
\ 

RECEIVED 
LAWRWC, 

RADIATION lABv\;)'JORV 

SEP 1 ti 1958 

LIBRARY AND 
DOCUMENTS SECTION University of California 

Ernest O. lawrence 
laboratory Radiation 

TWO-WEEK LOAN COpy 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division. Ext. 5545 

DENSIFICATION MECHANISMS IN HOT-PRESSING 

MAGNESIA WITH A FUGITIVE LIQUID 

Patrick E. Hart, Robert B. Atkin and Joseph A. Pask 

JUly 1968 

Berkeley, California 

UCRL-18279 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



• 

To be submitted to 
J. Am. Ceram. Soc. 

UNIVERSlTY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

DENSIFICATION MECHANISMS IN HOT-PRESSING 
MAGNESIA WITH A FUGITIVE LIQUID 

Patrick E. Hart, Robert B. Atkin· and Joseph A. Pask 

July 1968 

UCRL-18279 
Preprint 



I~. 

. ". 

... 
-111-

DENSIFICATION MECHANISMS IN HOT-PRESSING 
MAGNESIA WITH A FUGITIVE LIQUID 

'* Patrick E. Hart, Robert B. Atkin and Joseph A. Pask 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, College of Engineering, . 

University of California, Berkeley, California 

July 1968 

l 

ABSTRACT 

The densification of MgO with LiF additions occurs in three stages. 

During hot pressing an adherent LiF-rich liquid film on MgO particles 

provides lubrication for the rearrangenent stage. Later, pressure-flow 

enhanced liquid phase sintering is the dominant densification mechanism. 

The kinetics of this stage are controlled by flow of the liquid film 

as indicated by a density_(time)-2/5 relationship which corresponds to 

a densification rate-(porosity)7/2 dependence. During the annealing 

stage the remaining liquid film is vaporized resulting in fully trans-

parent polycrystalline MgO. 

This work "ras done under the auspices of the U. S. Atomic Energy 
Commission . 

At the time this work was done the writers were, respectively, 
graduate research assistant, research assistant, and professor of 
·cerruaic engineering. 

* Now senior research scientist, physical ceramic section, Battelle 
Northwest, Richland, Washington. 
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I. INTRODUCTION 

Ricel f.irst reported the effect of LiFadditives on pressure sin-

. tering ofMgO and outlined processing procedureslead~g to transparent 

specimens. A number of studies since then have made an effort to deter-

mine the densification mechanisms and optimum processing parameters. 

Benecke et al. 2 proposed two mechanisms for the del!sification of 

this system. On.the basis of an observed particle size effect, plastic 

deformation was suggested as a possible mechanism during early densifica-

tion. A diffusional grain boundary creep process.occurring in an 

activated surface layer on the MgO particles was suggested as a second 

mechanism. Liquid phase sintering was rejected because densification 

occurred below 848°c, the LiF melting point, and no discontinuity was 

observed in the compaction behavior of specimens at this temperature 

during heating at a constant rate and constant load. Stress enhanced 

bulk diffusion was rejected because of unrealistically high diffusion 

coefficients calculated using the Nabarro-Herring3 relationship. 

Rhodes et al. 4 proposed two mechanisms: '( 1) above the melting 

point of LiF, a pressure-enhanced liquid phase sintering mechanism, and 

(2) below the melting point, pressure-enhanced diffusion through a grain 

boundary phase. X-ray lattice parameter studies performed on specimens 

pressure sintered at 820°C indicated that Mg2+ and possible 02- were 

soluble in the LiF lattice while Li+ and F- were both soluble in the 

MgO lattice. 

Carnal15 has reported that kinetic data for pressure sintering of 

tIle LiF-MgO system agrees with the liquid phase sintering model developed 

by Kingery.6 LiF' was found effective in the removal of surface hydroxyl 
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and carbonate impurities from MgO. 

Miles et al. 7 carried on extensive studies relative to the develop-

ment of optimum fabrication processing parameters in the densification 

. of MgO with a LiF additive. 

Work of Vasilos and Spriggs8 indicates that pressure sintering of 

MgO between 1100 and 17000 C is controlled by pressure enhanced diffusion. 

An activation energy of 78 kcal/mole for densification was calculated on 

the basis of the Nabarro ... Herring3 creep equation, and 95 kcal/mole using 

the Coble9 sintering equation. The absolute values of diffusion co-

efficients calculated using both models were in good agreement with each 

* other; however, they were greater than those measured in self-diffusion 

and in unpublished pressureless sintering studies. 

Brownll calculated an activation energy of 27 kCal/mole for pressure-

less sintering of high purity MgO between 1300 and 1500oC. Activation 

energies of 18 and 26 kcal/mole were measured for compacts containing 

0.01 and 0.1% vanadium, respectively. These low activation energies, 

** compared to self-diffusion values, suggested grain boundary diffusion 

as the controlling densification mechanism. 

Eastman and Cutler14 found activation energies of 80 kcal/mole for 

the sintering of MgO in water vapor at pressures below 5 nun and 48 kcal/ 

mole at pressures above 5 mm • 

. The- objective of this work was to determine the kinetics and 

mechanisms controlling the fabrication of transparent polycrystalline 

* Using the corrected sintering model reported by Coble and Gupta. 10 

** 79.0 kcal/mole for magnesium in MgO (Lindner and Parfitt).12 
62.4 kcal/mole for oxygen in MgO (Oishi and Kingery).13 

i, 
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.MgO by pressu~e sintering. (hot pressing) and. subsequent annealing of 

LiF~MgO compacts. 

II. EXPERIMENTAL PROCEDURE 

A. Eguipmentand'Materials 

Pressure sintering- was performed in reactor grade graphite dies 

(1 1/2 inches i.d.) and heated in a molybdenum-wound vacuum furnace. 

Temperature was measured with a pt-PtlO Rh thermocouple inserted in.the 

die body. Pressure was applied with a hydraulic ram and pump; specimen 

compaction was continuously monitored using a linear displacement trans-

ducer. \ 

Baker and Adamson reagent gradeMgO (Lot No. YOll--see Table I for 

characterization) was used for all specimens. Lithium fluoride was -125 

15 mesh powder ground from single crystals prepared by Scott and Pask 

using the Bridgman. normal freezing method. The use of reagent grade 

LiF resulted in specimens of reduced optical quality. 

B •. Specimen Preparation 

Thirty grams of MgO powder and the appropriate amount of LiF were 

mixed together in isopropyl alcohol and dried over night at 80°C. 

* Batches were precompressed in the dies .at 1000 psi. The following 

. -4 
heating schedule was begun after a vacuum of 10 torr was reached: 25°/ 

hour to 450°C then 500°C/hour to the pressing temperature. Pressure was 

normally-applied when the specimen reached the desired temperature and 

released when the furnace began to cool. The range of pressing para-

meters is given in Table II. Specimens were removed from the die when 

* Dies were presaturated with LiF; plunger faces were polished after 
each pressing to aid specimen removal and reduce graphite contamination. 
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the furnace had cooled to room temperature. Annealing of specimens was 

carried out in air and a vacuum at a heating rate of 60°C/hour up to 

temperatures of 13000C. 

Table II. Range of Pressing Parameters Employed 

Variable Range 

. * Temperature 600-13000c 

Pressure 1250-5250 psi 

Pressing time 30-300 min 

Initial LiF content 0.5-10 wt % 

C •. Specimen Evaluations 

Densities were determined using a displacement technique. Absolute 

ethyl alcohol was selected as the displacement media. 

Measurement of lithium content of hot pressed specimens was per-

formed using flame spectra-photometric analysis. Lithium content of 

annealed specimens was below the limit of detectability. Accuracy of 

reported values is ± 10%. 

Lattice parameters of hot-pressed specimens were determined using a 

Norelco diffractometer equipped with a crystal monochrometer. Spacings 

were corrected to 25°C using Skinner's expansion data. 16 Calculated 

lattice parameters for diffraction peaks were plotted against sin 2e and 

were extrapolated to sin2 e equal one. 

* Samples pressed at temperatures below 670° and abovell000C had open 
porosity after being held at temperature for 5 hours. 

~; I 
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III~ RESULTS 

A •.. DeIisification. 

1. .. General· Observations. Magnesium oxide compacts containing LiF 

additions densified while being heated to fabrication temperatures; sub-

sequent load application resulted in flow of material.out to the die 

walls. For example, a compact containing 3 wt% LiF that had been pre

* compacted to a density of 54% sintered to a density of 84% when heated 

to 900°C. On application of a stress of 2250 psi at 900°C, .the initial 

compaction rate was about one in/hour. Some pre-sintering was observed in 

compacts at temperatures as low as' 600°C. 

When pressure was applied at room temperature, compacts showed a 

slight increase in density at about 325°C. Rapid densification started 

at temperatures between 550 and 600°C. Densification rates gradually 

decreased between 800 and 900°C approaching zero at about lOOOoC. Dis-

continuities. in compact length change during densification were not ob-

served. Only the slight increase in density at about 325°C was observed 

on heating the com~acts in the absence of LiF.2 

An attempt was made to analyze compaction data in terms of the 

relationships derived for liquid phase sintering. Densification in such 

systems is considered by Kingery6 to take place in three steps: an 

initial rearrangement step in 

is proportional to t l +y where 

which compact fractional shrinkage,~L , 
o 

(l+y»l; a solution-precipitation step 

f'lL '1/3 ·f'lL 
where ~ oc t ; and a final coalescence step where ~ approaches a 

Of'lL 0 
constant value. A plot of log ~ vs log t for compacts containing 3% LiF 

o 

* Whe·re densities are reported in ~ercentages, the value is relative to 
the X-ray density of 3.583 gm/cm • 
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under a loadof.2250psiat 900°C showed no linear behavior. Slopes 

varied continuously between 0.5 and D.lfor timesgreater.than 5 minues 

after load application. 

In order to present compaction data on a relative basis, specimen 

apparent densities during compaction were calculated from compact length 

change during densification, final sample length and density. In this 

calculation constant compact weight and composition during densification 

were assumed. An attempt was made to analyze.the final'hot-pressing 

stage using equations derived by Rossi and Fulrath17 and by Fryer18 for 

vacancy controlled diffusion processes. Calculated densities did not 

follow predicted porosity dependencies. 

For a number of compacts, however, in the later stages of hot 

pressing the log of thedensification rate varied linearly with log t 

and had a slope of -7/5. Spec linen density therefore varied linearly with 

t-2/ 5 according to Eq. (1) •. 

P = Pt=oo - ex t 
-2/5 

An empirical expression relating densification rate and porosity 

can be derived. Differentiating Eq. (1), 

~= 2 ex t-.7 / 5 
dt 5 

substituting Eq. (1) in Eq. (2), 

and assuml.·ng that P ~.~ and l-p 
relative p relative t=oo 

= fractional 

I . I 
\ 

.; I 
I 
I 
! 

r 
t 
I 
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'd ' ' 7/2 *' = k, (fractional porosity) 

where k, the rate,constant, is 

(4) 

, 2 -5/2 -7/2 ( ) 
k = jU Pt=oo 5 

2.' 'Effect 'of 'Temperature 'and Stress. Densities of compacts 

originally containing 3% LiF pressed at 2250 psi and temperatures between 

700 and 11000C are plotted vs t-2/5 in Fig. 1.** A,portion of each of 

the curves, except that for 800°C, follows the relationship of Eq. (1) 

after an initial period. Plotting log k, the rate constant of Eq. (5) 

determined for the linear portions of the curves, vs lIT yields an 

apparent activation energy of 38 kcal/mole. 

Effect of variation of stress between 1250 and 4250 psi on densifi-

cation behavior was determined at 900 and 11000C for specimens initially 

containing 3% LiF. During the last 4 hours of compaction, densities 

were proportional to t-2/5 • Densification rates, calculated at a den-

sity of 99% for each temperature, were directly proportional to stress; 

data extrapolated to a zero yield stress. 

3. ' EffectofLiF Content. The effect of varying initial LiF con-

tent on densifkation behavior at 900°C and 2250 psi is illustrated in 

Fig. 2. Each specimen reached a stage of densification where the density . , 

* Based on this definition of density during compaction, the actual 
porosity is inversely related to the volume fraction of the compact 
that is not occupied by MgO. Density at time equal infinity, Pt:oo' 
is associated with the extrapolation of the straight line 
portion of the curve; thus, fractional porosity as calculated is not 

'a true porosity. 

** Like behavior was observed for a specimen pressed at 610°C. 
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-2/5 was proportional to t • Specimens containing 5 or more percent 

showed almost linear behavior throughout.compaction. Specimens contain-

ing 1/2 and 1% initially densified at a high rate followed by a greatly 

decreased rate prior to.the stage where the t-2/ 5 dependence was followed. 

In Fig. 3, the variation of specimen final hot-pressed density is 

shown as a function of initial and hot-pressed Li content. Compacts 

initially containing 1 or more wt % LiF had approximately equal final Li 

contents of about 0.30%, i.e. 1% LiF, and equal densities after pressing. 

A specimen initially containing 1/2% LiF had a significantly higher 

density but lost no LiF during pressing. The dashed line represents 

specimen theoretical densities based on the assumption that all the Li 

in the compact after pressing is present as LiF and phases of either 

higher or lower density are not present. This calculation does not dis-

tinguish whether the LiF is present as a separate phase or as an ideal 

solution with MgO. 

Lattice parameters of hot-pressed specimens were used to calculate 

the solubility of LiF in MgO with Vegard's law. At 900°C, a LiF solu-

bility in MgO corresponding to 0.075 wt% Li was calculated for the com-

pacts,containinb 0.30 wt% Liafter pressing. Therefore, the bulk of the 

LiF does not appear to be in solution. The mnount of LiF in solution 

decreased with increasing pressing temperature above 900°C. The applica-

tion of stress alone was found to have no effect on the MgO lattice para-

meter. 

B. Annealing 

Densities of hot-pressed specimens fabricated at temperatures between 

B30 and llOOoC were in excess of 99%. After annealing at 13000 C for 
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3 hours in air, specimens had.densities in excess of 99.9%, were color

less and had excellent transparency. Densities of the solid.phase that 

volatized during annealing.were calculated from volume and compact weight 

changes during annealing. Values fell between 2.3 and 2.7 gm/cc; the 

calculated LiFX-ray density is 2.64 gm/cc •. The lattice constant of 

specimens after annealing equalled that of pureMgO. 

The rate of weight loss from a specimen was determined thermo

gravimetrically in air at a constant heating rate of la/min. If LiF 

evaporates out of grain boundaries, the evaporating sur~ace area is pro

portional to the amount of LiF present. The instantaneous rate of weight 

loss measured at a temperature was corrected for loss of evaporating sur

face area by dividing by the weight of the unevaporated LiF. A plot of 

the log of the corrected rate of weight loss vs liT, as shown in Fig. 4, 

is linear between 830° and 1075°C, yielding a heat of evaporation of 54 

kcal/mole at an average temperature of 950°C. Above 11000C no further 

weight loss was observed. A heat of 60.5 kcal/mole was calculated for 

716°c which agrees well with the value of 58.3 kcal/mole reported by 

Evseev, et al. 19 for the heat of sublimation of LiF at 716°c. Although 

this work was not carried out under equilibrium conditions, the close 

agreement of these values implies that the annealing process above 830°C 

is controlled by LiF evaporation. 

Spe,c imens annealed at 11000C and below, although becoming trans

parent, developed a pink coloration. In these cases the annealed den

sHies were tn excess of 99.9% but less than those of specimens annealed 

at 1300o C. Coloration was retained after annealing 120 hours at 900°C 

but was lost after reannealing in air for three hours at l300oC. The 
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effect was not reversible. Specimens annealed at '900°C in vacuum became 

transparent. and colorless. 

C.' Def6rmati6rt'withTemperattlre 

Compressive strain vs temperature data shown in Fig. 5 were deter-

mined on several specimens at a stress of 750 psi and a heating rate of 

20' 
250°C/hour using apparatus described by Hulse and. Copley. Specimens 

were.cut into right rectangular parallelepipeds with length to width 

ratios about 1.7. 

An annealed specimen exhibited thermal expansion behavior that 

agrees with Skinner's expansion data forMgO and bec~e opaque when 

stressed to failure. An unannealed hot-pressed specimen, however, de-

veloped a total true strain of about 50%. Its strain i. seen to first 

deviate from the expansion curve of the annealed specimen at about 630°C 

wi th a large increase in the strain rate occurrin'g at about 830°C. The 

unannealed translucent specimen became optically transparent during the 

test. 

D.Phase Relationships 

A number of experiments were performed to, determine the phase re-

lationship between MgO and LiF. The eutectic for this system was cal-

culated thermodynamically, on the basis of melting point lowering, to 

occur at 846°c at a composition of 0.5 wt% MgO~99.5 wt% LiF. Phases 

other than MgO and LiF were not detected in X-ray analyses of any speci-

mens. However, on the basis of chemical analysis the MgO powder con-

tained cation, hydroxide, and carbonate impurities. 

D;I'A experiments on MgO and LiF powder mixtures showed a small endo-

therm starting at about 280°C and a larger one at about 830°C. In 
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mixtures with 20% LiF, slight endothermic.activity.centered around 550°C 

was detected. In powders.containing no LiF an endothermic reaction 

occurred between 280 .and350oC. In thermogravimetric s.:;udies of the 

MgO powder, onset of weight loss normally.began in this .temperature 

range. 

Qualitative diffusion studies were performed on LiF and MgO single 

crystal couples heated in a closed graphite cell at 800°C for 24 hours. 

Results obtained on a Material Analysis Co. electron probe indicate that 

diffusion of Mg into the LiF had taken place with a diffusion zone of 

about 10~. It was not possible to measure the diffusion of Li into MgO 

with this technique. 

IV. DISCUSSION 

The densification ofMgO compacts containing LiF additions can be 

considered as a three stage process: (I) rearrangement and (II) pressure

flow enhanced liquid phase sintering, both of which occur during hot 

pressing, and (III) vaporization of the accessory phase, which normally 

occurs during annealing. During hot pressing, transition zones exist 

between the successive steps. The extent of the zones depends upon the 

process parameters. 

A. Rearrangement 

The initial rapid densification, after load application, is believed 

to primarily involve a heterogeneous movement of particles under pres

sure. Compacts sinter away from die walls during heating to the experi

ment temperature. When the load is applied after temperature stabiliza

tion, as in the present experiments, rearrangement involves a lateral 

flow of material since pressed specimens always filled the dies from 
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wall to wall •. This movement corresponds.tothe initial.rearrangement 

stage discussed in sintering literature but is enhanced under stress 

primarily by the lubricating effect of the liquid phase. Rice
l 

has found 

that LiF acts as a lubrication agent betweenMgO single crystals. Frac-

turing or localized plastic deformation due to transitory stress concen-

trations, and solution ofMgO by the liquid at points of contact would 

enhance rearrangement •. A quantitative kinetic analysis of this step was 

not performed. Presintering during heating to experimental temperatures 

was observed to start at about 280°C. This sintering is due to the on-

t f h d 1 d ·t· 2i se 0 y roxy ecompoSl lon. 

B •. 'Pressure~FlowErthancedLiquidPhaseSintering 

Densification during the second stage of hot-pressing is treated as 

a liquid phase sintering process occurring in grain boundary channels. 

This stage begins after cessation of major particle rearrangement. 

On the basis of electron microscope observations of hot-pressed 

54 specimens by Carnall and by Rhodes et al. and lattice parameter measure-

ments in this work, the presence of a lithium fluoride-rich phase on 

grain boundaries is assumed. Infrared transmission studies indicate 

that hydroxyl and carbonate ions are associated with this LiF film. 

. 22 
Stringer and co-workers have suggested that due to a eutectic reaction 

between LiF and LiOH, part of the film may be liquid at temperatures as 

low as 604°c. A complex eutectic reaction between impurities, MgO, and 

LiF may result in liquid formation at an even lower temperature. The 

amount of liquid formed by such a multiphase eutectic reaction is expect-

ed to be small, since the starting powders had small amounts of impurities; 

the corresponding endothermic effect would thus be small and difficult to 

,.. 
, I 
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detect in DTAexperiments and couldb.e masked.by changes in compact con

ductivity caused by the onset of sintering. With increasing temperature, 

the liquid content would be expected to first increase relatively slowly 

above the multicomponent eutectic temperature and.then more rapidly as 

846°c, the calculated MgO-LiF eutectic, is approached; this behavior 

could account·for.the endotherms observed at about 550° and 830°C. Due 

to wetting of MgO, a thin film of liquid covers the particle surfaces 

including points of contact. Therefore, above 550°C sintering would 

occur in the presence of a liquid phase. 

Magnesium oxide redistribution is believed to occur by a solution

precipitation mechanism enhanced by pressure-induced flow. Solution of 

solid into the liquid at points of contact results in a transient super

saturation and a tendency toward an increase in the volume of the liquid. 

The applied pressure causes supersaturated liquid to flow out of contact 

areas with excessMgO precipitating at low energy sites. In normal 

liquid phase sintering, this pressure contribution is lacking and also 

densification ceases when all the interstices become filled with liquid. 

In pressure-flow enhanced liquid phase sintering, densification continues 

beyond this point since liquid can be forced out of the compact. Due to 

liquid flow expected MgO concentration gradients due to diffusion do not 

exist in the liquid. 

The.rate of densification resulting from flow of liquid out of 

grain boundary channels should be proportional to the third power of 

fractional porosity and to the fourth power for a collapsing capillary 

(see appendix for derivation). 'l'hese dependencies would be followed 

whenever a continuous liquid film is maintained around all the grains. 

I 
\ 
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The deviation.of the measured porosity dependence of 3.5 from the pre-

dicted values maybe due to changes in grain size and geometry non-

ideality. 

Initial LiF content affects the length of time and the range of 

densities that the t-2/ 5 relationship (stage II) is followed. Compacts 

initially containing 1/2 (see Fig. 2) and 1% LiF .. (from which no LiF was 

lost during pressing), displayed stage II behavior after a long tran ... 

sition region with lowdensification rates. These low rates may be due 

to a transitionary region when there is not enough liquid present. to 

maintain the process throughout the compact. The t-2/ 5 relationship is 

followed at earlier times and lower densities as the initial LiF and 

the resulting liquid content is increased. At lower temperatures, 

stage II behavior occurred at lower densities and later times. Here at 

the time of the load application the particle framework is more open due 

to less presintering. 

The second stage behavior was not observed with compacts pressed 

at 800°C. Below 830°C the amount of liquid phase depends upon the con-

centration of carbonates and hydroxides. These are lost by decomposition 

at elevated temperatures. If enough decomposition occurs, the liquid 

phase concentration may be reduced to the extent that the pressure en-

hanced solution-precipitation process becomes inoperative and densifica

tion is retarded. From 830 to 11000C densification followed the t-2/ 5 

relationship because of additional liquid formation near the LiF-MgO 

eutectic temperature. At 1200° and l3'00oC, the compacts were porous 

and densification did not follow thet-2/ 5 relationship. Due to the 

high vapor pressure of LiF at these temperatures, the compacts were 
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probably depleted of LiF .again resulting in insufficient liquid to sus

tain the densification process. 

On the basis of the proposed mechanism, t~emeasured activation 

energy of 38 kcal/mole should be that for viscous flow of the LiF-rich 

liquid. It does not match reported values for the seif-diffusion of 

magnesium and oxygen inMgO single crystals and for normal and pressure 

sintering of MgO without a LiF additive. 

C. Vap6rizati6n6fAccessory Phase 

During annealing, the removal of an essentially uniform LiF-rich 

film along grain boundaries is controlled by vaporization of LiF from 

the compact surface. Removal of this phase results in reduction of 

light scattering at grain boundaries, and a corresponding increase in 

transparency. 

As material evaporates from the specimen surface, the LiF-rich 

phase is pulled toward the surface by surface tension through grain . 

boundary channels. As a result, the grains at the interi.or end of the 

channels are pulled closer together without the formation of pores. 

Void formati.on would result in the creation of liquid-vapor interfaces 

within the compact and an increase in surface-free energy. The process 

continues until the last of the liquid evaporates from the compact sur

face • 

In hot pressing, due to the relatively tight fit between the plunger 

and die walls, vaporization of the LiF from the specimen is apparently 

retarded up to about 1200oC. For specimens pressed at 1000 and 1100oC, 

the stage II behavior stopped after about 50 minutes of hot pressing. 

Beyond this point, densities approached the theoretical value. The 
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center of the specimen pressed at 11000c wasoptically.transparent while 

the edges were translucent. These occurrences could.constitute a tran

sition period between the flow and the annealing· steps. 

If densificationduring annealing is controlled by evaporation, the 

process should be more rapid in vacuum than in air. In air annealing, a 

LiF atmosphere would build up near the surface of the specimen that 

would inhibit LiF loss. It was found that a specimen pressed at 900°C 

developed much higher transparency when annealed at 900°C in vacuum 

than in static air or in the die. 

D. Deformation with Temperature 

.. :-, ' 

The presence of a liquid film on theMgO grain boundaries of hot

pressed specimens, and its effectiveness as an aid to mass transport, is 

further substantiated by the observed difference in compressive creep 

behavior of unannealed and annealed specimens. The development of optical 

transparency and maintenance of grain boundary continuity on straining 

unannealed specimens in excess of 50% strain can be explained on the 

basis of a rapid solution-precipitation mechanism resulting in redis

tribution ofMgO during deformation. 

In contrast, transparent annealed specimens when strained to failure 

became opaque. Relatively small strains in the absence of an adequate 

mechanism for material transport result normally in the creation of 

cavities'at the grain boundaries which lead ultimately to failure of the 

specimens. Where a liquid phase is not present, maintenance of con

tinuity between grains is normally achieved by plastic deformation. On 

the basis of the von Mises analysis, polycrystalline MgO must have five 

active independent slip systems during plastic deformation in order to 
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maintain grain. boundary. continuity • This criterion is .normally not met·· 

23 
by MgO at lOOOoC as in this case. 

V. SUMMARY 

The fabrication.of transparent polycrystalline .MgO occurs in three. 

stages. During hot pressing, rearrangement of particles and pressure-

flow enhanced liquid phase sintering take place. During annealing the 

remaining liquid is removed by vaporization. The hot pressing steps are 

separated by a transition zone. At higher temperatures the third stage 

may begin during hot pressing. The duration of the respective steps 

is dependent upon process parameters, e.g., LiF concentration, tempera-

ture and pressure. 

During stage I, .heterogeneous rearrangement aided by LiF lubrication 

is the principal densification mechanism. In stage II, densification 

proceeds by pressure-enhanced liquid phase sintering where the rate con-

trolling process is viscous flow of the liquid. Application of pressure 

allows densification to proceed beyond the point where all interstices 

are filled with liquid. The temperature at which the liquid forms is 

dependent upon impurities. Transparency is attained during stage III 

when the liquid forming components are removed by evaporation. 

This three stage densification process for fabricating single phase 

polycrystalline material with the aid of a fugitive phase thus depends 

upon an additive with the following criteria: 

(a) The additive forms a eutectic liquid with the solid and 

adsorbed impurities and the liquid forms an adhering film on the surface 

of the solid particles, which is retained.during movement of the 

particles and flow of the liquid; 
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(b) Further, the additive must have af?ufficiently high va.por 

pressure to allow. its removal from the specimen by vaporization at a 

moderate temperature, and 

(c) The solubility of the additive in the solid material must be 

small at the annealing temperature. 

." 
, 
.;-/ 
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Table I . . Characterization.of .MgO.Powder 

I. Spectrographic analyses before and after pressing, and after 
annealing. 

Impurities 

Si 

Al 

Li 

Ca 

Fe 

Cu 

Na 

Cr 

Mn 

Ni 

Ba 

Sr 

Before pressing, 
.. percent .. 

0.01 

0.03 

<0.005 

0.04 

0.002 

0.0008 

0.05(7) 

<0.002 

<0.001 

<0.002 

After pressing, 
. . . . .. percent 

0.004 

0.005. 

0.2 

0.03 

0.002 

0.001 

0.05(7) 

<0.002 

<0.001 

<0.002 

'--

After annealing, 
.percent 

0.007 

0.003 

<0.05 

0.02 

0.003 

0.0007 

<0.002 

<0.001 

<0.002 

Analysis performed by American Spectrogr.Eiphic Laboratories, San Francisco, 
California. 

II. A surface area of 9 ± 2 m2 jgm was determined using a Perkin-Elmo
Shell sorptometer, corresponding to a BET particle diameter of 0.19 ~. 

III. Carbon dioxide analysis and weight loss after heating to 11000C 
in air indicated the powder contained 0.6 wt % CO 2 and 2.1 wt % H20. 

.. 
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APPENDIX 
" "d 

Porosity dependen"ceof "the densification rate" (¥t> for flow paths 

behaving as capillaries and channels. 

Case I. A flow path with a circular cross section and radius shrink-

ing as liquid is removed from it. According toPoiseuille's equation, 

the flow rate through the capillary is: 

"dV 
dt = 

where v = volume of liquid in the channel 

n = viscosity of the liquid 

6P = pressure drop along channel 

R = capillary radius 

1 = capillary length 

For a capillary shrinking radially the apparent porosity is pro

portional to R2 if the path length remains constant • 

• dV 
dt ex: (Porosity)2 

"d "dV ~ ex: -- ex: (Porosity)2 
dt dt 

For a capillary shrinking in only one radial direction (i.e., changing 

from cirsular to elliptical cross section) the apparent porosity is 

proportional to R. 

~~ ex: (Porosity)" 

* ex: (Porosity)" 
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Case II. Paths having a rectangular cross . section with the .thick-

ness decreasing as liquid is removed. Poiseuille's .equation derived for 

a channel of constant length R., and width a, but variable height X is 

porosity ex: X 

dV 
• dt ex: (Porosity)3 

.. ~ ~ dV ex: (Porosity) 3 
dt dt 

ro. 
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