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ABSTRACT 

An automatic system for quantitative image analysis was 

developed to study the transition from intermediate to final 

stage pore structure in pressure-sintered CoO. In addition, 

macroscopic density measurements were utilized to study this 

variation. 

Macroscopic density measurements indicate a linear decrease 

in open porosity from approximately 24% total porosity to approxi- 

mately 9% total porosity. Concurrently, the amount of closed 

porosity is initially a constant fraction of about 6% but finally 

decreases to zero as the density increases. 

One of the significant results from quantitative image analysis 

shows that the average projected length of pores appears to be a 

good parameter to quantitatively describe the transition from 

closed to cylindrical open porosity. Quantitative image analysis 

indicates that a linear relation between the ratio of mean pore 

radius and mean grain size (r/G) versus total porosity (P) is 

observed throughout the entire density range studied. This result 

appears to be a significant experimental verification of the Zener 

relation and its applicability to sintered systems. 



I.  INTRODUCTION 

Hot-pressing is an important method of ceramic processing 

that permits the formation of higher density products at lower 

temperatures and/or in shorter times than conventional pressure- 

less sintering. Hot-pressing and pressureless sintering are 

thought to be very similar because it is believed that for both 

of these methods, the same atomistic mechanisms contribute to 

densification. Therefore, the microstructure should develop 

in a similar if not identical way as the density increases. 

However, the major advantage of hot-pressing over pressureless 

sintering is the order of magnitude increase in driving force 

for densification due to the applied pressure without a con- 

current increase in the driving force for grain growth. 

During the hot pressing process^  the pore-grain structure 

passes through three individual configurations or stages. The 

initial stage includes the formation of bonds and growth of 

necks at the particle contact points which occur upon heating 

the powder to an elevated temperature and upon application of 

the stress. When the interparticle necks have grown to a sub- 

stantial size relative to the particle diameter and the sur- 

faces have begun to smooth out, the pore-grain geometry enters 

the intermediate stage. The porosity during the intermediate 

stage (to approximately 85% of theoretical density) is commonly 

in the form of a continuous network of cylindrical pores which 
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are centered along the grain edges and interconnected at grain 

corners. As the relative density of the material increases 

under these conditions, spme pores become isolated from the 

continuous network. This isolation of pores continues until 

effectively all the pores are isolated within the material and 

are generally located at grain corners. This condition of 

completely closed porosity comprises the final stage which 

occurs at approximately 95% TD. Therefore, between 85% and 

95% TD, which may be termed the transition stage, there exists 

both interconnected (or open) and closed porosity. 

The variation in open and closed porosity as a function 

of porosity has been investigated on the macroscopic level by 

(2) 
Arthur   on copper powder. Arthur showed that there is a 

smooth linear decrease in open porosity from »60% density to 

«95% density. This was accompanied by a constant small fraction 

of closed porosity until about 85% density. At this point, the 

amount of closed porosity increased and the amount of open 

porosity decreased until only closed porosity remained at «95% 

density. At this point the closed porosity equals the total 

porosity and there is a slow decrease in closed porosity until 

full density is achieved. 

This variation in open and closed porosity has also been 

observed in ceramic materials. Coleman and Beere   in their 

work on U02 showed that when the volume fraction of open porosity 

decreases to 0.15, closed porosity began to form. When the 



volume fraction of porosity reached 0.05, only closed porosity 

(4) 
was present. Budworth   also showed that the pore network 

remain entirely open until about 85% TD. At that point closed 

porosity begins to be detectable. Therefore, general inter- 

mediate stage behavior is expected from its beginning up to 

«85%. Up to this density all existing porosity should exist as 

a continuous network of cylindrical pores. 

It will be the purpose of this investigation to study this 

modification of pore morphology using density measurements and 

quantitative image analysis. In addition, the concurrent process 

of grain growth will be examined. Therefore, with an understan- 

ding of these two processes as a function of density, we will 

be able to modify existing hot-pressing models and examine the 

consequences of complex microstructure to densification behavior. 



II.  BACKGROUND 

A. Past Studies on the Intermediate Stage of Sintering 

Despite the complex nature of porosity during the inter- 

mediate stage of sintering, simplified models of the pore morph- 

ology have been presented in the past.  ' '   This simplifica- 

tion of the pore morphology has enabled quantitative calculation 

of the densification rate. One of the best known models is 

that of Coble. '   In Coble's model, it was assumed that one 

densification mechanism operates, either volume diffusion or 

grain boundary diffusion. Furthermore, a specific geometry 

was assumed. Coble   fitted cylinders around the edges of a 

tetrakaidecahedron shaped grain. The tetrakaidecahedron has 

the property of fitting together without leaving gaps between 

the faces and the porosity arises solely from the continuous 

network of cylinders. Due to this well defined geometry, the 

shrinkage of the compact is reduced (assumed to occur by uniform 

shrinkage of these pores) but without a change in grain size or 

shape. 

Coble's model has been refined in recent years by Eadie 

and Weatherly   and Beere.   Eadie and Weatherly used the same 

geometrical model as Coble '  but the sintering rate of cylin- 

drical porosity was calculated more thoroughly. Beere   used 

a tetrakaidecahedron geometry but replaced the cylinders by 

complex shapes which have constant surface curvature and satisfy 
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the balance of tensions at the pore boundary intersections. 

(9) 
Kuczynski   has criticized these simplified geometrical 

(5  8) 
models  '  because they do not take into account the Ostwald 

ripening of the pores which is an essential part of the densi- 

fication process. In a system of non-uniform pores and grains, 

pore shrinkage and simultaneous increase of their average size 

occur, as well as that of the crystalline grains. These two 

processes are mutually interdependent. In Coble's  '  model, 

as well as Eadie and Weatherly, and Beere, these processes are 

not incorporated. 

Another model^   for the intermediate stage of sintering 

has been proposed which is somewhat similar to Coble's model 

but tries to overcome the problem of grain growth during densi- 

(9) 
fication.  Johnson   proposed a model which relates the densi- 

fication rate to the instantaneous geometry in the compact and 

to the volume and grain boundary diffusion coefficients. The 

model assumes that pore and grain growth may occur simultaneously 

during densification. The geometrical parameters are measured 

using basic quantitative stereological methods. With these 

geometrical parameters, a description of the evolution of the 

microstructure and calculated values for the grain boundary and/ 

or volume diffusion coefficients can be obtained using the 

following equation 

...       8 y Cl V      S         8YrbD ..v x      dV _       T y      y T s (1) 
-        dt kT L kT HLv v 
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where x = average diffusion distance, assumed to be 1/4 the 

average grain diameter, L = grain boundary-pore intersection 

length/unit volume, S = pore surface/unit volume, H = mean 

pore surface curvature, (l/V) (dV/dt) = rate of fractional 

volume shrinkage, V = volume of compact, y = surface tension, 

fi = volume transported/ion of slower moving species, D = volume- 

diffusion coefficient, D, = grain boundary diffusion coefficient, 

b = grain boundary width, and kT has its usual meaning.^   By 

plotting the left side of Equation 1 vs. (Sv/Lv), Dv and bDg. 

are obtained from the slope and intercept respectively. 

More recently, other models have been proposed which incor- 

(11) porate the effects of grain growth. Rosolowski and Greskovich 

have developed a semiempirical model for intermediate stage 

sintering based on simultaneously occuring volume and grain 

boundary diffusion mechanisms of mass transport and they expli- 

citly incorporate the effects of grain growth.  In this model, 

it was assumed that pores were cylindrical and located on grain 

edges but they allowed a distribution of radii to occur, and not 

all edges had to contain pores. Their sintering equation depends 

strongly on the reduction of pore number density associated with 

grain growth and is independent of the mechanism of grain growth. 

In the development of Rosolowski and Greskovich's    inter- 

mediate stages sintering equation, an underlying assumption was 

made that the average grain size was proportional to average 

pore size. This assumption was based on comparison to the final 
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stage of sintering. During the final stages of sintering, when 

there are isolated pores at grain corners, the average pore size 

has been observed to increase because of coalescence resulting 

from grain growth. This process occurred in a manner such that 

the ratio of the average grain size to pore size remained 

approximately constant. Therefore, these authors    assume 

that a similar effect occurs during the intermediate stage and 

incorporated this ratio as a constant. However, Rosolowski 

and Greskovich provide no experimental evidence for these 

assumptions. 

In the literature, experimental evidence has been given for 

/I 9 11 1 / \ 
the relation between grain size and density  '  '   during 

intermediate stage sintering, but information is sparce on the 

(27) 
relation between pore size and grain size.     Recent analysis 

(12) (13) 
by Gupta  ' and Samanta and CobleN   have shown that in several 

cases, grain size is linearly related to the density during the 

intermediate stage of sintering, irrespective of the sintering 

(27) 
temperature. Francois and Kingery,    to a limited extent, 

have monitored grain growth and pore growth as a function of 

time and temperature in U0„ for two different pore morphologies. 

In samples with essentially intragranular porosity, measured 

values of the ratio of mean pore diameter/mean grain diameter 

were taken of pores situated at grain boundaries. This ratio 

decreases with time at temperature while at the same time the 

density is increasing. Different behavior is found for samples 
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with intergranular porosity. The same measurements were taken 

and the ratio of mean pore diameter/mean grain diameter remained 

essentially constant with time at temperature. However, the 

(27) 
amount of data obtained by Francois and Kingery    is small 

and any trends observed are inconclusive.  It appears, however, 

that grain and pore growth are important processes and must be 

incorporated into intermediate stage sintering models. 

(9) Kuczynskiv ' has recently considered the problem of Ostwald 

ripening in powder compacts on a statistical basis. He assumes 

that, at constant porosity, the average pore size is related to 

the average grain size, an assumption  consistent with the 

Zener relation, r/G - K P, where r = mean pore radius, G = mean 

grain size, P = porosity, and K = constant.  In Kuczynski's 

statistical approach, the intermediate stage of sintering is 

modelled by a continuous cylindrical pore of variable diameter 

meandering through a solid, crossing itself and with time 

develops dead end branches. Therefore, this model has no assumed 

grain geometry and takes into account the effects of pore and 

grain growth as a function of porosity. 

Wingert and Notis    have proposed a model based on Coble's 

model, but have incorporated the effects of pore and grain growth, 

and the variation of open and closed porosity. The effects of 

pore and grain growth are incorporated into the model by the 

factor Z_. This factor, which is less than or equal to 1 

represents the fraction of grain boundaries which are occupied 
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by a cylindrical pore at a given time during the intermediate 

stage. The factor Z will correct the original assumption made 

by Coble   that each grain edge is occupied by a cylindrical 

pore.  From the following discussions it will be apparent that 

only a fraction of the grain edges are actually occupied by 

porosity. 

The expression for ZT was derived from the following expres- 

sion for the relative bulk porosity: 

r 2 
P = 25.83 (§)  (Zj.) 

It is assumed that at the inception of the intermediate stage 

(P = P , P = .25) each grain edge is occupied by a cylindrical 

pore (i.e. Z = 1 at P = P ) so from the above equation, P = 

r 2 
25.83 (—) . Assuming that r remains proportional to G throughout 

the intermediate stage, the proportionally constant Y = — is 
(J 

given by Y = (p /25.83) . Knowing Y, the fraction of grain 

edges occupied by cylindrical pores can now be calculated at 

any time during the intermediate stage as: 

Zx = 0.387 |2 

Therefore, the effect of r/G is incorporated into the model. Our 

experimental results will be substituted into the model to test 

its validity. 

Wingert and Notis    have also incorporated the variation 

of open and closed porosity during the transition stage in the 

following way. At any point during the transition stage a certain 
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fraction of the porosity will exist as a continuous network of 

cylindrical pores characteristic of the intermediate stage, while 

the rest has become isolated in a configuration as exists during 

the final stage. Therefore, the fraction of material having an 

intermediate type pore structure, alpha, is expected to densify 

locally according to the intermediate stage model while simul- 

taneously the remaining fraction of material, beta, has a final 

stage type pore configuration and densifies locally according 

to the final stage model. 
/TON 

According to the model    at the .85 relative density 

or below, alpha = 1.0 and beta = 0, and at .95 relative density, 

alpha = 0 and beta = 1. This is a result of the assumption 

that the cylindrical pores pinch off and isolate pore pockets 

steadily until all the porosity is isolated at .95% relative 

density. Therefore, in the simplest model possible, alpha is 

assumed to decrease and beta is assumed to increase linearly 

with relative density during the transition stage (see Fig. 1). 

B. Quantitative Image Analysis 

The quantitative description of microstructural development 

is a complex problem. Direct observations and manual measure- 

ments are generally impractical due to the time and effort 

required to disassemble the body and measure all the appropriate 

parameters to describe its structure.  Instead, stereological 

and statistical methods can be applied to deduce the structure 

11 



of the total bulk solid from a limited number of surfaces. The 

accuracy depends on how representative the surfaces we examine 

and how representative the limited number of observations are 

of the entire structure. Other factors which affect the accuracy 

are the specimen preparation and the type and accuracy of the 

measurement made. All of these factors need to be considered 

when establishing procedures for examination of a specimen. 

Until recently, the quantitative description of micro- 

structure required laborious manual measurements of the features 

of interest. However, the development of semi- and full-auto- 

mated instruments for quantitative image analysis has provided 

fast, precise, and reliable ways to obtain these measurements. 

One such instrument is a Millipore TTMC Particle Measurement 

Computer. The Millipore^   provides three basic types of 

information:  1) counts - number of particles (field or chosen 

area); 2) measurements - details of particle parameter including 

summation or averaging (projected area, projected length, Feret's 

diameter, maximum chord (see Fig. 2)); and 3) size distributions. 

The basic operating principles and function of the Millipore 

TTMC are as follows: ^ ' 

When a specimen is placed in a microscope (optical micro- 

scope, SEM, or TEM) its image is detected and is passed to a 

television monitor. The signal also passes to a circuit in which 

all particles, selected particles, or selected field areas are 
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detected. The signals are then processed through the basic 

computer module and other computational elements chosen accor- 

ding to the parameters required. The results of counts or 

measurements are shown along the top of the field image on the 

television monitor. Since all calculations are carried out 

within the computer, all results are shown directly in micro- 

meters or square micrometers. A schematic of this operation 

is shown in Figure 8. 

In counting and measuring automatically, the nMC is capable 

of defining accurately the boundaries of a particle regardless 

of particle shape. The TTMC method of detection is as follows 

(Figure 3). When a sweep encounters the boundary of a particle, 

the difference in light intensity of the particle from its 

background is sensed by the threshold circuitry. The trailing 

edge of the particle is similarly sensed (x,y). On the following 

sweep (y + 1) the instrument begins to scan for the particle 

boundary in advance (X - A) of the position detected on the 

previous sweep. If the leading edge of the particle has not 

been detected before this point of time, the instruments logic 

indicates that the entire boundary has been sensed and measure- 

ment is terminated. The logic used in this method of detection 

avoids re-entrant errors and prevents recording of more than a 

single particle. 

Particles may vary widely in hue against a background. A 
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black particle on a white background, or vice versa, is easy to 

detect but a transparent particle presents a more difficult 

problem. The effects of different types of images is referred 

to as Grey Scale Values. The Millipore TTMC uses three threshold 

modes of detection to overcome this problem of verifying images 

(see Fig. 4). 

In the manual mode of operation, only those particles 

producting a video signal pulse above an arbitrarily chosen D.C. 

voltage level are detected. This allows the operator to manually 

select this detection level and select the particles being 

counted or measured. Using the semi-automatic setting, detection 

is determined by the video signal difference between the particle 

and the background in the vicinity of the particle but peaking 

occurs at the 50% level to give high reproducibility in particle 

measurement. The semi-automatic control is variable giving the 

operator the ability to provide selective measurement of par-' 

tides varying in Grey Scale Value.  The fully automatic mode 

of detection is the most sensitive and allows virtually all 

particles resolvable by the video system to be detected regard- 

less of their greyness.  In both automatic and semiautomatic 

modes of operation, threshold triggering occurs at the mid-point 

of the particle intensity profile providing precise measurements. 

One important point to note is that the operator can rapidly 

check which particles are being detected.  In counting, the 

particles are "tagged" (Fig. 5a), in measuring (Fig. 5b) the 
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particles are outlined. 

The information obtained from the TTMC is based on four 

parameters which are maximum horizontal chord, Feret's diameter, 

projected length, and projected area. The first three measurements 

are orientation dependent but projected area is independent of 

particle orientation. 

In addition to the modules for counting and size measurement, 

there are also plug-in components used in conjunction with the 

size measurement module to provide both oversize counts based 

on selected horizontal chords, and individual particle examination 

with a selective light pen (Fig. 6). Selection of oversize 

chords is made simply by adjustment of a controlling dual poten- 

tiometer. By using the oversize count facility, a distribution 

based on large numbers of particles can be obtained easily and 

speedily. The ability to handle large numbers of particles 

provides a statistically valid result and minimizes any error 

due to particle orientation. 

The measurements performed by the Millipore TTMC will provide 

valuable information in characterizing the microstructural 

development in this present study. By obtaining a pore size 

distribution, a mean pore size, a mean grain size, and a mean 

projected length of a specific site, we will be able to charac- 

terize that site.  If this procedure is done to a number of sites 

at various density levels, we will be able to relate these values 
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to the stage of microstruetural development that characterizes 

the material. 
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III.  EXPERIMENTAL PROCEDURE 

A. Material Selection 

Cobalt monoxide was chosen as the material system In which 

to study the variation in pore morphology during the transition 

from intermediate to final stage pore structure.  It was selected 

because it is a well studied material in areas pertinent to 

the present work because it is single phase, exhibits little 

or no discontinuous grain growth, and because of the availa- 

bility of high purity powders. In the literature, there is 

documented diffusion data,   along with creep studies, 

sintering, and hot-pressing work.     Previous studies have 

also shown that during hot-pressing    the pores remain attached 

to the grain boundaries and are most commonly located at the 

grain corners at high densities. 

B. Powder Preparation 

Two different batches of fine grained high purity Co_0, 

(Johnson Matthey Puratronic, Batch 1, S.85993, Batch 2, S.7023) 

were used as the starting powders. The conversion to CoO, which 

is the stable phase at 2.2 x 10" MPa 0_ and at >1193 A* was 

achieved by heating the powder at 1223 °K for 28800 sec. in high 

purity A1„0_ crucibles and then air quenching to prevent the 

reformation of Co„0,. X-ray diffraction indicated that complete 

conversion to CoO was not always achieved; complete conversion 
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to CoO was accomplished by a short thermal treatment in the 

vacuum hot press as described in the next section. The air- 

fired and quenched powders were ground with mortar and pestle 

and passed through a 325 mesh sieve prior to use. 

C. Vacuum Pressure - Sintering 

Pressure sintering was performed in a vacuum hot-pressing 

furnace in which pressure was applied axially through two 

vertical rams; the lower ram is rigidly mounted to the frame, 

and the upper ram is connected to a hydraulic actuator mounted 

on the top of a frame. The ambient vacuum level was controlled 

with a fine metering valve which was used to bleed atmosphere 

into the chamber. 

The die assembly (Fig. 7) included two plungers 2.54 cm 

in diameter and a die 3.81 cm ID and 7.62 cm OD, all made of an 

Mo-0.5% Ti-0.08% Zr wrought alloy (TZM, Climax Molybdenum 

Company). High purity A120_ spacers and sleeves separated the 

sample from the alloy to prevent reaction. To facilitate 

removal of the specimen from the spacers and sleeves, they 

were slurry-coated with a thin layer of BN. The die wall con- 

tained two cylindrical cavities into which Pt-Pt 10 Rh thermo- 

couples were inserted to monitor the temperature. 

Approximately 20 grams of loose powder were loaded into 

the die assembly. The chamber was sealed and pumped down to 

10 \xm with a mechanical pump. The temperature was raised to 
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773 + 50°K and held for 3600 sec. to degas the sample. The 

temperature was then raised to 1273 + 50°K and held for 5400 

sec. in order to achieve complete  conversion to CoO. This 

was later verified by examination of specimens in an SEM equipped 

with an energy dispersive spectrometer; the presence or absence 

of the Co.,0, second phase could easily be verified by comparing 

CoK peak intensities to that from the matrix phase. 

The applied pressure was then raised to the desired level 

and the temperature was maintained or quickly increased to that 

of interest (+ 10°K). At the same time the vacuum level inside 

the chamber was adjusted to 50 p,m by using an air-inlet metering 

valve. Densification was monitored by the movement of the upper 

ram on which both a dial micrometer and the core of a linear 

variable differential transformer were mounted. The signal 

from the LVDT was fed to an X-Y recorder which plotted ram 

movement as a function of time. The dial micrometer was 

read periodically as a check on the recorder plot. The ram 

movement thus recorded is equal to the change in height of 

the specimen minus the thermal expansion of the plunger and 

rams. Therefore, thermal expansion curves were obtained for 

each temperature of interest; these results were added to the 

X-Y plots of ram movement to derive the actual change in sample 

height with time.  ' The specimens were pressure-sintered 

to pre-determined density levels; at this point the applied 

load was removed and the specimens were slowly cooled (at 
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.06°K/sec.) to room temperature. 

D.  POroslty Measurements Using Archimedes Liquid Displacement 

Technique 

The specimens were Immersed In a small beaker filled with 

toluene and were then placed in a vacuum desslcater in which 

the pressure was reduced for approximately 1800 sec. This 

treatment removed gas from the open pores by replacement with 

toluene. The specimens were weighed while immersed in toluene 

and were then removed from the toluene and, immediately after 

the surface had been wiped with weighing paper, then weighed 

in air. Letting W = dry weight of specimen; W_ = weight of 

specimen in toluene; Wc = weight of impregnated specimen in 

air; Py = theoretical X-ray density of CoO; and p_ = density 

of toluene then: 

W  D 
Vo  TOTAL POROSITY (P„) =  1 - A. 

D "F.  v—  100 •T'        (Wg - WjOp. 
X 

w - w 
% OPEN POROSITY (P )  =   y* ~    100 

U       WS " WI 

%  CLOSED POROSITY (P )=  P - P 

(2) A method employed by Arthur   was also used on a number of 

specimens; in this latter method, the specimen is also weighed 
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in water after impregnation with toluene. However, since 

Arthur's method gave identical results to the preceding method, 

it was not routinely used because of the simplicity of the 

toluene displacement method. 

E. Quantitative Image Analysis 

1. Specimen Preparation. The specimens were prepared for 

metallographic measurements by first impregnating with a lead 

borosilicate frit (Ferro Frit No. 3419) pre-saturated with CoO. 

Lead borosilicate frit is a good impregnating agent because it 

is fluid at a fairly low temperature («810°K) and penetrates 

well into fine surface connected pores. Another advantage 

3 
of this frit system is that its Youngs modulus is «70 x 10 

(21) 3   (22") 
MPa    compared to that of 227.3 x 10 MPav ' for CoO; this 

high modulus provides high strength and good interfacial matching 

with CoO. 

The specimens were then polished using a series of 3 ^m, 

1 p,m and .25 (xm diamond plates for the final polish. The 

specimens were etched^ ' at room temperature using a mixture 

of lactic (90%), nitric (7.5%), and hydrofluoric acides (2.5%). 

2. Microstructural analysis. Quantitative measurement 

of the microstructural development in CoO was performed on the 

polished sections using an ETEC SEM which was interfaced with 

a Millipore TTMC Particle Measurement Computer (see schematic 

Fig. 8). The interfacing unit is a Vistascan (ETEC Corporation) 
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video information storage and processing system. The inter- 

ns) 
facing unit    permits signal storage, integration display, 

and subsequent replay for recording. The stored image may be 

visually displayed or recorded directly from the SEM CRT at 

the fastest speed^scan compatible with line resolution. Further 

the stored image is not materially degraded by being recorded, 

and therefore can be used more than once. The system also 

operates with a Wang 600 in-line computer which allows direct 

computation of various statistical parameters, and particle 

size distribution. 

Since the Millipore TTMC is basically a grey level detector, 

the advantage of this combined system lies in its ability td 

alter the grey levels while storing the image. This allows 

maximization of the difference in grey levels between the pores 

and the matrix.for optimum detection by the Millipore TTMC. 

The nMC particle measurement computer is capable of measuring 

features at a minimum detection level of l/200th of the field 

of view. Therefore, magnifications of 800X-4000X were used in 

order to measure the pore sizes which ranged from .345 p,m to 

1.20 \i,m. 

Random selection of sites was employed with two restrictions; 

locations with large features that obscured observation of the 

smaller ones were avoided as were areas with atypical porosity 

internal to the grains. For the results given below approximately 
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40 sites (data sets) were examined, each of which contained as 

few as 150 pores or as many as 650 pores, depending on the 

sample. The number of pores observed depended on the porosity 

level and the'magnification used.  By examination of many sites 

with 150-650 features in each site, it was felt that a statisti- 

cally reliable set of data was obtained. 

The grain size was measured using a linear intercept 

(24) 
technique developed by Mendelson.v '  However, when the amount 

of porosity exceeds 5-10 vol% corrections to this method have 

to be applied to achieve an accurate measurement. Therefore, 

(25) 
a method developed by Wurst and Nelson    was used which 

corrected Mendelson's method for the effect of porosity in the 

structure. 

The TTMC Millipore was calibrated to the ETEC SEM through 

the use of a copper grid of known dimensions. Calibration 

factors appear in Table I. 
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IV.  EXPERIMENTAL RESULTS AND DISCUSSION 

A. Powder Characterization and Pressure Sintering 

Prior to hot-pressing, the two batches of CoO were examined 

with the SEM.  Batch 1 (Fig. 9a) appears to be fine grained, 

unagglomerated, dense, and pore-free while Batch 2 (Fig. 9b) 

has a much larger particle size but with a very porous appearance. 

The resulting microstructures obtained after hot-pressing (Fig. 

4a, b) are very different. The dense pore-free powder produces 

a microstructure (Fig. 10a) with pores generally located at 

the grain boundaries, while the porous powder produces a micro- 

structure (Fig. 10b) with pores internal to the grains. Since 

the microstructure development related to porosity at the grain 

boundaries is the area of immediate interest for this investi- 

gation, further results pertain to those samples fabricated 

from the Batch No. 1 powder. Any porosity internal to the 

grain would prove to be experimentally difficult to handle, 

and therefore, specimens fabricated from the porous powder were 

eliminated from further study. 

A series of specimens were hot-pressed with densities 

ranging from the intermediate to final stage of sintering 

using the dense pore-free powder. Table II lists the hot-pressing 

conditions and final densities for each of the specimens; the 

temperature and times were varied in order to achieve the various 
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desired porosity levels. The resulting porosity levels 

varied from 3.78% to 24.257.. 

Density gradients that existed within each sample allowed 

the measurement of different porosity levels in different areas 

of the same sample, thus eliminating the need to hot-press 

specimens at each porosity level. For example, a series of 

SEM micrographs (Fig. 11), all taken from the same low density 

sample, show areas ranging from 17% to 12% porosity. SEM 

micrographs obtained on a higher density sample are shown in 

Figure 12.  In the first micrograph (Fig. 12a) the majority 

of the pores are located at the grain corners, but some cylin- 

drical porosity still remains; rrMC measurements indicate this 

area to have 6% total porosity. Most of the pores appear to 

be in the process of pinching off and therefore this area 

appears to be representative of a situation just entering the 

final stage of sintering. The next micrograph (Fig. 12b) is 

a site on the same specimen which is well into the final stage; 

all the pores in the micrograph are closed and at the grain 

boundaries. Figure 13 is a higher magnification shot of the 

previous micrograph showing a typical microstructure of a high 

density specimen of CoO. 

B. Macroscopic Porosity Measurements 

The variation in open and closed porosity as a function of 
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total porosity measured by the liquid displacement technique 

is shown in Figure 14. There appears to be a linear decrease 

in open porosity from approximately 24% total porosity to 

approximately 9% total porosity.  Duplicate samples measured 

with Hg porosimetry indicate almost identical results (see 

Appendix I). There are no data points at lower porosity levels 

(2    3  15) 
but it is assumed from the literature  '  '    that open 

porosity approaches zero at approximately 5% total porosity. 

The amount of closed porosity is initially a constant fraction 

of about 6% but finally decreases to zero as the density increases. 

The curve for open porosity is almost identical to that obtained 

(2) 
during sintering of copper by Arthur.    However, Arthur's 

results for closed porosity indicate only a small fraction of 

closed porosity (<1%) from approximately 40%-15% total porosity. 

Arthur reported the amount of closed pores to increase to a 

maximum at 5% porosity and then slowly decrease until full density 

was achieved.  Similar results have recently been observed 

during sintering of ZnO.     The abnormally high level of closed 

porosity obtained by macroscopic measurements in our samples 

may be explained by examination of the microstructure shown in 

Figure 15. There is a small amount of porosity with large radius 

that is internal to the grains and which would significantly 

contribute to the level of closed porosity. Another contribution 

to the high apparent closed porosity level would be the density 
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gradients present in the specimens (Figs. 11 and 12) i.e., a 

higher density and structure typical of the final stage near 

the specimen surface would tend to indicate an erroneously high 

closed porosity level near the lower density center of the 

specimen. Even though the specimens had some porosity internal 

to the grains, this porosity was very localized; at the micro- 

structural level used for quantitative metallography we -were 

able to examine areas of the specimen with porosity typically 

located on the grain boundaries. 

C. Quantitative Image Analysis 

In order to characterize the porosity on each site examined 

with the SEM, the following measurements were obtained with 

the Millipore TTMC: average fractional pore area (both grain 

boundary and internal porosity), pore size distribution, mean 

pore size, and the mean projected length of the pores.  In 

addition, a micrograph was taken for each site examined and the 

grain size calculated from the micrographs. 

The average fractional pore area was measured for each site 

examined by taking the total area of the pores and dividing it 

by the total area of the site. An average value of the porosity 

measured by the Millipore nMC was then calculated and compared to 

immersion density measurements (Table II). Some of the samples 

show a significant difference between the two measurements. This 
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is attributable to the sampling of specific sites by the 

operator; certain porosity levels were desired for evaluation 

at various times during the investigation, others were not. 

Therefore, the sample was not scanned from end to end to get 

a good average value for the porosity. 

The area of the pores that are internal to the grains was 

measured using the light pen on each site examined that contained 

internal porosity.  Figure 16 is a plot describing the amount 

of internal porosity on each site.  In this graph there are two 

curves, total porosity and grain boundary porosity. The curve 

of the total porosity is drawn on this graph to show that if all 

the porosity is located on the grain boundaries, then this is 

the curve that represents this situation. The other curve is 

the actual amount of grain boundary porosity measured with the 

Millipore TTMC. Therefore, the difference between these, two 

curves is the amount of porosity internal to the grains. The 

amount of internal porosity is then generally less than 0.5% of 

the total porosity on the sites chosen for our analysis. There- 

fore, we were able to examine sites that had little or no: 

internal porosity, even though the specimens might contain a 

higher degree of internal porosity as described earlier. 

The next step was to obtain a pore size distribution. This 

was obtained through the use of the oversize count function on 

the Millipore TTMC. The oversize count function counts all pores 
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in a field having a maximum horizontal chord greater than a 

selected lower size limit. Since this is a measure of N (pore 

number per unit area), which is a two-dimensional quantity, 

Saltikov's^   method (see Appendix I) is employed to obtain 

N„, which is the three-dimensional equivalent. Therefore, a 

distribution plot of Nv vs. pore diameter was obtained from 

each site examined. 

From each of these distributions a mean pore radius was 

obtained.  In addition, the mean grain size was obtained from the 

sites from which the pore size distribution were calculated. 

Therefore, a mean pore radius and a mean grain size were obtained 

for a series of porosity levels ranging from the intermediate 

stage to the final stage. These values are listed in Table IV. 

The ratio of the pore radius to grain size (r/G) is plotted as 

a function of total porosity in Figure 17. The plot of r/G 

vs. P gives a linear relationship which is consistent with a 

Zener relationship. The Zener relationship states that r/G ~ P, 

and will be discussed below. The significance of this finding 

to sintering theories and its incorporation into the Wingert 

model will also be dealt with later in this paper. 

Figure 18 is a plot of N vs. pore diameter for the final 

stage of sintering. Although there is no definite trend to 

the data, the general trend is that as the porosity increases 

the size and number of pores increase. However, in order to 

quantitatively describe the change in the pore size distribution 
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as a function of porosity, a more complete study is needed. 

In order to obtain a qualitative picture of the change in 

the number of pores vs. pore diameter as a function of porosity 

Figure 19 was generated. Figure 19 is a plot of log percent 

pores greater than vs. pore diameter at various porosity levels 

ranging from the intermediate to final stage of sintering. This 

plot was obtained by converting the values of Nv to percent pores 

greater than and taking the log of this value. This graph shows 

that as porosity is increased the number and size of pores will 

increase.  This result is again consistent with the observation 

that the number density of pores reduces as density is increased. 

Another measurement that was generated by the Millipore TTMC 

was the mean projected length of the pores. Figure 20 shows a 

plot of mean projected length vs. total porosity. This graph 

shows that as the total porosity increases the projected length 

will increase until a certain porosity level, at which point the 

projected length tends to become a constant value.  In terms of 

relating the projected length to the change in pore structure, 

this graph can be interpreted the following way. During the 

final stage the porosity exists as closed pores located on the 

grain boundaries. As the porosity increases the projected length 

of the pores will increase until the inception of the transition 

stage ^»5% porosity). At this point cylindrical pores start 

to form. During the transition stage the projected length will 
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gradually increase as the fraction of grain edges occupied by ■ 

cylindrical porosity increases, until the pore structure enters 

the intermediate stage. At this point the grain edges are 

totally occupied by cylindrical porosity and the projected 

length becomes a constant value. Therefore, the projected 

length should equal the length of a grain edge. In order to 

verify this interpretation, the value for the projected length 

at the intermediate stage was set equal to the grain edge 

length. This value was inserted into an equation which relates 

grain size to edge length for a tetrakaidecahedron space filling 

geometry (GS = 2.7856). This value' was compared to grain size 

values obtained directly from the sites from which the values 

for the projected length weEe obtained. The values for the 

grain sizes were 2.23 y,m and 2.26 |j,m, respectively, showing 

very good agreement between the two calculations and supporting 

the interpretation of this graph. 

D. Experimental Verification of the Wingert Model 

As discussed previously, the effects of pore and grain 

growth were incorporated into the Wingert Model by the factor 

Z . This factor can be determined experimentally by obtaining 

values for r and G as a function of porosity (see Table IV, 

Fig. 17), and substituted into the following equation: 

Zj = 0.0387 (P/Y2) where Y = r/G 
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The values obtained from this investigation for Z are plotted 

in Figure 21 and are also listed in Table V to compare them to 

the values proposed by Wingerti. 

Wingert has assumed that Z remains constant during the 

transition stage at its value at the beginning of this stage. 

This is assumed because as cylindrical pores pinch off, instead 

of decreasing the fractional number of grain edges occupied by 

pores in the fraction of material exhibiting intermediate type 

behavior (alpha), it is assumed that the major effect in the 

transition stage is to isolate pores and, therefore, increase 

beta, the fraction of material exhibiting final stage behavior. 

The experimental values obtained for Z are widely scattered 

from 0.36 -♦ 0.87 (see Fig. 21 and Table V).  In order to evaluate 

this data, attempts were made to fit a curve to these data. How- 

ever, any curve that was tried exhibited a correlation coefficient 

showing that there was no trend to these data. Therefore, it 

was felt that an average value for Z should be obtained for the 

\ 
transition stage. The experimental value calculated was 0.54. 

It can be concluded that during the transition stage, on the 

average, the fraction of grain edges occupied by cylindrical 

porosity is 0.54. 

This experimental result is in good agreement with that 

predicted by Wingert (Z » 0.60). Due to this agreement, the 

factor Z proposed by Wingett is believed to be a significant 

term necessary to be incorporated into the intermediate stage 
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sintering equation to correct for the modification of pore 

morphology. 

E.  Verification of the Zener Model 

When a sufficient number of immobile particles are bound 

to a grain boundary, these particles can prevent its movement. 

The particle volume fraction (F) required to limit grain growth, 

(29)        4 r 
as first stated by Zener,  ' is: F = — — where r is the particle 

■5  G 

radius and G is the grain size. When this condition is fulfilled 

all but exaggerated grain growth will cease. 

The behavior of many systems during sintering have also 

been assumed to obey this relationship, based on the underlying 

assumption of grain boundaries being pinned by immobile pores 

just as they are by immobile particles. Therefore, since the 

3 
Zener relation states that r/G = -r P, the results in Figure 17 

are consistent with this behavior, and the figure shows that 

this relationship is followed through the entire sintering or 

hot-pressing process. We believe this result to be one of the 

few, if not only, experimental verifications of the Zener 

relationship. 

The slope of the curve in Figure 17 is approximately equal 

to unity, in fairly close agreement with that expected from the 

Zener relationship. However, since the structure in the final 

stage is significantly different from the structure in the 
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intermediate stage, a change in slope might be expected from 

these two different micros truetural conditions. Scatter in 

the data and the absence of data points at both ends of the 

transition region make it difficult to conclude if, in fact, 

there is any significant change in slope. An additional point 

about the transition region is that for a porosity level of 

about 10%, the value of the ratio r/G is approximately 0.1. 

This value is consistent with that observed in many previously 

published sintering studies. 

The microstructures observed in Figure 12 show all the pores 

to be at the grain boundaries; to some extent this is inconsis- 

tent with the Zener relation. The Zener relation is based on 

a homogeneous, as opposed to heterogeneous, distribution of 

particles or pores. Rosolowski and Burke^ ' have derived 

separate expressions for these two extreme cases. For the 

,-—■/" 4 r 
case of a homogeneous distribution F = r- —, while the relation 

•J G 
r 2 F = 8(—) is obtained for a heterogeneous distribution of pores 
G 

on grain boundaries. However, since these relationships have 

not been derived rigorously and the starting assumptions are 

simplistic, neither of these relationships may be applicable 

to real systems. 

While the present work is concerned with the specific 

microstrueture developed during pressure sintering, it appears 

that densification in a compact could conform to the Zener 
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relation under the condition of either hot-pressing or sintering. 

During hot-pressing, high stress is applied to the powder compact. 

This permits a higher densification rate and shorter times to 

reach full density?    Due to these conditions, limited grain 

growth, as well as little pore coalescence is expected. There- 

fore, the number of pores is essentially constant and the decrease 

in r/G with decreasing porosity level is accomplished by a 

decrease in the mean pore radius.  In contrast, during pressure- 

less sintering, densification rates are typically lower and 

therefore longer times are needed to reach full density. The 

longer times permit more extensive grain growth and corresponding 

pore coalescence. Therefore, a decrease in r/G as porosity 

decreases is accomplished by a combination of increasing grain 

growth in the possible presence of an increasing mean pore 

radius due to Ostwald ripening. The behavior noted in Figure 17 

is consistent with either interpretation. 

The microstructural changes of grain growth, pore growth 

or these processes in combination have a significant effect on 

the densification rate. Wingert   has shown this in the 

form of a composite (Fig. 22) based on a number of different 

computer model outputs to show these effects on densification 

rate. Figure 22 indicates that if no grain growth or pore growth 

occurs, the predicted densification rates are quite high and a 

large discontinuity might be observed. Pore growth, alone, 
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Or grain growth and pore growth in combination, both tend to 

decrease the densification rate and contribute to a smoother 

transition between the various densification stages. Therefore, 

these processes have a significant effect on the densification 

rate and sintering models should be modified to incorporate 

these effects. 

The verification of the Zener relationship agrees with the 

(3D criticism    aimed at the Coble model for not taking into 

account pore growth.  Conversely, the assumptions made in the 

development of the model by Rosolowski and Greskovich    are 

proven through our experimental findings. In addition, the 

(9) statistical model proposed by Kuczynski   is in agreement 

with the present proof of the Zener relationship. The incor- 

poration of the results of this investigation into the micro- 

structural modification model developed by Wingert  proves 

the validity of that author's model. Even though the Wingert 

model uses a simplistic geometry, it takes into account the 

effects of a changing microstructure. This shows that even 

though a simple geometry may be inaccurate, a model can be 

modified to take into account a changing pore and grain structure, 

and obtain qualitative expressions to model the sintering process. 

36 



The present observations, that r/G ~ P for hot-pressed CoO 

(Fig. 17) were presented at the 1979 American Ceramic Society 

convention and at the Fifth International Conference on Sintering 

and Related Phenomena (June 18-20, 1979) and will be published 

in the proceedings of the latter mentioned conference. At the 

(33) same conference a paper was presented by Uskokovic, et al. 

that showed preliminary survey results but indicated a similar 

relationship to be observed for a number of other ceramic oxide 

systems including NaF, Nb_0 , U0_, MgO and ZnO.  In addition, 

(34) Aigeltinger and Drolet    in studies on Carbonyl iron powder 

presented results similar to those obtained in this investigation. 

Specifically, these investigations demonstrated that the mean 

grain intercept(D) was linearly related to the ratio of the mean 

pore intercept length to pore volume fraction (\/P) throughout 

the entire sintering range studied. In this latter work, pores 

in the carbonyl iron are distributed homogeneiously (i.e. "pores) 

both at grain boundaries and within the grains) while in the 

present CoO work pores are distributed heterogeneously (i.e. 

only at grain boundaries).  Thus it seems that the Zener rela- 

tion holds for a wide variety of both ceramic and metallic 

materials. 
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V. SUMMARY 

The use of density measurements and quantitative image 

analysis are good tools to study the microstructural development 

in pressure sintered CoO. Density measurements provided values 

for the variation in porosity on the macroscopic level while 

qualitative image analysis allowed examination on the micro- 

structural level. 

In order to examine the variation in open and closed porosity 

a combination of macroscopic density measurements and measurements 

on the microstructural level of the mean projected length of 

pores were used. These results followed previously predicted 

(21 28} 
behavior.   '    The measurement of the mean projected length 

of pores vs. porosity (Fig. 20) was a good parameter to quanti- 

tatively describe the transition from closed porosity to open 

cylindrical porosity. The grain size obtained from the measure- 

ment of the mean projected pore length agreed well with those 

obtained from measurement by the linear intercept technique. 

Quantitative image analysis provided information on how 

the number of pore/unit volume vs. pore diameter varied with 

porosity (Figs. 18 and 19). The general trend was for the 

number arid size of the pores to decrease as the material densi- 

fied.  In addition, quantitative image analysis provided con- 

siderable information on how the- pore radius varied as a function 
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of total porosity. Combination of these results with grain size 

determination led to the experimental verification of the Zener 

relationship. This verification of the Zener relationship 

proves its applicability to the sintering process. 

Finally, the automatic system developed for performing 

quantitative image analysis provides a fast and accurate method 

for studying the modification of pore morphology. The major 

advantage arises from the ability to alter grey levels between 

pore and matrix for optimum detectability. 
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TABLE II 

Comparison of Porosity Between Millipore 

and Liquid Displacement Technique 

#7 JM-S #4 JM-S 
Millipore Liquid Disp. Millipore Liquid Disp. 

17.39% > 5.61 ^ 
13.40% 5.60 
11.477. y 7.80 1 L 
16.62% 15.00% 14.20% 10.23 6.67% 9.75% 
16.63% 7.50 
14.47% J 3.26 J 

#3 JM-S 

.17 ■" 
1.16 
1.34 
1.55 
5.23 
6.78 
3.93 
3.64 
7.43 
3.99 
2.92 
5.21 
2.16 
2.18 .j 

3.46% 2.78% 

#5 JM-S 

11.13 . 
18.46 
11.42 
12.47 
21.34 
17.03 
19.83 
13.92 ■ 

15.70% 21.62% 
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TABLE  III 

Porosity d,  Pore Size   f|im) G,  Grain Size   (urn) r/G 

.87 .345 5.50 .03 
1.16 .501 8.18 .03 
1.34 .634 13.34 .02 
2.16 .447 7.08 .03 
2.18 .576 11.30 .03 
2.92 .759 9.50 .04 
3.26 .920 8.94 .05 
3.64 9.63 
3.93 .815 8.04 .05 
5.60 .817 7.54 .05 
5.61 .907 7.10 .06 
6.60 7.05 
6.78 9.12 
7.50 .903 4.93 .09 
7.80 .922 5.69 .08 

10.23 .886 4.40 .10 
11.13 .445 2.91 .08 
11.42 .576 2.82 .10 
11.47 .584 3.35 .09 
12.47 .444 2.41 .09 
13.46 .702 3.13 .11 
13.92 .637 2.94 .11 
14.47 .878 2.53 .17 
16.62 .864 2.45 .17 
16.63 .809 2.58 .16 
17.03 1.017 2.81 .18 
17.39 .836 2.22 .19 
18.64 2.10 
19.83 .608 1.87 .18 
21.34 1.121 2.30 .24 

42 



TABLE IV 

Conversion Factors from TTMC Units to Microns* on SEM 

800X       Y = TTMC units X = Microns 

Y 
X - 

1.92 

1600X      X = y 
4 

2000X      X = T 5 

400QX      X =  Y 
10.53 

Calibrated at tilt angle of 30° and working distance of 11 mm. 

* These conversion factors are obtained by imaging a copper 
grid of known size and measuring the grid in frMC units. 
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TABLE V 

COMPARISON OF EXPERIMENTAL DATA 

TO 

WINGERT  MODEL 

POROSITY            Zz EXPERIMENTAL Zl WINGERT 

5.60 0.87 0.60 

5.61 0.60 0.60 

7.50 0.36 0.60 

7.80 0.47 0.60 

10.23 0.39 0.60 

11.13 0.67 0.60 

11.42 0.44 0.60 

12.47 0.60 0.60 

13.46 0.43 

AVE. 

0.60 

AVE.= 0.54 = 0.60 

Zr =0.0387   (P/Y2) 

where* Ys r/G 

Zz* FRACTION OF GRAIN EDGES OCCUPIED  BY 
A CYLINDRICAL PORE  DURING THE 
INTERMEDIATE   STAGE. 
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\   Figure 1„ Schematic Representing the Gradual 
Shift from Intermediate to Final Stage Pore- 
Grain Structure During the Transition Stage. 
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Figure 2. Measurement parameters for characterization 
of particles by TTMC. 
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Figure 3. Schematic showing detection of particle 
boundaries by TTMC. 
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Figure 4.  Schematic showing threshold detection 
modes of operation - (a) manual; (b) semi-auto- 
matic; (c) fully automatic. 
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B 

Figure 5.  Pictures of TV monitor showing (a) 
tagging of pores; (b) outlining of pores. 
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Lrvg u Figure 6.  Picture showing utilization of the light pen, 
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Figure 7..    Hot Pressing Die Assembly. 
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Figure 8.  Schematic representing equipment 
used for Quantitative Image Analysis. 
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Figure 9. SEM micrographs of CoO powder 
(a) Batch 1; (b) Batch 2. 
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')   VN£». 

B 

Figure 10. SEM micrographs of resulting microstrueture 
from (a) Batch 1; (b) Batch 2. 
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Figure 11. SEM micrographs of low density CoO 
specimen showing decreasing pore area and density 
gradient. 
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Figure 12. SEM micrographs representing shift from 
transition to final stage - (a) 6% porosity; (b) 3% 
porosity. 
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Figure 13. SEM micrograph of typical microstructure 
of a high density specimen of CoO. 
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Figure 14.  Porosity curves showing variation in 
open and closed porosity as a function of porosity. 
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Figure 15. SEM micrographs representing internal 
porosity in (a) polished surface; (b) fracture 
surface. 
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Figure 16.  Curves representing amount of 
internal porosity. 
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Figure  17.    Plot of r/G vs.  total porosity. 
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Figure 18.  Plot of N vs. pore diameter. 
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Figure 21.  Plot of Z  vs. total porosity. 
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APPENDIX 1 

Mercury Porosimetry 

In order to check the accuracy of our porosity measurements, 

certain samples were sent out to an independent laboratory (Micro- 

tneritics Instrument Corporation) and were analyzed on a Mercury 

Intrusion Porosimeter. Mercury intrusion is a useful method 

for characterizing pore size distributions of ceramics. 

The method was first proposed by Washburn in 1921, but 

(32) 
not until 1945 did Ritter and Drake report applications. 

Washburn gave the relation for intrusion of a pore of circular 

opening as pd = T4 a  cos 8, where p is the pressure required 

to force liquid into a pore of entry diametered, er is the 

liquid surface tension and 6 is the liquid solid contact angle. 

(32) 
In the mercury intrusion method,    a non-wetting liquid 

is required (0 must be larger than 90°) and mercury is most 

convenient. The surface tension can be considered constant, 

and wetting angles are found to range from 130° to 140°C for 

most materials. Therefore, only the pressure of intrusion needs 

to be measured to determine the pore diameter. When the volumes 

of intruded mercury are determined at increasing pressures, a 

plot of the pore size distribution can be constructed. Pores 

ranging from 200 ^m down to 3 tun can be measured. Additional 

information can be obtained by constructing pore volume frequency 

plots. 72 



The values obtained for the net pore volume by mercury 

porosimetry and our porosity measurements are listed below. 

Mercury Porosimetry     Present Investigation 

SAMPLE A .041 cc/g .039 cc/g 

SAMPLE B .033 cc/g .035 cc/g 

These results confirm the accuracy of our methods. 
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APPENDIX 2 

Saltlkov Method for Determination of Size 

Distribution of Particlesv ' 

The Saltikov method is used for determining particle size 

distribution based on the principle that the distribution of 

random cross-sectional areas of any body depends only on its 

shape. The method is applicable to both spherical and non- 

spherical particles. 

The first step in this method is to obtain the size of the 

pore with the maximum diameter in the field being examined. 

Once the maximum diameter (D ) is known it is multiplied by 

the constant values given in Table 1A to obtain the class 

interval diameter (D. ) to be studied. 

TABLE 1A 

Class Interval Constants (K) 

1) 1.000 5) 0.3981 9) 0.1581 

2) 0.7943 6) 0.3162 10) 0.1259 

3) 0.6310 7) 0.2512 11) 0.1000 

4) 0.5012 8) 0.1995 12) 0.0794, etc. 

Measurements of the total number of particles per unit area- 

less than D. (N.. ) are now taken for each of the class interval 
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diameters calculated. In fact, the Oversize Count procedure on 

the Millipore nMC is such that the values must be taken going 

first from the smallest class interval diameter to the largest 

rather than vice versa. Once values for N.. are known, the number 

of particles per unit volume in the k , class interval is 

calculated from the following formula: 

NVk * 5£ £1.6461 \k " 0.4561 N^^ 

" °'1162 NA(k-2)  " 0'0415 NA(k-3) 

" 0.0173 NA(k_4)  _ 0.0079 NA(k_5) 

.- 0.0038 NA(k_6)  - 0.0018 NA(k_7) 

- 0.0010 NA(k_g)  - 0.0003 NA(k_9) 

- 0.0002 N        n nnn_        n 
A(k-10)  °-0002 NA(k.ll)3 

where for D. we substitute D- D_, D_, etc. depending on the 

class interval of concern. 

In using the above equation, the calculation for a given 

class interval of pores is continued only until the index N.. 

reduces to zero. For example, for the fifth class interval (N„_) 

the first five terms in the brackets are used. Only for the 12th 

class interval (Nyl9) are all the terms used. Therefore, from 

the above equation, a plot of Nv vs. d can be obtained. 
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