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I./ INTRODUCTION 

The sintering of pa~ticulate solids has been the subject of many 

investigations both from experimental and theoretical standpoints. 1-9 
. " 

The driving force 'for all sintering is the reduction of surface free 
. .// 

energy. Therefore differences, in sintering behavior for different systems 

are the result of different mechanisms of material transport. Sintering 

is often a complex process, and these mechanisms may depend on many 

variables. The best understanding of sintering mechanisms has resulted 

from experimentation with simple systems ~nd the use of models with 

spherical geometry., 

Sintering may occur in the solid state or may be as~isted'by a 

liquid phase. ,Four primary mechanisms for solid state sintering are 

recognizedl' evaporation-condensation, surface diffusion, viscous or plastic 

flow,. and volume diffusion. Evaporation-condensation involves the vapor 

phase transport of material to the neck area between adjoining particles 

from their outer surfaces. This process obviously requires a significant 

vapor pressure of the solid material. In addition, this process results 

in no overall densification but,merely the rearrangement of material 

to give inter-particle bonding. 

Surface diffusion, like evaporation-condensation, involves material 

transfer 'from particle surfaces to the neck area. In this case, transport 

is effected by atomic diffusion.' This again is merely material rearrange-

ment without densification. 

Densification mechanisms in sintering are thus narrowed to two, 

viscous or plastic flow, and volume diffusion; Detailed models of flow 
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mechanisms due to the influence of surface tension have been formulated 

1 . 2 by Clark and White, and Mackenzie and Shuttleworth., Both start by 

assuming visoous flow once an:initialstress is exceeded. Rate eqqations 

are given indicating that densification rate is inversely proportional 

to the viscosity coefficient, and the cube of the particle size. Calcula­

ted dehsification curves from these. equations substituting suitable ' 

. values for some p,arameters are in good agreement with some experimental 

1 /' ,curves. 

Volume diffusion as a sintering mechanism leading to densification 

has be~n studied by Kuczynski,3Kingery and Berg,4 and Coble. 5 The' 

volume diffusion model assumes that sintering proceeds by the migration' 

of vacancies from pores to grain boundaries through the bulk of the. 

, ~ .' 

material. At the grain boundaries the vacancies are discharged resulting' . 

in shrinkage. The rate equations derived from this model again show 

particle size involved as the inverse cube power. The diffusion model 

not only gives good agreement with experimental densification curves, 

but also gives better explanations for other sintering phenomena such 

as the p:r:eferential disappearance of pores near grain boundaries. 6 
; 

Sinteringin the presence of a ~iquid phase has been studied by 

7 8-10 Kingery and others. Systems considered under liquid phase sintering 

are (1) a pure liquid, (2) a non .. reactive solid .. liquid, and (3) a reactive 

solid-liquid. The former two are considered to be similar to the viscous 

flow model. ' The most important liquid phase sintering involves the 

reactive solid-liquid system. 

Reactive solid~liquid sintering implies a certain limited Bolu-

bility of the solid in the liquid. Sintering is markedly affected by 
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the wetting of the solid phase by the liquid. This liquid phase sinter-

ing occurs by solution, diffusion through the liquid, and reprecipitation 

of the solid. For, rapid densification it is essential to have (1) an 

,appreciable amount of liquid phase, (2) an 'appreciable solubility of the 

solid in the liquid, and (;) 'complete wetting of the solid by the 

, 10' 
"liquid. Analysis of the kinetics of this process from the model in-

dicates that the rate of shrinkage is directly proportional to the 

diffusion coefficient in the liquid phase and to the particle'size to 

the -4/; power. 

The necessity for starting materials of small particle 'size in 

sintering ceramics is demonstrated in the above discussioh. Achieving 

a small particle size ceramic material:is :traditionally, done by ball 

milling. The contribution of ' impurities introduced during ball milling 

to sintering by the formation of a liquid phase has been largely ignored 

in sintering studies. 

Lead zirconate'titanate as one particular ceramic material of 

considerable importance today has been f!tudied 'by many investigators. 

Its piezoelectric properties make it an important transducer material 

which is used in the manufacture of a wide variety of audio and ~tra-

sonic devices and in many other transducer applications. Lead zirconate 

titana~e (PlT) includes compositions in the solid solution system between 

lead zirconate (Pl) and lead titanate (Pr). Figure 1 shows the low 

temperature 'phase diagram for this system. 12 PZT is produced by reacting 

PbO, zr02, and Ti02 between 800-900°C. Experiments have shown that 

PbTiO; is first formed; then reacts with Zr02 and more PbO to form PZT. I; 

Typical ceramic processing steps, such as mixing, drying, grinding 
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(usually ball milling), and cold pressing, are usually present both 

preceding'and follow'ing a ca.lcination step. Densification of a powder 

compact by sintering or hot-pressing follows the powder processing 

steps" 

Research efforts on PZT have concentrated on its electrical proper- , 

ties. Many investigations primarily studying electrical properties of 
".1 

PZT have indicated that higher densities and greater mechanical stength 

were obtained in samples withimpurites purpOS~lY added. 14,15 Additives 

. . _16-20 
have long been known to give favorable electrical properties to PZr ,. , 

. so that additives are universally employed in commercial produ~tion of 

PZT. Studies18,19 have indicated that minor compositional variations 

in PZT occurring due to variations in fabrication procedure have sub-

stantial effects upon densification and subsequent electrical properties" ' 

of the rna terial. 

In the only sintering study of undoped PZT reported in the 
21 , ', ., 

'literature, Iwasa!:d based his determination of the sintering mechanisms ',' 

on plots of log linear shrinkage vs. log time and vs. reciproval tempera-' 

ture. I~ was concluded that volume diffusion is the sintering mechanism, 

for compositions of less than 20 mole% PZ and surface diffusion is the 

, mechanism for those greater than 20 mole% PZ. No consideration is given 

to the possible role of impurites in this study., As shown previously 

surface diffusion has not been considered a mechanism for densification. 

It is evident that impuritLte s, "may, :cont'ribute significantly to the 

sintering of PZT and def.lnitely do have an effect on the ultimate elec-

trical properties of the material. Impurities may be added to a material 
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by intentional doping, or unintentionally during processing steps, such 

as the ball milling. In order to understand the effects of either 

of these, first a standard sample should be obtained, alike in all 
I 

respects except for impurity level to the samples having impurities 

present. " The purpose of this investigation was to make a systematic 

, study of the effect of impurities normally encountered in processing 

on the sinteringbehavior and mechanism in the lead zirconate titanate 

system. 
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II. ,EXPERJl.1ENTAL PROCEDURE, 

A. ' Powder Preparation 

Lead oxide, titanium dioxide and zirconium dioxide were weighed 

into a glass jar in the proper proportions to make a 400 gram batch of 

the composition Pb(zrO.4TiO.6)03. The spectrographic analysis of the 

,oxide raw materials is given in Table I. The oxides were mixed thoroughly 

, with isopropyl alcohol and vacuum dried. The dried powder was then cold 

pressed into pellets 1 in. in diameter by about 1 in. thick, and calcined . ~'. 

in a covered pt crucible at 800Ge for 100 hours. Negligible lead loss 

occurred in calcining. 

The calcined pellets were crushed into powder which had an average 

particle size according to the Fisher Subsieve Size Analysis of approxi-

'. mately 6-7.5 microns. Some agglomeration of particles might have occurred' 

during calcining making the Ultimate particle size smaller than this 

value., The powder from all calcining batches gave this indicated particle 

size. X-ray diffraction analysis of every batch indicated only the ,PZT 

phase~present after calcination. 

Approximately 1200 grams of PZT powder w'ere combined from several 

calcinings to be given one series for ball milling treatments. This 

powder was divided into four equal batches. One batch was given no 

further treatment and retained as the control powder ("as calcined~' 

or "umnilled" powder). The other quantities 'of powder were ball milled 

(1) dry, (2) in distilled water, and (3) in isopropyl alcohol. High 

* alumina ball mills with capacity of 1053 liters half-filled with 

* U. S. Stoneware 
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Si 

Mg 

Fe 

Al 

Ca 

Cu 

Ba 

Bi 

Hf 

As 
Nb 

Ti 

Y 

/L 'I 

.'~: ',:. ~.~. 

~., -
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Table I. Spectrographic Analyses of Oxide Raw Materials 

PbO (Hammond 
Lead Products 
Reagent Grade) 

.004" . 

.. 0005 

.004 

.002 

.001 

.0005 

.1 

.01 

-.0005 

PbO (Baker's 
Reagent Grade)* 

'.004 . 

.0005 

<.002 

.002 

.• 001 

~0005 
, I 

<.002 ' 

.01 ' 

<.0005 

:.*.:,' 

Ti02 (Fisher's 
Reagent Grade) 

*Used in later batches to eliminate Ba impurity. 

.. t 

-." 

.' 

Zr02 (vTab Chang' 
Reactor Grade) 

/ 
/" 
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burundum grinding media were used. For the wet milling 180 cc of liquid 

was used. Ball milling time for all three was 8 hours, and the wet 

milled powders were dried at 225°F. 
/ 

Tests performed on these powders included average particle size 

analysis (Fish~r Subsieve Sizer), seroiquantitativespectrographic 
. " 

I';. ' 

analysis, relative surface areas by nitrogen adsorption' (Perkin-Elmer·' '.:':' . 

. Sorptometer) 1 and x-ray diffraction analysis. The results o'f the former':: 

three are given in Table II and the x-ray analysis indicated no phases 

present besides the PZT phase. 

In order to obtain a powder free of the ball milling impurities, 
" ,. 

, '.' 

Al20
3 

and Si02 , a grinding method waadevised utilizing organic materials ... 

as the containing materi~land grinding media. One hundred grams of 

unmiUed powder in a Lucite container with 3/4 in. diameter acrylic 

spheres was milled dry on a vibratory mill for 10 hours. The resulting 

powder was given a 12 hour heat treatment in air at 400°C to allow for 

. ' " 

:, , 

, ,~ 

"',' . 

',' ~( 
,',' 

. ',,' . 

'.' 
,,',.:' ' 

.' ,. 
oxidation of any organic material present. ·The average particle size of 

this powder was 1.6-1.8 microns, the same as that obtained for the wet ... 

milled powders. The spectrographic anaJ.ysis of this "plastic milled" 

powder showed no increase in the inorganic impurity level over that 

present in the as-calcined powder. 

As a fine particle size, high purity material, the plastic milled 

powder is an ideal standard material for a more detailed study of the 

effects of ~03and Si02.impurities on the sinterability of PZT. The 

addition of varying amounts of these impurities to this material can be 

done with impurity level as the only variable. Addition of these im-

purities in solution form was found to be the most satisfactory method. 

.11 
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Table II. Results of tests on Ball Milled and Unmilled Powders 

I. Semi­
quantitative 
Spectrographic 

II. Average 
Particle 
Size (~J) 

III. Relativ 
Surface 
Areas' 

As Calcined 

. ,'Al* .02 

Si*' .01 

Mg* .G01 

Fe .02 

Ca .00;1. 

Cu <,.0005 

Bi .003 

Ba .1 

Hf ,:1 

6.4 

1 

*Average of two determinations. 

\ 

. . 

\, 

" 
.". 

" 

." 

Dry Milled 

.03· -,.::' 

.02 

.002 

.02 " 

, ,<.001 

<:0005 , , 

.003 '~ 

~oB' 

.0B 

2.5 

4~6 

. 

' . . 

H20 Milled Isopropyl 
Alcohol Milled 

, .5 .3 

.1B .0B 

.03 .03 

.02 .02 

.005 .oo~ , 
<.0005 <.0005 ' 

.003 .003 ' 

.0B .1 J> 

.1 ~1 
I 

1.6 1.6 

B.9 B.l 
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Addition OfA120
3 

was made by adding appropriate volumes of an 

. aqueous solution of A1(N0
3

)3 to the powder, mixing the thin slurry ultra­

sonically, and drying at 110°Ca A1(N0
3

)3 decomposes at about 150°C to . 

22 

' ....... 

form ~03.. The decomposition thus occurs at too low a temperature 

to become a factor in the sintering process. Powders prepared by this 

* Silica additions' using a colloidal silica solution similarly to 

. '.; 
I . ~ ; 

" . 

. , 
. ,'t 

that for th~ ~03 were made in the amounts 0.2, 0.4, 00 6, 1.2 wt.'/o. 
.. ,' ~ : . .': ;., , 

".:, 
" '. 

B. Sample Preparation 
. ,'i, . , 

Five gram samples from each type of powder were cold pressed at ''- , 
. .~;, 

21,000 psi in a 3/4 in. diam steel die. In order to facilitate handling·. 
".1 

of the. 'sample prior to firing, r:ffo of a binder' solution was used. The 

solution used for all powders except the alcohol milled was 2 wt.'/o stearic" 

acid in 50/50 volume ratio water-ethanol. For the isopropyl alcohol 

milled powder a 2 wto'/o stearic acid solution in isopropyl alcohol was . 

. used. The pressed samples were weighed, the heights measured, and marked 

for identification before being placed into position to be fired. 

The typioal placement of the samples for firing is shown in Fig. 2. 

The covering pt muffl.e was to minimize PbO vapor loss. The control 

samples throughout most of the experiments were of the unmilled powder. 

No significant variation' betw'een control samples was noticed. Between 
I 

the control samples. were placed all other types of samples to be, firedo 

The temperature was measured with a pt-pt 10% Rh thermocouple. 

I * Dupont Ludox 

". " I 

". 

i 

'j 
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The fUrnace used for sinteringthesrumples and the position of the 

samples 'in 'the furnace are 'shown in Fig. 3. 

A typical sintering run would begin by manual heating to approxi­

mately 400°C and holding for one hour to allow for binder oxidation~ 

The fUrnace w'as then heated at a constant rate of 400°C/hoUi·to the 

sintering temperature, held for the specified time, (usually 1-1/2 hour~), 

and cooled at a 400°Cjhour rate to Boo,Ga., The furnace was then allowed, 

to cool at its natural rate. 

C. ,Measurement Techniques 
. ", 

Bulk densities were determined by means of displacement ip mercury. 

Correction for the temperature var'iation of the density of mercury was 

made in the calculations. 

Polishing procedure for those samples examined microscopically 

,began with mounting a section of the sample in clear casting resin and 

polishing on 2/0, 3/0, and 4/0 ,emery paper. Lapping was then done on 

a 6 microndi8.mond impregnated wheel and final polishing followed with 

a water slurry of either Linde A alumina or cerium oxide. The etchant 

was a 3r;J!, HCl solution with 3 drops of HF per 100 ml of solution. 

Polished samples used for electron microprobe analysis were given 

a carbon coating prior to use. Characteristic Kalines were used analyzing , 

for Al, Si,and Ti; La lines were used for Pb and Zr. The accelerating 

voltage for the microprobe was 15 kv. Background intensities of AJ. 

and 81 were obtained from the undoped material. 

The scanning electron microscope was used to observe. both 

polished s'urfaces and as fired surfaces at an electron beam accelerating 

voltage of 20 kv. 

;, 

/ 
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III. 'RESULTS AND DISCUSSION 

A. -Investigations of Ball Milled Powders 

Temperature Dependence of Sintering 

- , 

~ ~ "'. . 
" . ". ~'" 

. ' ,:", ~ 

, The effect of temperature at constant time in the range of 1150-1330o C ',',,' 
, .. : .. 

on the sintered densities 'of the various prepared powders is shown in Figs. 
, ~ '. , , . ~, . 

4 and 5. The powders m:llledin H20 and isopropyl alcohol exhibited an 

optimum range of sintering between approximately 1200 and 1270°C (Fig. 4)'. " 

Highest densitie~ attained by these air fired samples were slightly above.', 

..... 

~ , " ' .... , .;. ," ", " 

9110 of the theoretical density of,8.0 grams/cc commonly accepted for PZT. '~'.':'\"'::'.' 
. - .. ~.: '. . 

The decrease in density at the highest temperature may be attrib~ted to, 

loss of PbO from the surface of the samples at that temperature. 

The powder which was ball milled dry and then air fired showed a ' 

.'" . 
.... ~ 

'-,,'. 

';':"'. '. 

,!' .• : .. 

slight increase in density over the entire temperature range • Much less 
", ," .. ,'\"., ,.'. 

sintering occurred, the highest density obtained being 78.8% of theoretical.", _' 
,'" '. 

(Fig. 5). 

The unmilled powder exhibited no sintering whatsoever and in fact lost 

weight onsintering over the entire temperature range. Cold pressed 

densities averaged about 70% of theoretical and final densities were mostly 

below 64%. PbO loss again is evidently the reason for the weight loss. 

In this case since no sintering occurs PbO loss from the entire free ':surface 

may take .place over the entire range. The fact that PbO has a vapor ' 

pressure of approximately 0.1 atmosphere at 1200°c,23 an~ that weight loss 

increased with temperature support this conclusion. No significant weight 

° -loss at temperatures, below 1330 G was noticed for the ball milled powders. 

The differences in sintering behavior between the wet milled powders 

and the powders given the other treatments'arequite evidently concerned 

< 
,.,- ... 
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with the differences in those treatments. Those differences which were 

measured and are most definite are the particle size'and impurity level 

(Table II). other differences in materials which might occur due to ball 

milling, such as those relating to surface properties, are at present 

difficult ~o measure and assess. They will be considered to be of secondary 

importance here. The powders exhibiting greatest sintering (wet milled) 

were those having the smallest particle size and the highest impurity levels. ' 

All of the proposed sintering mechanisms, as discussed previously, 

indicate that a small particle size is definitely beneficial to sintering. ' 

Impurities were seen to improve many electrical properties of PZT. In th:iB 

first analysis, impurity level appears to have importance in the sintering 

process, but the presence of varying particle sizes with varying impurity 

levels creates uncertainty. 

Accompanying the increase in sintering for the ball milled powders, a 

color change of the fired samples was noticed. All the starting powders 

and the unmilled fired samples had a light cream coioration. This changed '.' 

to a light tan ,for the dry milled samples and a darker ta.n coloration for 

, the samples ,from the wet milled powders. This obviously results from the 

impurity differences, since samples of all types were included in each 

firing run. 

Since this investigation indicated the optimum temperature range for 

sintering the prepared PZT powder, all further firing was done in the 

range of approx'imately 1200-126oo c. 

'2. Atmosphere Dependence of Sintering 

The effect of varying the sintering atmosphere on the resulting 

sintered density was studied to determine, if gas entrapment in pores 

" , 

,/ 

/ 
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"during sintering ~s/ significant. 
24 " " 

Coble found thats~ntering alumina 
/ 

in air gavelo~r densities than in oxygen due to gas entrapment. 
;.', ~:.:'. ~ : 

, '. 
, Sintering runs supplementing those previously done in air were made 

in argon and oxygen. To accomplish this the furnace was evacuated mod­

erately (to approximately 28 psig va~uum), filled with the gas, to be used 

and re-evacuated. A flow of the desired gas (3-4 ft3 /hour) was then 

established and continued throughout the entire sintering run. The 

sintering runs were otherwise made as described previously. 

It was found that sintering in oxygen resulted in densities nearly , 

three percent higher than for sintering in argon. Air fired densities ,-
were intermediate between those for oxygen and argon. Figure 6 ~hows the 

'> .• '.;..: 

. , ~ ... ~ ': 

;'. '" 

,', 
,.:, -.j 

relationship between density and the percent of oxygen in the .firing at~ ',: ',; 

mosphere for samples fired at 12400 c for 1-1/2 hours. 
, ~ I . 

, :' 
...•. 

:\C. 

The reason for higher densities in firing in higher oxygen pressures " . 

is due to the diffusion of oxygen out of closed pores. This is shown in .'.' , .... ' 

/-: , 

.. ·"i 

~ ,. , 

the microstructures of the oxygen .and argon fired samples (Figs. 1 and 8) • ,", 
.~., .. . . , :. 

Oxygen firing gives much smaller pores than does argon firing indicating '" 

that argon.diffusion out of pores is more difficult than for oxygen. This 

is understood since argon is the larger atom, and oxygen is widely . 

recognized to have a finite solubility in oxide systems, while argon 

would not be expected to. The air fired densities :are higher than those 
..... 

for argon firing. Air is a mixture of oxygen and nitrogen and apparently 

nitrogen remains trapped in pores like argon.,~;· 

A coloration effect was again noticed. The argon fired samples had 

a light coloration close to that of the starting powder. The color of 

the oxygen fired samples was a definite brown, darker than the tannish j 
.j 

i 
,j 
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!, color of the air fired'samples, as noted previously. The colorations of 

the tan and brownish samples were not as great immediately after firing, 

but darkened with time at room temperature. 

At this point some serious consideration should be given to·the 

possible role of impurities in sintering. Ball milling PZThas introduced 

A120
3 

and a lesser amount of Si02• The possible interaction of these 

. compounds with PZT or its components, the most likely of which is PbO, 

must be considered. The parttal PbO-Al20
3 

phase diagram12 shown in Fig. 

9 indicates a eutectic high in PbO at 865°C. The phase diagram, PbO-Si02 ,12 

likewise indicates a low melting eutectic high in PbO below 750°C. The 

ternary phase diagram, PbO-Al20
3

-Si02,12 shows liquidus temperatures as 

low as 695°C. for compositions ,as high in PbO as 93 wt.%. Thus, a liquid 

lead aluminate or lead aluminosilicate must.be considered as a possible' 

phase forming in PZT during sintering. 

A contribution to the sintering of PZT by such a liquid phase would 

result if the liquid phase wets the PZT grains atsintering temperatures. 

A temperature difference between the optimum sintering range (1200-l270°C) 

and the melting point of the postulated liquid (around 850°C) is seen. 

This is probably due;,to the,',amo,unt ·of:lliquid· :i,.n~rea.sing ·".with,;tempe:r'ature' and 
.' • ~J. ' . •. 

, possibly.'lo:w:e:r" visco,s-ity.at ;;the .. higher temperature., Semans15 apparently 

found no wetting of the PZT grains during hot pressing at 900°C by a 

phase assumed to be lead aluminate, although this finding is in question. 

At temperatures in the optimum sintering,range, the liquid would be 

expected to have a low viscosity. The fact that a low viscosity wetting 

liquid leads to sintering which does not change markedly with temperature 

is suggested by Kingery.ll This is because the major cause of temperature 
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, ' , . ' ..... 

, ,dependence in liquid phase sintering, the diffusion coefficient in the 

~iquidphase, is relatively constant for a low viscosity liquid. 

On cooling down,the ;Liquid phase formed during s i.ri.tering could 

'crystallize or remain as a glass. As the latter, the' darkening of the' 

samples might be expected due to the well known darkening of lead glasses 

'With age. 

This investigation involves looking further into the possibl1ity~,of' 

, a liquid phase contribution to the sintering of PZT. Air was chosen as 

.... the atmosphere for ,all further sintering, after having shown the minimal, 
,'. 

-.' . 

'.' . 

: '. ~ 

'-'. ' 

. ':,,'.! 

, >: " ; 

:' ... 

','. 

" effect of atmosphere and because of convenience. 

,', 
. ..~, 

, ,': 

',' ..:", , 

'. -t" 

".' 
'. -" ",' .. 

, , 
... ~ .. .., 

I' , 

.. ' . ,,/. 

Time Dependence of Sintering 

One method often used to study 'sintering and to determine the sin-

·tering mechanism is to consider the general equation for densifiea.tion 

during sintering. This is 6L/L = KtY where L = length, K = constant, 
" .' . . 

t = time, and y is an exponent varying with sintering mechanism according 

to the model ~ccepted., According to this method, a plot of log (6L/L) 

versus log t ,should give a straight line of constant slope y, from which 

the mechan~l;lm can be determined. However, :this theory does not always 

; ,give good results in actual practice. 

Sinter,ing runs were performed as described previously except that 

two samples of each type were used with the unmilled samples being omitted., 

The dry milled samples were used as oontrol samples. The problem of PbO 

loss at longer times was anticipated but did not actually present a 

problem. Weight loss at the longest times was 'less than O.5wt.%. The 

temperature varied for the different runs between 1199 and 1208°C so 

that various times could be compared~, 

J 
I 

:j 
I 
( 

! 
" 
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The relationship between final density and sintering time is shown 

in Fig. 10~ . Relatively'rapid sintering is indicated with all but about 

3% of the final density at'tained within one-half hour. All three powders ,,' 

showed only very minor changes in density after 1-1/2 hours of sintering: 

This indicates ,that the choice of 1-1/2 hours for the normal sintering 

time was a good one. 

Figure 11 shows a plot of 1/3 log[(p - p )/p], proportional to 
, 0 

log (61/L), versus log t, wherep is the final density and p is the 
, ! '0 

starting density. The straight lines obtained have slopes much less J,:". 

than the predicted values of the exponent y in the general liquid phase 

densification equation. The rapid sintering at 12000 C resulted in these 

varying time runs giving data only applicable to the final stages of 

sintering. The same study conducted at a lower temperature where appre-

;" ciable sintering first takes place would be expected to produce more 

meaningful results. 

B. 'Investigation of High Purity Powder 

The 'high purity, fine particle size powder obtained by milling in 

plastic was used to separate the two variables present in the previous 

investigations, particle size and impurity level. 8intering runs were 

made which included samples of the high purity powder along with sampl.es 
, 

containing various amounts of intentionally added impurities, A~203 and 

8102 -

A sintering run containing samples with A120
3 

additives in the 

amounts 0.2, 0.4, 0.6, and 1.2 wt.% added as described previously was 

made at 12100 C forl-l/2 hours. The high purity sample was included, 

,":' 

" 

'>,:, 
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and the control samples were of unmilled powder. 'Exactly the same pro­

cedure was followed for the run made with 8i02 as an additive. In Fig. 

, " 
" ' 

.:',::, 

" )2, the resulting densities are plotted as a. function of wt.% impurity. ' ' 

(" 

~ I " 

r " , " 

, ~.;~.: .. ;.' 
" " ",' ., 

. .- :. :, 
:. '" 

~ ' .. 
" , 

, ' , ~ " 

t " ~ • 

" 

.; 

, ( 

. ," 
.... : ... 

" 't •• 

' . 

8ince the initial particle size is constant, impurity level alone is seen 

to have an effect of increasing the sintered density. ,The A120
3 

and 8i02 

additives could increase the density by 10% and ~, respectively. The 

optimum amount of A120
3 

is 0.4 wt.~ and of 8i02 is 0.6 wt.%. 

Observations were made on a number' of the above samples using the 
, 

, optical microscope, scanning electron microscope and electron microprobe. 

The electron microprobe showed that areas of aluminum concentration 

. ". 

~', . 

~ ) . 

existed in the A120
3 

additive 

'A~03 sample, i,s shown in Fig. 

samples. An Al x-ray image of the' 0.6 wt.'!>·:' 

14 with the approximate area of the scan 
" ' 

',,," .' 

", '. 

indicated on the optical micrograph in Fig. 13. Many A120
3 

areas had,," " 

distinctive appearances like the pore in Fig. 13 at the center leftedg~ , 

, of the blocked area. No concentrations of Al other than these character-' 

istic areas could be detected. However, it must be recognized that the 

microprobe beam diameter is a.pproximately 1-2~. This is obviously much 

too large to detect differences at grain boundaries having widths of only, 
'" 

a very small fraction, of this value. The concentrations of Pb, Ti and Zr ' 
/ 

were uniform throughout the sample except in areas of high Al concentration 
/' 

where they were decreased, and in areas which fluoresced as discussed 

, .:. 
'. ~ .. . 

'" 

{ 
1 

, ~ 
,1 

below. 
, ," ,} 

Microprobe analysis of 8i02 as an additive indicated areas of high 

8i concentration often coincident with areas of high Zr concentration. 

X-ray images of 8i, Zr and Pb are shown in Fig. 15a, b, c for such a 

sample. The approximate area of the scans in Fig. 15 is indicated in 
" 

I~ 

:\ 
i 

1 

I , 
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Fig. 16.- In addition to areas of high 8i -and Zr content, areas of smaller' 

8i concentration were found along grain boundaries and within grains using 

,step. scanning techniques. ' Zr, Ti and Pb counts were much reduced in these 

areas. 

Areas which fluoresced under the electron beam were found in the 

These . 'A~03 and to a much greater extent in the 8i02 additive samples. 

areas were always coupled with an increase in Zr, and decrease inPb 

',concentrations. This indicates ,that areas do exist which are depleted 

in PbO, and suggests the reaction of PbO with impurities asa definite 

'possibility. 

Observations of. both A120
3 

and 8i02 additive samples using the 

scanning electron microscope are shown in Figs. 17-20. Figure 21 shows' 

a sintered sample containing no additive. Examination of the as fired 

surfaces was most indicative of the nature of the material. For samples 

,containing large pores examination of these was also useful. 

:. "., 

The appearances of Figs. 17, 19 and 21 (app!oximately equal magnifica­

tion) obviously reflect a great difference in the nature of the various 

samples. The grain size of. the A120
3 

additive sample is on the order of 

5 microns, whereas for the 8i02 and no additive samples the grain size is 

around 20-30 microns. In addition, grains in the A120
3 

additive samples 

are more rounded and have a more equiaxed shape than for the other samples. 

The grain size difference between A120
3 

and 8i02 additive samples-was also 

found in the interior of the samples by optical microscopy. This is 

shown in Figs. 13 and 16 from the microprobe optical microscope and more 

clearly in the photomicrographs of the polished and etched sections in 

Figs. 22 and 23. 
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. The conclusions to' be drawn from the above must first of all be. 

,that Al20
3

in some form is present at the grain ·bounda.ries inhibiting 

grain growth. The evidence strongly suggests that it is present in the 

" ,,-

,.':.: ' 

form of a liquid aluminate .which wets the PZT grains. The primary function ~ 'J • 

of this liquid is as an aid to sintering but it also inhibits grain growth 

in the process. The A120
3 

which is present in concentrated areas is quite 

evidently only a minor portion of the total A120
3 

present. 
c- " 

One interesting result was 'obtained from the examination of a polished ..... 

surface of an A120
3 

additive sample using 'the scanning electron microscope. 

This was the inability to locate any of the "characteristic" A12,03 con-,. 

centrations like the one pointed out in Fig. 14. '. All such areas noticed . 

at lower magnification were in actuality empty pores when examined at 

higher magnification. Unusual optical refle'ctance from such pores could, 

possibly explain the light areas observed:~ however, the :reason for. high 

x-ray counts from such areas is not known. 

For the S102 additive samples, the impurity has a smaller 'effect upon 

sintering and has no ef'fectof inhibiting grain growth of PZT •. The areas 

conta~ning,small'grains as seen in Figs. 19 and 20 are very characteristic' 

of the overall microstructure. These fine grained areas which are probably 

the result of a devitrification of a silica rich glass correspond to areas 

like that shown in Fig. 15a, b. They have a composition rich in Si and Zr. 

The evidence in this case suggests a siliceous liquid sometimes associated 

with zirconia which does not wet the PZT grains. ' This liquid is engulfed 

by growing PZT grains or included at grain intersections and within pores, 

all of which are ~epresented in Figs~ 19 and 20. Si02 thus appears to 

playa more pass~ve role in sintering PZT, although the mere presence of 

a liquid in sinter-ing :tncreases the strength of these samples. 
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It should be emphasized that the above discussion of wetting and 

non-wetting liquids is based solely on microstructural observations. 

The evidence for a wetting alUJIiinate liquid and a non':'wetting siliceous 

liquid is only qualitative until additional experimental evidence is 

obtained •. ' 

The powder of small particle size and no additive does sinter, as 

shown previously, to approximately 82% of theoretical (later samples of 

slightly smaller initial particle size to 85%). However, the fired 

strength of these samples is low compared to the samples containing 

additives. Samples with no additive were found to be impossible to 

polish using the usual techniques. This appears to be further evidence 
.' 

'. supporting a liquid phase contribution to sintering when sufficient im- . 

purities are present. The role of the liquid phase after solidification 

,(glassy or crys~alline) is obviously to bond the PZT grains together • 
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rI. SUMMARY AND .cONCLUSIONS' 

Investigations into the effects of ball milling,impurities on the 

sintering of lead zirconate titanate were conducted .. ' 

Milling in a plastic container produced a high purity, fine particle 

size powder. The common ball milling impurities, ~03 and Si02, were 

added to this powder in varying amounts. This study of impurity effects 

. in sintering was therefore made with the other ina.j'6r~ variable~'partic.te 

'size, held c,Onstant. 
\ 

Evidence obtained from the' electron microprobe, scanning electron 

. microscope, and optical microscope indicates, in impurity doped. samples,,'" 

the definite presence of a liquid phase' at high temperatures which 'con-

tributes substantially to the sintering of lead zirconate titanate. 

Alumina additives increase the sintering by forming a liquid phase 

' .. ' 

. :.'. ".' 

: .. ", 

"', ' 

j".' 

. ~'. ".: ' .. 

' .. :,".1 .. " 

.": ,~ 

',' ~ .:. 

" 

which wets the PZT grains. Normal grain growth is reduced by the presence 

of the aluminate liquid in PZT. Microprobe data suggest lead aluminate 

is the liquid phase. 

Silica additives contribute less to sintering than does alumina. 

Microstructural observations and microprobe data ,indicate the formation " 

of a liquid that does not wet the PZT grains. Some reaction of the siliceous 

liquid with the lead oxide and zirconia of the PZT is indicated by the 

, microprobe data. Silica 'additions to PZT do not inhibit grain growth. 

A minor effect of atmosphere on sintered density was found. Densities 

obtained by firing in oxygen were about 3% higher than those from firing 

i~ argon. This indicates that gas entrapment in closed pores during 

Edntcring lends to lower densj.t1es. 
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Low temperature PZTphase diagram • 
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-'I' and dry milled powders. 
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Photomicrograph of oxygen fired sample, H2O 
milled, et ched. 

XBB 684-2047 

Photomicrograph of argon f ired s~mple, H20 
milled, etched • 
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Fig. 13 Photomic r ograph of 0.6 wt . % A1
2

0
3 

addit i v e 

s ample showing area of Al x-ray s c an (Fig. 14). 

XBB 684 - 2045 

Fig. 14 Al Kcx x - ray image, 0. 6 wt.% A1
2

0
3 

add itive .. 

.. 
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(a) 

(b) 

(c) 

XBB 684 - 2046 

Fig. 15 (a) Si Ko: x - ray image, 0. 6 wt.% Si02 
additive. 

(b) Zr 10: x - ray i mage, 0 . 6 wt.% Si0
2 

additive. 

(c) Pb 10: x - ray ima ge, 0 . 6 wt . % Si02 
additive. 
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XBB 684-2042 

Fig. 16 Photomic rograph of 0. 6 wt .% Si02 addit i ve sample showing 
are a scanned i n Fig . 15. 
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Fig. 17 Scanni ng electron micrograph of 0.4 wt . % A120
3 additive sample, as fired surface. 

XBB 684-2044 

Fig. 18 Scanni ng electron micrograph of 0. 4 wt .% A120
3 

additive sampl e, as fired surface. 
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Fig. 19 Scanni ng electron micrograph of 0 . 4 wt.% Si0
2 

additive sample, as fired surface. 

XBB 684-2043 

Fig. 20 Sca nni ng electron micrograph of 0. 6 wt . % Si 0
2 

add i tive sample, i nterior of pore. 
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XBB 684 -2041 

Fig. 21 Scanni ng ele ctron micrograph of h i gh pur i ty s i ntered 
sample ( no add i t i ve ) a s fired surface . 700x 
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Fig. 22 Photomicrograph of 0. 6 wt.% A120
3 

additive, 
sample, etched. 

XBB 684 -2048 

Fig. 23 Photomicrograph of 0 . 6 wt. % Si02 additive 
sample, etched. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1SS1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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