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THE PRACTICAL ASPECTS OF SINTERING
Robert B. Atkin"and Richard M. Fulrathy
Indrganic Materials Research Division, Lawrence Radiation Laboratory,
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ABSTRACT

February 1969

The state of the art in sintering is reviewed by'discuséing sinter-
ing of two ceramic material systems. Sintering of "high" alumina ceramics
for structural appllcatlon concentrates upon those factors effectlng
mechanical strength. Graln ~growth kinetics which control aen31ty and
grain size are emphasized.

The sintering of ceramic'mgterials which display piezoelecfric and
‘ferroelectric properties is dominated by additions;used in doping or im-

'puricies from processing. Thc sintering of lcad zirconate titccate with’
additives which are.purposely added to enhance ferroelectric behcvior
and additives:normally encountered in processing demonstrate thc com-

A plekity of sintering this compouﬁd.

The authors are respectively graduate student and professor of‘céramic
-engineering, Lawrence Radiation Laboratory, and Department of Materials
Science and Engineering, University of California, Berkeley, California,

94720,

This work was done under the auspices of the United States Atomic Enerzy
Commission. :



1. Introduction‘

It is appropriate ﬁhat this conferencelshould include diééussion of
a major processing 6peration extensively uséd in the ceramic.and metal-
lurgical industries. Sintering relies on the change in ihterfacial
energy as the driving force, therefore, thebinterface plays a dominant
;olé. |

This discussioﬁ.is directed to the practical aspects Qf.thé sinter-
ing’procesé and attembts to establish the current statevof the,gft pri-
marily in the s;ntering of oxide ceramics. Sintering wili be assumed to
hean that process in which an agglomeration of powder particlés are heat
- treated at high temperafure t6 achieve eitherrdensificatiOn of the compact
or to develop mechanical strength iﬁ'the compact. In ceramics and in
" most powder metal fabricatiéh proéesses where sintering ié used;‘itwis
densification that is desired. In_extracti#e métallurgy wherevpelletizing
and sintering are used to pfépare more readily handled ores, fhé emphasis
is placed on developing mechénicai strength with maximum surfa;é area in
‘the pellet. In general, the sintering process is used to achieve a poly-
crystalline shape_becausé,of the economies cdmbared to othér fabrication:
techniques. This economic factor in fabrication of ceramic materials has
prompted considerable interest in studying the mechanisms of sinﬁering of
ceramics. The current trend in all phases of the ceramic'iﬁdust;y is to
achieve the optimum micréstructure of the ceramic material for i&s serQice
‘ ehvironment. Again the mechanisms of sintering ére of'iﬁtéreét fecauée
they deﬁermine to a large degreé the micrqstructure developed,vwhich in |

turn is responsible for the properties exhibited by the ceramic.
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2. éintering Mechanisms
In spite of the extensive reseaxch.activity on the:mechaniéms in-

volved in the sintering process, we are still sevérely liﬁited in preé
dictiﬁg the sintering'béhavior of a specific material. Thimmler and
Thommav[l]vrecently reviewed the sintering process including tﬂé current
copcepts'of sintering~mechani§ms; It is apparent from théir reyiew that
*our présent‘abiiity fo characterize powders i; éhé of the most serious
© limitations in predicting,siﬁtering behavior.
Sintering of powders isvgenerally divided intQ two major areas. The -
;firsf considers mgterial trahsport without the presence of a liquid phase
and the second alloﬁs.a liquid phase. |

(d)'Solid_State'Sintering |
| :Withput‘é iigui@ phase present, méteriél‘ﬁay be tranSéorted;by
 evap9raﬁion—c6ndensatidn, sﬁrface'diffusion,‘volumé diffusipn, ahd viscous
or plastic floﬁ. It'ié genérally accepted that only the l%tter twé léad -
' to densification and, fhérefore, are pfrprimary intefest invsinféring
. oxide ceramics. |
Starting‘with,moaeis composed of spherical particles and ﬁging
: aﬁprdpriate material transport paths, Kchynski (2] and latérlcéﬁle [Bj
éevel§péﬁ;relations:for the diffusion controlléd densificatiph process in

'sintering. .Thévdensification rate accordiﬁg to Coble for véluﬁe éiffusion
‘-'aftef an inifial stége of neck growth-ana development of an inter;

-.connected network of cylindrical pores becomes

Qﬂ(m—). R



‘where
P = fractional porosity
t = time
D = diffusion constant of the raté determining species
Y = solid-va§or surface energy
Q = vacancy volume
k= Bolfzman constant
T = temperature

% = g dimension related.to the grain size

N constant depending on the pore geoﬁetry.

MacKenzie and Shuttleworth (k] treated densificaﬁion by viscous or
plastic flow and related the densification rate of the solid to the solid-
vapor surface energy, Y, a‘Newtoniap or Binghém solid viscosity, n, and
the pores per unit volume,n . For sintering powders r1wéuld be deter-
mined by the initial particle size in the‘compact.

In the models devélqpéd by MacKenzié and Shuttiewortﬁ, s closed
pore geo@etry is assumed. The surface energy of the pore léads to the
equivalénce of an externally applied pressure to the compact. This
pressure should not be developed with open poroéity that is generally
gncounteréa below 90 to 95 pefcent of the_theoretiéal densiﬁy.

 Frenkel [5] developed a model-for.viscous flow in thé initial stage
of‘sintering (neck growth between particles) which Qas foﬁnd by_Kingery
and Berg [6] applicable to sintering glass.sphefes; Other thah'giass
: sintered in the initial stages the viscous of plastic fiow models have
not been experimentaily vérified to be épplicable to sintéfing éeramics.

Solid stage sintering, therefore, has concéntrated on mass transport by
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a diffusion pfocessf
| The techniques.of studying the sintérihg'process ha&e gehérally con-
centrated on obtaining densification-time relationships at various
températures and frdm this data’and grain size determinations. calculate
the.shrinkage—time dependence. Calcuiations of a diffusivity and the
acti&dﬁion energy for diffusionvthrough the use of equation (1) éan also
vﬂe méde. Correctioné to equation (1) must be made for grain boun@ary»
diffusion if ‘it is the rate limiting_process [7]. For oxige ceramics
the diffusivity and activation énergy‘so determined invsigtering studies
have shown considerable variation for different investigaﬁors examining
the same material. Howevér, the model has confirmed the meqhanism
although there is still debate‘és to the detailé such,as-diffusion pafhs.
Equation (1) establishes directions to iﬁprove sintering. First,
the powder'fo be sinteréd shgﬁld'ha?evthe smallest particle size possible
4éonsiStent ﬁith!tﬁe proceséing operations prior td:sintering. Second,
* " the graih size cﬁange during sintering should be minimized. = Third, én—
th;ncement'of diffusivity where possible will increase:densifiéation rates.
.Itvis assumed that for é\given material one has little_cohéfol over the
solid-vapor surfacé energy or vacancy volume. Other variables in the
sihtéring process will also be discussed later.
(b) Sintering'with:a Liquid Phase
Althéﬁgh mést commercial ceramic'materialsvproduced contain a’liquid—
‘  ph§ée:dﬁring_thé sintering operétion, lit£le attention has been given ﬁq
“this mechanism. Kingery [8] has presented models for liguid phase sin-
' te?ing‘whefefthe liquid doeé hdt pehetraté the boundary between ﬁwﬁ |

crystalline particles and where complete.wetting of the crystalline
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phase occurs. These conditions are achieved where yg, > o and
< Z§§ espectivel | | |
YSL 2 ? r P y'

In the case where incomplete wetting of the solid occurs, the liquid

. phase may assist in particle rearrangement, but after this step, material

transport would be either by plastic flow or a solution-precipitation'
process similar to evaporization-condensation.

- In the case where complete wetting occurs, Kinger} (9] has derived
shrinkage-time relationships for the raég cqnﬁrolling step in fhe solution~

precipitation region as being either diffusion through the liqﬂid or the

phase boundary reaction. In Kingery's models and those of othérs, the

amount of liquid necessary for liquid phase sintering kinetics is unknown.
White [10] has raised objections to the Kingery model-regardingvcomplete
penetration of the liquid ﬁhase between grain contacts pointing out that

measurement of the dihedral angle between solid-solid-liquid contacts

indicate incomplete penetration of the liquid phase whilefdensifiéation

~is still proceeding. Both the rate of densification and gréin,growth

rate are dihedral angle dependent which is contrary to Kingery's model.

(e) Comparison of Models for Sintering

Accepting that for oxide ceramics liguid phase sintering or diffusion
controlled solid state sintering are appropriate models, one can compare

the shrinkage-time relatibn predicted by thevtwo,models from the eguation

AL o X , - '
o xk t - (2) |

- where
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= observed -linear shrinkage

To _
k = a constant depending on the mechanism and including a grain
size parameter
t = time of ‘isothermal sintering.

]

Té%le I

Diffusion and Liquid Phase Sintering Parameters

Mechanism ‘ _ Timé Exponent - Reference
(Eq. 2) '
Bulk diffusion o . 0.4 to 0.5 e, _3,_6]
" Grein boundary diffusion “ | : 0.3 - (7]
Liquid phase (diffusion cohtpol) o 0.3 _ {9]
Liqﬁid phase (solution'féte L .- 0.5 'ﬁ[9]

control)

As shown in Table I, the use lqg shrinkage-log time p;ots‘to evaluate
::mechanisms is useleés. ‘Therefcre,’there is a strong incen%ivelfo evaluate
_ tﬁe grain size dependence, observed'diffusi§ities, and the:activation
..energy associated with the process., Microstructure analysis is also
 ne§essary and new tools such as the. scanning electfonvmicroscope:and
:,elgctfon microprobe-gre ﬁlaying an important.role_in assisting i; inter-

'fﬁpretatioﬁ of mechanisms.

" 3. Sintering Cpmmercial Ceramics

' _Aiﬁmihum oxide, today, is probably fhe'most widely used technical

 qeréﬁi¢; Its éppiications range:ffom polycfystéiline nearly transparent

sodium lamp envelopes to alumina porcelain grinding media. The-industry
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produces.a range of matérials all-undér the name'high-élﬁminazceramics.
They are classified according to the alumina content [11].- The alumina |
content can range from 80 w/o to better than 99;8}w/o. 'Obfio#sly, thé
production processingkfrom raw matérials to finished'product is varied
for each type material.

In aluminaé with the alumina content between 80 ahd=95 w/o a
silicgﬁ§ liquid phase containing alkali ér alkaline earth'dxidés.to flﬁx

the alumina-silica glass forming oxides leads to liquid phase sintering.

The final material usually is composed of a primary crystalline phase,

+ Al;03, and secondary crystailine phases formed during sintering or by
“crystallization from the liquid phase during cooling from the sintering
.temperature. Also present is a glassy phase and either or both open and

closed porosity. All these features are usually easily observable by

optical microscopy.
The use of these materials_is.primarily limited to temperatures

dictated by the characteristics of the glass phase. Their mechénical ané

| physical properties at low temperatures are quite dependent on the micro-

[+]

structure produced during sintering. Manufacture, including sihtering,
of these ceramics lis directed to producing a reproducible material at

the lowest possible cost. Grinding to echieve dimensional tolerance after .

' sintering is economically prohibitive so the total firing shrinkage of

the compacted shape is of primary importance. Process steps from mixing

. raw materials, compacting and forming shapes, and sintering variables all

contribute to.the densification during sintering. It 1s not surprising

that few studies of sintering such complex materials have been reported.
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Iﬁdividual ceramic producefs'in evaluating'théir exisﬁingior pro-
posed new fécilities and raw materials extenSiQelyrvary pfocésé parameters
includipg sintering parameters of time and temperature to estaﬁlish the
process liﬁitations. Seldoﬁ are the fesults of theée'inveStig%fiohs pub_
liéhed although they wouid'contribute'significantly to evaluating liquid
phase'sintéring, |

ﬁheﬁ the alumina content is above.95;w/o oﬁe shou1d'expect a change
.at some conposition ffom liquid phase sintering to solid stéte mechanisms,
This transitioﬁ would be éxpected to be extremely sensitive to’the exact
nature and content of thé_othef_atomic species present. It bécomes
incréagingly difficult to identify the phase relations as,the.alumina
contept increases. ions may be in sé}id solution, concentrated at grain'
boundaries, or contributeito secondary phase'formation which may be
liéuid oruc;ystalline‘at the'sintéring femperature. At presenf, our
anaiytical toolé.§uch aé 6ptical and eiectrén’miproscopy,:k-réj diffrac-
tibn, and e;eétroh micrbprobe are not able té distinguish’all ﬁhe'details
‘necessary for analysis. | |

As an example of the complexity of these sintered matefials,

Edwards [12] in studying heiium gas permeation through bofh com@ercial
- 9% w/o and a 99.5 w/o alumina ceramic, found that élthougﬁ the lower
' alumiﬁa content m;teriallhad‘a éermeation'coefficient3ap§£oxima£ely 15
"ztimes.that of the higher alumiﬁé‘mgtefiél}‘the activation:energy for per-
.Mmeatioﬁ>wés.the_same for botﬁ. This activation ene?gy was_cl&s; to that
El.t9 bé expected for a silicate glassvand much lower than that expected,fori .
"'apermeétion through cry;talline Al,03. No glassy phasé could,be‘detegted |

" by miéroscopic analysis in the higher purity ceramic. The lower alumina



&

~9-

content ceramic had an easily_identifiable_glass phase present; There-

fore, one might speculate that the observed activation energylmay be

.associated with helium permeation along grain boundaries and that the grain .

boundary structure is disordered ahalogbus to the structﬁre in & silicate
glassf. |

- To date, our ability to classify the effect of impuritiés on sin-
tering is at besf emperical, Brockway and associates [13] in'féviewing
firing procésses point to the fact that the di&ergence of results with

similar additives by different investigators makes it meaningless to

'interpret sintering phenomena in any system not completely characterized.

In developing the teéhhiques_df solid state sintering alumina to a
nearly transparent pblycrystélline material,,cdble (3] foﬁnd an:MgO
additive below tpe soluﬁility limit would suppress disconéinuous-graih:
growth in sintering 2 high purity submicron particle size alumiﬁa. Wiph
the MgO addition preventihg abnormal gréin boundary motion and subsequént
entrapment of pores within graihs:and by control‘of the sintefiﬁg atmdséhere

to prevent non-diffusable gases being trapped in closed pdres,sintering to

 near theoretical density was achieved. Unlike many ceramic materials such

as UOz,alumina apparently does not show a stoichiometry effect when sin-

tered in either oxygen or dry’hydrogen. Although such an effect has been

" reported by others [13], Coble [3] found no difference in sintering in

either atmosphere. .
In solid state sihtering'processes with high purity materials;

attention is now chused on the interface between grains. 'Contfolling

‘discontinuous and normal grain growth is one of the key factors in sinter-

’
i

ing to densities near theoretical. Burke [14] in reviewing grain growth
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) in;ceramiés suggests that an addi#ion whichudecreases grain bqundary
mobility without completely preventing graiﬁ growth can inhibit aiscon—'
tinuous grain growth.

Nicholson [15] has examined grain growth in MgO. He reéofted than
an addition of 0.05 at./O_VzOs results.in grain érowth-kineficé that are
-similar to thosé vhen a detectable volume of liquid is preseﬁf. This
.again points to the importance of thé interfacé between grains;

Pores, fhemsglves, may influence gfain gfowth kinetics.ana_Niéhols
[16] hés recently proposed new meéhanisms for grain'gfowth in porous com-
:pacts. In'sintéring one would expgct that pores woula influence the
gfain growth kinetics, Nichols in analyzing gfain:g;owth'in Forous Al,0,
éhd Uoz.suggests thatnthe observed cubic growth law is best:deséribed_

by material transport through the vépor phase where the pressuré in the

' "pore is given by the Kelvin equation. Pores, therefore, can control grain

growth kinetics. .Where the pore influence stops and the boundary mobility
“controls grain growth is a topic of current interest.
In "so0lid state" sintering grain growth can be controlled by pores,

" additions below solubility limits, and additions that form undetectable

. second phases. It is obvious that studies of sintering'where grain growth

is én important parameter will require extensive improvement in our présent
_abilities to charactéfize the nature of-the interféce betveen{g;ainsvin
.a éompact. | |
L. Sintering Ferroelectric;Ceramics
'(é) uIﬁtroduction
‘;Whiie alumina dominates thé applicaﬁioﬁ ofrceramics fo structural

problems, the ferroelectric and piezoelectric ceramics of current interest
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ar§ compoéitions in the lead titaﬁate-lead'zifcénéfé s&s#em (PTfPZ){

Both end mémbers have .cubic pérovskite structufes:above their Curie
temperatures and the éystem.forms a continuous solid solption ;eries.

Below the-Curie temperature, where piezoelectfic and,fer£oelectric activity
is observed, two primar& crystal structures are present.‘ Above LT

mole/O PT the low temperature structure is tetragonal while the ferro-

< s

electric compositions withlower PT content have a rhombohedral structure.
Near the PZ end‘&f the aiagram complex structures and anti—ferfoelectricity
are observed. The most interesting ferroélectric and piezoelectric be-
havior is observed’nea} the rhombéhedral—tetragonal pﬁase‘bgﬁnéary.

The studies reported on this system héve mainly_concentrated on the
effect of dopénts added fo the basic lead zirconate titan;te (PZT) to
modify the ferro-and piézo;é;ectric ﬁroperties. The fabricatiop of dense
ceramic shapes of thermally reacted PO, ZrOz,_Tin, and doping additions
hés.primafily been by hot pfessing [17]. This method is‘ﬁsed because of

the high lead oxide vapor pressure above compositions in the syStem (near

1 Torr. at 1100°C).

Iwasaki [18] reported that undoped PZT of less than 20 molé/O PZ
sintered by‘a volume diffusion mechanismvand compositions of greater than'

20. mole/0 PZ sintered by a surface diffusion mechanism. ‘It is not cleer

whether this was meant to be grain boundary diffusion since surface dif-

fusion should not lead to densification.

. Pryor [19] chose one undoped composition of 60 mole/O PT for sinter-
ing studies. »He'determinéd thét after férming the PZT‘coﬁpound by cal-
cination and grinding-the lightly,sintefed pellets with high aluminav

media, sufficient Alz03 and 5i02 impurities were picked up to significantly
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effecﬁ_the‘dehsificatiOnndurihg sintering. Fu;ther.studies onfmaterial
ground in an acrjlic container with acrylic balls showed that as iitfle
as 0.4 wt/0 Alzog coﬁld increase.fhe density of matérial sintered at
1200°¢C for=l~l/2.h6uf$'frbm 82 to 92 peféent of theoretical dénsity.
8i0; additions of the.same_percentage éave less drametic results but
followed_the same péttern.

Even moré significant'reSults were'obtained when the as éintefed
surfaces were exanined by scanning eléctron'microscopy. The éamples
which had an Al,03; additive showed fouﬁded grains indicativeiof‘iiquid
_phase sintering with a grain size approximately one tenth that pf'the.
material with no addition'or with a Si0O; addition.,'The‘additidn'of S5i02
- caused the éppearance of a very sméll grain Siée secondary phasg concen-
itrated_in the érain boundaries. X-ray analyéis and ppﬁicgl micfoécopy on
etched polished_sections sho&ed'little difference in the ﬁhree’éaterials.
Electron microprobe analysis indiéatéd thatna_lead aiuminate was present
in seleéted'pockets when the additive was A120; and a lead zircénate
siiicate when Si02 was addéd.' The analysis could not be,éxteﬁded'to grain
boundarieé due to the limits of resolution of electron microprobe.

FQllowing Pryor's investigation, a comprehensive'study Qn Sintering
a PZT composition was undertsken. The results are presented hére to
demonstrafé how.various additions of solid s&iﬁtién dopénts can ;itef
_sintering kinetics,.grain growth characteristics, and ceramié ferro-
_élecfric and.piezoeleétricvproperties. Aléo, the ferroelectric broperties
_ along with scénning electron miéroséope aﬁalyéis combinedjwith conventional

densification-time relations were used in interpretation of the data.
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Pryor had deterﬁined that Alzog and 5i02 contamination.could occur
during conventional ceramic processing. These two materials wére éhosen
as additions to unmodified and solid solﬁtion doped PZT compositions.

Both bismuth and niobium are standard coﬁmercial.dOping additiohé
'used to:alter ferroelectric properties of PZT ceramics. Tﬁey were chosen
to determine their effect on sintering and on thé suﬁsequént electrical
properties., Table II giveé the ionie radii of:the various ions expected
to be present in unmodified,.dopéd, ana éddition rodified PZT according

to Ahrens as tabulated by Azaroff [20].

Table II

Six~-Fold Coordination Radii of Interest in
ABOj3 Doped and Addition Modified Ceramics

Ion Tonic Radii (X)' PrediCted Position
0 | 1.40 | - 0 site
pb*e 1.0 A site
it 0.68 | B site
et - 0.79 B site
1*3 . 0.96 | 4 site
w . 0.6 | o B site
m* . o.m o No solid solution
‘Si+h . : O;h2. | No éolid'soluﬁioh

- The perovskite unit cell consists of 8 "A" ions at the corners of a

cube with oxygen ions occupying the cube faces. The "B" ion is placed
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in the ceﬁter of thé cube, Férfoelectficity is consideréd‘to Ee pri-
marily due to the "B" ion belng too small for the octahedral hole
createdlby the oxygen ions. This misfit increases the covalent nature of
the bonding with a resultant distortion of the cubic unit cell:to gither
a rhombohedral or tetragonal.structuré. Mo#ement of fefroelegtricrdo—
main walls to cause either‘90° polarization or 180° polarizatioﬁ re-
orientatioﬁ‘is then'possible-in an individual crystal With,the_applica-
vfién~of an electric field. The ease,qf doﬁaiﬁ boundary mpvemeqt‘will
determine whether a ferroelectric is "hard" or "soft"-analogoué to ferro-
magnetlc behav1or.

In the perovskite structufe for ideal cubic packing, the "A" cation
should_have'the same ionic rad11 as the oxygen enion to achlevé cubic
cidse packing. The "B" cation would then flll the octahedral hole in the
'structure and balance the change. : | '. |

As shown in Table IT, 5?2 is goproximately 1l percent smaller than
the oxygen ion. Because of this miéfit.and polarizabilitybof the lead
. aﬂd oxygen ions, it is gxpected that-anvinteraction betweénfthe polariza-
tiéﬁ of the central cation and the "A" cation would lead to enhanced
ferroelectricity. This is apparently the case with lead titanate which
shoﬁs one 6f the highest Curie temperatures known. .Unfoftﬁnateiy, the
'cubic—tétrégonal phase traﬁsformation in_léad titanate fesulfs;in a’

tetragonal c/a ratio of_l;06 and in polycrystalline materials the lattice

' strain on transformation is sufficient to mechanically shatter the ceramic.

- When'titanium is replaced with zirconium (a larger catioh) the c¢/a ratio
decreases. Near the rhombohedral-tetragonal phase boundary the ratio

. is_réduced to the extent that the cubic-tetragonal transformation max
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.occur without destruction of polycrystalline ceramics.

(b) 'Expefimental Procedures -

" The basic composition selected for this study waé néar the rhombo-
hedral-tetragonal phase boundary but iﬁ the tetragonal phase sﬁabiiity
region {Pb (er'53 Ti.hY) O3},

(i) Preparation of Coﬁpacts for Sintering

'High purity lead oxide, titanium‘dioxide, hafnium free zirconium
dioxide, bismuth trioxide,’and niobiﬁm pentoxide were uséd té CQmpoun&
batches with the compositions shown in Table III. Bismufh was ;ssumed
td substitute for lead as.a +3 ion because of the thermodynémic in-
stability of the pentgvéleﬁt state. Every two substutional ﬁi ions should
'cfeate one lead vacancy. Niobium wés'predicted io enter the:octahedral
"B" site as a +5 ion and similarly produce one lead vacancy for every

two niobium ions.

Table III

Basic and Solid Solution Compositicns

Dopant ,. - | Compound Formula Assumed
None : | Pb (Zr;53T;.h7) 0,
Niobium P g9 L 01 (27 53T u7) g5 WP 0o O3
| Bismuth .v ' | Pb.97 Bi.02 [:3.01_(Zr'53Ti.h7) 03.
Niobium + Bismuth - be96 Bi s [:]_02 (Zr.53Ti.h7).98 Vo o, Og

_’[:] indicates lead vacancy
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The 6xides were weighed directly into a ﬁeoprene lined ball mill.
Teflon cylinderé were used as mixing media and isopropyl as the'sﬁspend—
_ing'liquid. Ah individual batch was.vibrétory milled_fbur hours, then
rotary milled for 20 hours. After this miking treatment, the'aicohol
was evaporated at TO°C. The mixed material was 9§mpact¢d into 2" diameter
by 2" high peilets in a plastic lined die by pressing at 4000 psi. The
éellets were packed in unconsolidaté@ material from the same ba&ch and
calcined in a covered platinum cruciblé at~850°C for 20 hours. X-ray
anaiysis indicated'compléte reaction to tetragonal PZT. The ca}cined
material was lightly siﬁtéred'with an indicated particle size of 4 to 6
microns as measured b& an air pérmeation sub sieve size.anaiyze?.

 ‘;The calcined pellets were crushed with an acrylic mortar and pestal,
‘then vibratory milled.lO:hogrs in a low ash rubber lined miil with acrylic
grinding media; The organiC'material wés removed by alr oxidétion at
400°C for 12 hours. The’partiéie size of all compositions at this stege
'+ was between 1.4 and 1.6 microns, | o ‘
Spectrographicvanalysis indicated that allAéompoéitions héd approxi-

mately 0.05 wt/0O Al203, 0.02 wt/0O each of Si0O2 and Ca0, and 0.002 wt/O

'l'MgO. These impurities were approximetely what ‘would be expected from the

- original oxides used in compounding the compositions.

_Silicé and alumina additions of 0.4 wt/0 each were individﬁally made

to_80.grém batches of each of the four cdmpésitions;- The alumina was
:édded as an aqueous solutionvdf aluminum nitrate. The silica was added
aé,anfaquecus suspensiéq of colloidal siiica. Distilled water Qas'éddéd
”t° the batches with no additions (2.5 wt/0) to aid in cold pressing.

Fifteen pellets were cold pressed from each of the 12 batches in a 0.75"
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"dia. steel die at 60,000 psi.

All pellets were presintered on plétinum covered platinum sheets at

800°C for one hour. This preéintering_decomposed any aluminum nitrate

_present and increased the green strength. After presintering the'pellets

were stored in a desiccator. All green densities were between 65 and 70
percent of the theoretical density.
(ii) Sintering Procedures

The high lead oxide vapor pressure required that an equilibrium

" atmosphere be established around each pellet during sinteringﬂ The sin-

tering configuration is shown'in Figure 1. All pellets were packed in an

undoped Pb(Zr 3Ti hY) 03 powder that had not been milled. The loose

5
unconsolidated pac¢king powder did not sinter éppreciably, 50 pellets were

easily removed from it on completion of a sintering run.

A1l sintering runs were made under one atmosphere of oxygeﬁ to sup-

press anion vacancy formation. The procedure was identical for each

sintering run. After the sintering crucible was loaded into plaée the

furnace volume was evacuated for one hour. Oxygen was then introduced

and a flowing system was maintained during the sintering run., The fur-

" nace was heated at 300°C/hr to the sintering temperature of 1200?C, held

for the required time,vthen cooled at 300°C/hr to 800°C. From 800°C to

room temperature the furnace was allowed to follow its natural c5oling_
rate.

(iii)v Analytical Measﬁrements‘

Densities ofusintered péllgts ﬁerevmeasured by meréury dispiaéément.
The as fired sﬁrfaces (thermally etched) aﬁa fractured surfaces wére

examined with the scanning electron microscope. Approximately 1C0A of




_18;

aluminum was vacuum evapogated on the surface to allow éharge dissipa—
‘tion. Optical microscope:observations were ﬁade on-both polisﬁed and
'polished and etched éurfacés. Dﬁe to the superior microgréphsvobtaingd
on the scanning electron microscope; all grain size. analyses wére made on
thése micrographs usiﬁé the intercept.method; The reported values ére'
"1.5 times the average cord length. |
Ferroelectric hysteresis measuremehﬁs were made on the sintered

diéks.  Electrodes 0.75 cm in diameter were formed on the_speciﬁens with
an agir drying silver paint. The samples were approximateiy 0.2 cm thick.
The electrical.measuréments‘were-made by applying a slow triangular wave
-  form (period approximately 90 sec, peak field of 70 volts/mil)‘%ovthe
i.specimen and monitorihg the accumulated cﬁérge (polarization) with an |
integrating capacitor. Theulooﬁs.weré plotted with an X-Y reco;der.

Piezoelectric measuremenﬁs wefe made using the same ﬁower §upply és
used for the ferroeiectric measurements. The sample extension QAs neasured
parallel to the‘applied glectric.fiéld'ﬁy a iineér diffefeﬁtial frans-
former. These 160ps were also recorded on an X-Y'reéordér.
(¢) Experimental Results

_During the heating to the sintering témperature, some\densificétion

occurred. In order to allow for this initial sintering-and to assure ..

thermal equilibrium, a 20 minute hold at 1200°C was'selectéd as the initial

‘time from which the density time relations for isothermai‘sintering were
“to be detgrmined.

| Each of the twelve com?ositions achieved a differeﬂt initiéi density.
‘It was noted that the dopant had a marked effecﬁ on this.iﬁitial density

with or without the Al:03 or_SiOz additives. By plotting the initial
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'density against the assumed lead cation vacancy concentration plus the
bismuth dopant level, a reasonable relation was obtained for all twelve
. compositions. (Figure 2).

The four compositions containing no alumina or silica additive were
sintered fof various times_and the density plotted against the square
root of the reduced time (f-to) where to‘is 20 minuteé. The data shown

in Figure 3 indicates that the sintering can be described by the relation:

p=po+K (t-to)llz‘ | (3)
The slope, K, was approximately the same for the déped'material. The
undbped material exhibited a lower slope. Deviation from.the.relétion
in équation (1) was only observed for densitieé greater than 98% of
theoretical.
The undoped and doped compositions containing-aiuminé or silica
additions sintered according to a cube foot tine dependence.n
o = po + K (t_to)l/3 o )
The data for compositions with a silica additive are shown inIFigure L
and the compositions with'an alumina additive in Figure 5. Six of the
eight compositions followed the relation in equation (k4) while the other
two achieved such high initial densities that their sintering was es-
sentially complete. These two compositions, however,.did follo& the
kinetics of equation (L) when sintered at 11T70°C.
The grain growth kinetics did not appear to follow any trend so
the data are'ploﬁted'in éigures 6 and 7 for all the compositions exéept
the bismuth pius niobium doped. These measurements were made on the

as sintered surfaces but were found comparable to value obtained by optical
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'micrbseopy of interior grains.e
Typicel microstructures.of as sintered_surfaceS’obsefved By scanning
electron microscopy are shown in Figures 8, 9 and 10. The rounded grains
- (Figure 8) are characteristic of undoped PZT (alumina aﬁd ﬁévadditive)_
and niobium doped compoéitions (alumina; silica, and no additive).
| Figure 9 is typiéalvof the flat surfaces with-slighfiy etcied grain
boundaries shown.by bismuth doped materials (alumina,'silica,.and ne ’
-I,additioﬁs) and undoped material containing silica. These microstructures
- were consistently observed (5 to 8 specimens for each coméQsitibn) and
were independent of sintering time. Therefore; the microétruetﬁre was
" dependent on composition and independent of grain size ené déﬁsity.
Figure 10 shows the grain boundary secondary phase observed by
Pryor [19] in compositioﬁs‘containing silica.
The ferfeelectric loops'observed are shown in Figure 11 eﬁa actual

,ferroelectfic parameters given in Table IV,
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Table IV

Observed Ferroelectric Properties

"Ferroelectri¢ Properties °

E P: P
Loop c r s
. Composition Shape " 'Volts ‘U coul ‘Y _coul
Dopant Addition (Fig. 12) Mil em? cm
" None None Intrinsic’ 17 10 23
- Al Anti-ferro - - -
Si ~ Broad 51 26 _ 38
Nb None - Square : 21 39 43
: Al : ~ Intrinsic 26 15 22 -
Si Square Lo 39 Ly
- Bi None | Square .23 L1 - L8
Al : Square - 23 3k 37
si .. Square - 35 - L2 L6
~ Bi + Nb 7 None - © Square - 2k 31 39
A " Square . .26 35 42
si Square 3 29 37

'(d) Discussion of Results

The basic lead zirconateititanéte composition selected for this in-
: Qestigation appears to follow solid state volume diffusion kinétics in
sihtering when no additives are present. Substitutional ioﬁs ingroduced
to improve ferroelectric behavior increase the "A" site cation v;;ancies
and léad to enhanced sintering. It wouid be expectéd that aiffusion of
+4 va}ent ions woﬁld be relatively slow and hence rate determining. If
the diffusion path involves a two step process of a Jump from the_"B"

site to the "A" site, then to a new "B" site, it is eXpected that an
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increase in "A" site vacancies would enhence diffusion. Thie;tjﬁe be-.
havior ievindicated_by.the_slopes shown in the degsification tiﬁe curves
in Figure 3. The solid solution of the dopant ions is suﬁstentieted b&
the change in the ferroelectric properties. In Table IV niobium;_bismuth
or both develop square leops ffom tﬁe intrinsic loops Shoﬁn by the un-

, dopedﬁcomposition. Although'both,bismuth and niobium should hate pro-
dueed equal huﬁbers.of'iead vacancies and given identical sintering be-
havier; bismuth hes'a more pronounced effeet on the initia1'denéity.

As & coﬁnter'argument,'it'coﬁld‘be proposed thet atlthe levels of

‘;doping used in this investigation; the PZT was saturated:with biemuth
and the:excess dopant formed a liquid phase. Bismuth oXide and lead
oxide form a low melting eutectic .'which could assist densificatipn prior

i tb_isothermal sintering. ,Th¢ mechanisn of ;iquid rhase sinteriné muet_

V.then be solution rate eontrelied as proposed by-Kingery [9j.

'»Niqbium, however, if present in' excess of Saturation,_would‘not be

L ex§ected to form a low melting liquid phase. ‘The excess niobiﬁm would
' reect with lead 6xide vapor supplied by the packing powder and form a
j>refractory'iead niobate. ATherefore,.this system muetvactually be sinter-

. ing by a solid state volume diffusion mechanisnm. |

The graln growth kinetics shown in Figure T indicate a dlfference_

in the effect of - blsmuth and nloblum W1th nloblum suppre53115 graln growth
much more than blsmuth Further the sintered surfaces of blsmut; doped
materlal tereobserved to differ from either. the undoped or nloblum do ped
":meterial. At present,_even_with additional information'provided by ferro—

/ electribjmeasurements which are quite sensitive to lattice defecte, the |

v

. sintering_béha#iof of doped materials is still debatable.
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When silica is added to dbped or undoped.material, the denéification

kinetics are changed to those of liquid,pﬁase sintering (figure-h). The
. initial densities follow the same pattern as the uﬁmbdified material ex~
éept that they are higher (Figure 2). This could be simply the.result
of incieasing the liquid volume at the sintering temperature. An increasé
in the coercive.field is noted whenever silica is presentf This and the
observed'second phase at grain boundariesb(Figure 10) supéortithe e#istence
of a continuops grain‘boundary phase. The field actually appliéd to’
individual ferroelectric crystals in a ceramic would be deéreaséd due to
the large pbﬁential drop acrosé the low aielectric.constant silicate
phase. This is illustrated in Figufe 12. Wheresas siiica_éromotes grain
growth in the undoped'material, itvﬁés relatively little effect on doped'
: compositions. The alumina gdditidn toidoped and undoped material is by

' far the most interesting. 'First, alumina suppresses the initial density
-~v(Figure 2) even though the sintering kinetics iﬁdiéaté liquid phése sin-
tering. The most surprising result is the effect on the uﬁdoped materials
ferroelectric behavior. The change from-intfinsic to anti;ferroélectric
“type loop (Téble_IV) i#dicates that some Al'S ions go into solid solution.
The only possible site is the "B" site and such éolutioﬁ should decrease
the lead vacancy concentration. From the iénic size of aluminum it.would

not Be predicted‘that Al+3

could enﬁér a site where the titanium ion is
-poétglated to be too smallf_ The aluminuﬁ.ionic radius is nearly.QS per— 
cent-smaller‘fhan titahium, This vioiates ail crystal chemistry .rules,
 5ut the evidence for substitution in the lattice is clear. In>niobium

. doped material the effect of aluminum solution is still seen in shifting

the ferroelectric loop.
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‘The sintering kinetics of coﬁpositidns‘with alumina additivesfindicate
that with doped materials more alumina may enter the lattice than with
undoped material ana the densification rate is decreased by the rgduction
in liquidvvolumé.

:The grain growth kinetics are even more puzzling, Wheréastalumina
‘suppresses grain growth in undoped PZT, it enhances it in'nidbiﬁm'dOPed
/material,

The interactiors of dopants and'additiveé in the PZT;systeﬁ are at
best qualitatively known. Lngid phases are‘apparently formed with ex-~
"tremely small impurity contents and unexpected lattice substitutions can
occur; However, the uhderstandihg of such complex systemé is the goal of
'reseércﬁ.on §intering. | |

| “S. Summary

Two practical examplés of the complexity of the siﬁtéring pfocess
héve been demonstrated by the aluminum oxide and lead zirconateititanate
'systems. It ié évident that although the subject of sintéring has been
extensively investigated, the development.of theory has outdistanced our
development of analytical tools and ability to Characteriée the materials
we deal witg. The intgrface between crystalline pérticles in a compact

" holds the key to the future deveIOpmentfof our understanding of sintering.
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FIGURE CAPTIONS
The sintering configuration for sintering in an equiiibrium
vapof.préssure.
The initial density achieved after sintering 20 min. at 1200°C
vs. the lead vacancy plus bismuth concentration. . X‘:‘thé at./o
bismuth and ¥ = the at./0 niobium added tq thé basic composition.
Density vs. the reduced time for isothermal sinteriné for com-
positions with no additives.
Density vs. the reduced time for isothermal siﬁtering.for con-
positions with a silica éaditive.

Density vs. the reduced time for isothermal sintering for com-

- positions with an alumina additive.

Sintered grzin size vs. sintering time for compositions with
no dopants.

Sintered grain size vs. sintering time for bismuth and niobium

" doped compositions.

Scanning electron micrograph of undoped material with no

additives sintered 20 minutes at 1200°C. Relative density is

. 18 percént.

Scanning eleétron micrograph of a bismuth doped material with
no édditive sinteréd 120 minutes at 1200°C.4 Relativé density
is 98;9 percent..

Scanning electron micrograph of undoped material with a silica

additive sintered 720 minutes at 1200°C. Relative density is

86.6 percent.
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Figure 11. Typical ferroelectric loops observed. (See Table IV).
E AFigure 12, The physical and dielectric model for a two phase ceramic
with ferroelectric crystals separated by a grain boundary

phase.-



-30- | ' UCRL-18795

PORCELAIN SAGGER

PLATINUM FOIL
COVER -

COVERED PLATINUM

SPECIMENS CRUCIBLE

PACKING POWDER: )
ZIRCONIA CRUCIBLE

. CONTROL =
- THERMOCOUPLE ;

PEDESTAL

XBL 6812-6358

Filg. 1



-31=

100

©® NO ADDITION

P, » PERCENT OF THEORETICAL

A ALUMINA
SILICA
70- - r - T T
0 0.0 . 0.02 0.03 004
IX+Y
-2

XBL 6812-6359

Fig. 2




- 100

RELATIVE DENSITY, percent

95

BISMUTH
ond
- NIOBIUM

BISMUTH

-0

32~

NO ADDITION

1 1

NIOBIUM

16
(t'-to)'lz, min."2 -

Fig: 3

XBL 6812-6360



NiOBIUM

. 100 : "SILICA ADDITION
E &BISMUTH_ and
BISMUTH

95

©
O
I

UNDOPED

RELATIVE DENSITY, percent
o
~O

80— -

75 ‘ | ’ l 1 |

XBL 6812-6362



100

RELATIVE DENSITY, percent

95

85¢

80

75 L L | l !

,_34_' N

B | “ALUMINA ADDITION |
: (o]
BISMUTH and
NIOBIUM
o

- BISMUTH

UNDOPED

NIOBIUM

"XBL 6812-6361



GRAIN SIZE, ¢

E 10+

UNMODIFIED =~ LI

» | = MATERIAL B . |

50 © NO ADDITION . -

A ALUMINA

: e SILICA

404

304

20

0 l N —

10 100 _. o 1000
TIME, min. '

XBL 6812-6363

Fig. 6



. _3.6_, -

NIOBIUM MODIFIED

304 . e NO ADDITION
o A ALUMINA =

L » SiLicA
g1 -
M
&
z |
Z 10-
o 7

04— —— . —

10 .. 100 - . 1000

. TIME, ‘min.

: ~* BISMUTH MODIFIED

30- e NO ADDITION |

| A ALUMINA -°
o o

o = SILICA
w 20- :
1 20:
"
z
<
[+ 4
© 10+ ¢

0 : ) ' | — - 1

10 | : 100 | - 1000
TIME, min.

XBL 6812-6364

Fig. T



57~

XBB 6810-6246



38~

XBB 6810-6221



-39~

XBB 6810-6548

Fig. 10



fho-

SQUARE ~ ' INTRINSIC
(@) e - (b)

ANTI- FERROELECTRIC
| (d)

BROAD
“(c)

| XBL 6812-6365

Fig. 11



AU R UM

b1 . "-- |

“PHYSICAL MODEL

DIELECTRIC
. CROSS SECTION

l‘

ELECTRODED SURFACE —"

'DIELECTRIC MODEL

NN
NN
MNN

7/

PR SERIES CAPACITANCE
3 GRAIN BOUNDARIES)

- P>) rerroELEcTRIC

CRYSTALS (GRAINS)
XBL 6812-6366

‘Fig. 12



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-

. tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




. P

-

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

Y



