described above. Results are compared with those for single phase

A1203 in Fig. 8. As shown, the ZrO2 addition delayed the start of bulk

shrinkage and the maximum shrinkage rate by - 100°C. Note that when bulk

shrinkage did initiate for the composite, it was much more rapid than for the

*" pure A1203 , These results are consistent with the hypothesis that phenomena

that hinder grain growth will delay sinterability.*

Similar composites were prepared in which only a portion of the A12 03

was deagglomerated (ultrasonic treatment was not employed). The resulting

sintered microstructure (sintered to only 92% of theoretical) contained large,

V dense regions of polycrystalline A1203 without the dispersion (i.e., A1203

agglomerates which did not incorporate the Zr0 2). These dense regions

'.i contained large A1203 grains and were surrounded by lower density (porous)

two-phase, finer grained matrix. This observation similarly supports the

hypothesis that grain growth is helpful in decreasing the pore coordination

number and thus, sinterability.

*Helpful grain growth should not be confused with abnormal grain growth

which entraps pores and limits end-point density.

12
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6.0 EFFECT OF AGGLOMERATED SIZE

The size and coordination number of an interagglomerate pore is pro-

- portional to the agglomerate size. Powders produced by decomposition

reactions contain many partially-sintered, hard agglomerates. Powders

consolidated by dry routes contain large, soft agglomerates. If these powders

are not treated by the colloidal/sedimentation route (or a similar route)

described above, these agglomerates persist through sintering. 10

The extreme case where agglomerates are simply packed together with-

out applied consolidation forces (no isopressing) was simulated for the A1203

powder described above. The large, soft agglomerates, collected after re-

peated sedimentation were consolidated by filtration. After heating to 1550 0C

(50C/min, no hold time), the microstructure consisted of multiple-connected,

dense agglomerates and pores as shown in Fig. 9. Since the grains within the

dense agglomerates are - 10 times smaller, the interagglomerate pores are vir-

tually unsinterable (without further grain growth) due to their high coordina-

tion number. Thus, powders that consist of agglomerates that are much larger

then their constituent crystallites will require high sintering temperatures

(despite their so-called active crystallite size) to achieve the grain growth

required to reduce the coordination number of interagglomerate pores to < Rc.

Preliminary observation currently suggest that grains have to grow to the size

of the agglomerate before the interagglomerate pore can spontaneously

disappear.

13
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The highly agglomerated (hard type) ZrO2 powders used here are a

* cause in point. Untreated (as-received and slightly milled), densities of 95%

theoretical can only be achieved by sintering at 1600°C/2 hrs. Treated to

breakup soft agglomerates and eliminate hard agglomerates > 1 Pm as described

above, the ZrO2 (+ 6.6 m/o Y203 ) powders can be sintered to > 98% of theoreti-

cal at 1300C/1 hr. The ZrO 2 (2.2 N/o Y203) which contain a large fraction of

hard agglomerates < 1 pm (see Fig. 4), can be sintered to the same density at

a slightly higher temperature.

The more general case is where the larger agglomerates only make up a

small fraction of the powder compact, viz the case where milling reduces a

large fraction of the large agglomerates to their consistent crystallites or

domains) and the compact is consolidated from the colloidal state. This case

was also simulated by mixing the colloidally/sedimented A1203 with sedimented

large Al203 agglomerates. As shown previously, I0 the differential shrinkage

of the agglomerate relative to the matrix produce a crack-like void with a

size proportional to the agglomerate as shown in Fig. 10. Again, these crack-

like voids are unsinterable without either an applied pressure (e.g., or

extensive grain growth). They not only limit the end-point density, but also

are fracture origins that limit potential strength.

". Comparison of the two ZrO2 powders is a case in point. The unmilled

Zr02 (+ 2.2 mo Y203) powder contained a larger fraction of hard agglomerates

(4 1 pm) than the milled ZrO 2 (+ 6.6 mo Y203) powder after the same colloidal/

sedimentation treatment (see Fig. 4). A comparison of their sintering behavior

(constant heating rate of 50C/min to 14000C) shows (Fig. 11) that the powder

14
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containing the large fraction of hard agglomerates achieved a lower end-point

density despite the fact that they contributed to a higher shrinkage rate at

lower temperatures (< 1200 0 C).

( 7.0 CONCLUSIONS

1. The thermodynamic potential of a crystalline powder compact to

densify is governed by the coordination number distribution of

its pore space and the critical coordination number. That is, a

compact's sinterability (kinetics permitting) is determined by

the arrangement of particles and multiple-particle packing units

- and the dihedral angle formed between a pore surface and a grain

boundary.

2. Consolidation forces (e.g., Iso-pressing) first eliminate pores

with the highest coordination numbers (least sinterable) (see

Fig. 5).

3. During neck formation, multiple-particle packing units which

have the largest number of contacts per unit volume (or lowest

_ pore coordination numbers) densify upon themselves to increase

the coordination number (and size) of interpacking unit pores.

This process of local densification (or rearrangement) can

occur, to a limited extent, prior to bulk shrinkage, and to a

J015 bS50A/bw
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.. greater extent, during bulk shrinkage (Fig. 6). Pore

enlargement due to local densification appears to cease when the

shrinkage rate exceeds its maximum value (Figs. 6 and 7).

4. Grain growth is helpful in reducing the coordination number of

those pores enlarged by local densification. When grain growth

is inhibited with a dispersion of ZrO2 particles in A1203 ,

sinterability is also inhibited (Fig. 8).

5. The coordination number (and size) of interpacking unit pores

are proportional to the size of the packing unit (Figs. 9 and

10).

The direction resulting from these conclusions only add reason to

something we have already conceived. Namely, the most sinterable powders are

mono-dispersed crystallites (or amorphous particles) which are densely packed

in a periodic array. Lacking this utopian situation, the conclusions direct

the fabricator to powder preparation and consolidation methods (e.g., those

described in Section 2.0) of reducing sintering temperatures (viz reducing

grain growth requirements) and reducing the size of the strength degrading

crack-like pores. These methods have enabled the present authors to reduce

sintering temperatures and to achieving mean flexural strengths for

transformation-toughened, pressureless-sintered ceramics of 1300 MPa (185,000

psi).
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Fig. 1 Coordination number development for two pores (a) Rc and (b) R >

Rc.
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PACKED DOMAINS

LOCAL DENSIFICATION INITIATES

. INTER-DOMAIN PORES ENLARGE
(R > Rd)

4.

BULK SHRINKAGE INITIATES

4.-. * GRAIN GROWTH

0 INTER-DOMAIN PORES
DISAPPEAR WHEN

Fig. 2 Schematic for the densification of an agglomerate: local densifi-
cation (or rearrangement) and grain growth.
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. < .
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ZrO 2 (+ 2.2 m/o Y2 03 ).
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50

0 0.5 1.0 1.5
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Fig. 4 Particle (or agglomerate) size distribution for three powders used in
study after colloidal/sedimentation treatment.
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CUBIC ZIRCONIA
ZrO2 (6.6. rn/0 Y2 03 )

100
ZrO2 (6.6. rn/0 Y203) POWDER
(HEATING RATE 50C/mnin)

F LOCCED/FI LTERED/ISO-PRESS

LU

o I.WI
50 uJ

z

FLOCCED/FI LTER/ISO <
- ujz

900 1000 1100 1200 1300 1400 1500 16000 .

TEMP [0C]

Fig. 7 Relative density and linear shrinkage rate vs temperature (heating
rate - 50C/min) far Z2(+ 6.6 rn/a Y203) powder compacts (filtered
and filtered/isa-presse )

25



- Rockwell International
01% Science Center

SC5368.2FR

-" SC83-22412
-- "I I I I I I

100
AI2 0 3 (FLOCCED/F ILTER ED/ISO-PR ESSED)

.J..

250 - 100UJ

a A 2 0 3 /ZrO 2 (10 v/o)
.) > (FLOCCED/FILTERED/ISO-PRESSED)

4, o

, -
U.'i

A12 03  50 uj

w

A, z
0, 0
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Fig. 8 Relative density and linear shrinkage rate vs temperature (heating
rate = 5*C/min) for A1203 and A1203/ZrO 2 (+ 2.2 m/o Y2 03 ) powder
compacts (both iso-pressed).
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400um

Fig. 9 Large, soft agglomerates obtained by sedimentation, packed by
filtration and sintered (heating rate = 50C/min to 15500C.
Note large pores between dense, polycrystalline domains.
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Fig. 11 Relative density and linear shrinkage rate vs temperature (heating
rate = 5*C/min) for filtered/iso-pressed compacts of Zr02 (+2.2 r/a

Y203) and ZrO2 (+ 6.6 m/o Y2 03) powders.
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TECHNICAL REPORT NO. 2

(In Press: Proc. of Materials Research Soc. Conf., Boston, Nov. 1983)

SINTERABILITY OF AGGLOMERATED POWDERS

T. F. Lange
Rockwell International Science Center, Thousand Oaks, CA 91360

a.-, ABSTRACT

Powdered compacts that do not have periodic, particulate
arrangements exhibit nonperiodic density variations and are.
by definition, agglomerated. The void phase in the compact
can be separated into pores. The pore coordination number
distribution and the critical coordinated number (Rc) governs
the volume fraction of pores that can spontaneously disappear

-,,f by diffusion, and therefore, the compact's sinterability. The
pore coordination number distribution is favorably influenced
by increasing the compact's initial density and decreasing the

4 size of the multiple particle packing unit (for example, ag-
* -. glomerate size). During heating the pore coordination number

distribution is unfavorably shifted by local sintering, which
is produced by the spontaneous disappearance of pores with
favorable coordination numbers (R ( R ). Local densification

"-'% produces a dense, polycrystalline skeletal network. Grain
. - growth during densification, supported by dense regions, fsv-

.. orably alters the coordination number of pores within the
skeletal network and improves sinterability. The configurs-
tion and microstructure of the dense, skeletal network will
control its compliance to deformation by either effective or
applied (hot pressing) compressive stresses. Deformation of
the dense, skeletal network will improve the coordination nun-
her distribution and thus sinterability. From this thinking,
one concludes that the ideal situation requires either a
periodic particle arrangement (which requires monodispersed

powders), or lacking this arrangement, alterations in surface
chemistry (or structure) such that Rc

INTRODUCTION

In pest decades, slntering studies have emphasized transport mecha-
smlo and kinetics (see resf. 1 for review). These studies suggested that

the elimination of solid/vapor surface area is the driving force for densi-
fication, volume and/or grain boundary diffusion are required to produce
high densities mad sinterability (namely, the densification rate at a given
temperature or the lomest temperature required to achieve a density close to
theoretical) is Inversely proportional to particle site to some power,

* m ) 1. band an this last suggestion, many Investigators began to manufac-
ture powders with very small particle sizes (so-called active powders) only
to find they did not necessarily increase sinterability.

Problems assoclated with the sinterabillty of active powders are gen-
erally attributed to agglmerates, I.e.. multiple particle packing units
produced by either attractive (Van der Waal) interparticle forces (forming
soft agglomerates which cam be broken apart with surfactants) or partial

aintering during cal nation (forming hard agglomerates which can be broken
apart by attrition). It is also generally recognized that agglomeration

30
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alters the ideal packing arrangement of particles which, in some way, alters
the sinterability from that visualized by previous theorists.*

In the past few years, Investigators have started to relate the sin-
terability of agglomerated crystalline powders (all powder compacts which
are not arranged periodically) to pore properties,** i.e., the things to be
eliminated. Real packing arrangement of particles produce a variety of pore

size distributions. Since smeller pores require less diffusion and should
disappear first, a school [2,3) has been developing relating agglomeration
to sinterability through the pore site distribution. This approach is a
logical outgrowth of the classical approach, i.e., sinterability is dictated

by kinetics. Although kinetics will certainly play an important role, a
more recent thermodynamic approach has emphasized relations between sinter-
ability and pore coordination number distribution. [4,5] This idea stems
from theory introduced by Kingery and Francois, [6] modified by Cannon, [7]
showing that pores will only disappear if their surface can develop the
right type of curvature. This condition requires that the pore's coordina-
tion number, R, is less than a critical value, I.e., R < Rc. R_ increases
with the dihedral angle (g) which depends on the grain boundary ('b) to
surface energy (y ) ratio (cos((./2) - Yb/2-y8). The larger the vo ume frac-
tion of pores wIt9 R <R , the greater tCe sinterability. The following will
emphasize how sinterability is related to pore coordination number distribu-
tion, and how this distribution is altered by powder packing procedures and
heating to sintering temperatures.

PORE COORDINATION NUMBER DISTRIBUTION, V(R)

As previously detailed, [4] one can imagine particles form one or more
different multiple particle packing units. For example, consider two pack-
ing units, domains and agglomerates: small groups of particles pack together
to form domains, the domains pack to form agglomerates, and the agglomerates
pack to form the compact. In the domains, the particle coordination is the
highest, pore coordination the lowest, and the pore size the smallest.
Pores between domains are larger and have a higher coordination number.
Pores between agglomerates are still larger and more highly coordinated.
Thus, the pore coordination number distribution will depend on the volume
fraction of pores within domains, between domains, and between agglomerates
as expressed by the function V(R). Thermodynamic consideration show that
the volume fraction of pores that can spontaneously disappear by mass trans-
port, kinetics permitting, is given by

S.- R
cV(R) dR

4
where the lowest coordination amber Is assumed to be 4.

'C',

.r,4

a Past theorists have goetally started by examining the transport mch-
&asme of matter between two touching spheres, and generalized their

results (or others Jive done It for them) to powder compacts where one
sens the powder is monodispersed spheres packed with a periodic
arrangement. The lack of periodic arrangement defines a state of local
demsity variation, sad therefore, an agglomerated powder compact.

- Pores have three properties: volume (size), shape and coordination oun-
bar, I.e., the mber of touching particles that form the surface of the
entity in the void phase of a powder copact called a pore.

'
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GANGES IN V(R) DURING POWDER CNSOLIDATION

Consolidation Forces

Consolidation forces either applied (e.g., isopressing) or internal
(e.g., capillary forces during drying) can increase bulk density. If we as-
sum that the consolidation forces deforu the multiple particle packing
units (e.g., with increasing force: agglomerates deformed by the rearrange-

* ment of domains, domains deformed by particle rearrangement, particles de-
formed or fractured), then it can be seen that increasing consolidation
forces decreases the larger voids, that is, voids with larger coordination
numbers. Namely, increasing the bulk density increases sinterability by de-
creasing the volume fraction of pores with R > R€ .

Consistent with the above arguments, experimental results show that
for a given sintering condition (temperature, time) sintered density is pro-
portional to the Initial bulk density. [5,8]

Agglomerate Size

The size and coordination number of pores between the multiple par-
ticle packing units (domains and/or agglomerates) decrease with the size of
the packing unit. Thus, for a fixed bulk density, sinterability should be

inversely proportional to the packing unit size. Data obtained by
Rhodes [9) shown In Fig. I for Zr02 agglomerated powders is consistent with
this view.

Ml3 M.,d
100

""- : CENT~tI=UGE CAST
98 COLD MRSSED 276 MN .

2

COLD PUSSED 483 Mh m
2

92

' ia

0 1 2 2 4 5 5 7
MEAN AGGLOMERATE zE (um)

Fig. I Iffect of agglomerate site on sintered density of Zr02 after 4 h
at 15000C. [9]

_ Powder Characteristics md Consolidation Methods

1omu8lomerated powders are desired. Hard agglomerates (partially
sintered agglomrates formed during calcination, a step to be avoided)
should be eliminated by Innovative powder processing or controlled in size

- by sedisntation. .oft aglomrates can be broken apart by coloidal neans,
* but to prevent the reformation of agglomerates, compacts must be consoli-

dated from the particulate suspensions (dispersed or flocced). High bulk
density and small agglomerate size (or floc size) should be the objective in

_ coloidal processing.
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The ideal consolidated state would be the periodic arrangement (e.g.,
FCC) of a monodiapersed powder. In this case, the coordination number of
all pores are small (R 4 6), suggesting that most powders would be sinter-
able and exhibit kinetics suggested by past theory. Lacking the ability for
periodic arrangement, monodispersed powders offer no particular advantage.

CHANGES IN V(R) DURING SINTERING

Local Densification

The driving force for densification can be related to an effective
compressive stress (o) given is Ref. 4:

an - n dA' , (1)

where n is the number of particle contacts (or necks after diffusion commen-
ces) per unit volume, Y is the surface energy per unit area and dA' is the
change in the pore area per unit particle contact at a given condition
(time, temperature, etc.). This relation shows that if the shrinkage rate
is proportional to the driving force, multiple particle packing units with a
large value of n (highly coordinated particles, pores of low coordination
number) will be the first to densify.

* If all packing units started to shrink at the sane moment and at the
sme rate, then the compact would shrink uniformly. This situation could
only exist for the monodispersed powder with periodic arrangement. Thus,
som packing units will begin to densify earlier and/or at a faster rate
than others. This leads to tensile stresses between faster densifying units
relative to their surroundings: t - (n-n)ydA', where n is the average num-
ber of contacts per unit volume for the powder compact and n is that for the
packing unit, n > n.

These tensile stresses cause faster densifying units to break away
* from a portion of the surrounding matrix (break existing particle contacts

and/or necks). This process, a phenomena called rearrangement by Exner [I]
who attempted to explain it in a different manner, essentially transfers
some void space from within the packing unit to between the packing unit and
its surrounding matrix. This process increases the size and coordination
number of pores between the interconnecting packing units, and thus renders
the remaining pores less sinterable.

The process of local deusification can be visualized as the elimina-
tion of pores with R < Ri (those within the fast densifying packing units)
and the increase of I for some (or all) pores with R > Rc.

f icrostuctud ly, local densification produces a skeletal network

foed of dense Interconnecting polycrystallinm material and interconnecting
lenticular pores.

Figure 2 shows the equivalent capillaries, determined by Ig intrusion,
of a ZrO2 powder compact beated between 600"C and 12001C. These data show

that local dnsification and the accompanying pore enlargement occurs prior
to bulk shrinkage which initiates at 9000C. 151

As illustrated by Gupta's 1101 data in Fig. 3, it has been known for

many years that grain growth commences with bulk shrinkage. Recent observe-
tions show that dense regions, produced by local densification, allow and
support grain growth. Pores surrounding the dense region, i.e., those on-
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larged by local densification, decrease their coordination number to become
more sinterable due to the surrounding grain growth. That is, grain growth
during bulk shrinkage increases sinterability* by decreasing R of the re-
maining pores.**

The introduction of Zr02 inclusions Into A120 3 powders are known to
.. inhibit grain growth. 111) These inclusions also delay sinterability by

-.1. - 100C [121 as shown in Fig. 4.

IC83-22412
e I [ ! I | I I I I

too T1 £1203 (ILOCCED'FILTERLO ISO-VAESED"- - --

ii

so 100
I A103',02 (1oo, I1--

(FLOCCED FiLTOERD IO-PRESSED,

"A203 -SO

-I

W o ,, 00 ----... 2., 1t,.,.400 IS . 1W

Fig. 4 Relative density and linear shrinkage rate vs temperature for A120:
and A1203 (+ 2.2 3/0 Y203) powder compacts. [5]

Creep

Recognizing now that the microstructure of s densifying powder compact
Is not represented by connecting particles with necks In various stages of

" growth, but by the skletal network of Interconnecting dense, polycrystal-
1, , line regions and interconnecting lenticular porosity, the role of stresses

' (e.g., hot-pressing) takes on aw maning. Conventional thinking suggests
that applied stresses, acting on contact regions between particles, added to

,.4-- the chemical potential difference that eisted at different pore surface lo-
cations and, thus, enhanced the driving force for diffusivity and pore die-

- appearance. Although the Importance of this phenomena cannot be refuted, a
major role of the applied stresses* is to deform the dense, skeletal network
to athr close or partially close the lenticular shaped pores. Partial

* bormal grain growth during latter stages with maller pores should
still be discouraged.

* rain growth does not necessarily decrease pore sixe.
t Or, the effective compressive stress exerted by the surface area change

("a Eq. (1)).
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closure of some pores will reduce their coordination number to R < R€ so
that they can spontaneously disappear by sintering. The configuration of
the skeletal network mad its polycrystalline microstructure are expected to
play an important role in governing its compliance to creep.

SUMMARY

Previous thinking concerning sintering neglected effects due to par-
ticle arrangement, which can dominate sinterability. Agglomerates are known
to limit sinterability and to produce a nonuniform particle arrangement.
Current thinking directing relationships between agglomeration and sintering
are concerned with the size and coordination number of the pores produced by
the nonuniform particle arrangement.

The purpose of this review was to show that although pore size may de-
termine sintering kinetics, it Is the pores coordination number which gov-.
erns whether or not it can disappear, i.e., only pores coordinated by less
than a certain number of particles (or grains) can disappear. The concept
that the pore coordination number distribution is the most important prop-
erty of the powder compact relative to the pore size distribution is based
on the fact that the thermodynamics must be satisfied first before one dis-
cusses kinetics. The effect of initial bulk density and agglomerate (or
multi-particle packing units) size on the compacts sinterability can be ex-
plained with either the kinetics (pore size distribution) or the thermody-
namic (pore coordination number distribution) viewpoint. On the other hand,
local densificatlon and the effect of grain growth on sinterability can best
be explained with the thermodynamic viewpoint. In either case, people today
are attempting to explain sinterability in terms of pore properties, I.e.,
in terms of things we want to disappear. In general, the thermodynamic
approach suggests that the ideal conditions for sinterability are periodic
particle arrangements and/or chemical surface states that cause Rc 4 a
(i.e., 4 180").
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ABSTRACT

The sinterability of A1203/ZrO2 composite powder compacts containing

2 v/o and 10 v/o ZrO2 were compared to the sinterability of their single-phase

constituents through constant heating rate experiments. The Zr0 2 inclusion

phase delayed the initiation of bulk shrinkage and the temperature of maximum

strain rate by - 100°C. The Zr0 2 inclusion phase also significantly inhibited

grain growth. These results are discussed with regard to the thermodynamics

of pore disappearance which suggests that grain growth during most stages of

sintering is desirable since it decreases the coordination number of pores.

Thus phenomena that inhibit grain growth are expected to inhibit densification.

q

S
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1.0 INTRODUCTION

In a previous paper,1 it was suggested that grain growth during sin-

tering was advantageous to densification. This reasoning was developed by

recognizing that pores within a partially sintered powder compact only shrink

to an equilibrium size unless the number of grains coordinating the pore is

less than a critical number (Nc). As introduced by Kingery and Francois,2 the

number of coordinating grains (N) and the dihedral angle (¢,, which is governed

by the ratio of the grain boundary to surface energies) dictate the pore's

surface curvature and therefore its thermodynamic ability to disappear. Look-

ing from within the pore, concave surfaces are required to cause mass trans-
port to fill the pore and make it disappear.* As illustrated in Fig. 1, grain

.V growth can reduce the pore coordination number from N > Nc (the case where the

• pore has a metastable size) to N c Nc (the case where the pore can spon-

taneously disappear).

Since grain growth is known to occur throughout all stages of sinter-

ing,3 it was hypothesized that grain growth is helpful in densification by
reducing the coordination number of unfavorably coordinated pores. Different

experiments were initiated to test this hypothesis. The experiments reported

here are concerned with the sinterability of A1203 and two-phase A1203/ZrO 2

powders. Previous studies4 have shown that ZrO2 grains hinder the growth of

A1203 grains in fully dense materials. It was thus the object of this work to

determine if ZrO2 would also hinder the sinterability of A1203.

*%

4

"RLong range diftuslon between surfaces of different convex curvatures (e.g.,
different pores) which may not lead to shrinkage, is neglected here.

40
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2.0 BACKGROUND

A previous study 3 has shown that grain growth in dense A1203/ZrO 2

(0 to 0.10 volume fractions) composites is inhibited by the ZrO2 inclusion

phase. The composites were prepared by mixing aqueous dispersion A1203 and

ZrO2  powders prior to consolidation and sintering. The mean size of the ZrO2
particles were - 0.1 that of the A1203 particles. They became located at

energetically favorable 4-grain, A1203 junctions during densification. The

inclusions exerted a dragging force at the 4-grain junction to limit normal

growth of the A1203 grains by 15% to 50% depending on the post-sintering heat

treatment temperature. Growth of the ZrO 2 inclusions occurred by coales-

cence. Abnormal grain growth occurred when the ZrO 2 inclusions were poorly

distributed (low volume fractions) and did not uniformally inhibit the growth

of all A1203 grains.

Dihedral angle measurements of ZrO2 grains, symmetrically located on

A1203 grain boundaries, indicated tha the A1203/ZrO2 interfacial energy is

*. . ~= 2/3 the average A1203 grain boundary energy. This result would tend to sug-

gest that if the difference between surface and grain boundary (or inter-

facial) energies was the only factor influencing sinterability, the A12 03 /ZrO 2

composite powders should be more sinterable relative to the single phase A1203
powders. In addition, although a third phase is not produced in the A1203 +

ZrO2 reaction, A1
+3 is slightly soluable 5 ,6 in ZrO2 suggesting that diffusiv-

ity and sinterability might be enhanced by defects created by this slight
solid solubility. Based on these observations and conversional thinking, one

might concludi that ZrO2 inclusions might increase the sinterability of
V, ! A1203-

41
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3.0 EXPERIMENTAL PROCEDURE

Single-phase A1203 ,* ZrO 2 and two series of A120 3/ZrO 2 composite

powders containing 2 v/o and 10 v/o ZrO2 were prepared for sintering studies.

Two different Zr02 * powders were used. One (c-Zr02 )** contained 6.6 mole %

Y203 in solid solution and had a cubic structure. The second (TWCA-ZrO2 )***

did not contain a solid solution additive and was amorphous when examined by

x-ray diffraction analysis.

The A1203 § and c-ZrO 2 powders were separately prepared for consolida-

tion with a procedure outlined in Fig. 2. This procedure consisted of dis-

persing the powder in water with sufficient HCl to maintain a pH of 2, sedi-

mentering to remove hard agglomerates and particles 3 I gm, and floccing the

,1:, retained dispersion with NH4OH. Floccing increased the volume fraction of the

powder and prevented mass segregation during storage. The flocced slurry was

washed three times to remove excess salts by removing the clear supernate,

adding deionized water, and refloccing without additions of either acid or

base.

The TWCA-ZrO2 powder was shipped as an aqueous slurry at pH = 1.8.

No sedimented layer was observed on the bottom of the containers after

a period of - one month. The dispersion was prepared by simply floccing with

NH40H and washing as indicated above.

The two series of A1203/ZrO 2 composites containing 2 v/o and 10 v/o

ZrO 2 were prepared by first redispersing the flocced single-phase slurries,

measuring their densities to determine the solid volume content and then

Sumotomo Chemical Co., Japan (AKP-30 A1203 ),
I. ** Zircar, Florida, N.Y.

***Teledyn-Wah Chang Albany. Pregpm 97321.

§ The Sumitomo A1203 powder has corundum structure; particles have a roundish
morphology. The manufacturer claims total cation impurities of < 50 ppm.

* ~The powder did not appear to contain any hard (partically sintered)
agglomerates but did contain large soft agglomerates which could be broken
apart during dispersion with the aid of an ultrasonic horn.

42
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. mixing the appropriate weight factions of each dispersed phase together with

the aid of an ultrasonic horn. The mixing of two compatible dispersed phases

is analogous to the mixing of two rare gases. Once mixed, the two-phase

dispersions were immediately flocced to prevent mass segregation and to

preserve the uniform phase distribution of the dispersed state.

All flocced slurries were consolidated by filtering (slip cast) in

cylinderical teflon molds on casting plaster. After drying, the cylindrical

powder compacts were iso-pressed at 350 MPa. Iso-pressing helped to insure

that the relative bulk densities of the Al203 and Al203/ZrO2 powder compacts

were nearly identical prior to sintering.

Several A12 03 /ZrO 2 composite specimens were also prepared by mixing

the dry, untreated A1203 powder into water at pH 2 and then mixing with the

appropriate amount of the treated ZrO2 dispersion as described above. This

procedure did not break apart all of the A1203 soft agglomerates, resulting in

.single-phase A1203 regions within the well mixed, two-phase material. These
specimens, were used to illustrate the effect of the ZrO2 on inhibiting grain

growth.

Sintering studies were carried out in a programmed furnace that could

maintain a constant heating rate of up to 20*C/min to 16000C. A high tem-

perature extensometer described elsewhere,7 was used to measure linear shrink-

age that occurred during the constant heating rate sintering experiments. For

each experiment, the temperature was raised at 5*C/min to 1550% (1400C for

the two ZrO2 powders.) Extensometer strain was recorded vs temperature over

the entire heating period. Final sintered density, determined by Archeridies

method, and initial bulk density were compared with the total recorded strain

to insure accuracy in the linear shrinkage measurements. After entering the

data into a computer, density was calculated as a function of temperature (PT);.: using PT -Po (1_c)3' where Po =initial bulk density and c strain at

desired temperature. Strain rate ( ) were also determined as a function of
temperature.

C/6038A/cb
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-. 4.0 RESULTS

4.1 Single-Phase Material

Figure 3 illustrates the size distribution of the colloidally treated

A1203 and c-ZrO2 powders. Since the instrument used to determine size dis-

tribution is not effective below - 0.1 pm, the broken line for c-ZrO2 only

indicates that many particles are < 0.1 Lm. For the same reason, attempts to

measure the size distribution of the TWCA-ZrO 2 powder indicated that all par-

ticles were < 0.1 pm. As indicated by its manufacturer, the size distribution

of the A1203 powder was narrow relative to other A1203 powders previously

examined.

Figure 4 illustrates the density (a) and strain rate data (b) vs tem-

perature (heating rate of 5°C/min) and Table I reports the initial relative

bulk density, the relative density after the constant heating rate experiment,

'.A and the temperature at which the strain rate reached a maximum value.

4.2 Two-Phase Materials

The density and strain rate data for all four two-phase materials

were nearly identical. Figure 5 illustrates the comparison of these data with

the single-phase A12 03 data. Table I reports other pertinent data. It should

be noted that bulk densification and the maximum strain rate are both delayed

by - 1000 C with additions of either 2 v/o or 10 v/o ZrO 2 to the A1203 .

4.3 Microstructures

Figure 6 illustrates a backscatter SEM micrograph typical of the

poorly mixed A1203/ZrO 2 composites consolidated during initial study period.

These specimens were sintered at 1550*C/3 hrs, polished, and thermally etched

at 1450°C/1 hr. The apparent porosity in the two-phase regions was produced

by ZrO 2 pullouts during polishing. The darker phase is A1203. The large

single-phase region is a remnant of the poorly mixed, A12 03 soft

agglomerate. This micrograph clearly illustrates the effect of the ZrO2

444
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inclusion phase on limiting the grain growth of the high purity* A1203 powder

used in this study.

5.0 DISCUSSION

This study clearly illustrates that the two-phase A1203/ZrO2 powder

compacts require a higher sintering temperature to achieve a comparable dens-

ity relative to their constituents. Of greater interest here, if one were to

accept the thermodynamic arguments concerning pore disappearance, is the fact

that the ZrO2 inclusions both inhibit the grain growth and the sinterability

of A1203. This thermodynamic argument suggests that one must reduce the coor-

dination number of pores. Grain growth is one phenomenon which would reduce

the coordination number, viz, grain growth during most stages of sintering is

desirable. Thus, inhibiting grain growth would inhibit densification.

No doubt other agreements, concerned with either chemical or particle

arrangement effects, might be put forth to explain the inhibiting effect of

ZrO2 on the sinterability of A1203 . Two chemical effects, viz, one concerned

with changes in sintered surface enbergies, and the other concerned with

defect enhanced diffusion, were discussed in a previous section. Particle

arrangement also influences sinterability. In the extreme, the ZrO2 inclu-

sions could be considered as inert to simply decrease the effective initial

*bulk density of the A1203 powder compact. As reported elsewhere,8 a 7%

decrease in the bulk density of the same A1203 used here (not iso-pressed)

does increase the temperature where the strain rate reaches a maximum from

1310*C to 1330°C, but unlike the data reported in Fig. 4, for the A1203/ZrO 2

composites, the temperature where shrinkage initiates remains unchanged.

Also, if the effect of the ZrO 2 were to decrease bulk density, one would

expect differences in the densification data for composites containing 2 v/o

and 10 v/o ZrO 2 inclusions. Such differences were not observed.

Thus, based on thermodynamic analysis and experimental result, it can

-Previous grain growth studies4 were carried out with a less pure A1203

powder.
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be consistently argued that grain growth during most stages of sintering* is

desirable and phenomena that inhibit grain growth will inhibit sinterability.
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Table I

Sintering Data for Single- and Two-Phase Materials

.. 4

MtraInitial Final Theoretical Temperature
Relative Relative Density of Maximum

Material Bulk Density Density (gm-cm-3 ) (0 )

4" A1203  0.59 0.99 3.98 1310

c-ZrO2  0.47 0.97 6.05 1100

TWCA-Zr02* 0.44 0.99+ 5.85 1145

A1203/c-ZrO2 (2 v/o) 0.59 0.99 4.02 1400

A1203/c-ZrO2 (10 v/o) 0.58 0.99 4.19 1400

A120/TWCA-Zr02  0.59 0.99 4.02 1400
(2 v o)**

A120)/TWCA-ZrO2  0.57 0.99 4.19 1410
10 v o)**

* Sintered material is monoclinic ZrO 2.
** Tetragonal Zr0 2 constrained by A1203.

[.4' .4
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Fig. 1 Schematic of change in pore coordination number (N) with grain
growth.
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Fig. 3 Size distribution of colloidally treated A1203 and Z-ZrO 2 powders

(distribution for sizes < 1 pm was not determined and is given by

dashed lines).

%-r %, , - , .* .- ' .- , ", ,.., ' ,,- . . .-- ., ... . . . . . - • ...- :.K .. . . . . . ,- ..



AU Rockwell International
S, Science Center

SC5368.2FR

90

90 TWCA- Z10 2

so A ,- A1203

"0 I
70-

so>I

,O I-Zr0 2

900 1000 1100 1200 1300 1400 1600 1600
TEMPERATURE (OC)

'.10

6cS4-2,og1
15 1 I I

V.. - r

/ Vd

' ""TWCA - ZrO2

ii c-vO

44

., -/

000 1000 1100 1200 1300 1400 1I00 1600
.4.. TEMRATIME (M1

Fig. 4 Density (a) and linear strain rate (b) data vs temperature observed
for the three single phase powder compacts heated at 50C/min.
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Fig. 5 Relative density and linear strain rate for the A1203 and A1203/ZrO 2
comnposites.
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Fig. 6 Backscattered SEM micrograph of poorly mixed A1203/ZrOg composite
sintered at 1550°C/3 hrs showing the effect of ZrO 2 (w ite phase/in
inhibiting grain growth of A1203).
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4~ .,1 ABSTRACT

Shrinkage strain and strain rate data were obtained at a constant

heating rate for three different ZrO2 powders, an A1203 powder and a composite

A1203/ZrO 2 powder containing 2 v/o ZrO 2 . All powders were colloidally treated

to separate large, soft agglomerates and to remove hard agglomerates > 1 pm

and then consolidated by flocced/filtration. Most powder compacts were also

iso-pressed to increase bulk density. Shrinkage strains and strain rates were

inversely proportional to bulk density. Mercury intrusion was used to deter-

mine the equivalent capillary size distribution at different temperatures for

four different powder compacts. These data showed that larger capillaries

. developed as smaller capillaries disappeared during heating to a temperature

near that in which the compact exhibited its maximum shrinkage strain rate.

These data are consistent with previous strain calculations of symmetric

multiple-particle packing units. These calculations show that shrinkage

strain and strain rate is proportional to the coordination number of the pore

within the packing unit and that units containing more highly coordinated

pores (i.e., those that shrink more and at a faster rate) are placed in ten-

sion as the compact develops a "metastable" equilibrium configuration by short

range mass transport.
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1.0 INTRODUCTION

Nonperiodic arrangements of both mono- and poly-dispersed powders,

spherical or otherwise, can be considered as an arrangement of different

multiple-particle packing units. For tht case of the random packing of iden-

tical spheres, the multiparticle packing units have been described as regular

and irregular polyhedron, where spheres are centered at vertices.1,2,3 The

coordination number of the pore within each polyhedron is defined by the num-

ber of vertices. As detailed elsewhere,4 each polyhedron's shrinkage strain

and strain rate during sintering depends on its pore's coordination number.

Namely, shrinkage strain and strain rate increase with coordination number.

Since the powder compact can be considered a collection of different poly-

hedra, differential strains, strain rates and therefore, stresses will develop

between the shrinking polyhedra during sintering. When one models this dif-

ferential shrinkage phenomena in a manner analogous to the modeling used to

explain the changing thermal expansion of polycrystals that exhibit strong

crystalline anisotropy, one concludes that tensile stresses must develop with-

in polyhedra of higher coordination numbers causing them to separate during

sintering.

This process, commonly known as rearrangement, enlarges some pores at

the expense of shrinking others. Namely, pores with small coordination num-

bers shrink and pores with large coordination numbers enlarge to increase

their coordination numbers. As described previously,3 this process of pore

enlargement and the corresponding increase in the volume fraction of pores

with larger coordination numbers is detrimental to densification.

Pore enlargement during rearrangement has been observed by Exner (see

review in Ref. 5) during the sintering of two-directional random arrangements

of spheres. Mercury porosimetry data has shown that pore enlargement occurs

in many (if not all) powders during the early stages of densification.
3 ,6

The purpose of the present work was to characterize the rearrangement

phenomenon in relation to the shrinkage strain and strain rate of a densifying
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powder compact. At the same time, the model used to explain pore enlargement

in terms of the differential shrinkage of multiple-particle packing units sug-

gested that shrinkage strain and strain rate should be inversely proportional

to bulk density. Thus, experiments were also designed to examine this

y. hypothesis.

2.0 EXPERIMENTAL

2.1 Powders , Powder Processing and Consolidation

l""i .Four different powders, viz. A1203 ,* Zr0 2 ,** Zr02 (+2.3 m/o Y203)***

and Zr02 (+6.6 m/o Y203 ),*** and one composite powder, A1203 + 0.02 volume

fraction ZrO2 (+6.6 m/o Y203 ) were used in this study. The four, single-phase

powders had the following characteristics in the as-received state.

The A1203 powder is believed to be manufactured by atomizing an

alkoxide in a manner described by Visca and Motijevic.7 The particles were

roundish and had the a-A1203 structure as determined by XRD. The as-received,

dry powder contained large, soft agglomerates which could be dispersed in

water (pH = 2) with ultrasonic treatment. The manufacture claims a total

cation impurity content < 50 ppm. This powder was prepared for consolidation,

without milling, with the colloidal treatment described below.

The undoped ZrO2 powder (TWCA-ZrO2 ) was prepared by a precipitation

route from ZrOCl2 and was received as an aqueous colloidal dispersion (pH =

1.8) with a ZrO2 volume fraction of 0.04. No sediment was formed within a

period of > 30 days suggesting the dispersion was free of agglomerates and

that all particles were < 0.1 ,m in size. X-ray diffraction analyses of the

dried powder only revealed an impurity phase, NH4Cl. This powder was simply

washed to remove the excess salt as discussed below.

* Sumotomo Chemical Co. Japan (AKP-30, a-A1203 )-
** Teledyn-Wah Change Albany, Oregon 97321.
• Zircar, Florida, N.Y.
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The two other ZrO2 powders, viz. ZrO2 (+2.3 m/o Y203 ) (t-ZrO2 ) and
ZrO2 (+6.6 m/o Y203 ) (c-ZrO2 ) are believed to be prepared by heating cellu-

lose, soaked with ZrOCl 2 and a soluble yttrium salt in air to produce the

appropriate Zr(l-x)YxO2 - solid solution. The hard, partially sintered ZrO2

agglomerates (see Ref. 8) produced by this heat treatment are partially milled

by the manufacturer and washed to remove excess chlorine. The t-ZrO2 powder

(a mixture of monoclinic and tetragonal phases) was obtained as a centrifuged,

wet cake and prepared for consolidation without milling, with the colloidal

treatment described below. The c-ZrO 2 (cubic ZrO2 ) was obtained as a dry pow-

der and was prepared by dispersing in deionized water (pH = 2) and ball mil-

ling with a high purity A1203 milling media and jar.* The large (5 to 25 4m)

A1203 particles introduced during milling were removed in the sedimentation
A step of the collidal treatment described below.

The colloidal treatment, designed to separate soft agglomerates and

remove large, hard agglomerates is schematically outlined in Fig. 1. The

treatment consisted of dispersing the powder in water at a volume fraction

4 0.04, with sufficient HCl to maintain a pH of 2, sedimenting to remove hard

agglomerates (assumed to be dense spherical particles) > 1 pm and floccing the

retained dispersion with NH40H to increase the pH to - 8. Floccing increased

the volume fraction of solid and prevented mass segregation during storage.

The flocced slurry was washed three times to remove excess salts by removing

the clear supernate, adding deionized water, and refloccing without acid or

base additions.

With the exception of the TWCA-ZrO2 powder, the particle size dis-

tribution was determined** after redispersing the single-phase flocced

slurries.

The A1203 /ZrO2 composite containing 2 v/o c-ZrO 2 was prepared by

first redispersing the flocced single-phase slurries (decreasing pH to 2),

. Coores Porcelain Co.

** Micromeritics Sedigraph 50000
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measuring their densities to determine their solid contents, and then mixing

the appropriate weight fractions with the aid of an ultrasonic horn. Once

mixed, the two-phase dispersion was immediately flocced to preserve the uni-

form phase distribution of the dispersed state.

All flocced slurries were consolidated by filtering (slip casting) in

cylindrical teflon molds on casting plaster. After drying, some specimens

were iso-pressed at 350 MPa to increase the initial bulk density.

Sintering experiments were carried out at a constant heating rate of

,- 5°C/min at a temperature up to 1400C for the ZrO2 powder compacts and 1550C

for the A1203 and A1203/ZrO2 powder compacts. A high temperature extensom-

eter, described elsewhere,9 was used to measure linear shrinkage during heat-

ing. Shrinkage was continuously recorded as a function of time. The final

density, determined by the Archimedes method, and the initial bulk density

were compared with the total recorded shrinkage to insure the accuracy of the

linear shrinkage measurements. Density was calculatnd as a function of tem-

perature (PT) using the relation PT = Po ( " )-3 , where p0 = the initial bulk

density and e = the linear shrinkage strain at the desired temperature.

Linear shrinkage strain rates were determined as a function of temperature

using a programmer .........

An automated, mercury porosimeter,* was used to determine the equiva-

lent capillary size distribution of the connected porosity as a function of

sintering temperature. Data were obtained at different intrusion pressures

after a 30 s equilibration at each incremental pressure increases. The sur-

face energy/unit area of the mercury and its contact angle with each solid

were assumed to be 484 dyne/cm2 and 1300, respectively. Specimens used for

these experiments were cast at the same time as those used for the densifica-

tion study, but were separately heated to the desired temperature. The mer-

cury porosimeter was also used to determine the initial bulk density of each

powder compact.

• Mlcrometrlcs Auto-Pore 9200.
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.- 3.0 RESULTS

3.1 Size Distributions

Figure 2 illustrates the size distribution of the three single-phase

powders which could be measured (a distribution for the TWCA-ZrO2 could not be

obtained with the instrument since all particles and/or agglomerates were

< 0.1 jim). The dashed lines in Fig. 2 indicate the expected distribution for

sizes <0.1 pm. The two peaks for the t-ZrO2 distribution suggests two sepa-

rate distributions, viz., the peak at - 0.7 pm suggests a distribution due to

hard agglomerates and the peak at < 0.1 pm suggests a distribution due to

single particles. The distribution for the c-ZrO2 , manufactured by the same

method as the t-ZrO 2 , but milled prior to sedimentation, indicates that mill-

.'. ing broke down many of the hard agglomerates.'S.,.'-.

3.2 Densification Data

The relative density and shrinkage strain rate data for the four

single phase powder compacts, each with two initial bulk densities are illus-

trated in Figs. 3 through 5. For all powders examined, the shrinkage strain

(illustrated in the figures as relative density) and strain rate was greater

for compacts with a lower initial bulk density. Figure 5 also contains the

densification data for the iso-pressed, A1203/ZrO2 composite compact. The

strain rate data for both the c-ZrO2 (Fig. 3) and t-ZrO2 (Fig. 4) compacts

indicate two maximum, suggesting the shrinkage of two types of multiple-

particle packing units, e.g., lower density units formed by single particles

and higher density, hard agglomerates.* This reasoning is consistent with the

observations of Rossen and Hausner,10 who have shown that agglomerates can

produce a separate strain rate maximum relative to their surrounding matrix.
.4.1 For the more agglomerated t-ZrO2 powder, the low temperature maximum signifi-

* The initial relative bulk density of the ZrO2 hard agglomerates has been
estimated to be - 0.40.8
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.. cantly diminishes with increased initial bulk density, suggesting that the

V. higher temperature maximum in both the c- and t-ZrO2 compacts is produced by

the higher density, hard agglomerates.

Bulk densification initiated at 3000C for the amorphous, TWCA-ZrO2

powder compacts (not shown in Fig. 5). Some of this low temperature densifi-

cation may be a result of crystallization. These powder compacts had the most

pronounced strain rate maximum relative to the other powder compacts.

The addition of 2 v/o ZrO2 to A1203 delayed bulk densification of the

,v; A1203 by - 1000C. As detailed elsewhere,11 addition of 10 v/o ZrO2 produce
Se. -nearly identical results. The effect of ZrO2 in inhibiting the sinterability

of A1203 has been attributed to the fact that Zr02 also inhibits the grain

growth of A1203.,:,,

3.3 Equivalent Capillary Distributions

Mercury intrusion data were obtained at different temperatures for

"' the flocced/filtered and flocced/filtered/iso-pressed c-ZrO2 (Fig. 7 and 8)

compacts and the flocced/filtered/iso-pressed A1203 (Fig. 9) and A1203/ZrO2
(Fig. 10) compacts. These data, represented by Figs. 7 through 10 as bar

graphs, which reflect the incremental pressure steps, show the disappearance

of the smallest equivalent capillaries and the development of larger equiva-

lent capillaries during the initial stage of heating. When the data are

correlated to the densification data (Figs. 3 and 6), it can be seen that the

4 redistribution of void space to produce large equivalent capillaries occurs
prior to and during initial bulk shrinkage and stops near the temperature

4" which the densifying compact exhibits its maximum shrinkage strain rate. At

temperatures exceeding the maximum shrinkage strain rate, the larger equiva-

lent capillaries produced at lower temperatures disappear to form smaller
capill aries.

Figures 7 and 8 also show that iso-pressing eliminates a portion of

the void space associated with the larger capillaries to increase bulk density

(viz. 0.32 to 0.49% relative density) and redistributes the rest to produce a

larger fraction of smaller capillaries.
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4.0 DISCUSSION

The major observations of this work are that the shrinkage strain and

strain rate of a powder compact are inversely proportional to the initial bulk

density and that the rearrangement of void space (disappearance of smaller

voids and the formation of larger voids) takes place prior to the maximum

shrinkage strain rate. As discussed below, both of these observations are

consistent with the model proposed to relate the sintering behavior of

multiple-particle packing units to the densification behavior of a compact

formed of different multiple-particle packing units.

As detailed elsewhere,4 the shrinkage strain of a symmetric multiple

particle packing unit (e.g., a two-dimensional ring of spheres or a three-

dimensional polyhedral packing of spheres) each containing a single 'pore'

formed with identical spheres depends on both the dihedral angle (i.e., ratio

of surface and grain boundary energies) and the number of spheres within the

packing unit. Attainment of metastable configuration of such units (i.e., no

grain growth) only requires short-range, inter-particle diffusion. During

mass transport, the pore within the unit shrinks but only disappears when the

sums of the diehedral angle and the angle subtended by the particle is > 11.

Grain growth induced by either different sphere sizes and/or an asymmetry in

the packing arrangement can produce pore closure, but requires longer range,

intra-particle diffusion.

The analysis of the symmetric packing unit shows that the greater the

number of spheres that form the unit (i.e., the greater the pore's coordina-

tion number), the greater the shrinkage strain (an obvious conclusion). Less

obvious is the result that since shrinkage of the unit only depends on inter-

particle mass transport, the time required to achieve a metastable configura-

tion is independent of the number of spheres that form the unit. That is, the

time required to achieve a metastable configuration is the same for two

spheres and a packing unit of many spheres. Thus, since the shrinkage strain

increases with the number of particles, the shrinkage strain rate will
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increase in the same manner, viz. units with more particles (containing more

highly coordinated pores) will shrink more and at a faster rate.

When one approximates a powder compact with the packing of different

symmetric multiple-particle packing units one must conclude that the average

I; shrinkage strain and strain rate will be inversely related to the initial bulk

density. Namely, lower bulk density compacts must be formed with larger aver-

age packing units (units containing a pore with more coordinating particles)

which will exhibit a greater shrinkage strain and strain rate. In addition,

since the shrinkage of an individual packing unit must be constrained by the

mean shrinkage (i.e., the shrinkage of the powder compact), differential

strains, strain rates and therefore stresses must arise between the different

units. Larger units will be placed in tension and smaller units in compres-

; sion. This reasoning suggests that the units containing a higher coordinated

pore will separate during the rearrangement stage of sintering and that this

rearrangement process will take place during the early stages of sintering

when the multiple particle packing attempt to reach a metastable equilibrium

confijuration by a short-range diffusional process.

Using this conceptual model of a powder compact one might explain the

major experimental observation of this work. First, the lower bulk density

flocced/filtered compacts must contain, on the average, larger multiple pack-

ing units, viz., units with more highly coordinated pores. As observed by the

capillary size distribution data, iso-pressing decreases the average packing

unit size (units containing a pore with few coordinating particles). Thus,
the iso-pressed compacts will exhibit less shrinkage and a smaller shrinkage

strain rate.

Second, one might interpret the temperature of maximum strain rate as

5,. the temperature where most multiple-particle packing units have acquired a
"metastable" configuration by short range diffusion. Prior to reaching this

temperature, differential shrinkage strains and strain rates cause larger

packing units to separate as the smaller units densify thus redistributing

void space to produce larger and lower coordinated pores. Thw process is

63
C/6038B/cb

, V r , ,.% ,. , .,. v ..- ,,{,,. ~,,. ... , . . ,.,:.. . . . . -,. . . . . . . . . . .
* - I i ' i

" V-n : r .i, -r,' ,<' % •.,. - ' ' - ' '% ' ' ',- . * ,, . ' . ,



Rockwell International
Science Center

SC 5368.2FR

expected to produce a dense skeletal structure at (or near) the temperature of

maximum strain rate. Further densification of this skeletal structure re-

quires either longer range diffusion phenomena (hence smaller strain rates) or

creep deformation by an applied stress (e.g., hot-pressing).
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Fig. 2 Size distribution of the colloidally treated single-phase powders
used for this study (excluding the precipitated TWCA-ZrO2 powder).
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Fig. 4 Relative density and shrinkage strain rate vs temperature (heating
rate - 5°C/min) for the t-ZrO2 powder compacts.
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Fig. 5 Relative density and shrinkage strain rate vs temperature (heating
rate * C/min) for the TWCA-ZrO2 powder compacts.
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Fig. 6 Relative density and shrinkage strain rate vs temperature (heating
rate a 5OC/min) for the A1203 and A1203/ZrO2 (2 v/o) powder
compacts.
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Fig. 7 Equivalent capillary size distributions determined by incremental
mercury intrusion for the flocced/filtered c-ZrO 2 compacts.
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Fig. 8 Equivalent capillary size distributions determined by incremental

mercury intrusion for the flocced/filtered/iso-pressed 
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compacts.
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Fig. 9 Equivalent capillary size distributions determined by incremental
mercury intrusion for the flocced/filtered iso-pressed A1203compacts,.
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Fig. 10 Equivalent capillary size distributions determined by incremental
mercury intrusion for the flocced/filtered/iso-pressed A12 03/ZrO 2
(2 v/o) compacts
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