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The state of the art in sintering is reviewed by discussing sinter-

ing of two ceramic material systems. Sintering of "high" alumina ceramics 

for structural application concentrates upon those factors effecting 

mechanical strength. Grain growth kinetics which control density and 

grain size are emphasized. 

Thesintering of ceramic' materials which display piezoelectric and 

ferroelectric properties is dominated by additions used in doping or im-

purities from processing. The sintering of lead zirconate titanate with 

additives which are purposely added to enhance ferroelectric behavior 

and additives normally encountered in processing demonstrate the com-

plexity of sintering this compound. 

The authors are respectively graduate student and professor of ceramic 
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 Atotlic EnergY' 
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1. Introduction 

It is appropriate that this conference should include discussion of 

a major processing operation extensively used in the ceramic and metal­

lurgical industries. Sintering relies on the change in interfacial 

energy as the driving force, therefore, the interface plays a dominant 

role. 

This discussion is directed to the practical aspects of the sinter­

ing process and attempts to establish the current state of the art pri­

marily in the s~ntering of oxide ceramics. Sintering will be assumed to 

mean that process in which an agglomeration of powder particles are heat 

treated at high temperature to achieve either densification of the compact 

or to develop mechanical strength in the compact. In ceramics and in 

most powder metal fabrication processes where sintering is used, it is 

densification that is desired. In extractive metallurgy where pelletizing 

and sintering are used to prepare more readily handled ores, the emphasis 

is placed on developing mechanical strength with maximum surface area in 

the pellet. In general, the sintering process is used to achieve a poly­

crystalline shape because of the economies compared to other fabrication 

teChniques. This economic factor in fabrication of ceramic materials has 

prompted considerable interest in studying the mechanisms of sintering of 

ceramics. The current trend in all phases of the ceramic industry is to 

achieve the optimum microstructure of the ceramic material for its service 

environment. Again the mechanisms of sintering are of -interest because 

they determine to a large degree the microstructure developed, which in 

turn is responsible for the properties exhibited by the cera.:nic. 
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2. Sintering Mechanisms 

In spite of the extensive research activity on the mechanisms in-

volved in the sintering process, we are still severely limited in pre­

dicting the sinteringbehavior of a specific material. ThUmmler and 

Thomma [1] recently reviewed the sitltering process including the current 

concepts of sinteringmechanisms. It is apparent from their review that 

our present ,ability to characterize powders is one of the most serious 

limitations in predicting sintering behavior. 

Sintering of powders is·generally divided into two major areas. The· 

first c.onsiders material transport without the presence of a liquid phase 

and the second allows a liquid phase. 

(a) Solid State Sintering 

. Without a. liquid phase present, material may be transported, by 

evap?ration-condensation, sUrface diffusion, volume diffusion, and viscous 

or plastic flow. It is generally accepted that only the latter two lead 

to densification and, therefore, are bf primary interest in sintering 

oxide ceramics. 

Starting with models composed of spherical particles and using 

appropriate material transport paths, Kuczynski [2] and later Coble [3] 

developed relations for the diffusion controlled densification process in 

sintering. The densification rate according to Coble for volume diffusion 

. after an initial stage of neck growth and development of an inter-

··connected network of cylindrical pores becomes 



,~ 

where 

P = fractional porosity 

t = time 
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D '= diffusion constant of the rate determining species 

y = solid-vapor surface energy 

n = vacancy volume 

k = Boltzman constant 

T = temperature 

R. = a dimension related to the grain size 

N = constant depending on the pore geometry. 

MacKenzie and Shuttleworth [4] treated densification by viscous or 

plastic flow and related the densification rate of the solid to the solid­

vapor surface energy, y, a Newtonian or Bingham solid viscosity, 11, and 

the pores per unit volume, n. For s intering powders n would be deter­

mined by the initial particle size in the compact. 

In the models developed by MacKenzie and Shuttleworth, a closed 

pore geometry is assumed. The surface energy of the pore leads to the 

equivalence of an externally applied pressure to the compact. This 

pressure should not be developed with open porosity that is generally 

encountered below 90 to 95 percent of the theoretical density. 

Frenkel [5] developed a model for viscous flow in the initial stage 

of sintering (neck growth between particles) which was found by Kingery 

and Berg [6] applicable to sintering glass spheres. Other than glass 

sintered in the initial stages the viscous or plastic flow models have 

not been experimentally verified to be applicable to sintering ceramics. 

Solid stage ,sintering, therefore, has concentrated on mass transport by 
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a diffusion process. 

The techniques of studying the sintering process have generally con-

centrated on obtaining densification-time relationships at various 

temperatures and from this data and grain size determinations, calculate 

the shrinkage-time dependence. Calculations of a.diffusivity and the 

activation energy for diffusion through the use of equation (1) can also 

be made. Corrections to equation (1) must be made for grain boun~ary 

diffusion if it is the rate limiting process [7]. For oxide ceramics 

the diffu,sivity and activation energy so determined in sintering -studies 

have shown considerable variation for different investigators examining 

the same material. However, the model has confirmed the mechanism 

although there is still debate 'as to the details such as diffusion paths. 

Equation (1) establishes directions to improve sintering. First,' 

the powder to be sintered should have the soallest particle size possible 

consistent with the processing operations prior to sintering. Second, 

'the grain size change during sintering should be minimized. Third, en-

hancement of diffusivity where possible will increase densification rates. 

It is assumed that for a given material one has little control over the 

solid-vapor surface energy or vacancy volume. Other variables in the 

sintering process will also be discussed later. 
I 

(b) Sintering withia Liquid Phase 

, Although most commercial ceramic materials produced contain a liquid 

phase during the sintering operation, little attention has been given to 

,this mechanism. Kingery [8] has ,presented models for liquid phase sin-

tering where the liquid does not penetrate the boundary behreen two 
l 

crystalline part icles and where complete wetting of the cryst2.11itle 
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phase occurs. These conditions 
YSS YSL < ~, respectively. 

YSS 
are achieved where YSL > ~ and 

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, Kingery [9] has derived 

shrinkage-time relationships for the rat~ controlling step in the solution-

precipitation region as being either diffusion through the liquid or the 

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

amount of liquid necessary for liquid phase sintering kinetics is unknown. 

White [10] has raised objections to the Kingery model regarding complete 

penetration of the liquid phase between grain contacts pointing out that 

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

indicate incomplete penetration of the liquid phase while densification 

is still proceeding. Both the rate of densification and grain .grow~h 

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

(c) Comparison of Models for Sintering 

Accepting that for oxide ceramics liquid phase sintering or diffusion 

controlled solid state sintering are appropriate models, one can compare 

the shrinkage-time relation predicted by the two .models from the equation 

where 

I1L 
Lo (2) 
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N.. Lo = observed linear shrinkage 

k = a con'stant depending on the mechanism and including a grain 

size parameter 

t = time of:isothermal sintering. 

Tlble I 

Diffusion and 
'/ ' 

L;quid Phase Sintering Parameters 

Mechanism 

Bulk diffusion 

Grain boundary diffusion 

Liquid phase (diffusion control) 

Liquid phase (solution rate 
control) 

Time Expo:qent 
CEq. 2) 

0.4 to 0.5 

0.3 

0.3 

0.5 

Reference 

[2, 3, 6] '. 

As shown in Table I, the use log shrinkage-log time plots to evaluate 

mechanisms is useless. Therefore, there is a strong incentive to evaluate 

the grain size dependence, observed diffusivities, and the:activation 

energy associated with the process. Microstructure analysis is also 

necessary and new tools such as the scanning electron microscope and 

:electron microprobe are playing an important role in assisting in inter-

.,pretation of mechanisms. 

3. Sintering Commercial Ceramics 

AlUminum oxide, today, is probably the most widely used technical 

ceramic. Its applications range from polycrystalline nearly transparent 

sodium,lainp envelopes to alumina porcelain grinding media. The industry 
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produces a range of materials all under the name high alumina ceramics. 

They are classified according to the alumina content [11]. The alumina 
.-" 

) 

content can range from -80 wlo to better than 99.8 wlo. Obviously, the 

production processing from raw materials to finished product is varied 

for each type material. 

In aluminas with the alumina content between Bo and ,95 wlo a 

silicous liquid phase containing alkali or alkaline earth oxides to flux . ' 

the alumina-silica glass forming oxides leads to liquid }:hase sinterir:g. 

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

Al203, and secondary crystalline 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 mechanical and. 

physical properties at low temperatures are quite dependent on the micro­
o 

structure produced during sintering. Manufacture, including sintering, 

of these ceramics lis directed to producing a reproducible naterial at 

the lowest possible cost. Grinding to achiev~ dimensional tolerance after _ 

sinteringis 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 is npt surprising 

that few stUdies of sintering such complex materials have been reportec.. 
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Individual ceramic producers in evaluating their existing'or pro­

posed new facilities and raw materials extensively vary process parameters 

including sintering parameters of time and temperature to establish the .. 

process limitations. Seldom are the results of these investigations pub­

lished although they would contribute significantly to evaluating liquid 

phase sintering. 

When the alumina content is above 95 w/o one should expect a change 

at some composition fron liqui~ phase sintering to solid state mechanisms. 

This transition would be expected tob~ extremely sensitive to the exact 

natUre and content of the other atomic species present. It becomes 

increasingly difficult to identify the phase relations as the alumina 

content increases. Ions may be in solid solution, concentrated at grain 

boundaries, or contribute to sE:!condary phase formation which may be 

liquid or crystalline at the' sintering temperature. At present, our 

analytical tools,such as optical and electron microscopy, X-ray diffrac­

tion, and electron nicroprobe are not able to distinguish all the details 

necessary for analysis. 

As an example of the complexity of these sintered materials, 

Edwards [12] in studying heliun gas perneation through both commercial 

94 w/oand a 99.5 w/o alumina ceramic, found that although the lower 

alumina content material had a permeation coefficient approximately 15 

times that of the higher alumina material, the activation, energy for per­

meation was the same for both_ This activation energy was close to that 

to be expected for a silicate glass and much lower than that expected for 

- permeation through crystalline AIl03. No glassy phase could be detected 

by microscopic analysis in the higher purity ceramic. The lower alu.'llina 
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content ceramic had an easily identifiable glass phase present. There-

fore, one might speculate that the observed activation energy may be 

associated with helium permeation along grain boundaries and that the grain 

boundary structure is disordered analogous to the structure in a silicate 

glass. 

To date, our ability to classify the effect of impurities on sin-

tering is at best emperical. Brockway and associates [13] in revievTing 

firing processes point to the fact that the divergence of results with 

similar additives by different investigators makes it meaningless to 

interpret sintering phenomena in any system not completely characterized. 

In developing the techniques of solid state sintering alumina to a 

nearly transparent polycrystalline material, Coble [3] found anMgO 

additive below the solubility limit would suppress discontinuous grain 

growth in sintering a high purity submicron particle size alumina. Hith 

the MgO addition preventing abnormal grain boundary motion and subsequent 

entrapment of pores within graihsand by control of the sintering atmosphere 
. , 

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

near theoretical density was achieved. Unlike many cera~ic materials such 

as U02,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 sintering processes with high purity materials, 

attention is now focused on the interface .between grains. Controlling 

discontinuous and nornal grain growth is one of the key factors in sinter- l­
ing to densities near theoretical. Burke [14] i.n reviewing grain grm·,-th 
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in :ceramics suggests that an addition which decreases grain boundary 

mobility without completely preventing grain growth can inhibit discon-

tinuous grain growth~ 

Nicholson [15] has examined grain groWth in MgO. He reported than 

an addition of 0.05 at.IO V20S results in grain growth kinetics that are 

similar to those when a detectable volume of liquid is present. This 

.again points to the importance of the ihterface between grains. 

Pores, themselves, may influence grain growth kinetics and Nichols 

[16J has recently proposed new mechanisms for grain growth in porous com-

pacts. In sintering one would expect that pores would influence the 

grain growth kinetics. Nichols in analyzing grain grow~h in porous A120~ 

and U02 suggests that the observed cubic growth law is best described 

by material transport through the vapor phase where the pressure in the .' 

. pore is given by the Kelvin e·quation. Pores, therefore, can control grain 

growth .kinetics. ,Where the pore influence stops and the boundary mobility 

r controls grain growth is a topic of current interest. 

In "solid 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 an important parameter will require extensive improvement in our present 

abilities to characterize the nature of the interface betwCeen grains in 

a compact. 

4. Sintering Ferroelectric Ceramics 

. (a) Introduction 

While alumina dominates the application of ceramics to structural 

problems., the ferroelectric and piezoeiectric ceramics of current interest 

;. 
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are compositions in the lead titanate-lead zirconate system (PT-PZ). 

Both end members have cubic perovskite structures above their Curie 

temperatures and the system forms a continuous solid solution series. 

Below the Curie temperature, where piezoelectric and ferroelectric activity 

is observed, two primary crystal structures are present. Above 47 

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

electric compositions with lower PT content have a rhombohedral structure. 

Near the PZ end df the diagram complex structures and anti-ferroelectricity 

are observed. The most interesting ferroelectric and piezoelectric be-
, 

havior is observed near the rhombohedral-tetragonal phase bo,und.ary. 

The stUdies reported on this system have mainly concentrated on the 

effect of dopants added to the basic lead zirconate titanate (PZT) to 

modify the ferro-and piezo-electric properties. The fabrication of dense 

ceramic shapes of thermally reacted PbO, Zr02, Ti02, and doping additions 

has primarily been by hot pressing [17]. This method is used because of 

the high lead oxLde vapor pressure above compositions in the system (near 

1 Torr. at 11000C). 

Iwasaki [18] reported that undoped PZT of less than 20 molelO PZ 

sintered by a volume diffusion mechanism and compositions of greater than 

200 molelO PZ sirttered by a surface diffusion mech~~ism. It is not clear 

I 

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

fusion should not lead to densification . 

. Pryor [19] chose one undoped COI!1position of 60 mole/O PT for sinter-

" 
ing stUdies. Heodetermined that after forming the PZT compound by cal-

cination and grinding the lightly 0 sintered pellets ,,;-ith high alumina 

media, sufficient A1203 ~~d Si02 impurities were picked up to significantly 



· -12-

effect the densification during sintering~ Further.studies on'material 

ground in an acrylic container with acrylic balls showed that as little 

as 0.4 wt/O Al203 could increase the density of material sintered at 

12000 C for'1-1/2 hours from 82 to 92 percent of theoretical density. 

Si02 additions of the same percentage gave less dramatic results but 

followed the same pattern. 

Even more significant results were obtained when the as sintered 

surfaces were ex&~ined by scanning electron microscopy. The s&~ples 

which had an Al203 additive showed rounded grains indicative of liquid 

phase sintering with a grain size approximately one tenth that of the 

material with no addition or with a Si02 addition. The addition of Si02 

caused the appearance of a very small grain size secondary phase concen-

trated in the grain boundaries. X-ray analysis and optical microscopy on 

etched polished sections showed little difference in the three materials. 

Electron microprobe analysis indicated that a lead aluminate was present 

in selected pockets when the additive was A1203 and a lead zirconate 

silicate when Si02 was added. The analysis could not be extended to grain 

boundaries due to the limits of resolution of electron microprobe. 

Following Prypr's investigation, a comprehensive study on Sintering 

a PZT composition was undertaken. The results are presented here to 
, . 

demonstrate how various additions or solid solution dopants can alter 

sintering kinetics, grain growth characteristics, and ceramic ferro-

electric and piezoelectric properties. Also, the ferroelectric properties 

along With scanning electron microscope analysis combined with conventional 

densification-time relations were used in interpretation of the data.. 
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Pryor had determined that A1203 and Si02 contamination could occur 

during conventional ceramic processing. These two materials were chosen 

as additions to unmodified and solid solution doped PZT compositions. 

Both bismuth and niobium are standard cOIlllnercialdoping additions 

used to alter ferroelectric properties of PZT ceramics. They were chosen 

to determine their effect on sintering and on the subsequent electrical 

properties. Table II gives the ionic radii of the various ions expected 

to be present in unmodified, doped, and addition modified PZT a'ccording 

to Ahrens as tabulated by Azaroff [20]. 

Table II 

Six-Fold Coordination Radii of Interest in 
AB03 Doped and Addition Modified Ceramics 

0 

Ion Ionic Radii (A) Predicted Position 

= 1.40 0 0 site 

Pb+2 1.20 A site 

Ti+4 0.68 B site 

Zr 
+4 

0.79 B site 

Bi+3 0.96 A site 

Nb+ 5 0.69 B site 

Al+3 0.51 No solid solution 

Si+4 
0.42 No solid solution 

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

cube with oxygen ions occupying the cube faces. The liB" ion is ple_ced 

I ~ 
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in the center of the cube. Ferroelectricity is considered to be pri­

marily due to the "B" ion being too small for the octahedral hole 

created by the oxygen ions. This misfit increases the covalent nature of 

the bonding with a resultant distortion of the cubic unit cell to either 

a rhombohedral or tetragonal.structure. Movement of ferroelectric do~ 

main walls to'cause either 900 polarization or 1800 polarization re­

orientation is then' possible in S? individual crystal with the applica­

tionof an electric field. The ease of domain boundary movement will 

determine whether a ferroelectric is "hard" or "soft" ·analogous to ferro­

magnetic beha;vior. 

In the perovskite structure for ideal cubic packing, the "A" cation 

should have the same ionic radii as the oxygen anion to achieve cubic 

close packing. The "B" cation 'would then fill the octahedral hole in the 

structure and balance the change. 

As shown in Table II, Pb+2 is approximately 14 percent smaller than 

the oxygen ion. Because of this misfit and polarizability of the lead 

and oxygen ions, it is expected that· an interaction between the polariza­

tion of the central cation and the "A" cation would lead to enhanced 

ferroelectricity. This is apparently the case with lead titanate which 

shows one of the highest Curie temperatures known. Unfortunately, the 

cubic-tetragonal phase transformation in lead titanate results. in a 

tetragonal cia ratio of 1.06 and in polycrystalline me.terials the lattice 

s'train on transformation is sufficient to mechanically shatter the ceramic. 

When titanium is replaced with zirconium (a larger cation) the cia rat'io 

decreases. Near the rhombohedral-tetragonal phase boundary the ratio 

is reduced to the extent that the cubic-tetragonal transformation rna:y: 
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. occur wi thout destruction .of polycrystalline ceramics. 

(b) Experimental Procedures 

The basic composition selected for this study was near the rhombo­

hedral-tetragonal phase boundary but in the tetragonal phase stability 

region {Pb (Zr. 53 Ti. 47 ) 03}. 

(i) Preparation of Compacts for Sintering 

High purity lead oxide, titanium dioxide, hafnium free zirconium 

dioxide, bismuth trioxiQe, and niobimfi pentoxide were used to compound 

batches with the compositions shown in Table III. Bismuth was assumed 

to substitute for lead as a +3 ion because of the thermodynamic in-

stability of the pentavalent state. Every two substutional Bi ions should 

create one lead vacancy. Niobium was predicted to 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 Compositions 

Dopant 

None 

Niobium 

Bismuth 

Niobium + Bismuth 

o indicates lead vacancy 

Compound Formula Assurned 

Pb (Zr~53Ti.47) 03 

Pb .99 D .01 (Zr. 53Ti .47) .98 Nb .02 03 . 

Pb. 97 Bi.02 [:].01 (Zr. 53Ti. 47 ) °3 

Pb. 96 Bi.02 0.02 (Zr. 53Ti. 47 ) .98 Nb. 02 °3 
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'The oxides were· weighed directly into 'a Neoprene lined ball mill. 

Teflon cylinders were used as mixing media and isopropyl as the suspend­

ingliquid. Ah individual batch was vibratory milled four hours, then 

rotary milled for 20 hours. After this mixing treatment, the alcohol 

was evaporated at 70°C. The mixed material was ~ompacted into 2" diameter 

by 2" high pellets in a plastic lined die by pressing at 4000 psi. The 

pellets were packed in unconsolidated material from the same batch and 

calcined in a covered platinum crucible at 850°C for 20 hours. X-ray 

analysis indicated complete reaction to tetragonal PZT. The calcined 

material was lightly sintered with an indicated particle size of 4 to 6 

microns as measured by an air permeation sub sl.eve size analyzer . 

. The calcined pellets were crushed with an acrylic mortar and pestal, 

then vibratory milled 10 h01lrS in a low ash rubber lined mill with acrylic 

grinding media. The organic material was removed by air oxidation at 

400°C for 12 hours. The particle size of all compositions at this stage 

was between 1.4 and 1.6 microns! 

Spectrographic analysis indicated that all compositions had approxi­

mately 0.05 wt/O A1203, 0.02 wt/O each of Si02 and CaO, and 0.002 wt!O 

MgO. Th~se impurities were approximately what 'would be expected from the 

original oxides used in compounding the compositions. 

Silica and alumina additions of 0.4 wt/O each were individually made 

to 80 gram batches of each of the. four compositions. The alumina was 

added as an aqueous solution of aluminum nitrate. The silica was added 

as,an·aqueous suspension of colloidal silica. Distilled water was added 

to the batches with no additions (2.5 wt/O) to aid in cold pressi~g. 

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 platinum covered platinum sheets at 

800 0 e for one hour. This presintering 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 equiUbrilli"n 

atmosphere be established around each pellet during sintering. The sin-
I 

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

undoped Pb(Zr.
53

Ti. 47 ) 03 powder that had not been milled. The loose 

unconsolidated. packing powder did not sinter appreciably, so pellets were 

easily removed from it on completion of a sintering run. 

All sintering runs were made under one atmosphere of oxygen to sup-

press anion vacancy formation. The procedure was identical for .each 

sihtering run. After the sintering crucible was loaded into place the 

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

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

n"ace was heated at 300oe/hr to the sintering temperature of 1200oe, held 

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

room temperature the furnace was allowed to follow its natural cooling 

rate. 

(iii) Analytical Measurements 

Densities of sintered pellets were measured by mercury displacement . 

The as fi.red surfaces (thermally etched) and fractured surfaces were 
o 

examined with the scanning electron microscope. Approxirlately IOOA of 
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aluminum .ras vacuum evaporated on the surface to allow charge dissipa­

tion. Optical microscope observations were made on both polished and 

polished and etched surfaces. Due to the superior micrographs obtained 

on the scanning electron microscope, all grain size analyses were made on 

these micrographs using the intercept method. The reported values are 

1.5 times the average cord length. 

Ferroelectric hysteresis measurements were made on the sintered 

disks. Electrodes 0.75 cm in diameter .rere formed 'on the speci1'1ens ,d th 

an air drying silver paint. The samples were approxima.tely 0.2 cm thick. 

The electrical, measurements were made by applying a slbwtriangular wave 

form (period approximately 90 sec, peak. field of 70 volts/mil) to the 

specimen and monitoring the acc~~ulated charge (polarization) with an 

integrating capacitor. The, loops were plotted with an X-Y recorder. 

Piezoelectric measurements were made using the same power supply as 

used for the ferroelectric measurements. The sample extension was measured 

parallel to the applied electric field by a linear differential trans­

former. These loops were also recorded on an X-Yrecorder. 

(c) Experimental Results 

During the heating to the sintering temperature, some densi,fication 

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

thermal equilibrium, a 20 minute hold at l200 0 C was select~d as the initial 

time from which the density time relations for isothermal sintering were 

to be determined. 

Each of the twelve compositions achieved a different initial density. 

It was noted that the dopant had a marked effect on this initial density 

with or without the A1203 or Si02 additives. By plotting the initial 

• 
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densi ty against the assumed lead cation vaca.'1cy concentration plus the 

bismuth dopant level, a reasonable relation was obtained for all twelve 

compositions. (Figure 2). 

The four compositions containing no alumin'a or silica additive were 

sintered for various times and the density plotted against the square 

root of the reduced time (t-t ) where t is 20 minutes. The data shown o 0 

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

p = po + K {t-t )1/2· (3) 
o 

The slope, K, was approximately the same for the doped material. The 

undoped material exhibited a lower slope. Deviation from the relation 

in equation (1) was only observed for densities greater than 98% of 

theoretical. 

Theundoped and doped compositions containing aiumina or silica 

additions sintered according to a cube root time dependence. 

p = po + K 1 (t-t ) 1/3 
o 

(4) 

The data for compositions with a silica additive are shown in Figure 4 

and the compositions with an alumina additive in Figure 5. Six of the 

eight compositions followed the relation in equation (4) while the other 

two achieved such high initial densities that their sintering was es-

sentially complete. These two compositions, however, did follow the 

kinetics of equation (4) when sintered at 1170oC. 

The grain growth kinetics did not appear to follow any trend so 

the data are plotted in Figures 6 and 7 for all the compositions except 

the bismuth plus niobium doped. These measurements were made on the 

as sintered surfaces but were found comparable to value obtained by optical 
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microscopy of interior grains., 

Typical microstructures of as sinteredsurfaces observed by scanning 

electron microscopy are shown in Figures 8, 9 and 10. The rounded grains 

(Figure 8) are characteristic of undoped PZT (alumina and no additive) 

and niobium. doped compositions (aluniina, silica, and no additive). 

Figure 9 is typical of the flat surfaces with slightly etched grain 

boundaries shown by bismuth doped materials (alumina, silica, and no 

additions) and undoped naterial containing silica. Thesemicrostructures 

were consistently observed (5 to 8 specimens for each composition) and 

were independent of sintering time. Therefore, the microstructUre was 

" dependent on composition and independent of grain size and d'ensi ty. 

Figure JO shows the grain boundary secondary phase observed by 

Pryor [19] in compositions containing silica. 

The ferroelectric loops observed are show'll in Figure 11 and actual 

ferroelectric parameters given in Table IV. 

.. , 
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Table IV 

Observed Ferroelectric Properties 

Ferroelectric Properties 

Loop 
E P P c r s 

Composition Shape . 'Volts 11 coul !:! coul 
Dopant Addition (Fig. 12) . Mil cm~ cm2 

.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 40 39 44 

Bi None Square 23 41 48 
Al Square 23 34 37 
Si Square 35 42 46 

Bi + Nb None Square 24 31 39 
Al Square 26 35 42 
Si Square 34 29 37 

ld) Discussion of Results 

The basic lead zirconate .titanate composition selected for this in-

vestigation appears to follow solid state volume diffusion kinetics in 

sintering when no additives are present. Substitutional io~s int;roduced \ 

to improve ferroelectric behavior increase the "A" site cation vacancies 

and lead to enhanced sintering. It would be expected that diffusion of 

+4 valent ions wo~ld be relatively slow ana. hence rate determining. If 

th d · ffu . th' 1 t t f . f th "B" e ~ s~on pa ~nvo ves a wo s ep process 0 . a Jump rom . e 

si te to the "A" site, then to u ne\.f "B" site, it is expected the.t an 
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increase in "A" site vacancies would enhance diffusion. This.type be-

havior is indicated by the slopes shown in the densification time curves 

in Figure 3. The solid solution of the dopant ions is substantiated by 

the change in the ferroelectric properties. In Table IV niobium, bismuth 

or both develop square loops from the intrinsic loops shoWn by the u...'1-

doped composition. Although bot~ bismuth and niobium should have pro-

duced equal numbers of lead vacancies and given identical sintering be-

havior, bismuth has a more pronounced effect on the initial density. 

As a counterargument, it could be proposed that at the levels of 

; doping used in this investigation, the PZT was saturated with bismuth 

and the excess dopant formed a liquid phase. Bismuth oxiae and lead 

oxide form a low melting eutectic which could assist densification prior 

to isothermal sintering. The mechanism of liquid phase sintering must 

then be solution rate controlled as proposed by Kingery [9]. 

Niobium, however, if present in excess of saturation, would not be 

expected to form a low melting liquid phase •. The excess niobium would 

react with lead oxide vapor supplied by the packing powder and form a 

refractory· lead niobate. Therefore, this system must actually be sinter-

ingby a solid state volume diffusion mechanisrl. 

The grain growth kinetics shown in Figure 7 indicate a difference 

in the effect of bismuth and niobium with niobium suppressing grain growth 

much more than bismuth. Further, the sintered surfaces of bismuth doped 

materialwer.eobserved to differ from either the undoped or niobium doped 

. material. At present ,even with additional information provided by ferro­

I electric measurements which are quite sensitive to lattice defects, the 

sintering behavior of doped materials is still debatable. 
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.When silica is added to doped or undop~d material, the densification 

kinetics are changed to those of liquid phase sintering (Figure·4). The 

initial densities follow the same pattern as the unmodified material ex-

cept that they are higher (Figure 2). This could be simply the result 

of increasing the liquid.volume at the sintering temperature. An increase 

in the coercive field is noted whenever silica is present. This and the 

observed 'second phase at grain boundaries (Figure 10) support the existence 

of a continuous grain boundary phase. The field actually applied to 

individual ferro,electric crystals in a ceramic would be decreased due to 

the large potential drop across the low dielectric constant silicate 

phase. This is illustrated in Figure 12. v.'hereas silica promotes grain 

growth in the undoped material, it has relatively little effect on doped 

compositions. The alumina addition to doped and undoped material is by 

far the most interesting. First, alumina suppresses the initial density 

(Figure 2) even though the sintering kinetics indicate liqUid phase sin-

tering. The most surprising result is the effect on the undoped materials 

ferroelectr~.c behavior. The change from intrinsic to ant i-ferroelectric 

type loop (Table IV) indicates that some Al+3 ions go into solid solution. 

The only possible site is the "B" site and such solution should decrease 

the lead vacancy concentration. From the ionic size of aluminum it would 

+3 not be predicted that Al could enter a site where the titanium ion is 

postulated to be too small. The aluminum ionic radius is nearly 25 per­

cent smaller than titaniuni. This violates all crystal chemistry,rules, 

but the evidence for SUbstitution in the lattice is clear. In niobiu...,,!l 

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

the ferroelectric loop. 
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The sintering kinetics of compositions with alu.mina additives·indicate 

that with doped materials more alumina may enter the lattice than with 

undoped material and the densification rate is decreased by the reduction 

in liquid volume • 

. The grain growth kinetics are even more puzzling, whereas alumina 

suppresses grain growth in undoped PZT, it enhances it 'in nidbium doped 

material. 

The interactions of dopants and additives in the PZT system are at 

best qualitatively known. Liquid phases are apparently formed with ex-

tremely small impurity contents and unexpected lattice substitutions can 

occur. However, the understanding of such complex systems is the goal of 

research on sintering. , 

5. Summary 

Two practical examples of the complexity of the sintering process 

have been demonstrated by the aluminum oxide and lead zirconate titanate 

systems. It is evident that although the subject of sintering has been 

extensively investigated, the development.of theory has outdistanced our 

development of analytical tools and ability to characterize the materials 

we deal with. The interface between crystalline particles in a compact 

holds the key. to the future cievelopment'of our understanding of·sintering. 



-25-

ACKNOWLEDGMENTS 

Thanks are extended to R. Unverferth and J. Lawson for experimental 

assistance. 

The authors would also express their appreciation for the use of 

the scanning electron microscope within the Electronics Research Labora­

t?ry,: University of California, provided under Grant No. GB-6428 from 

the National Science Foundation and under Grant No. GH-15536 from the 

National Institute of Health. 

This work was done under the auspices of the United States Atomic 

Energy Commission. 



-26-

REFERENCES 

1. F. Thiimml'er and W. Thomma, Metallurgical Review 115, The Metals 

and Metallurgical Trust, 1967. 

2. G. C. Kuczynski,' Metals Transactions, 1949, 185, 169. 

3. R. L. Coble, J. A~pl. Phys., 1961;32, 787, 793. 

4. J. K. MacKenzie and R. Shuttleworth, Proc. Phys. Soc., 1949, 62, 833. 

5. J. Frenkel, J. Phys. (U.S.S.R.), 1945, 9,385. 

6. w. D. Kingery and M. Berg, J. App1. Phys., 1955, 26~ 1205. 

7. D. L. Johnson and I. B. Cutler, J. Am. Ceram. Soc., 1963, 46, 541. 

8. W. D. Kingery,' "Ceramic Fabrication Processes," New York, 1958 

- (John Wiley and Sons, Inc. and The Technology Pre s s of M. 1. T. ) . 

9. W. D. Kingery, J. App1. Phys~', 1959, 30, 301. 
- -
--, 

10. J. Whl.te, Proc. Brit. Ceram. Soc., 1965,1., 155. 

11. Standards of Alumina Cerar.1ic Manufacturers Association for High 

Alumina Ceramics, 2nd Edition, 1964, New York (Alumina Cera~ic Manu-

facturers Association). 

12. R. H. Edwards, M. S. Thesis, Univ. of Calif., Berkeley, 1966, (UCRL-

17083 ). 

13. M. C. Brockway, et al., U. S. Air Force Technical Report AFML-TR-

65-281, 1965. 

& 14. J. E. Burke, "Ceramic Microstructures," New York, 1968 (Jolm Wiley 

15. 

16. 

17. 

and'Sons, Inc.). 

G. C. Nicholson, 

F. A. Nichols, J. 

G. Haertling, Am. 

J. Am. Ceram. Soc. , 1965, 48, 525. 

Appl. Phys. , 1966 - -37 , -' 4599. 

Cera-'ll. -Soc. Bull. , 1964 ,43, 875. 



-27-

18 •. H. Iwaski, Jap. J. Appl. Phys., 1965~ ~, 190. 

19. G. A.Pryor, M. S. Thesis, Univ. of Calif., Berkeley, 1968 (UCRL-

18191) • 

20. L. V. Azaroff, "Introduction to Solids;" New York, 1960 (McGraw­

Hill Book Company). 

\. 



-28-

FIGURE CAPTIONS 

Figu:r:e 1. The sintering configuration for sintering in an equilibrium 

vapor pressure. 

Figure 2. The initial density achieved after sintering 20 min. at l200 0 C 

vs. the lead vacancy plus bismuth concentration. X -= the at.fO 

bismuth and Y = the at.fO niobium added to the basic composition. 

Figure 3. Density vs. the reduced time for isothermal sintering for com­

positions withnq additives. 

Figure 4. Density vs. the reduced time for isothermal sin.tering for com­

positions with a silica additive. 

Figure 5. Density vs. the reduced time for isothermal sintering for com­

positions ~ith an alumina additive. 

Figure 6. Sintered grein s'ize vs. sintering time for cor:!posi tions with 

no dopants. 

Figure 7. Sintered grain size vs. sintering time for bismuth and niobium 

doped compositions. 

Figure 8. Scanning electron micrograph of undoped material with no 

additives sintered 20 minutes at l200oC. Relative density is 

78 percent. 

Figure 9. Scanning electron micrograph of a bismuth doped material with 

no additive sintered 120 minutes at 1200oC. Relative density 

is 98.9 percent., 

. Figure 10. Scan~ing electron micrograph of undoped material with a silica 

additive sintered 720 minutes at 1200oC.. Relative density is 

86.6 percent. 
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:Figure 11. Typical ferroelectric loops observed. (See Table IV). 

Figure 12. The physical and dielectric model for a two phase ceramic 

with ferroelectric crystals separated by a grain boundary 

phase. 
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