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ABSTRACT

EFFECT OF TRIMODAL PARTICLE SIZE DISTRIBUTION

ON SINTERING OF Al,0; CERAMICS

by Dale L. Anderson

The object of this study was to investigate the
possibility of obtaining higher sintered densities and
reducing shrinkage by maximizing the green density through the
use of a trimodal mixture of particle sizes. Sintering
characteristics, including green density, sintered density,
porosity, and shrinkage were measured for specimens produced
using unimodal, bimodal and trimodal mixtures of fine, medium
and coarse alumina particles. The results show that the
sintered density increases with an increase in the percent
fines found in the mixture; however, so does the shrinkage.
The green density was maximized and shrinkage was minimized
with the use of a trimodal mixture. Shrinkage was found to be
a minimum when the green density was at a maximum. The
highest green density was obtained with the sample that
contained 10% fines, 20% medium and 70% coarse material. This
composition of particle size is similar to the composition
that produced optimized trimodal packings of spheres obtained,

as reported in other studies.
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CHAPTER 1
INTRODUCTION TO SINTERING CHARACTERISTICS
Sintering is a process used.in industry to fuse fine
particulate materials into a solid unit. This introductory
chapter will describe the stages of sintering, the driving
force for sintering, the residual porosity and the shrinkage

resulting from the sintering process.

1.1 SINTERING

Sintering can be defined as the consolidation,
densification, recrystallization and bonding obtained by
heating compacted powders at temperatures below the melting
point of the principal component [1]. Three stages of
sintering are described as:

(1) The initial stage of neck growth between adjacent
particles.

(2) A stage of material transport/densification.

(3) Final stage of grain growth and pore elimination.

These three stages actually overlap and are not distinctly

separate. A two dimensional representation of the stages of

sintering is shown in Figure 1. As described by Kingery [2],

in order to effectively control sintering processes it is

essential to maintain close control of the initial particle

size and particle size distribution of the material, the

sintering temperature and the composition.

1
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Figure 1. Stages of Sintering

(Reprinted from Kingery, p. 469)



1.2 DRIVING FORCE FOR SINTERING

The driving force for densification results from a
decrease in surface-free energy, by the elimination of solid-
vapor interfaces, in the absence of chemical reactions.
Although lower energy solid-solid interfaces may be formed,
the net decrease in free-energy drives the sintering process.
If the particle size is small the surface area must be very
large. This gives rise to a potentially large driving force
for sintering to occur {[2]. Models of sintering and practical
experience in ceramic processing show that smaller particle
sizes sinter more rapidly at a given temperature and can be
sintered at lower temperatures than larger particles [3].
This is one of the main reasons why ceramic technology depends

on the use of very fine particulate materials.

1.3 RESIDUAL POROSITY

Processing of ceramic materials is usually done by
heating compacted powders to a temperature sufficient to
produce useful properties. Residual porosity is a phase which
is almost always present in ceramics prepared in this manner.
Porosity is characterized by the volume fraction of pores
present and their shape and size distribution throughout the
solid matrix. The amount of porosity can vary from zero to
more than 90% of the total volume. Many properties of ceramic
materials, including thermal and electrical conductivity are

3



highly dependent on the spacial distribution of residual
porosity [2]. .

As described by Kingery [2], the major changes that occur
during the firing process are related to changes in grain size
and shape and to changes in pore size and shape. Before
firing, a powder compact has typically between 25 and 60
volume % porosity. This depends primarily on the material
used and the methods used to process it. In high density
products, residual porosity after sintering may be a very
small fraction of the void space found in the green compact.
The optimum level of residual porosity would depend on the
specific service conditions. For maximizing strength,
translucency and thermal conductivity it would be desirable to
eliminate as much porosity as possible [2]. Kingery has
derived a relationship, for pore stability, which relates the
dihedral angle and the ratio of pore size to grain size.
Kingery also notes that a large difference between grain size
and pore size is not required for pore stability. This will

be discussed further in Section 3.2.

1.4 SHRINKAGE AND DENSIFICATION

The elimination of porosity is directly related to the
volume shrinkage of the product being formed. Dense ceramic
components made with a minimum of shrinkage are an important
objective of the ceramic industry. One way to minimize

4



shrinkage is to reduce the void space found in the green
product. This can be done by customizing the particle size
distribution. Several importantAeffects of particle size
distribution in powder processing have been widely recognized
and related to the stages in the sintering process. The use
of mixtures of particle sizes increases the bulk density of
powder compacts [4], since small particles can fit in between
the larger particles. A two dimensional rendition of a three
dimensional mixed particle arrangement is shown in Figure 2.
Studies of particle packing efficiency to achieve high
density, reviewed by Coble [3], have led to widespread use of
mixed particle sizes in practical ceramics systems. A smaller
density difference between the green product and the sintered
product will result in less shrinkage. This approach has
been utilized in a patented process [5], developed by Toshiba
of Japan, for the manufacture of injection molded sintered
bodies. Toshiba finds that by using a precise proprietary
distribution of particle sizes, particle packing is improved
and shrinkage is minimized. In a study by Denevi [6], the
standard deviations obtained for green and sintered densities
were significantly lower for mixed particle size powder
systems than for uniform powders. He suggests that in a mass
production process, the use of mixed particle systems may

enhance reproducibility.



A) Uniform

B} Mixed

Figure 2. Uniform and Mixed Particle Arrangements.

(Reprinted from Denevi, p. 25)



CHAPTER 2
THEORETICAL PARTICLE PACKING ARRANGEMENTS
Particle packing arrangements are important to consider
in a process where interparticle contact provides sites for
particle bonding. The packing density of monosized spheres
has an upper limit that can be increased through the use of a

bimodal or trimodal mixture of particle sizes.

2.1 PACKING OF MONOSIZED SPHERES

Westman and Hugill [7] showed by packing spherical
particles of uniform shape and size that the packing density
is independent of the size of the particles. The packing
density they obtained for spherical particles averaged about
60%. This was found to be true for particles ranging in
diameter from 0.0035 to 0.312 inches. Calculations based on
a simple cubic arrangement of identical spheres give a packing
density of 52% whereas a hexagonal close packing or face
centered cubic arrangement gives a packing density of 74%.
When spheres were piled so that the packing in any horizontal
layer was hexagonal but in any vertical layer the packing was
cubic, the calculated packing density became 60.5%. This
packing arrangement was observed in numerous samples and was
actually found to be the "prevailing tendency".

There are three main types of packing involving monosized
spheres, ordered, random loose and random dense. The random

7



dense packing corresponds to the maximum density without
ordering or deformation. A comparison of an ordered array of
spheres and a random dense array of spheres is shown in Figure
3. The accepted fractional packing density for the random
dense case is 0.637, as reported by German [8]. It is based
on careful measurements made by various researchers.

Based on a maximum packing density of 0.637, for
monosized spheres, the maximum packing densities involving two
or more size spheres were calculated, as shown below, and the

values are shown in Table I.

TABLE_ I, Calculated Maximum Packing Dengity
Number of sizes Maximum Fractional Packing Density

1 0.637
2 0.868
3 0.952
4 0.983
5 0.994

These values were calculated assuming that 63.7% of the
unoccupied space between particles will be occupied by the
addition of the next particle size. The maximum fractional
pPacking density of monosized spheres is approximately 0.64,
that of a bimodal mixture is about 0.87 whereas a trimodal
distribution can increase the density to about 0.95, as shown

8



ordered

Figure 3. Comparison of monosized disks packed in a
close-packed ordered array and a random dense array.

Reprinted with permission from Particle _Packing
Characteristics, 1989, Metal Powder Industries
Federation, Princeton, New Jersey, USA, 1997.



in equations (1) and (2).

0.64 + 0.64 * (1 - 0.64) 0.87 (1)

0.87 + 0.64 * (1 - 0.87) 0.95 (2)
This assumes an infinite particle size ratio between each

particle size.

2.2 TRIMODAL MIXTURES

As described by German [8], evaluation of a trimodal
mixture begins by considering the three binary mixtures
possible from various combinations of the constituents. The
density for each binary system is plotted along the sides of
an equilateral triangle. This is analogous to a ternary phase
diagram with isodensity contours projected onto the triangle,
as shown in Figure 4. Depending on the ratio of sizes, the
highest density may occur in the large-small binary. For a
small ratio of large particle size to small particle size,
i.e., less than 100, a trimodal mixture may not improve the
packing density beyond that of a bimodal mixture of small and
large components. The effect of particle size ratio on the
optimal packing density is illustrated in Figure 5. With
greater particle size differences ternary mixtures can yvield
greater packing densities [8]. Furnas [9] developed a model
to predict whether optimal packing would occur in a binary,
ternary or higher order system based on the ratio of the
particle sizes. Bimodal mixtures give higher packing

10



ternary mixture
fractional density

Figure 4. Isodensity contour projections on a ternary
composition diagram for a trimodal mixture.

Reprinted with permission from Particle Packing

Characteristics, 1989, Metal Powder Industries
Federation, Princeton, New Jersey, USA, 1997.
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Figure 5. The effect of particle size ratio on the

optimal packing density of a material with inherent
packing density of 0.6

Reprinted with permission from Particle Packing

Characteristics, 1989, Metal Powder Industries
Federation, Princeton, New Jersey, USA, 1997.
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densities than trimodal mixtures when particle size ratios are
less than about 100:1. 1In order: to significantly improve
packing characteristics through the use of a trimodal particle
size distribution a particle size ratio, of largest to
smallest, greater than 100:1 is necessary, as shown in Figure
5. According to German [8], the optimized trimodal packing of
spheres in the size ratio of 1:10:100 would consist of 11.2%
small, 22.5% medium and 66.3% large, resulting in a fractional
density of 0.892. Optimized trimodal packing data gathered by

German are shown in Table II.

Table II, Optimized Trimodal Packings of Spheres

size ratio % fine % medium % coarse fractional
density
1:5:25 21.6 9.2 69.2 0.850
1:7:49 13.2 20.7 66.1 0.878
1:7:49 11.0 14.0 75.0 0.950
1:7:77 10.0 23.0 67.0 0.900
1:10:100 11.2 22.5 66.3 0.892
1:100:10000 10.0 23.4 66.6 0.916

13



CHAPTER 3
LITERATURE REVIEW - PREVIOUS WORK
Particle packing arrangement.has a direct effect on the
sinterability of powder compacts. The effects of the state of
aggregation of ceramic powders, pore shrinkage, particle
rearrangement and differences in particle size are examined in

this chapter.

3.1 EFFECT OF PARTICLE ARRANGEMENTS

Numerous studies have been conducted on the role the
green compact microstructure has on the sintering
characteristics of alumina. The lack of homogeneous packing
characteristics is known to be detrimental to the sintering
behavior of ceramic powders. In a study by Dynys and Halloran
[10], the influence of aggregates' on the sintering of alumina
was examined. They showed that sintering rates decrease with
an increase in aggregate content and that sintered density
decreased linearly with aggregate content, as shown in Figure
6. They also showed that porosity within the aggregates was
eliminated more readily than the large interaggregate voids,
resulting in locally dense regions within the aggregates.
They suggest that voids from powder aggregates are often the

strength limiting flaws in ceramics, and that, in many cases,

' An aggregate is a mass of particles strongly bound together.

14
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(Reprinted from Dynys and Halloran, p. 600)
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the quality of the ceramic powder depends primarily upon its
state of aggregation.

Roosen, Sumita and Bowen [11], investigated the effects
of interfacial chemistry on green microstructure development
of two alumina powders differing only in their particle size
distribution. Each powder was processed by both a colloidal
forming technique and by dry pressing. The colloidal forming
technique enhanced densification of the green compacts. The
compacts with smaller pores exhibited maximum shrinkage rates
at lower temperatures. It was therefore concluded that
smaller pores can be eliminated at lower temperatures and the
compacts with coarser pores densify at higher temperatures.
Roosen et al. concluded that, in addition to particle size,
particle arrangement is an important factor in the
sinterability of green compacts. The sintered densities they
measured depended strongly on the microstructure of the green

compacts, as can be seen in Figure 7.

3.2 PORE SHRINKAGE

Lange [12] reiterates the importance of particle
arrangement in the sinterability of powder compacts. He
relates the particle arrangement to the distribution of pore

coordination numbers®, as illustrated in Figure 8. Lange

’ A pore coordination number is the number of neighboring
particles forming contacts with a given pore.

16
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denotes that Kingery and Francois [13] were the first to
recognize that only pores with a radius less than a critical
size are able to disappear during the sintering process. The
theory requires material to diffuse from grain boundaries to
the pore surface. Since the direction of the diffusion
depends on the curvature of the pore surface, because of the
difference in activity, pores with a coordination number
smaller than a critical value will shrink whereas those of a
larger value will grow. The critical coordination number is
the number of neighboring particles producing a change in the
surface curvature of the pore from concave to convex. Pore
structures with coordination numbers above and below a
critical value are shown in Figure 9. Lange states that, from
a thermodynamic point of view, the most important property of
a pore is its coordination number.

Kellett and Lange [14] show that the free energy and the
driving force for sintering increase with an increase in the
dihedral angle. The critical coordination number also
increases with an increase in the dihedral angle. It is noted
that sintering aids that increase the dihedral angle will
increase the driving force for sintering to occur. This would
in turn increase the number of unstable pores within the

compact, thus promoting sintering.

19
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Figure 9. Surface curvature for two pores with same
volume and dihedral angle, but with coordinating grain
numbers (A) larger and (B) smaller than R,

(Reprinted from Lange, p. 84)
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3.3 EFFECT OF PARTICLE REARRANGEMENT

Flaws appear when high density regions of the powder
compact sinter, shrink and pull away from lower density areas.
Cracklike voids form which have even higher coordination
numbers than before. According to Kellett and Lange,
rearrangement processes due to nonuniform packing are
potentially the most detrimental phenomenon that occurs during
sintering [14]. Grain growth, however, will also reduce a
pore's coordination number. This can also enhance
densification provided the pore does not become trapped within
the grain. Grain growth can occur only in previously
densified areas. As the dense region grows the coordination
number of the voids between them decreases, thereby improving
the chances that further densification will occur. However,
if grains become too large mechanical and other desired
properties may be compromised.

In an analysis of the effects of particle packing
characteristics on solid-state sintering, Zheng and Reed [15],
differentiate porosity into two different classes. The first
class contains pores all of which are smaller than a critical
ratio of pore size to mean particle size. In the second class
all pores are larger than the critical ratio. Figure 10
illustrates a coarse micropore in a matrix of fine
microporosity. Their results show that porosity of the first
class can be eliminated during sintering but the porosity of

21



Figure 10:

Coarse micropore in matrix of fine
microporosity

(A) Pore inclusion; (B) Intergranular pore

(Reprinted from Zheng and Reed, p. 1414)
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the second class cannot. This leads to the conclusions that
final shrinkage is proportional to the porosity of the first
class whereas the final sintered density is inversely
proportional to the porosity of the second class. This means
that when the green density difference between samples is
caused by porosity of the second class, i.e., agglomeration,
the final sintered density would be proportional to the green
density. The sintered density, as a function of green density,
for pressed granules with different granular density is shown
in Figure 11. It is concluded that to get the highest final
sintered density it would be necessary to eliminate pores
larger than the critical size when processing the green body.
After further research, Zheng and Reed [16] find it necessary
to expand their classification of porosity to include an
intermediate pore configuration. Pores in this category,
coarse micropores, are larger than half the average particle
size and smaller than ten times the average particle size, the
smaller being termed fine micropores and the larger called
macropores. In this analysis they find the micropores are
eliminated during sintering whereas the macropores are not.
The elimination of coarse micropores is characterized as
dependent on granular density. In their explanation of Figure
11, Zheng and Reed say that when the green density becomes
larger than the granular density, only fine micropores exist
in the compact. But if all macropores can be eliminated, the
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reason for the difference in the final sintered density
between cast and pressed or higp and low granular density
materials is not clear because the sintered density no longer
depends on the green density. It is also not clear if this is

due to localized inhomogeneities which vary with the forming

process.

3.4 EFFECT OF AGGREGATE SIZE

Lange also agrees that when different size particles are
packed at random, fractional bulk densities up to 0.95 are
achievable. Such a multimodal system of spheres not only
reduces the void volume, but would also reduce the average
coordination number. For agglomerated particle arrangements,
it is expected that consolidation forces, i.e., hydraulic
pressing, will increase bulk density by continuously
eliminating the most highly coordinated pores. Lange reasons
that some voids within a powder compact have a coordination
number greater than R. and that the volume fraction of these
voids will be inversely proportional to the initial bulk
density of the compacted powder. This statement would tend
to support the idea that higher initial green densities would
improve the likelihood of obtaining higher sintered densities,
which is one goal of ceramic technology.

Lange points out that it is generally believed that
agglomerates limit the bulk density and that, all dry, fine
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particle size ceramic powders, i.e., less than ten microns,
can be expected to contain soft agglomerates. Consolidation
forces would tend to eliminate the most highly coordinated
pores first. This also coincides with the theory that the
coordination number of interagglomerate pores decreases with
agglomerate size. The distribution of particle coordination
of an agglomerated powder depends on the bulk density and the
size distribution of the multiple-particle packing units.
Pores of a higher coordination number can be eliminated by
increasing bulk density and/or decreasing the packing unit

size, i.e., size of the aggregates.

3.5 EXPERIMENTAL STUDIES OF BIMODAL MIXTURES

Smith and Messing [17] showed that binary powder mixtures
can be used to enhance the densification of a low-reactivity,
coarse powder. The degree of the densification enhancement of
the low-reactivity coarse powder was directly related to the
volume fraction of the finer powder added, above the
calculated composition of the optimal packing density. There
was, however, no enhancement of sintering due to fine/coarse
particle contacts. The amount of densification for a bimodal
mixture can be predicted to a first approximation by knowing
the degree of densification of the unimodal fine and coarse
powders alone. In their study, the experimental optimal
packing occurred where predicted, i.e., at 30% fines. The
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average density was determined to be 63.5% of theoretical.
This was much less than, 79.6% of theoretical, which was the
value predicted for a uniformly packed bimodal mixture. A
similar trend for experimental density values obtained by
Taruta et al. is shown in Figure 12. Smith and Messing [17],
postulate that the discrepancy between the experimental
specific volumes and the calculated result, similar to that
shown in Figure 12, was due to the inhomogeneous mixing of the
bimodal mixtures and because the mixtures may not compact as
well as the individual components by themselves. The
discontinuity in the calculated results in Figure 12 is a
result of assuming the ratio of particle size is infinite.
This also may add to the discrepancy. They studied bimodal
mixtures containing various fractions of fine particles
ranging from 0 to 1.0 in steps of 0.1. For compositions of
fine particles below 30% by weight, the fine particles should
occupy the space between the larger particles. In these
materials sintering of the coarse particles should and did
appear to control the shrinkage, as can be seen in Figure 13.
For compositions where the fines become a continuous matrix,
i.e. w>0.3, densification is controlled by the sintering of
fine particles until the coarse particles come into contact,
at which point further demnsification is controlled by the
coarse component. All samples containing a large fraction of
fine particles, i.e.,w, >0.9, sintered to the same bulk
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density, thus showing that the fine fraction controls the
shrinkage of these mixtures. No enhancement of densification
could be attributed to the additién of the coarse materials.
Smith and Messing [17] found it very difficult to
distinguish microstructural features as a function of the
original powder in the later stages of densification. However,
the bimodal mixture contributed to a more uniform grain
structure. Binary mixtures would however experience
exaggerated grain growth under extended sintering times.
Smith and Messing are convinced that bimodal mixtures may be
"a feasible approach for ceramic fabrication on the basis of
reduced shrinkage and the use of lower-cost coarse powder."
Taruta et al. [18] investigated the sintering behavior of
bimodally distributed alumina powders with regards to the open
pore size distribution. They examined the pore size
distribution of the compacts both before and after firing for
mixtures of course(c) and fine(f) particles ranging from
c:£=10:0 to c:£=0:10. They found that for the specimen having
c:£f=7:3, the voids formed by coarse particles were not fully
packed with fine particles. Two different pore sizes suggest
a tightly packed region and a loosely packed region exist
within the compact. As the fine component was increased the
loosely packed regions began to decrease. For the compacts
containing a large fraction of coarse particles broader pore
size distributions were observed. After firing, the pore size
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for specimens having c:f=10:0 did not change. Firing
increased the pore size in specimens having c:f=9:1 to 4:6.
In those mixtures between c:f=3:7 to 1:9 there again was no
change in pore size. In the compact composed only of fine
particles the pore size decreased. The coarse particles
appear to inhibit pore elimination. It is thought that firing
decreases the pore size in the tightly packed regions where
sintering proceeds faster but the pores grow in the loosely
packed region due to the shrinkage of the tightly packed
region. Theory suggests that pore growth is due to the
difference in sintering speed between various sized particles.
From the microscopic examination of the sintered bodies made
from various powder mixtures sintering between fine particles
is hindered by the presence of coarse particles. However the
sintering between coarse particles is accelerated by the
presence of fine particles. This is attributed to the
development of stresses produced in part by particle

rearrangement.
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CHAPTER 4

RESEARCH HYPOTHESIS AND OBJECTIVES
Although some problems may arise from a broad range of
particle sizes, it is expected that higher sintered densities,
with lower shrinkage during sintering, can be obtained by
maximizing the pre-sintered density and by optimizing particle
rearrangement through the use of a trimodal mixture of

particle sizes.

The objective of this study was to examine the effects of
a trimodal particle size distribution on the sintering
characteristics of alumina. This was done by measuring the
initial green density, the final sintered density and
porosity, and the shrinkage for a series of specimens. This
investigation evaluated the relationships between the
presintered density, i.e., green density, shrinkage after
sintering, and the sintered density. By subjecting a series
of particle mixtures to identical processing conditions and
comparing the resulting characteristics, the effects of

particle size distribution were determined.
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CHAPTER 5
EXPERIMENTAL METHODOLOGY
Before processing, the raw materials must be
characterized. After sintering, the products must also be
evaluated. This chapter describes the characteristics of the

raw materials and the equipment, used in this evaluation.

5.1 MATERIALS

High purity alumina powders were obtained in the form of
three distinct products that were donated by Ceralox
Corporation, namely, HPA-1.0, HPA-0.5 and DISPERAL. The HPA-
1.0 is a 99.99% pure alumina powder with a nominal mean
particle size of 1 micron. The HPA-0.5 is a 99.99% pure
alumina powder with a nominal mean particle size of 0.5
micron. The DISPERAL, used as the fine component, is a sol-
material, monohydrate of alumina which has particle sizes
ranging to as low as 25 angstroms. The particle size
distribution of the fine component shifted downward with time
in solution. The data reported in this study was the minimum
observed, however the absolute minimum was not determined. A
very large difference in size ratio is theoretically
desirable, however in reality it would be difficult to process
and would be impractical. These materials were chosen for
this examination to investigate the supposition that by
sintering materials composed of mixed particle sizes, product
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shrinkage may be minimized and sintered density may be
maximized. Chemical analysis,' as provided by Ceralox
Corporation, is contained in Appendix A.

Particle size data was obtained by dispersing the sample
in a solution of one percent acetic acid in water using an
ultrasonic wand. The solution was then analyzed using a
Shimadzu SA-CP4 Centrifugal Particle Size Analyzer. Particle
size data obtained for all mixtures are found in the Appendix
B. Ideally each product particle size should differ from the
next by a factor of ten. An analysis of the optimal particle
size distribution and weight distribution for trimodal packing
of spheres are presented in Appendix C and D, respectively.

It was decided to include a binder into the final
product to reduce the friability of the pressed pellets. The
binder chosen was PEG Compound 20M, provided by Union Carbide.
In the Union Carbide product literature, Walker, Reed and
Verma [19] describe that compacts pressed from granules
containing PEG binders resulted in higher green density with
fewer distinct granules persisting in the pressed matrix. The
sintered density was also quite high and the sintered
shrinkage was also minimized over other conventional binders.
A preliminary evaluation, along with their recommendation led
to the use of a level of 3% PEG 20M in each particle mixture
that was prepared. A technical data sheet for Union Carbide
Polyethylene Glycol 20M is included in Appendix Aa.
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5.2 EQUIPMENT

The equipment used in this evaluation are listed in Table
III. The ultrasonic bath and wand and the magnetic stirrer
were used to disperse the fine powders in solution during
mixing operations. The drying oven was used to evaporate the
aqueous solution used to disperse the powder mixtures. A
mortar and pestle were used to grind the dried powders and a
100 mesh sieve was used to obtain the final form of the
powders used for pressing pellets. The mold and die unit is
shown in Figure 14. It consists of a 1 inch diameter steel
cylinder with a 0.5 inch diameter hole through the center.
Two 0.5 inch cylindrical steel bolts inserted in either end of
the hole in the steel sleeve provided the compression surfaces
to form the alumina compacts. A pressure of 11.5 ksi (46 MPa)
was applied to the ends of the die with a hydraulic press to
form each 0.5 inch diameter pellet. A photograph of the
pellet press and mold in the compression position are shown in
Figure 15. Powdered stearic acid was applied to the mold and
die surfaces to provide lubrication during pellet pressing.
A CM furnace was used to sinter the alumina pellets. The
STAMPFVOLUMETER model STAV2003 was used to measure tap density
and the pycnometer and balance were used to determine the
sintered density. Particle size measurements were made using

@ Shimadzu SA-CP4 Centrifugal Particle Size Analyzer.
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TABLE III. EQUIPMENT USED IN THIS STUDY

M

Ultrasonic Bath and Ultrasonic wand

Magnetic Stirrer w/magnets

Beakers and storage containers

Drying Oven (100°C)

Pellet Press w/mold and die, i.e. compression machine

Calipers (metric)

CM Furnace

Pycnometer

Balance accurate to 0.0002 grams

tweezers

Computer for compiling and graphing data

Mortar and Pestle

100 Mesh Sieve

STAMPFVOLUMETER model STAV2003

Powdered stearic acid (lubricant)

Shimadzu SA-CP4 Centrifugal Particle Size Analyzer
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Fiqure 15.

Pellet Press/Compression Machine
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CHAPTER 6
PROCEDUR_E
The objective of this study was to examine the effects of
a trimodal particle size distribution on the sintering
characteristics of alumina. This was done by measuring the
initial green density, the final sintered density and
porosity, and the shrinkage for a series of sSpecimens.
Initially these sintering characteristics were determined for
specimens of each of the three different particle sized raw
materials. These sintering characteristics were then measured
for bimodal and trimodal mixtures obtained from these raw
materials. As shown in Table 1V, these mixtures contained
between 60 to 90 weight% coarse material, with the remainder
being made up of varying fractions of medium and fine powder.
Figure 16 shows the experimental compositions on a ternary
diagram. Five replicates of each material were sintered.

Average values and standard deviations were also determined.

6.1 POWDER PROCESSING

A flow diagram of powder processing steps and property
determination methods is shown in Figure 17. To enhance
mixing of the powders, the appropriate fraction of each powder
was dispersed in 1% acetic acid in deionized water to form a
slurry containing 50% solids by weight. The slurry also
contained the appropriate amount of the binder, i.e., 3% based
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TABLE IV. Composition of Specimens to be Analvzed (wt$)*.

Sample Number Coarse Powder Medium Powder Fine Powder

HPA-1.0 HPA-0.5 DISPERAL
100 100 0 0
010 0 100 0
001 0 0 100
640 60 40 0
631 60 30 10
622 60 20 20
613 60 10 30
604 60 0 40
730 70 30 0
721 70 20 10
712 70 10 20
703 70 0 30
820 80 20 0
811 80 10 10
802 80 0 20
955 90 5 5

* All samples contain 3% binder.
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on the dry weight of powder. Dispersion of the finest
particles was done by adding the powder, at a level of 30% by
weight, to the liquid containing fhe binder while the liquid
was placed in an ultrasonic bath. The aqueous alumina
suspension was then stirred with a magnetic stirrer while the
slurries were combined to make a single slurry containing all
three powders. The water was evaporated in an oven at 95°C
until a constant weight had been obtained. The "monosized"
materials were also dispersed in the same manner and dried to
incorporate the binder into the final powder. When dry these
materials were ground with a mortar and pestle and sieved
through a 100 mesh screen. They were then placed in
polyethylene bags and kept in a2 desiccator until needed for

making pellets.

6.2 POWDER DENSITY MEASUREMENTS

After mixing, drying, grinding and sieving, the apparent
density and the tap density were measured for each powder.
Apparent density was measured using a modified version of test
method A of ASTM D1895-69. The cylindrical measuring cup
specified in this method was replaced with a 10 ml graduated
cylinder. The tap density was measured according to ASTM
B527-85 using a Stampfvolumeter model STAV2003. Tap density

measurements are tabulated in Appendix E.
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6.3 PELLET PRESSING

Five pellets were produced from each batch of mixed
powders using the pellet press/compression machine shown in
Figure 15. Approximately 0.8 grams of material was weighed
and put into the mold which was prelubricated with stearic
acid. The piston was inserted into the mold and the powder
was compacted until the pressure gauge read 11.5 ksi,
approximately 47 MPa. The pressure was maintained for
approximately two minutes before being released slowly. The
pellet was then removed from the mold. The green density was
determined from the mass and dimensional measurements using a

balance and a pair of vernier calipers.

6.4 PELLET SINTERING

Sintering was carried out using a high temperature
furnace. Five pellets were placed approximately 1 inch apart
on a platform consisting of two triangular rods of a
refractory material. The samples were placed such that
contact was minimized and uniform heating could be maintained.
The pellets were also elevated to near the center of the
furnace, by means of several layers of insulating material.
All specimens were sintered in the same manner. A photograph
of this set-up is shown in Figure 18. The furnace was
programmed to go from ambient temperature to 1550°C in a
period of 12 hours. It remained at 1550°C for two minutes
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Figure 18. Furnace and Sintering Platform
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then returned to ambient over the next two hours. After
sintering, the density and porosity were measured again in a
manner similar to that described in Section 6.3. The fired,
sintered density was also measured using a pycnometer.

Sintered density measurements are tabulated in Appendix F.
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CHAPTER 7
EXPERIMENTAL RESULTS

Sixteen different alumina powder mixtures were prepared
for this study. The powder mixtures included three bimodal
mixtures of coarse and medium and three bimodal mixtures of
coarse and fine powders. In these mixtures the coarse
component ranged from 60% to 80% of the composition, the
remainder consisted of either the medium or the fine
component. Seven trimodal mixtures were also among those
prepared. In these mixtures, the coarse component ranged from
60% to 90% with the remainder consisting of the medium and
fine materials. A preparation of each of the raw materials
was also evaluated. A particle size distribution comparison
for all three raw materials is shown in Figure 19. Particle
size data and SEM photographs obtained for each of the three
raw materials are shown in Figures 20 through 25. In this
chapter density comparisons will be made for each of these
mixtures. The density measurements evaluated include: the
apparent density or loose packed powder density, the tap
density also referred to as the maximum density attainable
without compression, the Hausner ratio, the green density and

the sintered density.

48



Percent

100

///; ~&— Disperal 606 |
~8—HPA-0S

/ —&—HPA-10

450 4.00 350

Figure 19.

1: J /

3.00 250 200 1.50 1.00 050 0.00
Diameter in Microns

Cumulative Particle Size Distribution
Comparison

49



Percent

100

10

Figure 20.

Diameter in Microns

Particle Size Analysis for

Component

50

Coarse

. 'EWHPA-10!



Figure 21.

SEM micrograph

of Coarse Component



Percent

; ‘WHPAQS|

Diameter in Microns

Figure 22. Particle Size Analysis for Medium

Component

52



Figure 23. SEM micrograph of Medium Component
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Figure 25. SEM micrograph of Fine Component
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7.1 APPARENT DENSITY, TAP DENSITY and the HAUSNER RATIO

Apparent density measuremen;s for the sixteen mixtures
produced for this study are shown in Table V. Although the
differences in apparent density were not great, slightly
higher density was obtained with a bimodal or trimodal
particle size distribution. The specimen containing a ratio
of 70:20:10, coarse:medium:fine had the highest apparent
density of 1.06 g/cc, followed closely by the mixture
containing a ratio of 80:0:20 with an apparent density of 1.05
g/cc.

Tap density measurements for the sixteen mixtures
produced for this study are shown in Table VI. The tap
density measurements for the 80:0:20 bimodal mixture and all
seven trimodal mixtures were higher than all of the other
specimens. This would indicate that the trimodal mixtures
form random dense packing configurations more easily and are
more dense than bimodal mixtures that contain 40% fine
material or contain only coarse and medium materials.

The Hausner Ratio® was first proposed by Hausner [20] as
a measure of the "friction condition" in metal powders. It
gives an indication of the variations in interparticle forces.
The Hausner Ratio was also calculated for each powder and is

shown in Table VII. The Hausner ratio of a specimen of 100%

? The Hausner Ratio is the ratio of the tap density to the
apparent density.
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Table V. Apparent Density (g/cc) of Particle Mixtures

% Fines %2 Coarse
60% 70% 80% 90% 100%
40% 0.89
(0.01)
30% 0.99 0.95
(0.02) (0.01)
20% 1.01 1.00 1.05
(0.03) (0.03) (0.02)
10% 1.00 1.06 1.04
(0.03) (0.03) (0.01)
5% 0.96
(0.02)
0% 0.93 1.01 0.95 0.95
(0.01) (0.03) 0.02 (0.01)
100% Fines 0.66 (0.01) 100% Medium 0.98 (0.02)

The data in parentheses are standard deviations.
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Table VI. Tap Density (g/cc) of Particle Mixtures

% Fines % Coarse

60% 70% 80% 90% 100%
40% 1.35
(0.00)
30% 1.47 1.44

(0.01) (0.01)

20% 1.51 1.53 1.57
(0.02) (0.01) (0.02)

5% 1.44
(0.03)
0% 1.33 1.40 1.37 1.31
(0.00) (0.02) (0.01) (0.01)
100% Fines 0.99 (0.00) 100% Medium 1.29 (0.01)

The data in parentheses are standard deviations.
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Table VII, Hausner Ratio of Particle Mixtures

% Fines | § Coarse
60% 70% 80% 90% 100%
40% 1.51
(0.02)
30% 1.49 1.52
(0.02) (0.01)
20% 1.49 1.53 1.49
(0.03) (0.03) (0.02)
10% 1.48 1.43 1.47
0.04 (0.03) (0.01)
5% 1.50
0.06
0% 1.43 1.39 1.44 1.38
(0.01) (0.02) (0.02) (0.01)
100% Fines 1.49 (0.02) 100% Medium 1.32 (0.01)

The data in parentheses are standard deviations.
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coarse material was measured to be 1.38. The Hausner ratio of
a mixture containing 60% coarse and 40% medium was 1.43 and
the Hausner ratio of a mixture containing 60% coarse and 40%
fine was 1.51. 1In all three of these materials the apparent
density is relatively low, i.e., <0.95 g/cc.

This indicates a high degree of void space and or
particle agglomeration. A high Hausner ratio would indicate
that a large amount of this void space or agglomeration was
eliminated during the tapping operation. This could be a
measure of the hardness or softness of particle agglomeration
within a sample and may be useful in determining fairly large

differences in powder characteristics.

7.2 GREEN DENSITY VARIATIONS with COMPOSITION

In this investigation the green density' was measured
using a balance and a pair of calipers. The green density of
pellets pressed from the various powder mixtures and standard
deviation are shown in Table VIII.

From previous discussions it is expected that higher
green densities should result from bimodal and trimodal
mixtures. To determine this effect, the green density was
plotted as a function of ¢ fines and % medium in Figures 26

and 27. As can be seen from these figures the maximum green

' The green density is the density of the pressed pellet in
g/cc.
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Table VIII. Green Density (g/cc) of Powder Compacts

% Fines %2 Coarse
60% 70% 80% 90% 100%
40% 2.30
(0.006)
30% 2.34 2.35
(0.011) 0.012
20% 2.42 2.44 2.42
(0.006) (0.012) (0.016)
10% 2.54 2.55 2.51
{0.012) (0.012) (0.015)
5% 2.50
(0.009)
0% 2.52 2.50 2.46 2.44
{0.009) (0.011) (0.009) (0.020)

100% Fines

1.62 (0.101)

1003 Medium 2.46 (0.011)

The data in parentheses are standard deviations.
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density was obtained when the composition contained 10% of the
fine component. Figures 26 and 27 essentially show the same
data from a slightly different viewpoint. In a three
component mixture, if the composition of one component remains
constant, then for the other two, as one increases the other
must decrease. In Figure 26, as the composition of the coarse
component increases, the composition of the medium component
decreases since the composition of the fine component at the

locally highest density remains at 10%.

7.3 SINTERED DENSITY

Five pellets were sintered from each powder mixture. The
sintered density and standard deviation of each pellet are
shown in Table IX. 1Individual sintered density measurements
can be found in Appendix F. The sintered density as a
function of % fines for a mixture composed of 80% coarse
material, is shown in Figure 28. The sintered density as a
function of % fines for a mixture composed of 70% coarse
material is shown in Figure 29 and similarly the sintered
density as a function of ¢ fines for a mixture composed of 60%
coarse material is shown in Figure 30. The sintered density

increases with an increase in the % fines used in the mixture.
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Table IX. Sintered Density (g/cc) of Powder Compacts
% Fines % Coarse
60% 70% 80% 90% 100%
40% 3.934
(0.023)
30% 3.926 3.929
(0.020) (0.016)
20% 3.914 3.913 3.929
(0.020) (0.011) (0.012)
10% 3.892 3.936 3.895
(0.023) (0.015) (0.009)
5% 3.937
(0.007)
0% 3.858 3.904 3.883 3.951
(0.009) (0.017) (0.015) (0.013)
100% Fines 4.058 (0.050) 100% Medium 3.917 (0.016)

The data in parentheses are standard deviations.
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CHAPTER 8
DISCUSSION OF RESULTS

There are many variables that could be evaluated in a
study such as this one. The main areas of discussion here are
restricted to, raw material selection, maximizing green
density and minimizing shrinkage. Each of these aspects of
this evaluation have played important roles in the results of

this research project.

8.1 RAW MATERIAL SELECTION

In preliminary powder processing test runs, identical
particle compositions gave results varying by up to
approximately 2%. Variations in materials produced under
identical conditions gave differences of less than 1%, as
estimated from the data in Appendix G. This shows the
importance of processing conditions on the resulting product
characteristics.

Two of the three materials used in this investigation
were high purity alumina whereas the third component, i.e.,
the fine component, was a monohydrate of alumina.
Decomposition of the hydrate no doubt is one of the reasons
why there is an increase in open porosity as a function of the
concentration of fines in the composition, as shown in Figure

31. However, the extent of aggregation and homogeneity of the
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mixed powders would also contribute to the porosity of the
final product.

As mentioned in the preceding section, the sintered
density also appears to increase with an increase in fines
concentration. This was shown most dramatically in Figure 30.
The asymptotic nature of the curve fitting the data in Figure
30 is reasonable because under any set of conditions the
sintered density has an upper limit. The sintered density
approaches the upper limit as the concentration of the fine
component is increased. It would also follow that shrinkage
would also increase with an increase in the percent fines, as
shown in Figure 32. Shrinkage of compositions containing
greater than 30% fines may also approach an upper limit

asymptotically.

8.2 MAXTMIZING DENSITY and MINIMIZING SHRINKAGE
Shrinkage observed for specimens containing 0%, 10% and
20% fines are very similar. It is not until the fine content
exceeds about 30% that shrinkage increases significantly.
This indicates, as described by Smith and Messing [17] and in
Section 3.5, that shrinkage is controlled by the coarse
component, or in this case the coarse and possibly medium
components, until the composition approaches 30% fines. It
should also be noted that the point where the shrinkage is a
minimum corresponds to the point where the green density
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reaches a maximum. This is shown for compositions containing
80% coarse, 70% coarse and 60% coarse material in Figures 33,
34 and 35, respectively. This confirms the idea that by
increasing green density shrinkage can be minimized. Also in
general, the percent shrinkage decreases as the green density

increases. Figure 36 shows this trend.

8.3 Conformance with Previous Studies

The fractional packing density of an FCC structure is
0.74. From calculations, presented in Appendices C and D, the
fractional volume occupied by tetrahedral and octahedral sites
in an FCC structure makes up only about 7% of the total volume
of the structure. The residual porosity remaining after
filling tetrahedral and octahedral sites is still about 19%.
If this residual porosity could be filled with spherical
particles, their radii would have to be on the order of one
tenth, or less than, the size of the particles making up the
FCC structure. This is consistent with a particle size ratio
of approximately 1:5:25 which consists of 21.6% fine, 9.2%
medium and 69.2% coarse, as shown in Table II, from German
[8]. However, as the particle size ratio gets larger, e.qg.,
1:7:77, the optimal packing gets closer to that found in this
study. That is, green density is maximized in mixtures
containing approximately 10% fines. The highest green density
observed in this study was produced with the specimen that
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contained 10% fines, 20% medium and 70% coarse material. From
the particle size analysis of the raw materials used in this
study, a ratio of approximately 1:5:12 was obtained. However,
if the fine component had a mean radius that was significantly
smaller than 0.05 microns, which is highly probable as evident
from Figure 18, the ratio may be greatly different.

Six specimens in this study were binary mixtures, three
consisting of coarse and fine materials and three consisting
of coarse and medium materials. The green density obtained
from the coarse/medium binary mixtures varied by only a little
more than 2%, whereas the green density obtained from the
binary mixtures made from the coarse and fine materials varied
by as much as 5%. From preliminary processing data, as
described in Section 8.1, a 2% difference in green density
could be the result of a slight difference in processing
conditions. The 5% difference observed in the coarse/fine
binary system however is significant and in fact the highest
green density found in this study, i.e. 70% coarse, 20% medium
and 10% fines, falls on the 1line perpendicular to the
coarse/fine side of the ternary diagram at the point of the
maximum density observed for the binary system, as shown in

Figure 4.
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CHAPTER 9
CONCLUSIONS

Sintered density increases with an increase in the
percent fines in the mixture. The specimen comprised of 100%
fines also gave the highest sintered density. Although
density may increase with an increase in the % fines, in
general so does the shrinkage. Shrinkage is minimized when
the green density is maximized. In this study the green
density was maximized when the mixture contained 10% fines;
this condition also showed the least shrinkage. This is
important because the production of dense ceramic components
made with a minimum of shrinkage is a primary objective of the
ceramic industry.

As mentioned in Section 2.1, if the maximum packing
density of spheres of a single particle size is estimated to
be 60-65% of theoretical, and the maximum packing density for
a trimodal mixture is 90-95% of theoretical, then the weight
fraction or volume fraction® made up of the medium and fine
particles must be approximately 30%. The specimen with the
highest green density in this study had a composition of 70%
coarse, 20% medium and 10% fine material. This composition is

consistent with optimum trimodal pPackings obtained from

* The weight fraction and the volume fraction are equivalent
when all particles are of the same density.
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various sources, as described by German and presented in Table
II in Section 2.2.

In bimodal mixtures of the coarse and medium materials,
the standard deviation of the green density increases with an
increase in the coarse component. However in these same
specimens, the standard deviation of the sintered density
decreases with an increase in the coarse component. No
similar trend was observed in +trimodal mixtures which
indicates that trimodal mixtures may not give greater product
reproducibility but do result in 1less shrinkage, at least

under the conditions of this study.
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ICERALDOX

A Dvsion of vista Chrermwcal Company

San Jose University Date: June 6, 1995
Dept. of Material Engineering Product Type: HPA-1.0
129°S. 10th Street ) Al;O; Purity: 99.99%
San Jose, CA. 95192-0086 Number: 52549

Shipment Weight: 1.5 kgs
Attn: Guna Selvaduney

LOT ANALYSIS

CHEMICAL ANALYSIS
Trace Impurities (ppm)
Na Si &QM&QQQMﬁMnQQMQLJZnZE

28 21 6 5 4 <4 <l <] 3 <l <1 <4 < < 2

Green Fired
+10 <] 2.24 3.83
+5 2
+3 5
+2 10

1 30 Surface Area, m¥/gm

+0.7 49

+0.3 67 4.3
+04 78
+0.3 88
+0.2 97 inear inkage %
+0.1 100
16.2
D-50. microns 0.70

METHODOLOGY

Chemical Analysis: Inductively Coupled Argon Plasma/Atomic Absorption.

Particle Size Distribution: By Laser Diffraction

Surface Area: B.E.T. Monosorb

Green & Fired Density. Lincar Shrinkage: Alumina Ceramic Manufacturing Assn. (ACMC) Test 6.
ASTM C-373-2

Gireen density values are determined on a 10 gram pellet, pressed at 5000 psi (34.47 Mpa) in a 1™ floating
dic. Fired density values are determined from a pellet sintered at 1510°C for 2 hours.
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IEERALOX

A Dvision of Visca Crerrvcal Compeany
San Jose University
Dept. of Material Engineering
129 S. 10th Street
San Jose, CA. 95192-0086

Date: Junc 6. 1995
Product Type: HPA-0.5
AlLO; Purny: 99999,
Number: 31163

Shipment Weight: 1.0 kgs

Attn: Guna Selvaduney

LOT ANALYSIS

Trace Impurities (ppm)

'LaS_iFeC&MgG_ag‘MﬂMnQuMQLiZQZL
18 31 12 7 1 <4 < < 2 < o<l < <] o 4
PHYSICAL PROPERTIES
Microns Wi% Density, g/em”
Green Eired
+10 0 2.19 3.92
+5 <l
+3 1
+2 3

+] 13 Surface Area. m*/gm

+0.7 28

+0.5 48 10.0
+0.4 62
0.3 77
+0.2 93 i i e %
+0.1 100
17.3

D-50. microns 0.48

METHODQLOGY

Chemical Analvsis: Inductively Coupled Argon Plasma/Atomic Absorption.

Particle Size Distribution: By Laser Diffraction

Surface Area: B.E.T. Monosorb

Green & Fired Density. Linear Shrinkage: Alumina Ceramic Manufacturing Assn { ACMC) Test 6.
ASTM C-373-2

Green density values are determined on a 10 gram pellet, pressed at 5000 psi (34.47 Mpa)ina | floating
die. Fired density values are determined from a pellet sintered at 1510°C for 2 hours.
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LG (U 9)

Postacn 600445 “ CONDEA

22204 Hamburg ) A
v Totan e © 75- 0
Tatam @R 7536 38
r——' 08-07-95P03:54 Rcvn_l T w31
SAN JOSE UNIVERSITY
Attn.: Mrs. Luna Selvadunay
Dept. of Material Eng.
129 S. 10th Street
San Jose, CA 95192-0086
U.SA.
L ! 21-Juk95 |, TUot
PROFORMA-RECHNUNG-NQ.:23.042/95
——— - - PROFORMA-INVOICE)
B Auf Thre Anfrage senden wir Ihnen per DHL am: 28'7'19955
(UPON YOUR REQUEST WE HAVE SENT BY) (om)
Ein Muster ohne Handelswert
(A SAMPLE WITHOUT ANY COMMERCIAL VALUE)
Gewichis (Weights) Batrag
Maenge . W Lot-Na. Gebinde beutts L) (Amunt)
(Quasary) tg (PROOOCTY (Prtmng (grem) g ) by [ ~
1 kg | DISPERAL 57771 Karton 1,1 1.0 5.
Alumina sample for test No charge,| vaiue for
- usa only. customs c+ma only]

Bemerkungen :
Remara)  Sample shipment as agreed upon with Or. Thomas Lidemann on July 20, 1995.

Tosca-Certificate attached.

. Material Safety D_ala_s_hget and Certificate of Analysis will-follow by separate mail. -

e - ———r

Ursprungserkirung  we crey ae ces aoesms ores s 0 of arghn of Fosarst fapuatt o Cormaen.

{cartificsts of origin) New - ntap RCIRre Sant %o AV w Corigine ¢¢ & Apattyms Pédrn
AR ot gou E Prl Rditem o danny d el W ks Sarchd
CONDEA CHEMIE GmbH

cc: ATA, Labor, V+G

e Y




CONDEA Chemie GmbH

Uberseenng 40
22297 Hamburg

SAN JOSE UNIVERSITY
MRS LUNA SELVADUNAY

w CONDEA

Sample request no.: 23042/95
Product: DISPERAL
Lot-no.: 57771

* Apnalytical Data +

Date: 26.07.95

Test Unit Result
Surface area m2/g 173
21203 ~ content % 77.7
Loose bulk density g/ml 0.52
Particle size: < 25 micron $ 83.1
Particle size: < 45 micron % 92.4
Particle size: < 90 micron % 100.0
Dispersibility % 98.5

Best fYegards

DE gemie GmbH

c
Works'! Inspector

Ote Ubersendung diesas Anatysenzertfikats ertoigt ledigtich zur
Information una stelit kemne Zusicherung von Eiganschatten dar.
Die Ubersenaung entindet den Empfinger ncht von der Ourch-
fihrung siner or 9 Wwar g3orufung. Dieses
Analysenzerufikat begrundet kemne Anspnicne Ontter. an cie es
weilergeraicnt wird. im ubngen geiten ynsere Aligemeinen
G i n der | KL F

Furm €518 (07 93)

sunyg v

Manufacturer:

RWE-DEA AG
P.0.Box 1160
D-25534 BRUNSB{TTEL

Phone: 04852/ 392-0

This ceruficate of anpuegx(s :;s 13 ‘ntnf%r?ng/on 03me ?na does not

Guarantae any partcular proquct propertes. It does not free the

of the ig to carry Qut a product recemving
inspectian. This certficats of analysis does not creste claims of
thurd parues 1o winch itis on. Al tr are

‘0 ai- Reneral Business Conditions as amengeg up to the tme
condemed.
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- Polyethylene
| CAMMX Glycols

Compound 2

CAS # 42617-82-3
CHEMICAL FAMILY — Oxyalkylene Polymer
CTFA NOMENCLATURE - PEG-350

TYPICAL Average Molecular Weight Range 15.000 to 20,000
PHYSICAL PROPERTIES
Density (g/cm?® @ 60°C) 1.0540
Meiting or Freezing Range 61to 64°C
(142 to 147°F)
Solubility in Water (Wte% @ 20°C) =65
Viscosity (cSt @ 99°C) 18,650
Avg. Liquid Specific Heat (cal/g/°C) 0.59
Heat of Fusion (cal/g) 41
pH at 25°C (5% Aqueous Solution) 6.5t08.0
SHIPPING INFORMATION Physical Form Fiake
Bulk Density 30 ibs/ft3
Flash Point
Pensky-Martens closed cup (ASTM 093) >180°C (350°F)
Cleveiand open cup (ASTM D92) >180°C (350°F)
uc-864

UNION
CARAIDE

UNION CARBIDE CORPORATION
Industrial Performance Chemicals

39 Oid Ridgabury Road
Danbury, CT 06817-0001

UNION CARBIDE and CARBOWAX are registered trademarks of Union Carbide.
© 1991, 19395 Union Cartide.

Union Carbide Corporation has compiled the information contained herein from what it
beiieves are authontative sources and believes that it is accurate and factual as of the
date printed. it is offered solely as a convenience to its customers and is intended only as
a guide conceming the products mentioned. Since the user's product formuiation, specific
use application, and conditions of use are beyond Union Carbide’s control, Union Carbide
makes No warranty or representation regarding the resuits that may be obtained by the
user. It shall be the responsibility of the user to determine the suitability of any products
mentioned for the user's specific application. This information is not to be taken as a
warranty or representation for which Union Carbide assumes legal responsibility nor as
permission o practice any patanted invention without a license.
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TYPICAL KNOWN
APPLICATIONS FOR
POLYETHYLENE
GLYcoL

ADHESIVES - AGRICULTURE - CERAMICS - CHEMICAL INTERMEDIATES -
COSMETICS - TOILETRIES - ELECTROPLATING/ELECTROPOLISHING -
FOOD PROCESSING - HOUSEHOLD PRODUCTS - LUBRICANTS -
METAL/METAL FABRICATION - PAINTS & COATINGS - PAPER INDUSTRY-
PHARMACEUTICALS - PRINTING - RUBBER & ELASTOMERS - TEXTILES -
WQOQD PROCESSING

FDA STATUS

CARBOWAX® compound 20M is cleared under the following Food Additive
Reguiation for indirect use:

§177.1680 Stabilizer in polyurethane resins forming the food contact surface of
articles intended for use in contact with bulk quantities of dry food.

HANDLING AND
STORAGE

CARBOWAX Compound 20M is usually sald as a solid in bags or in fiber drums.
The containers should be kept sealed and should not be stored next to steam
lines or other heat sources that could cause the product to soften or meit.
Recommended storage temperature is below 40°C (105°F).

PRODUCT SAFETY

For technical information call:

When considering the use of any Union Carbide products in a particular application,
you should review our latest Material Safety Data Sheets and ensure that the use
you intend can be accomplished safely. For Material Safety Data Sheets and other
product safety information, contact the Union Carbide Sales Office nearest you.
Before handling any other products mentioned in the text, you should obtain avail-
able product safety information and take necessary steps to ensure safety of use.

No chemical should be used as or in a food, drug, medical device, or cosmetic,
orin a product or process in which it may contact a food, drug, medical device.
or cosmetic, until the user has determined the safety and legality of the use.
Since govemnment regulations and use conditions are subject to change, it is
the user's responsibility to determine that the information contained herein is
appropriate and suitable under current, applicable laws and regulations.

Union Carbide requests that the customer read, understand and comply with the
information contained in this product information booklet and the current Material
Safety Data Sheet. The customer should fumnish the information in this product
information bockiet to its employees, contractors, and customers or other
downstream users of the product and request that they do the same.

1-800-UCC-PEGS

For samples and smail containers call: 1 -800-969-2707

For drums, bulk orders & customer service call: 1 -800-568—4000
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90



B Example of Data Printout

Only by one increment
automarically

*Samplename [ Numerals and mark
*Sample number \€30 be used. )

M ing mode

-
FARTICLE SIZE AN VSIS BY SA-CP«
l vi.10
. ) SEHPLE D J1S-1§—— :
“Particle density SANPLE & 24,3-89-D3
°*Dispersant densicy ———p ggugx;v 3 nODE _:nuLTt
i . ———L DENEITY 1. 000 20CFPO/NIN) —~——
*Dispersant viscosicy gégs.uri.su.sz 120 ’ —_—
. ; —_ M H
*Distance of sedimen. — BREAK P, 1 KEX) : STANDARD ———eee
tarion ;lrt) ,
*Concentration at com- — TInE o:23:08
pletion of measurement
“Time recuired for measurement cparn syanarys
NEDIAKH PIRA. 1,681 (M) e
n0DARL bian, 1,295 (pm)
SURFRCEZ ARER 1.645 (mew 8y e
——
23.0% DIRA. 6.921 Chmy—y
75.8% DIAN. 3.417 (pn)

CPARTICLE SIZE DISTRIBUTION DRTRY

Measuring mode
These are displaved oniv
when MULTI mode 13
selected. G indicates
gavizational sediment-
tion and C shows centni-
fugal sed:mentazion.

Reference number

°"®"Measering paricie —
dameser !

R

Measuring sime

Elapsed t:me to dzzect
particies Fasing the set
particis diamerter

* Measuring cenditions
These are to be sez by
switches or £om key
board.

=* % value can be set
arbitrarily.
*** Display of items below
than this mav be omi-
ted if not regumed.

KS&=-lPe¢  (UNMULATIVE GRARPH)

2¢,3/€5-£3

DI&N. TINE Re<. |[Cratise] [ cun

XCKa) /s C%) b‘-ccz)]
[c1] [15. 000 e1:02f f0.%921 o 180.0
e2| lig.coa 02:20! ja 992 11 esls
o3| ["8.6vo e3:38] 1o.sesy 107 Il 9gl2
63! | €. 006 0c:2g( |e- 98« . 5.7
as| | $. 008 89:18) 0.921] 3:9 || 90.7
0f] | 4leco 16:321 16 oaqft E-1 4] g377
o7l | 3.0cd 14:55) la.gsall 13:1 || €5.s
8%| | 2.056 15:47] o 79|l 31:% It 5707
03] | 1. zanl 16:41) [e 660l 12:8 f} esi7l
10 | 1,600 g:26| la.e27)l 7-€ || 2704
11 0. €00 9:41] 10,316 - 20.6
12| | 8lgae 1:39| fesy7sll 8-8 |4 15le
13 | 0.s%0 3:0ef fa.113)f 3-8 7.9
1a] | o Q ?-9 [

|

Jis=-:1 ————eee

n} (%2
S0 100

v )

LD RIADD
PDOAPDPAODD
QOOVDINDIANMA

(ol ple L S IN T T

b B

CSR-CPC DIFFERENTIRL GRAPH)>

SanPLE 1D Jl1e-1
SANPLE ¢ 2473749-03

bilan, 7 x
Xipum) ¢ - 108

1%-000 H s B i , N : 3

91

|

L

Rotauion speed or acceleration
rate of centrifuge
Kind of extinction coefficient
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Cumuiaine pasticic size distridpution

graph
Overs:ze measurement 18 aiso Foss:dic.

It is possible to seiect any of gn. gn/oa.
qn/alog:x, (n=0. 1. 2. 3, for abscissa
scale. gn 15 change distribution. gn “&x
and qplalog:x are differential particie
size distribution.

Histogram type paruicie suze distribution
graph -



PARTICLE SIZE RNALYSIS BY SR-CP4
ui.ee

PRRTICLE SIZE RANALYSIS BY SA-CP4
ul.e0

SAMPLE 1D - fiPa-1 ~~“BLE ID . HAA-y
SAMPLE &  2-13-96 RUNB! PLE &  x-13,96 RUNO1
DENSITY  3.95 MODE_:CENT HSITY  3.3S MODE :CENT
DENSITY _ 9.9378 488CRPM/TMIN) INSITY _ 3.3378 48BCRPHMIND
égc.(mPA.s;g.ae l.impa. .z .@.95
EPTH 2 e £ 2
FEAK P. 3 K¢X>:STANDARD ik P 9 K (%) 3:STANDRRD
IME 93:21:33 = 3:21:33
CRTR SLIMNRRY - TR SLMRARRY S
NECIah Lian C.zld wHm M. o3 OlaM. 3.67T4 ¢ Hm
Mala. LI, A.878 ¢ BmD ) MODRL O I8aM, A.673 CHm.
IiCRFE £ LFER 2.436 o mem.3h SiRFACE ARER o308 omem oo
A%, 37, LTAN, 1,341 (Hm) .3% DIAN. 1.341 CFm
S1& tian. 2.331 CEmd 285 BIAn: A.281 «mmy
DLan, cuyn pram. UM
Teum 43 L) ¥ Hm ) Q3 3
' 32.3 1.208 22.3
Z 32.7 : 1.900 23.7
3 ey > 3.399 7.9
3 zs.1 3.5a0 25.1
g 2.1 3.3199 2.1
>4 CUNULATIVE GF3PH>
LE IC 199
LE &  2-13-96 RULN@L
LA, DEESY
Emy Q9 5 1006
.99
5] . 230
=] . 308
G 2.999
5] 1.5499
) 1.999
3 5.398
Q 3,589
3 2.5
1) 3.4‘35
3 3.3589
T J.208
. 2.159
@. 198
9.033
2.969
@.359
2

IAanPLE 1D 193
ZRANFPLE & 2.°13-95 RUNGL
oTAM. a3 (%)
Zopmy g =1°] H
[515]3]
339
999

i)

92

CP4 [ IFFERENTIAL GRAPH™
SLE I 199

°LE # 2713738 RUNBL
[an, LERgS:

B NN ;3 56
33

539

599

OIS =1 )0 14 I NTDID LN,
(30 QUDAT L TR AT N T 02 Do aT o]
ONDAR A ADADAT AT DAY A LT T

[ S Lo L DAL CRAT TR Y]




PRARTICLE SIZE RANRLYSIS BY SSICga

ID . KPA-0©.5

- 2713736 RUNB2

95 MODE :CENT
373 480 CRPHIMIN)
-]

K<CX>: STANDARD

DATR SLNMNARPY

NEDIARN T laM, 2,351 wm)
naI0AL LIS, B, 268 M)
ZLRFACE IPER 3.363 cmum.a;
35.9% DlAan., 3,925 L Am)
S.a% 0IAnN, 3,169 « KM
OIRM, UM
LCRm DERNEY
1 1.209 2r.2
2 1.999 35.3
z 9.388 21.6
3 9.599 Tr.2
5 d.199 9.7
IA-CF4  CUMULATIVE GPAPH>

SAHPLE ID 910
SAMPLE & 2712396 RUNB2

23 (%)

XCHmY g 53 100

S.388 - T

.
QUL
DOOCOIIO®

OO DD iy 4
Qrere b NG 0)

Ko

OOHOOOORCOLSODG

-CP4 [LIFFERENTIAL @RAPH>

-
-

(o]

—

M= o)
g

il

IE.-I (W DADLT)

DOUDECOCDHO D CTE .

Qa;&"a‘_‘n‘_u‘_n.—r‘l_l-.‘-l—l_ﬂ I
. . -

« s 4 8 s o o

et FUR B L T Y
O G UM O TS & e

DD

PARTICLE SIZE ANALYSIS BY SA-CP4

y1.008
PLE ID KPro-5
PLE & 2713796 RUNB2
INSITY %7.9S MODE :CENT
INSITY 3.9978 42BCRPM/MIN)
.(MP3 . S5,9.96
TH 2
aK P. 9 K{X): STANDARRD

IE 8:17:09

SATA SUNMAR'Y:

MEDIRKN D IAM. 3.331 -« Hmy
HOODRL DIAaM. 9,285 (Hmy
SURFACE RREAQ 4.908 (mam, 3,
35.9% Dlam, 3.925 (Hm»
S.9% DIAn. B.1589 vpEm)
oIAn., cun
WOHmY Qs <%
1.209 7.2
: 1.999 35.3
5 3,380 It.8
3 3,568 V7.5
3 2,109 9.7
I-CP3 CUMULRTIVE GRAFH
SNPLE I0 919
QIMPLE & 2.713.796 RUNG2
DIAn, Q3 <%
oEm, g Se
S.%399 T
L]
2.928
2.998
1,590
1.089
9.38649
3.600
2,389
9,483
3.309
3.280
9.150
9.109
8.0639
%]
T "4 DIFFERENTIAL GRAPH>
LE I 219
LE ¢ 2I-17-96 RUNB2
NN EERE b
-m. 59 199

% 0
(DR T VAT IR

.
i i%e
[

93



PARTICLE SITZ ANALYSIS BY SA-CP4
vi.ee
SAMPLE 1o drse
SANPLE 8  2-13,96 RUN@3
P DENSITY  3.3S MODE :CENT
L DENSITY  3.937s 438 CRPH-MIN)
NI5C. (mPa. 579, 36
LEPTH 2
BREAK P. 3 K(X>:STANDARD
TINE 3:21:33
DATA TimMary:
MED [AH DIAM. 1.145 ¢Hm,
MACAL [IAM. L0570 ¢ uma
SURPFACE SFER SI533 cmem,g,
2,55 oA, T.059 cmmy
£13% plAn. 8.858 «em)
s1aM. cun
Hm oy Qs 0%,
1 1,299 51.7
: 1,329 i5.5
3 2.398 33.3
3 3.5a9 338
s 3. 128 2.2
IR-CP4  CUMULATIVE GPAPH:
ZANPLE I¢ 991
ANPLE ¢ 21396 RUNB3
praM. 23 ¢%)
2o Em g so
5,993
3309
3. 998
3999
1.S9a
1.389
3,390
3. 608
9.560
3. 495
9.0
@.200 |
3.150
2.130
9.820
a.058
3.958
2
[ 2
$A-CP4 [IFFERENTIAL GRAPH>
SAMPLE 1D 9941
SAMPLE & 2-13.96 RUNB3
DIAM a3 <%
XCHmY g 5@ 199
S.2939
3.996
3300
2-880
1-598
1.980
2.389
3.681
8-590
8.399
9-300
a- 209
8-159
3.109
8.833
2960
3.950
2

TARTICLE SIZE ANALYSIS BY SA-CP4

v1l.490
‘LE ID ._DisP
LE & 2,137,96 RUNBZI
1§ITV .35 MODE :CENT
MNEITY 3.9978 438C(RPM/MIND
mPa,35,8,%8
H 2
P, 2] K<(X): STANDRRD
3:21:38
IAaTA TUMNMAPY Y
TSI IRN 1AM, 1,145 rpm)
DTCAL Cran, 1.773 « wm>
JURFRIE RPER 3.983 (mum.a,
*2.9% DlARn. S.788 o amy
.2 DrIAan. 3.858 (km>
DIan, UM
N HRmo Q3 (%)
! 1.299 S1.7
Z 1.390 15.¢6
M 2.2908 33.8
4 3.539 24.8
= 9.180 3.2
F4  CUMULATIUE B3RAPH:»
€ ID 931
£ 8 2/13-96 RUUNB3
<. Q3 (%)
~) 9 59 133
23 T
99
. 71
. g0y
. S98
. 1399
3. 239
B, 33
Z-11%
3,480
9.2830
3,203
3.138 i
3,183 :
3.833 :
3.068 :
3.850
7]
ZA-CP4 OCIFFERENTIAL GRAPH)>
SAMPLE D 991
TRIIFLE & 2713-96 RUNB3
~raM Q3 7aX
T, 9 58 199
36
1313
;38
238
£99
398
299
=98
O=11"]
« 3438
- 588
- 298
2158
B3.109
Q.530
g.35@
J.950
9

Vo)
>




T~ PARTICLE SIZE ANRLYSIS BY :ZA~-(P4 PRRTICLE SIZE RNALYSIS BY Sﬂ-CSd
vi.ge

Ul.060
SANMPLE ID 190 LE ID 10e R
IRIFLE & 2.-14,9¢ RUNO! LE & 2/14-96 RUNGL
F DENSITY 2.95 MODE :CENT ISITY .95 MODE ::IENT
L DENSITY 2.9378 489 (RPHM/MIN)D ASITY _.3.9%978 483C(RPA/MIND
ISC,mP2,530, 36 . »-mP&.3,8,96
L EPTH 2 H 2
EFERK P. 5} K(X>:STANDRRD K P. 3 K(X>:STANDRRD
TINE 3:21:33 9:2::28
JRATR SUNNMAPRY - TR SUMNRRY -
HED TR TIAN. B.95E8 - Fw MECQLARH DIAM, J3.528 < Km
ST ST AN =1 N A.5a7 M NODRL D IRAM. B9.597 HmM)
IuFFRlE GRER T.526 (memd SUFRFRLE ARER 2.S526 Mmooy
29.9°% DIam., 1,123 v Em, AS.a%, L Aah, 1,163 “Hm.,
S.3°% 0IAan, B3.231 «rpm) S5.a°% DIAnN, A.231 Hm
DIRit. cun DILRmn cun
o Hma Q3 (%) = Em o, QA3 ¢
1 1,299 35.5 . 1.248 35.9
< 1,399 32.8 - 1.0809 22.3
M 3.3939 76.5 z 3,889 76.5
3 Q,529 28.6 4 3.590 23.5
9 2.159 2.1 3 8.159 2.1
IA-CP3  CUMULATIVE 3GRAPH. P33 CUMULATIVE GRAPH®
ZAMPLE ID 1499 FLE Il 198
IANMPLE # 2.714. 38 RPUNOL FPLE &8 214/35 PiINOL
CIRM, Q2 20 Ian. 23 ¢
{o Mmoo g 58 : Tewmtg 58 1900
S.03 - . . v =] -
1, 2010 t.989
Z. 839 Z.999
2,999 2.a99
1,902 1.5008
1,283 1.509
a, 394 3.508
3,206 .593
3, T34 a.%592
3,400 9.499
9, sua 8,398
9,292 2,288
3,159 9.159
a, 199 3.18a8
3,329 2.989
1,353 2.950
2,459 3.8506
3 3
»
IA-IRP4 DIFFERENTIAL SPAPH> IA-CP4 [ IFFERENTIRL 3RAPH’
SANPLE I 199 ZAMPLE ID 199
SANFLE & 214356 RUNOGL TRAMPLE # 2 1436 RUNG1L
DIRAM. qz D) I&an. B /4K
K Rma 50 : CHmY g =15 ] 198
S5.590Q -390
4.098 + 1390
3.-089 - 308
2+.1209 Y ]%]")
1-5499 - 500
1-999 .+ 8008
9.399 J- 380
3580 J-609
2.509 2-599
9. 439 3-4089
9.329 B.3080
9. 239 8- 200
8-159 3158
3190 9. 139
3930 A.-980
33593 9.0860
3.9S53 9-0859
] 9

f
|
'
5
i
0
(8]



PARTICLE SIZE ANRLYSIS BY <A-CP4 SARTICLE SIZE ANRLYSIS BY SA-CP4
U e

U1.08 ;
SANMPLE ID 018 IRMPLE ID 4l8
ZAMPLE &  2-14-96 RUN@2 "PLE & 21496 RUN@Z
DENSITY 2.95 MODE :CENT NSITY T.95 MODE :CENT
DENSITY 9.9978 488 C(RPM/MIND ‘NSITY 3.93978 489CRPM/MIND
ISC.<mPa,$>9.96 L(MPA = 3,96
EPTH 2 H 2
RERK P. ] KC(X)>:STANDARD . K P. ] K¢X)>:STANDARD
IME 9:123:3 Io9:113:32
DATA SUMMARY > "R SUMMARY >
HEDIAN CIAM, 9.498 (Hm) MECIAN CIAM. 2.488 « num
HMOGRL CIAaM. 9,281 «Hm, nabaL - lan. Q.21 «smy
SURFRALCE SREA $.873 Jmem. 30 SURFRCE AREA +.873 mem-3,
35.9% DIAM. 2.731 Crm) 3T.an blam. 2.7t cEm
S, prIan., A.172 (Am S.95. CIan. A, 172 Hma
DIAN, cuM CIRM. un
MEm ) F3 ) R, B FERER
! 1.290 T9.4 1.209 T3.4
2 1.9399 T3.3 1.9508 3.7
3 9.398 7.2 N 3,342 c3,2
3 3.5958 59.7 2.5309 $9.7
5 3.198 1.3 J.109 1.3
SR-CP4 CUMULATIVE GRAPH> 74 CUMULATIVE GRAPH>
TAMPLE I 918 ; “E ID 910
SAMPLE & 2/14/96 RUNB2 ‘LE 8 2714-36 RUNB2
orAan. Q3 €% Tan. Q3 (%)
ACHEMY 3 S8 1 SHmy Qg So 199
5.099 —— T —1- - .98 T
1.0899 3
5.099
2,999
1.5 :
1.1339 1.
a.36% a.
d.529 3.
9,539 3.
B.409 3.
3,399 3.
3,288 3.
3.150 3.
J.108 3.
3.9889 3.
9.939 3.
%]
SA-CP4  DIFFERENTIAL GRAPH> IA~CFa
SAMPLE ID 910 IANPLE D al@
SAMPLE & 214,96 RUN®2 TANFLE & 2-14-96 RUNG2
DIAN. LEE &) ~TEN. ax
S Rm) g 5@ 13 UL B 100
5.409 ; : : : : : ’ a9 | : :
$.900 299
3-89 a9
2-009 - AgR
1-500 <S89
1-999 -390
9-889 T
3-609 T
8.509 1. 390
9.4009 :.399
3.388 2.399
g.298 3.200
9159 3.-159
8100 3. 196
9-030 3330
3-959 3.968
e , 3

96



PARTICLE SIZE ANALYSIS BY Sﬁ-CP4

t.88
IANMPLE D 481l
SAMPLE ¢ 214796 RUNB3
F DENSITY 3.95 MODE :CENT
E DENSITY 9.9978 480 (RPM/MIN)
“éggg(mPa.b)g.96
o]
ZPERK P. %} K(X>:STRNDARRD
TIME ©B:21:3
ZATR SUMNARY .
MEDLAM S Ian, 1,453 (#m
NGpRL OIAM, 2,372 wm
SURFACE AFER 2,925 -mem.3.,
3s.y’ CIAM, 3.678 (Hm:
S.a% IR, B3.136 KM
CIRn cunm
o 23 (22D
1 1.299 41.3
2 1,990 34.5
2 9.390 26.5
<+ 9.590 15.9
5 9.189 2.8
3A-CP3  CUMULRTIVE GRAPH>
SAMPLE D 961
SAMPLE ¢ 21496 RUNB3
DIAN,
Ko Wm Yy
5.000

OGO = 6 N0 TS ND OO
O OONOQOOODGGDLIOIIOD
SOPOOVISTHSDLTIODOD

OO ODOT DU 9 id

- ZA-CP4

SAMPLE
SAMPLE

o
laYel
D
az

COOOOUOOOIROOODODT® -

QOO IVUIENRBOADO S
UG OCNQES0000000I®

COGIOIOIODOD =4t

.
DIFFERENTIAL GRAPH>
I A8t
# 214,96 RUNB3

B3 (%)
S0

97

PRARTICLE SIZE RHRLYSIS BY SA-CP4
vi.o8

g ID 901
E & 271496 RUNBJ
SITY T.395 MODE :CENT
SITY 2,9978 488 (RPM.-MIN)
(mpPa., $:3, 96
P 2
<« P 8 K(X>:STRANDRRD
9:21:38
TS SUENMaReS
WECIRN CIAn. 1,453 (Hm)
NICAL DIAN. 2.322 <Fmy
IRFRCE SRER 2.525 «me«m.9
~S.2 TIRM. 4.507g  Hm
.85 DIAn., B.158 ¢ Hm
DIARN, cun
v HmO Q3 (20
1 . 289 $1.3
2 ..999 4.5
9,398 26.5
3.539 15.2
3.100 2.8
CP4  CUMULRTIVE GRAPH:
'PLE D 991
IFLE 8 214796 RUNB3J
oait, [FERIP]
CHm S0 100
SRS )
[N 1)
DO I
2.89
.56
1.99
2,320
d.953
3.5@
3,490
3.388
3.298
9,156
3.198
9.0390
3.068
3.0859
a
~3A-CP4 DIFFERENTIAL GRAFPH>
SAMPLE ID @8t
TOMDLE # 2/714-96 RUNB3
IamM 43 7ax .
VHEm3 9 S8 199
003 :
- 988
- 300
- 980
- 5989
x=11"]
- 300
+ 6008
- 588
+ 400
- 300
- 280
8.1508
3.1080
B.-680
3. 8960
3-858




PARTICLE SIZE ANALYSIS BY Ss-CPg

ZANPLE ID 098
SAMPLE & e

JATA SunnARY >
NEDIAN [ IAM,
MIDAL o IArn.,
ZUPFALE SRER

3T.9% CI4gM.
F.9% DIAN.

DIRM,
NOHm)

ALty
QDS
NS
OO
OOO®

IA-CP4

SANPLE 1D
SANPLE

<
w

ULl ngd, O Oty e

Ne-=Ul—=® AC « o DRI

o . N O MUY

PO~ O i BI® 4
WO

796 RUNBG1

MODE :CENT
488 (RPM-MIN)

K(X):STANDARD

CHm
CHm)
CMam,c3 )

HUw

¢ Km>s
" RmS

CUNMULARTIVE GRAPH>

¥a1
2715.96 RUNGL

Q@3 C%>
51

N OONOOOGECOHOS
COSRONROEHCD DD

LDL®DD DG DT 4y da
® s 2 o e 6 0 80 006 o )
DO = VLN WD

SR-CP4

SAMPLE 1D
SAMPLE #

A~

D
Ix

fos

L J

DIFFERENTIAL GRAPH)>

391
2715-96 RUNBG1

a3 (%)
1)

'SDGHDGJOQOOGND'-HLILJJ'-UI X0
RN A
COC= = NWHENTOOUNO DS
NCDONODOOCODTOODG
COCOOORORCOROECOOH®

o

ARTICLE SIZE ANALYSIS BY SS-CPS

PLE ID 401

PLE ¢ 2,/15-96 RUNe1

NSITY  3.95 MODE :CENT

NSITY _ 3.93978 488C(RPH/MIN)
. Iy "PS.529156

4 P, o KCX)>:STANDARD

J=TA SUMHMAPY
CELIRN DIRAM. B,933 . #my
kAt DIAM, 1.283 « ~m»
ZURFACE ARER T.I5T (mem. 5.
AT.3% DILAar, 2.656 Hm)
T.9% bIam, 9.839 ¢ Hm>
DIAN. cun
K (Hm) Q3 %
i 1.298 59,49
2 1.98490 S1.9
M 2.300 5.7
t 3.589 31.9
3,129 12.98

=EPe BUMWLATIVE GRAPHS
o

"PLEL ID~ 8091 ¢
PLEY S 2-15.96 RuN@L

Q3 %O
58

T
=

~

3

100

T

At O]
VORGSO T
CLOOUSCIOS T
VIO OOSOLSEE ~

CSDE1rere p I (Jdar
AOHHoONEO®

SRS WDE S,

SO0

“A-CF:  DIFFERENTIAL GRAFPH>
PLE ID 901
FLE & 2715-96 RUN@1
Q3 74X
=15

-
D
E =
~e

9

toe

“ e e e
JAOI0S
L L0000

el ey
OROBST®




PARTICLE SIZE RNALYSIS BY SS-CP4 PRRTICLE SIZE ANALYSIS BY SRA-CP4

1.089 vi.e0
SANMPLE 1D 1@9 PLE ID 188
SAMPLE & 2715796 RUNB2 PLE 8 2715796 RUNB2
P LENSITY 3.95 MODE :CENT MSITY 3.95 MODE :CENT
L DENSITY 8.9978 488C(RPM/MIMN) NSITY 9.9978 480CRPM/MIN)
HiSC. mPa, 530, 96 LiMPa ., 559,96
(EPTH 2 - H 2
EREAK P %) K(X)>:STANDARD K P, a K{X)>:STANDARD
TIME 9:21:33 3:21:38
SRATR SUMMARY > SATA SUNMARY >
NEDIRN DIAM. 3.5238 « Hm) H { OlAan. B.628 (pm:
MOCAL CIAN .65 «pmY TRM. D561 7 xma
SUSFSCE AR S.3%9 vmem-9; BRERA T.343 -mam. 3,
] 1.458 <Hm) Lan, 1.458 - pm:
3.273 ¢ pm) Lan., B3,279 (¥m)
cun DIRN. CuUM
Q23 € X Hmy Qs <%
1 32,92 N 1.200 88.2
2 34,2 1.989 34.2
it T4.2 J 9.588 74.2
4 25.4 4 8.589 295.4
5 1.3 - 2.1088 1.8
SR-CPS  CUMULATIUVE SRAPHD CP4  CUMULATIVE GRAPH:
3AMPLE ID 198 ‘PLE ID 1008
SAMPLE ¢ 2-15-96 PUNB2 IPLE & 2/715-26 RUNB2
DIRM. DENGS] SIREM, Q3 %)
NCHmL 3 S8 LeHmeg S0 199
5.990 - T .99 - . T
4.58930 +.999
3.999 | Z.399
Z.899 .90
1.580 1.509
1.08199 1.399
3.306 a,599
9,503 3.599
3.5949 3.589
.40 3, 409
3.309 2.309
9.298 9.209
3.1509 9.159
9.198 9.109
3.939 2,039
3.958 9.0860
9.950 3.95a
I} 3]
[ 3
SA-CP4 CIFFEPENTIAL GRAPH> P34 CIFFERENTIAL GRAPHY
SANPLE ID 100 FLE ID 199
SANPLE ¢ 2715736 RUMB2 PLE & 2.715-96 RUNG2
DIAN. 3 (%) IRAM. Q3 7aX
X{HmS g Se coHma Qg 1) 188
S.0008 : : : 3-399 : : :
4980 S +390
3.009 2+909
2.9009 1-4090
1.599 1-598
1.909 1-308
8.390 e300
9.6080 <. 539
8.590 <-598
9.429 0. 398
8.3009 9. 330
9208 2.200
J.150 2.159
J.10809 3.100
3.-089 3.8809
9.089 3.960
B+950 J-850
9 a

i
i
i
O
0O



PRRTICLE SIZ2E ANRLYSIS BY SﬂICP4

ee
SAMPLE ID 910
SANPLE ¢ 2-15796 RUNB3
F DENSITY 3.35 MODE :CENT
L DENSITY 4.9978 488<CRPM/MIND
vISC.(mPa,5,0.96
[EPTH 2
EPERK P. 2 KC(X3:STANDARD

TINE A:21:323

CRTA SuMMRRY ™

. 039

NEDIAM CIAM, 2.313 <CEm)Y
noceL CIam, D.262 7 Hm)
SURFACE AFER 5.32% «mem-g)
3.2 Art, 9.882 (Hm:
Tt Ait. 3,157 rHm;
cIam, cun
N pmo FERSA
1 1.299 29,3
2 1.9219 33.3
S 3.599 25.9
<+ 9,229 31.3
5 9,199 1.5
IA-CP4  IUNULRTIVE GRAPH>
IANPLE (D 319
IAMPLE # 2-1S5. 25 RUNOJ
OIAn. @3 %D
AlHmL 3 S8
. 099 T
B
!

s P

L WDV N P A |
[ FT NN n

3

|

_ml

.
DIFFERENTIAL GRAPH>

ZR-CP3

IBNPLE ID
SANMPLE #

219
2°15-98 RUNOJ

W (%D
Se

(]
-
D
E =1

-

3

e ¢ o o e a s a e =
OISO

SO~ —~NULNTRONRODS

NOHOOSUNDOO O
QOCOUOOCOOOCIOROE T

VOOV OOODD bR U T

PARTICLE SIZE RNRLYSIS BY Ss-CPs
LE ID Q1@
LE 8 2715796 RUNOG3
SITY 3.9S MODE :CENT
iSITY 2.9978 488 CRPM/7MIND
.(MPR,S550.96
H 2
ek P. C] K¢X)>:STANDRRD
I Q:21:38
TA SUMHARY>
MEDIAN OIAM. B3.313 Hm)
1A0RL O IAM B.282 pm.
SUFFRCE RRER 5.323 'mem 3
3503 0IAM B3.882 . km
S.a% DIAM. 3,157 « wm,
DIRn. CUM
VHmY 23 %)
. 1.294 29,3
1.999 95.3
9,393 35.9
3.599 31.3
9.198 1.6
P4 CUMULATIUVE GRAPH®
SPLE ID 910
FLE & 2/715-96 RUNB3
(lRn, Q3 <%
s HBm, 9 1% 1ee
3,230 - T
4,399
T.339
2.299
1.999
1.338
.08
PR
1.2I9
1, 498
B, 203
a, 2943
J.15@
9.189
3,539
B, a5
3,953
X}
"3 O[OIFFEREMTIAL 3RRAPH
.E ID 4219
.E & 2.15.-96 RUHNGZ
an. a4
¥ma g %) 100
- 398
+ 939
- 930
.+ 590
1-008
2.399
3.9530
3500
2499
3.700
3.239
3.150
3.189
9.9380
2.850
1.0858
Q

100




T PARTICLE SIZE ANALYSIS BY SEIC‘“ PARTICLE SIZE RNRLYSIS BY SR-CP;
. (9]

SAMPLE ID 9SS SLE ID 955
SAMPLE & 2716796 RUNG1 PLE 8 2716,96 RUNG1
P DENSITY 3.995 MODE :CENT N§ITV 3.95 MODE :CENT
L DENSITY 8.9978 48B(RPM/MIND NSITY 8.9978 488 (RPM/MIN)
LISC.(mP&,5;8.96 . (MpPa, 538,96
L2PTH 2 H 2
ERERK P, 9 K{(X3:STANDARD K P, 9 K(X>:STRANDARD
TIME 9:21:38 B:21:28
CATA SUNNARRY » 8 SUNMMARRY >
MEDIAN CIAN. A.539 (Hm) MECIAN D IAM, 9.599 (Hm)
INORL CIan. 3.56595 ¢(#Am) 2CRL DIARN. 8.6S5 (pm)
SURFRLE APER 3.SE1 (memr9) SUPFACE AREA J.S561 (mwm-3)
335.9°% Dikn. 1.397 (pm) 35.2% DIAN. 1.397 (pm)
5.9 Dian. B.2423 (HEm) S.9% DIAN. @.249 (pm)
DIRN. cun pIAN, cun
KCpHm) Q3 <% X(pm) Q3 (%)
1 1.2080 91.9 1 1.200 91.8
2 1.910 35,9 2 1.848 86.9
z 9.398 v6.1 3 9,880 76,1
3 8,503 29.7 4 9,589 29.7
< 9,100 2.2 S 9.180 2,2
SR-CP4  CUMULRTIUE GBRAPHD °4 CUNULATIUVE GRAPH>
SAMPLE ID 955 LE ID 355
SAMPLE & 2,16796 PUNA1L LE ¢ 271696 RUNG1
DInn. Q3 (%) wit, Q@3 (%)
X HmY Se Km, g Se 1009
S.3u8 T .29 - . ; -
4.0080 . 389
3.000 . 990
2.9088 . 389
1.500 . 589
1.800 1.980
3,880 9.388
9.689 J. 609
3,589 2.590
8. 489 3,483
8.3908 9. 388
9.20n 3.299
2.158 2.158
9.100 8.100
3,938 3.030
9.0960 3.960
3,059 3.0850
) 2]
L 4
SR-CP4 UDIFFERENTIAL GRAPH> SR-CP4 DIFFERENTIAL GRAPH>
IAMPLE ID 19S5 2A08LE 1D 355
SRMPLE # 2/186/96 RUNO1 ©IATPLE 8 2716-96 RUNG1
DIAM. s (%) aM., Q7 gX
K¢ Km 50 1 Hmy 3 1] 109
S5.9490 - 290 : ; T ! : :
3.899 - 304
3. 000 + 1300
2:-0899 « 309
1.5089 - 599
1-000 -390
9.809 t- 398
8.600 1+ 588
2.500 3- 500
3.400 jJ-400
8.399 g- 300
8.290 3219
8:159 3-1%9
8-100 8-130
8.:0880 3.-938
8069 8-069
8-958 Q-GSG
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PARTICLE SIZE RANALYSIS BY sSA-CP4 ARTICLE SIZ2E RNALYSIS BY SR-CP;

vl.88 vi.@
SAMPLE ID 811t PLE ID 3811t
SAMPLE & 2716796 RUNB2 PLE & 2716,96 RUNB2
P DENSITY 2.95% MQDE :CENT INSITY 3.95 MODE :CENT
L DENSITY 8.9978 48B(RPM/MIN) INSITY 3.9378 488 CRPM/MIN>
UISC.(mPa_, 538,96 S.imPa $,9,96
DEPTH 2 TH 2
ERERK P, 2 KC(X)>: STANDARD 4K P, 2 K(X>:STANDARD
TIME ©:19:44 T YNE 3:1%9:44
JATA SUMMARY » IATAR SUMMARYS
MEDIAN [O'IRM, 9.5%8 «pm) HMEDIRM DIAM. 3.5 C Hm )
MOCRL D IRM, B.589 . ¥m) N2CAL DIAM. 9.6+ CHm2
SURFRLCE RRER T.865 mwm.-g, SURFRZE RRER 3. 8¢ TMam.s 3y
35.9% DIAM. 1.155 cpm> 35.3% DIam, 1.1 ¢ Hm
5.9% DIAM. 3.259 (Hmy S.8% DIaM. 9.2 C Hm )
DIRM, cunt DIAM. cun
K{Hm 23 (%) K CHm) @3 ¢%D
1 1.298 35.8 i 1.299 33.6
2 1.1990 22,7 = 1.9198 2.7
3 @.200 31.2 e J.990 31.2
4 8.59209 31.7 3,548 31.7
S 3.199 3.8 3,190 8.8
SA-CP4  CUMULATIUVE GRAPH> P4  CUMULRTIUE GRAPH)>
SAMPLE ID 311 ‘CE ID 311
SAMPLE ¢ 2715-36 RUNG2 -LE # 2716796 RUNB2
DIAM. Q3 ¢%D IRN. Q@3 (%)
XCKAmy g Sa 1¢ iHm) g So 189
S.69a - : - : - . 398 T
4,909 .990
3.890 . 308
2.3983 Z. 288
1.509 1,599
1.008 1,938
9.800 3,308
8.6090 9,580
9.593 J,583
8.498 J.489
3.300 8.2808
8.209 8,208
9,159 9.1509
3.108 J.189
3.930 3.0808
9,950 2.9698
a3 5]
~SR-CP4 DIFFERENTIAL GRAPH> ZA-CP4  DIFFERENTIAL GRAPH)>
SRMPLE ID 311 TANPLE 1D 311
SAMPLE & 271696 RUNO2 IPLE & 2/16-396 RUNB2
pIAm, a3 €% DG, IR A4 74X )
A CHm 590 1 eHmy g Se 190
S.009 Te ey . : : H :
4.909 S e
3.0880 Te039
29889 22949
1-590 1599
1-08008 L9
9.3009 T Tag
g-689 RIE1 )
@-500 Ge 39
Q-390 3. 439
8- 300 3+ 3909
Q-.299 8.2909
a-159 B3.150 :
0-199 A 12 ;
0-988 B3 i
8-860 de60 :
%] %] H
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PRARTICLE SIZE ANRLYSIS BY SsICSg

SAMPLE ID F108

SAMPLE & 2716796 RUNG3

P DENSITY 3.995 MODE :CENT

L DENSITY 5.99?8 488 (RPN/MIN>
Eéggg(mPa.S)g.Sé

BRERK P, 5] K{X):STANDRRD
TIME B:25:47

CRTA SUMNARY>

NEDIAN CIAM. 1.956 ¢Hm)
MOCAL © 1A, 1.336 <pmy
SUPFACE AFER $.265 (mem 9y
35.9% DA, 2,496 - Hm
S.9% DIAN. 2.931 (Hm)
D1AM, cun
RIS LE 30
1 1.299 S§.7
2 1.999 37,4
p 8.399 7.0
3 9.500 22.1
s 9.160 S.4
TR-CP4  CUMULATIVE GRAPH>
SAMPLE 10 F109
ZAMPLE #  2-16-9% RUN®3
oIAn.
ZCpmY
S5.999
+.908
3.999
2.899
1.599
1.899
9.390
3,509
9.599
g.499
8.2006
9.269
9.158
@.108
2.930
8.05@
9.859
9.849
9
[
ZR-CP4 [DIFFERENTIAL GRAPH>
SANPLE ID F1@9
SAMPLE &  2/16-96 RUNG3
1AM, Q (%) »
CHmY @ 59 139

QOO = LU0 G U0 D S
LNTHAUNOLICHTIO0O0GCS
COUIIOOFOOODOIOOTD -

CO0VOQUOOEOSO~—ulisdl KO

PARTICLE SIZE ANALYSIS BY SA-CPe

U1.08
. ID F1oe
i 8 2/16-96 RUN@3
ITY 2.95 MODE :CENT
ITY 2.9378 488 CRPH/MIND
mPa.<;3.96
P. 3 K X7 :STANDARD
9:25:47

1 SUMMARY>

NEDIAN DIAM. 1.8S6 (Hm:
nIDAL DIAN. 1.285 «wem>y
SUPFRCE RRER 4.265 (mem -y
35.8% 0IARN. 2.498 o« #mo
5.9% DIAN. F.891 (pm,

DIRN. cun

A C(Rm) Qs (%>

1 1.209 56.7
- 1.9009 47.4
3 9.808 37.9

3.500 22.1

9.1090 5.4

F4  CUMULRTIVE GRRAPH»

‘LE ID F1e8
‘LE 8 2716796 RUNG3J

Q3 %D

L Rmy g S9 189

™

e o e e o o
DONSDHE S
SHOOUED

© e s 5 e 0 0 e 00 0 .
OO~ IVULI$- N0

LN ONOOROO
OPI0DITITOINOICOICS

OO DORD D DG r=1=ty i

5RA-CF4  DIFFERENTIRL GRRAPH>

SANFLE ID F109
ANFLE # 2716-96 RUNGZ

4 7aX )
9 59 18e

LAV ]

OODOr = NG 4Uire,
L NOOOUNOROSSIOD L E L.
OROPOOOODIOTCEOEEEHD .- -

OIS
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Ul.ee

CENT

48BC(RPM/MIN)
K(X>:STANDARD

HCOE

~
b4

2717796 RUNB1

D - 721
29:58
UHMMARY
IAan,
E RRER

g2
[

KL DIAn,
URFRA

FARTICLE SIZE ANALYSIS gy SRA-CP4

NEDIAN D

CATA
oo
3

vl1.00

tCENT
480C(RPM/MIN>
STANDARD

MODE
K(X>

2717796 RUNO!

3.95
a.3978

7z1
C.(mpa 550,96
2
1958

29

PARTICLE SIZE RANRLYSIS BY SR-CP4
ENSITY
8
SUMMARRY >
MEDIAM DIAM.

ENSITY
SURFACE RRER

MO0RL DIAnM,

TIME
«DATA

~A~

EE
ES=N

s
[1335¢]
NN

—~

DOOHM
s 0 u 0
O NN —~
moOr.m

IDOIN —~

R

0oOVMM
MO
oM

0PNP®
DOVD
DO ~

—_—QQO®

talitial, 3]

1e0

Se

R3¢y

UMULRTIVE GRAPH)>

.'

DA OO
LEOO@

P4

Lt .
R R R L TN

18v

2717-96 RUNG1

CUNMULARTIUE GRAPH>
721

[

NP0V OROOODS
0RPNIIRAOODONDNY
ORXDNCDVINTMIN—~ O

OXINEMNU~~DOOROOOOODD

ad,

AN e e e

- 3A-CP4

100

3 74X
Se

7,96 RUNB1

DIFFERENTIAL GRAPH>

VIPIORPDOREEOD
DO IOIRDNOOY
3@03538654321168
L I B N S S

IO ODORO®

TA-CP4

TR

13

VOIVPVIOORTANODS
9393999989385336
DOOONODDVINTMN—~ OO

IDOOO®

7736 RUNO1

OIFFERENTIAL GRAPH>

b 721
271

- 3A-CP4

ORI OIDONO® G
o e I T S R I A T Y
COOONOOVINIMN— DS
MV R N e

54321166889886896
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PRRTICLE SI2E ANALYSIS BY SR-CPé¢

[}
—
=4
m

yi.o00
SAMPLE ID 712
SAMPLE # 2717736 RUNB2
P DENSITY J.39 MODE :CENT
L DENSITY 9.9978 480<RPM/MIND>
UISC.(mPa,.558.96
CEPTH 2
ERERK P. 5} K(X)>:STANDARD
TINE 8:19:92
‘DRATA SUMMARY>
HEDIAN DlaAM. 8.671 (pm)
MODAL DIAM. B.727 (pm)
SURFACE RRER 2.829 (mxm-9)
25.8% DIAM, 1.328 <pm)
S.8% DIAN. 3,288 (Hm)
DIAM. cun
K(Hpm) Q3 2O
1 1.209 91.2
2 1.2099 87.3
3 9.398 66.7
4 8.589 26.4
S 3.190 8.8
«5R-CP4 CUNULATIVE GRAPH>
SAMPLE ID 712
SAMPLE # 2/717-96 RUNB2
DIAn. Q3 <%
R Hm) Se
S.900 T
4.08099
>.988
2.800
1.500
1.088
2,808
9.508
9.5080
9,489
9.300
9.280
39,150
2.109
9.0830
8.0868
9
3A-CP4 DIFFERENTIAL GRAPH)>
SAMPLE ID 712
SAMPLE # 2717796 RUNB2
pIAn. %)
X Hm ) So e
5.890
4.000
3.800
2-009
1-5@0
1.-0900
3.-300
9-600
9509
g.409
9.300
9.200
9-150
9-100
g.838
a.868@
9
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PARTICLE SIZE ANALYSIS BY SE—CZ;

22

ZZ WO
e MM
(=}

D—=oymm
o
A e
< D
wo. V-
BCC e

.
-
@0
©
N

DATA SUMMARRY>

MEDIAN DIAM.
nooAL CIAn.

(%]
mo
D

NN

Jre
O0T—=—~ AQ OO

NVIRNT]
g C
. . Vol
o0 ML

X

et

idD DD

X I 0

- ) m

OO r
OO v
OO®O

P4

o
NOOW WO ®r
QORN~ AC

796 RUNB2

MODE :CENT
48BCRPM/MIND

K{(X):STANDARD

CRm>
¢ Hm)
(Mmam/9)

neoo
S
e~y
(YRS T2

CHm)
{ Am)

[+ 271
o

NI N N
s

R
@ £ AN

CUMULATIVE GRAFPH>

LE ID 712
271796 RUNB2

Q3 (%)
Se

189

VOO LD
OO I

OCOOONDDOOErerfy( i

® 6 2 6 0 08 e e

A=~ NAHLADS

AOOSNOOOOOD
OOOODROOOTOROOOOO

*Q-CP4 DIFFERENTIAL GRAPH>

LE ID 712
LE 8

2717796 RUNB2

‘o
£
E]
s

9

LE R B
1)

" 108

NOOS S
000

COOOROPSOOOROOODO

QOO DS wr—.
* e e e 0 08 o
QD= NS NN OO
CORUIOEODOOO




PARTICLE SIZE ANALYSIS B8Y SG-CP4

SANPLE ID
SAMPLE #

P DENSITY

L DENSITY
DISC.(mpPa,5)
CEPTH

BRERK P.

TINE 9:28:88

OATA SUMMARY:

MEDIAN CIAN.

1.08
622
2717796 RIJNOI
2.95 MODE :CENT
8.9978 480 (RPM/MIN)
3.96
e K(X):STRNDARD
B3.639 (Hm)
B.7993 ¢ Hmy
ER 3.822 (mam,9q)
. 1.922 (Hmy
. B.235 (Hm)
. cumM
Q3 %5
9 99,2
a 85.9
5] 71l.1
5] 1.2
5] 9.9
ULATIVE GRRPH>
522
271796 RUNB3
Q3 (%)
50

FERENTIAL GRAPH>

522
2717796 RUNBJ

a4 (%)
S0 11

11004L DiAN,
SURFARCE RR
35.9% DIAM
S.8% DIAM
Clanh
KCHm)
1 1.290
2 1.99
3 3.89
4 2.58
S 3.10
- 5R=CP4  Cum
SBNMPLE 1D
SAMPLE ¢
DIAn,
X(Hm) g
S.n00
4.909
3.008
2.9809
1.5@e
1.800
8.8906
9.680
8,598
9.400
8.339
3,280
2.150
92.1009
9.039
8.9608
9
- 3A-CP4 DIF
SAMPLE ID
SANMPLE &
DIRAN.
X(Hmy g
5-099
4-000
3-0008
2-9009
1-560
1.900
Q-390
9-608
8-508
8.409
Q. 300
2.2088
8.1509
8-100
9.08@
9.060
Q

PARTICLE SIZ2E ANALYSIS BY SSICP4

-1
2LE ID 622
°LE # 2717796 RUNB3
NSITY 3.95 HODE :CENT
NSITY 8.9978 488 CRPM/MIN)
l:‘\‘T"F’Q.S)g.96
iK P. 2] K{X>:STANDRRD
I @:20:08

-DATA SUMMARY>

106

MEDIAN DIRM. 3,638 (xm>
MODRL DIAM. 3.798 «rm>
SURFACE ARER 3.022 (mwm. 3)
35.8% DIAM. 1.422 (pmy
5.9% DIAN. 8.235 (Hm)
DIanM. CUM
K CHm) Q3 <%
i 1.200 90.2
2 1.898 85.9
i 8.3899 71.1
4 8.500 31.2
8.1080 9.9
-P4  CUMULRTIVE GRAPH)>
PLE ID 622
PLE 2717796 RUNG3
2IAM. Q3 ¢
SUHm) g 1) 100
S.090 T
+4.0009
>.0008
2,909
1.569
1.900
3,860
2.609
3,580
8.4008
2.3a9
9,288
2.150
3.109
9,080
9,068
)
P4 OIFFERENTIAL GRAPH>
LE ID 822
LE # 2717796 RUNO3JI
LA, Q4 74X
umy g 58 100
299 :
999
399
+ 339
598
- 830
<+ 880
B-639
J.599
8-400
8.300
3-200
3.15@
3.100
3.-989
9.864
=}




PARTICLE SIZE ANALYSIS BY SRA-CP4
ui.00

SANMPLE ID 613
SAMPLE 8 2717736 RUNBS
P DENSITY 3.95 MODE :CENT
L DENSITY 8.9578 480 (RPM/MIND
UISC,. (mPa, 553,96
DEPTH 2
BRERK P. 8 K(X):STRNDRRD
TIME 3:21:12
CRTR SUMMARY>
MEDIRN CIAM. B.645 (Km)
MODAL DIah. 3.634 (pm)
SURFRLE ARER 2,979 (mam/93)
35.3% olan. 1.472 (Hm)
S.8% CIAM. A.282 (Hm)
DIAt. cun
< (M) Q3<%
L 1.200 89.2
2 1.988 85.1
3 3,300 72.9
4 3.580 29.9
S 9.109 1.1
S5A-CP¢ CUNULARTIUE GRRAPH>
SANMPLE ID 513
ZAMPLE & 2,17796 RUNBS
DIAaM. @3 D)
XCHm) 1)
S.900
4.908
3.880
2.000
1.50806
1,009
B.300
g.5308
8.5198
9. 4490
2,300
8,298
8.158
3,100
3.030
9,980
5]
[ 3
SA-CP4 ([ IFFERENTIAL GRAPH>
SAMPLE ID 513
SAMPLE 8 2717726 RUNB4
o1Aan. B (%)
X(Hm> @ Se 14
S5.898
4.000
3800
2.908
1.S00
1.9090
3.809
2+ 609
9.589
8.498
9. 300
8.209
a+15@
8.100
9.8388
9.869
%]

RARTICLE SIZE RNALYSIS BY SA-CP¢
ui.ge

PLE ID 513
PLE # 2717796 RUNG4
NSITY 3.95 MODE :CENT
MSITY 8.997r8 488C(RPM/MIN)
g<mpa.s»g.9s
-. «dAK P %] K(X>:STRNDARD
TIME 9:21:12
SATA SUMMARY >
MEDIRN DIRM. 8.645 (Km)
MI0AL DlIaM. B.,8634 (Rm)
SURFACE AREA 2,979 (mwm. y,
35.8% DIAN. 1.472 <(Hm,
S.8% DIAn. A.262 1 pm)>
DIAM, UM
K CHm) Q3 %)
1 1.2900 339.3
2 1.908 85.1
3 3.280 72.9
8,598 29.9
d.100 1.1
f4 CUMULATIVE GRAPH)>
LE ID 613
LE # 2717796 RUNB4
{an. Q3 C%)
{ SHEmy g S8 18Q
. 3909 T
. JR3
- 393
-.999
1.589
!.298
3,389
3,600
1,568
3.480
8.306e6
9.280
9.150
a.180
9.889
3.069
5}
$A~-CP3 DIFFERENTIAL GRAPH>
.E ID 613
.E & 217,96 RUNBY
~M. QW suX
=my g9 59 189
Pl : -
3y
2389
-9
Sug
493
115}
te 018
e S99
BERT 1Y
3. 300
Q.289
TeiSwy
Je 130
¥.230
9.-060
"]
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PARTICLE SIZE RANALYSIS BY SA-CP4

SAMPLE [0 7
SAMPLE & 2

- DATA SUNMARY>
MEDIAN OIAM.

MODRL DIaAn.
SURFACE ARER

-2P4
PLE ID

-5

I3

°

T~
I m

Ul.e0

795 RUN@1

MODE _:CENT
480<RPM-MIND

KCX>:STANDARD

8.6@82 «Hm)
8,676 (Hm)
7.881 (maxm/9>
1,242 (Hm)>
2.293 (Km)>
CUN
3(%)
94.3
98.9
78.0
39.9

1.5

CUNULATIVE GRAPH>
783

# 2721-96 RUNB1
Q3 C%)
Se

NOOSUNODO®'ED
PO OOS
OODODODOD v

QO N4

T

UNNONEO®
CROOIODO®

S5A-CP4

SAMPLE

10
SAMPLE &

DIFFERENTIAL GRAPH>

vo3
2-21/96 RUNOL

W C%)d
Se 10

LA OONDOO®
QOO0

OOOIRODNOOODOIIOS

QOO =N

COOVPOVDOOT® ~ =N H
NEVOURO®

~mPTLILE SIZE 4NHLYSLS o 33-CP4
U1.0@
PLE IC 133
PLE #  2,21,96 RUNBI
NSITY  3.95 MODE :CENT
NZITY  3.9378 488 CRPAZNIND
. mPa, 553,96
4 2
K P. ] K(X):STANDARD
¥:21:3283
A ZuHHARY >
MECIAN D TAN. 9.632 . pms
nocAL DIAM, 0.5.6 «pm)
SURFACE RPEA  S.961 .mam -3,
35,95 DIAM. 1.242 ¢pm.
S.8% Olan. 0.233 (pmo
DIAN. cun
X Hm 25 (%>
i 1.200 24.3
z 1.568 2g.3
: 3.300 73.9
3.500 58.9
3.100 1.5
IP4  CUMULATIVE 3RAPH>
PLE ID 103
PLE #  2.Z1.95 RUNBIL ]
-1an, s %) i
Hmy g 50 104§ .
5-986 T M
i.600 i
.900 i
21990 :
1.549
1,209
2.889
3.606
3.580
3. 408
2.388
2. 208
a.159
a.138
2.038
2.060
3.958
] -
H
© "®4 DIFFERENTIAL GRAPH> 4
>
€ IC 793 e
€ # 22196 RUNBL ‘
in, a3 s axX
' g 59 19
2330
320
500
239
S0
200
- 308
.50 ;
-500
-390
- 300
2288
Q.159
2-100 :
3-989 !
- 050 .
9.058 ﬁ
) ;

== e —— -wn."t.'




ANALYSIS BY SR-CcP4 H ANRLYSIS BY SR-CP4
PARTICLE SIZE U1.00 PARTICLE SIZE AL U1. 0@

SAMPLE ID ze3 oY IPLE ID Re3 wo¥
SAMPLE & 2/21.96 RUNB2 IPLE 8 2,21-96 RUN@2
o
P DENSITY  3.95 MQOE :CENT NSITY © 3.95 MODE :CENT
L ggné%rv 8.5978 480 (RPM/MHIND - INSITY  B8.9978 488CRPM-MIND
wrsc.<mpa.s>g.9s :g<mpa.s>g.96
N -
éﬁggk P. 2 K(X):STANDRRD K P, ] K<X) : STANDARD
TIME 9:29:91 : 9:29:01
~DATA SUMMRRY> CATA SUMMARYS
MEDIAN DIAM. 3.535 (Hm) MEDIAN CIAM. 3.595 (km)
M3DAL CIAM. 9.651 <Hmy MODRL CIAn, 3.551 «wHm)
SURFRCE AFER 2357 «mams3) 3URFACE ARER 2.957 (mam,g)
35.0% Diam. 1.352 <Hm 25.8% DIAN. 1.352 <Hm)
8197 RN 91333 Cum> 3:8% Bifn: 3.233 (wm)
DIARM, cun DIAM. cun
RChms PR K(Hm) Q@3 <%
1 1.299 a2, 2 : 1.2e0 92.2
2 1.9933 33.8 2 1.908 88.5
3 a.3939 3.5 z 3.3080 75.6
3 9.504a It.5S it 9.509 31.5
5 9.139 1.9 < 9.108 1.9
“ 3A-CP4  C[UMULATIVE 3RAPH> P4 CUMULATIVE GRAPH)>
SAMPLE ID 723 PLE ID 783
ZamPLE ¢ 231.96 RUNG2 PLE &  2,21,96 RUNB2
an. Q3 (%> AN, Q3 (%)
gﬁﬂm) 9 Se JCHm) g 59 108
5.230 r i. 008 T
4.399 {.009
7.008 3.000
2.000 2.998
1.50@ 1.509
1.089 1.289
9.800 a.804a
9.690 9.690
9.5080 2.589
2,490 9.490
9.398 9.309
9.208 3.200
8.159 9.158
9.198 2.199
¢.839 @.0838
2.860 3.0609
9 S
"3R-CP4 CIFFERENTIAL GRAPH> P4 DIFFERENTIAL BRAPH>
SAMPLE D 703 LE ID 283 (o¢
SAMPLE & 203196 RUNG2 ‘LE & 2,31236 RUNG2
. (% _BM. Q3 raXx
2%&% 2 Se 10 ';m"u a 50 108
S5-800 99 :
4.800 -330
3.-080 - 320
2.909 - 388
1.509 -590
1-209 1-980
9-2800 5.880
9-668 3-698
9-509 3-509
8.4008 3.400
@-308 a.-30e
3.2080 9.200
2.159 8.15@
9-109 d-190
9-2380 9-989
9-8éa @-96a
1 ]
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PRRTICLE SIZE ANRLYSIS BY SR-CP4
vi.00

SAMPLE 1D N2882

10

SANPLE & 22196 RUN®3
P DENSITY  3.95 MODE :CENT
L DENSITY  9.9378 48@(RPH/MIND
UISC. (mPa,$5a. 96
CEPTH 2
BRERK P. ) K(X>: STANDARD
TINE D:19:26

CATA SUNHARY>

MEDCIAN CIRM. 3.537 Cum,
nogAL DIAM. §.600 ¢ Hm)
SURFACE RPEA 20313 <mum,9)
95.9% DIAM. 1,215 CHm)
S.9% DIAN. 3.300 C(xm)
DIAM. cun
2 jm) 25 ¢
1 1.200 34.8
3 1.300 a1. 7
3 2.300 78.5
3 2.509 8.7
5 9.130 2.9
3R-CP4 CUMULATIVE GRAPH>

SAMPLE 10 N2802

SAMPLE #  2,21/96 RUNO3

DIAM. @3 ¢
K CHm) Se
S.900 r
3.000
3.009
2,008
1.500
1.000
2.899
3.600
8.500
@.309
2.300
9.209
g.150
8.100
3.030
9.260

2

[ ]
<3R-CP4 DIFFERENTIAL GRAPH>

SAMPLE ID N2382

SAMPLE #  2721-96 RUN@3

DIAN, a3 ¢%>
XCEm g Se
S-009

3.008

3-008

2-800

1-508

1-288

9.800

@-609

2-500

9-3@3

- 300

a- 290

9-158

Q-189

@-a3g

8- a6a

"ARTICLE SIZE ANALYSIS BY Ss-CP4
)

LE ID N2882

LE & 2721796 RUNBJ

ASITY 3.95 MODE :CENT

NSITY 3.9978 488<CRPM/MIN)

Qmeﬁ.S)g.SS

K P. %] K<¢X3:STANDARRD
D:19:28

DATR SUMMARY

NEDIAN DIAM. 3.597 (Hmy
N3oAL DIAM, 9.570 (Hm)
SURFACE ARER 2.313 (mxm,9)
2S5.0: pIan. 1.215 (Hm)
3.8% DIANM. 8.300 (Hm)
DIRM. CuM
X(Hm) Q3<%
L 1.2080 34.8
2 1.988 91.7
3 2.808 78.5
3 9.598 38.7
9.1900 9.9
F4  CUMULATIVE GRAPH>
'LE ID N28@2
LE & 2721796 RUNB3
AN, FENSP]
Kmy g 50 100
800 : - : - — . -
. 200 :
3.089
2.809
1.5069
1.9089
9.289
J.600
8.500
9.400
8.3009
9.200
3.158
9.10@
3.089
J3.869
]
SR-CP4 QDIFFERENTIAL GRAPH)>
genﬁLE ID N28@2
oMt E 8 2721796 RUNOG3
M. 3 74X
my @ S8 180
Jjoa :
309
399
990
536
290
309
530
5908
499
300
9.200
2-158
8-11239
8-680
g-asa
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= PARTICLE SIZE ANALYSIS BY Sg-CPg

3

1.

SAMPLE ID &4@ 329

SANMPLE # 2723796 RUN1

DENSITY 3.99 MOBE :CENT
DENSITY 2,9978 488C(RPM/MIND
ISC. (mPa,5)0,96

EPTH 2

RERK P °] KC(X>:STANDRRD
iME 9:21:38

CRTA SUMMARY >

EDIAN DIAM. 3,547 csm)
nopDeL o 1an., 9.671 ¢ Hm)
SURFACE ARER 4.535 (mem,3)
25.2% DlAM. 8.935 «mm)
S.3% DIAM. 8.194 ¢pm)
oran, cup
X Hmy Q3<%
1 1.220 37.2
2 1.200 35,3
3 2.320 34.0
4 9.529 41.8
s 3.160 3.9
I9-CP4  CUMULATIVE GRAPH)
SAMPLE ID S48 820
IANMPLE & 2-23/96 RUNIL
pran,
X Hm)
5.999
4.809
3.9800
2.899
1.599
1.900
3.309
9.590
3.5013
3.409
0.380
9.208
98,150
9.180
9.089
9.068
3.959
9
[ 3
IR-CP4 ODIFFERENTIAL GRAPH)>

ZANMPLE ID »«a- 820
SAMPLE # 2723796 RUN1

A
D
2

3 (
3 Se 11

ONODOD
DOVOOD® ¥
SO0OADD «-

COOD—=rtuL £ NOD
NORSNOCODD®
ORODOOOOD

CODOODUOOIC@rr i) XO

- SA-CP4

PRARTICLE SIZE ANALYSIS BY SA-CP4
U1.0808

‘LE ID e4@ 320

‘LE & 223,96 RUNL
ISITY 3.95 MODE :CENT
1SITY 9.9978 48BC(RPH/MIN)
l;40'“Pli.5)g.96
K P. %] K{X)>:STANDARD
8:21:33
‘R SUNMMARY >
MEDIAN DIAN. 9.3547  Hmy
"ODQL DIan, 8,671 Amy
URFACE AREA 4.335 “maem.9
25.9% DIAN. 8.925 < rm
5.9 DIAan. 9.134 (Hm)
oran. cum
KCHm ) Q@3 C%)
' 1.2909 97.2
1.889 35.2
2,300 34.08
9.5089 +1.8
28.100 3.8
P4 CUMULATIVE GRAPH:

PLE ID &8 20
PLE &8 2723736 RUN1

Q3 %)
S

‘D

VA

T

COIOPTOIODD@ D) fh
R EEE RN
NOHWEUIOOEE
SOOI T
UHOOOEHONOOODO®

OO~ NI
NGO

100

[Tua Tty

DIFFERENTIAL GRAPH:>

D 540 920
2723796 RUNI

B rax
Se

Vv
=
X mm
58

A
T
e
[\

{09

ANOOVLUIDC DD

DONOOOOD®O

CODOIOH®

RS
Do LTy NYHE N
OPOOOPOPOODOONTOD

DOIOODOOOCG W
(9173
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PRRTI

PLE I
PLE &

CRATR SUN

‘o oo mo

[ E 7] DY

SA-CP4

SAMPLE I
SRMPLE &

Qo
- A

CLE SIZE RNALYSIS BY SR-CP4
v1.00
O 738
27,237,935 RUNZ
3.99 MODE :CENT
8.9978 480CRPM/MIND
.5)3.96
2] K¢X):STANDRRD
1:38
MARY >
OIRM. 8,558 {HKm)
IaMf, 9.,5%6 « Hm)
RFPER 2.791 (mam.-3)
Iam. 1.418 (Hm)
1AM, 9,138 «um)
IAN, cuM
Hm Q3 <%
. 299 1.8
. 890 33.9
. 300 75.8
.500 41.5
. 189 1.9
CUMULATIVE GRAPH>
C 733
2,23736 RUN2

OROOICROD LD I b A

OOQr=PNULNNOONOOOSED

GHhPNOOOROOUIPEROD I
QEORVOICOIAOOODIIRIDD v

SA-CP4

aMPLE I
SAMPLE &

oIan.
L CHm)

ODIFFERENTIAL GRAPH>
o

-
f3
27

8
2396 RUN2

B

5| S

R R
QOQr—~NULNCOONRDDR
JUONONODOICODOIDID
COVCONOVOIEROODIOO

QOO0 ODOT— b U

PARTICLE SIZE BNALYSIS BY SEICEA

%]
Tomerc D 730
B 2723796 RUN2
ITY 3.95 MODE :CENT
ITY B.39978 483 (RPM/MIN)
mPa.SJg.ss
P. 9 K{X):STANDRRD
8:21:38
SUMMARRY >
IAN DIAM. 3.Se8 KMy
‘[l ran, .03 . Bm>
'FRCE ARER T.7F1 (mem g
35.9% DIAM. 1.418 (qm)
S.8% D1AN. B.138 <(Km}
DIAM. cuM
RCHmMY Q3 €%
1 1.296 31.¢
2 1.969 8S.3
3 9.8909 v6.9
4 9.5909 41.5
- 3.109 1.3
CP4 CUMULATIVYE GRAPH>
PLE [D 730
PLE & 2723796 RUN2
IR”N, Q3 %)
CHmY g 59 129
. 889 T
. 390
. 299
.969
. 500
..900
9.899
B.5009
3.539
8.408
9.380
8.298
9.159
9.199
9.939
9.069
J.050
3
R-CP4 [DIFFERENTIAL GRRAPH>
RMFLE ID 730
SIFLE & 272396 RUN2
~IiAM. q3 7aXx
Hmy 9 S0 189
939 :
398
289
330
590
880
398
503
580
+90
300
290
150
- 100
3.986
Q-960
9.050
%]




PARTICLE S5I2E RNALYSIS BY SS—CPs

)

L@WWY WOy
toNQXt)

S
-~
..
S NOHDW

PARTICLE SIZE ANRLYSIS BY SS-CPg

3,96 RUN3

MODE :CENT
480 C(RPM-NIND

K(X>:STANDARD

PR

CUMULATIVE GRRAPH>

540
2723.36 RUN3Z

Q

%)

3 ¢
Se

100

~r

SAMPLE ID s48 SAMPLE ID &4
SAMPLE & 2-23796 RUN3 SAMPLE & 27
P DENSITY 3.235 MODE :CENT : NSITY 3.
L DENSITY 9.9978 480<RPM-MIN) ! NSITY 9.
PISC.(MP& ., 5,8, 96 ' .(mPa, €59,
DEPTH 2 Ler H 2
ERFERK P. %) K(X>:STRNDARD FOEQK P. 2]
TIME Q3:21:3 B:21:38
ORTR SUNMNRARRY > A SUNMMARY>
MEDIAN T IanM. 2,520 (Hm) DIAN DIRM,
MoDSL © 1AM, D.575 (Hm) DAL DIANM,
SURFRIE RRE 4,238 mem/g) SUURFACE RARER
35.9% LiAan, 1.292 (Hm) 35.6% DIAmN.
5.9% DIAN, B3.179 <km) $S.9% DIAM.
R g=1y N cumM oIAM.
X Hm) Q3 (%) ¥ CHm )
1 1.299 92.8 1 1.200
2 1.399 $8.9 2 1.000
3 3.3¢9 39.9 3 3.300
4 3.50¢ 47.S 4,588
S 3.199 2.4 3.100
“SR-CF$  CUMULRTIUVE GRAPH> TPg
SAMPLE ID d&49 PLE ID
ZAMPLE & 223736 RUNJ IPLE &
oIAM. Q3<% [AN.
K(pm, 3 S yCHEmY g
5.0908 T y. 989
4,309 1,999
3.889 5.900
2,099 L. 899
1.599 i.500
1.890 1.9009
3.390 9.309
3.699 3,600
9.S238 3,529
2,498 8. 499
d. 380 9,308
9.29g0 8,289
8.159 9,158
9.180 8.188
9,859 8.939
3,069 8.060
9,050 9.858
(5] 9
L J
SR-CP4 DIFFERENTIAL GRAPH> YSA-CP4
SANMPLE ID o549 SAMPLE ID €409
ZAMPLE # 2723796 RUNJ SAMPLE
DIRM. W% .RM.
X (Hm D 50 11 JHmy @
5.-080 H i : .598
4.080 | ~-.399
293080 ~.2a0
2.908 . 900
1.508 . 508
1.0908 -330
9.880 - 3.800
9.609 }-608
8-503 a.-500
B.4399 9.439
3.39008 9.308
2.290 9.2008
a.15@ 8.150
9.189 2.1908
8.0809 9.0309
A.9£8 -~ 3.-069
9.8508 8.058
2 [}

CIFFERENTIAL GRAPH>

¢ 2/23796 RUNJ

B IX
50

100
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PRARTICLE SIZE ANRLYSIS BY SR-CP4

Ui.00
SAMPLE ID 631
SAMPLE & 2724796 RUNO1Y
P DENSITY 3.95 MODE :CENT
L DENSITY 8.9978 488C(RPM/MIN)
UISC.<mPa,5)508,96
DEPTH 2
BRERK P. e K¢X)>: STANDARD

TIME 9:21:3

- DATA SUMMARY>
MEDIAN DIAM. 8.560 (Hm)
MODAL DIAMN. 8.676 CHm)
SURFACE ARER 4,123 (mam,g)
95.9% DIAN. 1.348 Cpm)

5.8% DIAM. @.192 (pm)
pram. cun
RCHm) as o

1 1.200 92.6

2 1.000 89.3

3 2.800 73.8

3 a.500 18.8

s 2.100 2.5

<SA-CP4 CUMULATIVE GRAPH)>

SANMPLE ID 631

SAMPLE # 224,96 RUNB1
DIAM, @3 ¢
X ¢ Hm ) se
5.000 ~
4.2900
3.9080
2.000
1.508
1.000
a.309
9.600
2.500
9.400
@.320
9.200
8.15@

9.120
.080
9.060
a.85@
0
[ J
<5A-CP4 DIFFERENTIAL GRAPH>

SAMPLE ID 631
SAMPLE # 2-24-36 RUNGIL

3 (%)
Se

Qo
—
D
X

a

~
b

OO ¥
O0DOOD v

AOOOUNOOO®

NOVOUOORONDO
COONOOOODO®

OOVDOOONOOO@D—~ = UHHE U X
® ¢ 8 4 e s s 8 s e s e s e s
[T Ll SIZEN

'‘ARTICLE SIZE ANRLYSIS BY SA-~CP4
vi.o0

PLE ID 631

PLE # 2724796 RUNBL

NSITY 3.9S5 * MODE :CENT
NSITY 2.9978 480 CRPM/MIND
ZQ(MPB.S)3.9
AK P, 28 KCX>: STANDARD

E 8:21:38

DATA SUMMRRY>

MEDIAN DIAM. 3,560 (#m)
MODAL DIAM. B.676 C(Hm)
SURFACE RRER 4,173 (mum-3)
35.8% DIAM. 1.348 (Hm)
5.8% DIRM. 0.192 (Hm)
oIAn. cun
XCHm) Q@3 (%)
1 1.298 32.6
2 1.000 89.4
3 8.800 78.8
4 8.500 48.8
S 8.189 2.8
P4  CUMULATIVE GRARPH>
>LE ID 631
PLE & 272436 RUNBG1
IAM, Q3 (%>
(Hm) g S8 100
. 088 T >
- 2089
.998
.. 000
-+598
.. 000
3.800
J.é6008
3.500
3.400
0. 3a6
3.200
8.150
0.100
08.989
8.060
9.050
2]
¢SA-CP4 DIFFERENTIAL GRAPH>
MPLE ID 631
1PLE & 2724/96 RUNB1
JIANM, 1 /aX
{C(Hmy g S0 180
5.988 H : H H
+.8009
5-009
2- 900
560
- 800
t- 800
1+ 600
+ 500
+ 400
« 308
- 200
v+ 150
9-180
2-080
9-0860
3-859
%)
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vi.08

$CENT
48BCRPM/MIN)>
K¢(X>: STRNDARD

MODE

DISPERAL
2724-96 RUNB2

8
21:28

PARTICLE SIZE ANALYSIS BY SR-CP4
tPLE ID
IPLE

SUMMARRY >

TINE @
-DATA

VUl.00

CENT

488 CRPHININ)
STANDARD

MODE
KC(X)D

272496 RUNB2

&
UMNARY >

=

PRARTICLE SIZE ANRLYSIS BY SA-CP4

SAMPLE ID DISPERAL

SAMPLE

TINE 9:21:38
CATA

~

T

(VR
O
Mo

<o

EN

DIah.
X {Hm)

MOCI®D

SDNMD
Mmoo

MAANDW0

UMD
nerHe

OIS D

190
108

3 7dX
50

RUNG2

SPERRARL

24796 RUNB2
DISPERAL
2724798

CUMULATIVE GRAPH>

DIFFERENTIAL GRAPH>

AOORAPRIDOROROOROD®
CLECROIDOIRODODON ®WW0IN
TLODDINOBONFMIN—~—OOD

OXININ D DDOODORODDOD

N DOORPODOPDPROOOOOD
LE 0007000020®OIN®O VN
ax VOOV VIN TN~ DD O
—t ® & o & v = 9 s .

OO DOD

P4

~

4\ e e e e e

~35R-CP4

115

1e

2/24796 RUNB2
2724-96 RUNB2

DIFFERENTIAL GRAPH>
DISPERAL

CUMULRATIVE GRAPH)>

RMPLE ID OISPERAL

8

ORIV VINANIIRODODO
ZEQROODOONIDDRDNG W0 OIN
ILODPONODVNTMIN~ OO

PN ROV D

OPDOREPOOORDROOCOD
DRVOOVDVNOOD®INGOWID
CORONOODVINEMIN = DO ®

VIMNA~DOOODOPOOOO®

SANMPLE

SR-CP4
3

~SA-CP4



PARTICLE SIZE ANALYSIS BY SA-CPe¢ .
Ul.oo ‘ARTICLE SIZE ANALYSIS BY SR-CP4
[¥]

SAMPLE ID F109
SAMPLE & 2-24.96 RUNB3 PLE ID F1l@e
o DENSITY s.9s PLE # 2-24/96 RUNB3
. MODE :CENT -
btggn§£g; s)g.gzva 488 C(RPM/MIN) 5§§§§3 g-gg?e EggERéCENT
. . . c . < Ms
CEPTH 2 c.CmPa.5)a. 34 MIN>
EREAK P. ] K(X)>:STANDARD s TH 2
TIME 2i21:38 IAK P. ] K<X)>:STANDARD
TIME ©:21:38
DATA SUNMARY>
DRTR SUMMARY>
MEDIAN CIAMN. 9.938 (Hm)
MODAL DIAMN. 2 (Hm) MEDIABN DIAM. 9.038 <Hm)
SURFACE ARER 3.378 (mxmsg) nocAL OIAN. Q ¢ Hm
SURFRCE ARER 3.378 (mim,3)
95.08% DIAM. 2.972 (Hm) .
5.8% Dlan. 3.9983 (Hm) 25.9% DIAM. 8.972 (Hm)
S.9% DIAM. 8.883 (Hm)
pIan. cun
RCHm) Qo C%> oran. cun
X CHm) Qo C%D
1 1.2090 929
2 1.808 29 1 1.2008 20
3 ©.300 39 1.08908 29
4 9.538 99.9 9.800 217
5 9.100 23.3 8.509 399.9
8.189 38.3
"S5A-CF4 CUMULATIUVE GRAPH>
CP4 CUMULATIUE GRAPH>
SAMPLE ID F109
SAMPLE &  2-/24,96 RUNBJ IPLE ID F1@@
1PLE 8 2/24,96 RUNO3J
oIAM. Qo ¢%D
§(5;g 9 58 1 35&2; o Qo ¢%)
i.008 . S.000 ——— 5? : 188
3.990 4,000 ’
2.008 3.998
1.508 2.800
1.009 1.590
9.806 1.9009
9.6008 9.300
9.580 3.660
2.490 g-ggg
9.300 .
8.200 9.300
9.150 3.200
9.1008 2.139
8.080 2.109
92.068 9.038
9.058 2.060
9 ' B.850
9
[ J
<SAR-CP4 DIFFEREMTIRL GRAPH>
A-CP4 DIFFERENTIAL GRAPH)
SAMPLE ID F100
SANPLE 2 224,96 RUNG3 AMPLE ID F100
AMPLE & 2724796 RUNB3
DIAM. W %)
XCHmY g 50 agﬁg; 0 s aX
5.9@0 ' ° Se 18@
4.900 S.-809
3.000 4-0200
2.9090 3-000
1.508 2.000
1.-800 1.500
@.800 1-9008 .
8.588 9.-300
8.5008 8-608
8.-400 2-500
8.3008 2-400
8.200 0-390
9.158 Q-280
8.1080 2.150
9.0830 3.188
9.068 2.080
8.050 0.860
2 g-esa
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v1.009
$CENT
480 C(RPH/MIN)
K{X):STANDRRD

MODE

Flee
4 2724796 RUNB3
UMMARY >

-

PARTICLE SIZE RNALYSIS BY SR-CP4

MPLE ID
MPLE
E ©:21:38

-DATA

vl.09
CENT
STANDARRD

HMODE
480<CRPM/NIND
KCX)

19
724,96 RUNE3

D Fi190@
2724

[
8

P DENSITY

L DENSITY
BISC. (mP,S)

DEPTH

B3:21:38
SUMMARY >

PARTICLE SIZE ANALYSIS BY SA-CP4
E
E

SanPL
SANPL
‘DATA

BRERK P.
TIME

laXal

85

(v
(1 2]
M

b g\

4.388 (Hm)
0.126 (¥m)

VOM
s s 0
oMY
nTMmo

QOROO®
ODVO®
NSO —
IR

OO

N T

CUMULATIVE GRAPH>
2/24,96 RUNB3J

8

1~CP4
INPLE ID F1g0

AMPLE

2724796 RUNB3J

CUMULATIVE GRAPH>
F100

#

- 3R-CP4
SAMPLE ID
SAMPLE

190

NPORIIPOONOIRORIOODNODND
LEDOOROOONPOOROINODVIN
TLOROPNPOVNTMN—~~O®®
W/ e s v e s s et e

OXINLTMNN—A~ODVONDOOOO®

AR OOPROODOIOIPEFRIOE®

ZECOOOINOODDOOOINCO VN
CTLOORFNONDVIMNN——OO®D
AR

OXINETMNA—=DOIOOOTOVOO®

100

Se

QB 7dX

2/24/96 RUNB3J

Flee

DIFFERENTIAL GRAPH>

#

o~ DOPOPODIDOIDODOEOODE® -
CE 9000000 IDORING®OWIN
MROONPOVNETMN~—OO D

TTMOOOOO®

SAMPLE D

- SA-CP4
SAMPLE

117

108

2724-96 RUNBJI

Fige

DIFFERENTIARL GRRPH>

IOV OIROODOOD
OPPIIOOEFODOIRIND OV
OPFOONPDVNITMNN ~~DOE
R

DITMNA—~POIDIDOOODNO®

<SA-CP4



PARTICLE SIZE ANRALYSIS BY 53;623

SANMPLE ID F1i0@
SAMPLE ¢ 272496 RUNO3J

P DENSITY 3.95 MQDE :CENT

L DENSITY 9.9978 48QCRPM/MIN)
UISC.(mP&,5>8, 96

DEPTH 2

EREAK P, -} KC(X>:STANDARD
TIME 9:21:38

"DATA SUMMARY)>

HEDIAN DIAM. 9.839 (pHm)
110DRL DIAN. a (Hm)
SURFACE RRER 3.378 (mxm,g)
39.8% DIAN. 8.872 (Hm)
5.8% DIAN. 0.093 (Hm)
DIAN. cun
WK Hm) Ro C%)
1 1.280 90
2 1.000 29
b3 9.300 29
4 3.588 99.9
S 9.100 98.3

"3A-CP4 CUMULRTIUE GRAPH)>

SAMPLE ID F100
SAMPLE # 2,/24/96 RUNB3

Qe C%)
=] So 180

T

o
-
D
X

[ o)y o
[TV
TO® e

U UX
* e s e

(Sl NI T T

S ———]
e ———
e ————————————

M

DOOPERTODOEDrrp)
¢ % s e s e 0 s s e
OOV O®

AORRUNOO®
PORIDOOCROODOOO®

OOD = N4

®» <«SA-CP4 DIFFERENTIARL GRAPH>

SAMPLE ID F1g0@
SAMPLE ¢ 2/724-96 RUNG3J

DIAM. Q0 7aL0GCX)
X{Km) @ 59 199
S-800 : ; : P :
+.908

3-000

2.-008

1-500

1-8068

9.8@8

0600

2.5808

8.480

2-309

9.2080

2150

9-1008

3-9889

8.-0608

g.859

-118



PARTICLE SIZE ANALYSIS BY SR-CP4
vi.ee8

SAMPLE 1D @81

SAMPLE &
P DENSITY
Ty

L _DENSI

7]
BRERK P.

UISC.(mpa,s5)g, 96
EPTH

2724-96 RUNB4

3.95 MODE :CENT
49,9978 480<(RPH/MIN)
2

9 KC(X)>:STANDARD

TIME 9:21:38

- DATA SUMNMARY >

MEDIAN DIAM, 8.837 (Km)
HocAL oran. 1.284 (#Hm)
SURFRACE A8RER $.743 (mam, 9>
35.0% DIAN, 2.578 (pm)
S.0% DIAN. 9.871 (pm)
pIan. CURn
R (Hm) Q3 (%)
1 1.200 85.3
2 1.009 S$8.7
M 9.3688 $3.7
4 9.509 27.2
S 2.11808 5.4
"SR-CP4 CUMULRTIVE GRAPH>
SAMPLE ID 981
SAMPLE # 27/24/36 RUNB4
DIRM. Q3 (%D
X Hm) Se
5.8983 T
4.900
3.0868
2.089
1.509
1.000
9.809
8.509
9.509
g.309
9.300
2.2009
9.152
3.189
8.830
2.060
3,059
9
<5A-CP4 DIFFERENTIAL GRAPH>
SAMPLE ID @91
SANPLE & 2724-95 RUNB4
DIAM, LEE &P
XCHm) g Se
S-088
4-000
3-000
2-0808
1-500
1-9000
8.800
0-600
9.509
8-400
2.3030
2-200
8-159
8-108
9.088
8-060
9.0850
9 !

A-CP4

PARTICLE SIZ2E ANRLYSIS BY SS—CP4

1.89
INPLE ID 901
NMPLE & 2724,96 RUNG4
‘ENSITY 3.95 MODE :CENT
ENSITY 8.9378 430 (RPM/MIND
gg(mPi.S)6.96 .
AK P. 2] K<(X) :STANDRRD
z 09:21:38

“A SUMHARY>

‘DIAN DIAM. 8.887 (Hm)
MODAL DIAM, 1.284 (pm)
SURFACE ARER 4.748 (mwm,/g)
95.9% DIAM. 2.578 (Hm>

5.87% DlAM. 8,871 (Hm)>

DIRM. cun
X(Hm) Q3 (%>
1 1.200 65.3
2 1.888 S6.7
9.8080 43.7
9.500 27.2
9.188 6.4

4 CUMULATIUE GRAPH>

81
2724796 RUNBY
Q3 (%>
5e

180
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PARTICLE SIZE ANALYSIS BY SR-CP4 PARTICLE SIZE ANRLYSIS BY SR-CP4
Ul.ge u1.90

SAMPLE ID @@} SAMPLE ID 622
SAMPLE & 2-24-96 RUNG4 + SAMPLE &  2-24-96 RUNBS
F DENSITY 3.95 MODE :CENT P DENSITY 3.95 MODE :CENT
L _DENSITY 8.9978 48B<CRPM/MIND L DENSITY 9.9978 488 (RPM/NIND
géggg(mPa.S)g.96 UISC.(mPi.S)g.96
DEPTH .
BRERK P, 2} K(X>3STANDARD ERERK P, %} K¢(X3:STANDRRD
TIME 93:21:38 TINE ©0:20:19
CATR SUMMARY > <DATA SUMMARY>
MEDIAN DIAM. B3.826 ¢ Fm) MEDIAN DIRM. J.042 (Hm)
MODARL DIAM. ] Hm) MODAL DIAM. 9 _ ——— CpHm ) as
SURFRACE ARER $4.7438 m«em,3) SURFALCE RRPER T.3272 (MM 3)
95.8% DlAM. 3.957 ¢ Hm> 25,0% DIAM. 3,275 (Em
S.9% DIRAM. 8.883 (Hm) S.8% DIAM. 3.8895 (Am>
DIRM. cun DIRM. CUF
X(Km) Qo (%) X(Hm) Ro C%)
1 1.200 a9 1 1,298 39
2 1.999 89 2 1.890 29
M 9,308 39 3 3,399 39.2
3 9.520 a8 3 9.509 98.4
S 9.108 39,1 35 3,199 37.2
SR~-CP4  CUMULRTIUE GRAPH> SR-CF4 CUMULATIUVE GRAPH>
SANMPLE ID 191 SAMPLE ID #©22
SAMPLE # 272496 RUNB4 SAMPLE # 27/24,96 RUNOS
DIAM, Qo ¢%) DIRM, Qo ¢%)>
RCAmY g 5@ 100 %(HmS g Se 1@
S.008 - - - T . 5,899 —
4.009 4,390
3.999 3.009
2.099 2.900
1.590 1.569
1.089 1.000
9,899 2.3993
8.589 3.598
9.509 2.589
3.400 9. 490
8.399 8.389
3,280 3.2080
9.156@ 9.150
g.1090 3.100
8.088 a.939
9.950 3.0969
3,058 %)
9
[ 2
SA-CP4 [IFFERENTIAL GRAPH:>
«SA-CP4 DIFFERENTIRL S3RAPH> ! )
SAMPLE ID 822
SAMPLE ID 901 SANPLE &  2,24/36 RUNBS
SAMPLE ¢ 2724796 RUNBS .
DIRM. Qo 7 4%
DIRE. Q0 74X Ripmy 9 se 10.
RACHm) g Se 100 s. 900 — A
S.8009 ; T T ! H ; T 3.980
4.08092 3.980
3-0800 2.999
2.008 1.5090
1509 1.-809
1+-800 3.300
9-.880 3-600
9.60@ 2-500
9+580 B.480
@-490 9.380
9. 3209 9.200
9. 299 9150
8.-150 9.100
9-100 8.-080
9-880 2.860
Q-068 9
3-650

120



PARTICLE SIZE ANRALYSIS BY SR-CPe¢
ui.ee

SAMFLE ID 622 .
SAMPLE #  2-24-96 RUN®S .
P DENSITY  3.95 MODE :CENT
L DENSITY 8.9978 480 CRPH-MIN)
HISC. (mPa,558.96
LEPTH 2
ERERK P. ] K¢X>: STANDARD
TIME ©0:20:19
"DRTA SUMMARY>
MEDIAH DI@M. 9.588 (Hm)
MODAL CIAM. 9,637 (Hm)
SURFACE ARER 3.332 (mams9d
25.9% DIAM. 1.243 <Hm)
5.6% GIAM. 9.218 (xm)
pIAM. cuy
KEmY Qs %)
1 1.299 34.1
2 1.999 33,2
3 3.309 20.2
3 3.529 31.2
5 3.199 1.2
3A-CP3  CUMULRTIVE GRAPH>
SAMPLE ID 522
SAMPLE &  2-24,96 RUNBS
o1AM Q3 ¢%)
W Hm Y 59
5.000 — v
3. 2
3,339
. 099
1.508
1.090
9.1
J.009
3.539
G.
3.
3.
A,
g.
3.
9.
53-CP4 DIFFERENTIAL®GRAPH>
SAMPLE ID 622
ZAMPLE #  2-24.96 RUNGS
DIAM, B
XM @ Se 1e
S.929
3.990
3.908
2.9090
1-590
1- 8988
2.800
8.608
3:500
3.209
3.300
a-200
9.158
3.108
3-850
8-860
]

'ARTICLE SIZE ANALYSIS BY SR-CP4
Ui.008

2LE ID 622

PLE & 2724796 RUNBS

NSITY 3.98 MODE :CENT
_NSITY 9.9978 480(RPH/MIND
. (mMP&,538.96

TH 2
RAK P. 2] K(X):STANDRRD

E 9:20:19

“DRTA SUMNMRRY>

121

MEDIAN DIAM. 2.5380 (kHm)
MODAL DIAN, Q.67 /Hm)
SURFACE RRER 3.332 (mem/3)
35.3% DIAan, 1.243 (Hmy
S.0% DIRM. 8.218 (Hmy
DlAM. Cum
XCHm; 03 (%>
1.2308 24,1
1.900 38.2
9.3899 88.2
8.5489 31.2
8.139 1.2
~2P4 CUMULRTIVE GRAFPH>

MPLE ID 622

MPLE # 2724796 RUMNBS
bIAM. Qs (%)
X(pm) @ S8 160
S5.0609 - : : Y . . -
4.009
3.908
2.090
1.5020
1.909
3.3008
9.686
8.580
9.409
J4.3080
8.200
8,150
2.108
3.03806
8.860
8
.P4 DIFFERENTIAL GRAPH>
*LE ID 822
LE & 2724796 RUNGS
[Aan. 13 74X
(Hm) @ S9 188
- 886 ; : ;
- 000
- 200
- 908
- 508
- 968
- 898
- 608
- 590
=408
1. 3808
1. 208
J- 150
8.-108
Q-088
3-960
%]

)



T PARTICLECS I WNHL VEYS ~ N Ay~

u1.ee
SAMPLE ID DISPERAL 2
SAMPLE &  3-02.96 RUNG1
P DENSITY  3.95 MODE :CENT
L DENSITY _ @.9378 480 CRPM/MIN)D
HISC.(MPA, $)@. 96
DEPTH 2
BREAK P, ] K¢X): STANDARD
TIME 9:21:38
- DRATA SUMMARY>
HEDIAN DIAN, @.823 (pm)
MODAL D:iaM. 1.231 CHm)d
SURFAZE ARER 11,53 (maem,3)
95.a% pIAN. 2.702 (Hm)
S.8% DIRM. 8.821 (Hm)
DIAM. cun
X(Hm) Q3 <%)
1 1.200 64.0
2 1.8909 S?7.9
3 2.800 38.8
3 2.500 38.8
5 0.160 22.4
<SR-CP4 CUMULATIVE GRAPH>
ZAMPLE ID DISPERAL 2
SAMPLE 8  3-@2-96 RUNO1
DIAMN. Q3 <%
K¢ pm Se
S.000 :
4.000
3.098
2.900
1.500
1.800
9.800
9.600
2.500
9.309
2.300
3.209
0.150
2.180
2.089
9.060
9.058@
]
>
<3A-CP4 DIFFERENTIAL GRAPH>
SAMPLE ID DISPERAL 2
SANPLE &  3.082-96 RUNGI
DIAM, a3 ¢
X C pm > Se 1€
S-000 ;
4-200
3-ge@
2.000
1-500
1-200
a.88@
8-600
8- 598
2-400
@-398
8-200
e-15@
2-100
2.080
8-260
a.059
)

ARTICLE SIZE ANRLYSIS BY SEICP‘

’LE ID
°LE &

z
wn
—
—
<
Y

H
AK P. 8
E 9:21:38

ATA SUMMARY>

nEgInN DIANM.
R
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- UNOON

3-CP4

c
@

DISPERAL 2
3782-96 RUNB1

NSITY 3.95
.9978
.. (mPa&,558.96

r 2

AMPLE ID ODISPERAL 2

1%

MODE :CENT
488 C(RPM/HIN)

K(X):STANDRRD

8 (Hm)

1 (Hm)

3 (mams3)
2

1

C(Rm)
(Hm)

CUMULATIVE GRRAPH)>

3782/36 RUNB1

Q3 (%>
50 180

AMPLE &
DIAN.
XC(Hmy g
5.000
4.000
3.000
2.000
1.500
1.800
2.800
3.500
3.500
B3.489
9.308
9.2089
9.159
2.1008
9.089
8.060
8.0859

8

i

<SA-CP4 DIFFERENTIAL GRAPH>
SANMPLE ID DISPERRL 2

SAMPLE #

e
I
o

[\

3782-96 RUNO1L

q3 7daX
Sa 188
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vi.08

- 2
37,82/96 RUNB2

PARTICLE SIZE ANALYSIS BY SRA-CP4
Qai

vi1.08

2
3,82,/96 RUNB2

PARTICLE SIZE ANALYSIS BY SRAR-CP4
eal

SAMPLE IO
SAMPLE #
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VI
CE
BR

528 (Hm)
9.023 (Hm)

2
<o

9:21:38

TR SUMMARY>

CIAN DIAN.

3DAL DIANn,
~URFACE AREA

TIME 9:21:38
SUMHARY >

- DRATA

~Ci D

[Ta Rl ww] a1 )
“ e e e
O rinaon
ODINFY

OOEO®
ORDOD
QMmN ~

—~—_O®

— ity in

190

2
3,82/96 RUNB2

10e

CUNMULATIVE GRRPH>

PLE ID @81

PLE

¢

P4

2

3,082,956 RUNB2

291

A0V PODDDOROODRO®
LEQOOODNOANDOODRNODVIN
TLOOOPNDOONEMN O DO

Lan A I T
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3 7ax
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DIFFERENTIAL GRAPH)>
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{SA~-CP4
SANPLE
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PARTICLE SIZE ANALYSIS BY SE-CP4 PRARTICLE SIZE ANALYSIS BY SR-CPe

1.08 Ut.ge
SAMPLE ID F109 -~ 2 IMPLE ID Figa - 2
SAMPLE ¢ J782/96 RUNG3J iMPLE & 3782736 RUNB3
P DENSITY 3.99 MODE :CENT JENSITY 3.95 * MODE :CENT
L DENSITY 3.9978 488<(RPM/MIN) JENSITY 8,997 488 (RPM/MIN)
»15C.(MmPa 553,96 3C.(mP&_ 553,96
CEPTH 2 >TH 2
ERERK P. Q K(X)>:STRANDARRD ZRAK P. %] K(X):STANDARRD
TIME ©9:21:38 ME 9Q:21:33
CATR sunMbARY > DRATA SUMMARY>
MEDIAN DIAN. 3.92T . Hm)Y MEDIAN O1lAM. B.827 <um)
MODAL DIan 9 —— tEmY MODAL DIAM. 9 LMD
SURFACE ARERA 3.778 «memra) SURFARCE ARERA 3.738 mem.,g;
35.9% DlIAam. 3.058 (Hm) 95.9% DIam 2.95@ (wHm>
S.8% DIAM. 9.883 «Hm> 5.8% DIAnM. 2.083 (Mm)
DIAn. cun DIAM, cumM
X Hm) Qo <2 X<Hm)y HIRED)
1 1.21308 29 1 1.209 20
2 1.908 513} 2 1.000 [}
s 9.899 39 3 9.300 20
4 B.559 a8 9.500 20
S 3,198 39.96 2.100 99.6
SA-CP4 CUMULRATIVE GRAPH> CP4  CUMULATIUE GRAPH>
ZAMPLE ID F188 - 2 'PLE ID Fi98 - 2
SRAMPLE # 3/782-96 RUNG3 IPLE # 3782726 RUNBZ
DIAM., Qo €% Iam. Qo ¢%>
NCEmY g 59 18 (Hm) g Se 100
S.808 T . 008 - . -
1.0999 .. 808
3.899 .. 8008
2.008 2.900
1.589 1.5808
1.008 1.90008
3,833 8.800
8.6080 9.6009
9.509 8,588
8.400 8.400
3,300 9.308
9,208 8.280
9.158 8.150
3,190 8.180
9.988 9.8808
3,860 8.860
3,958 " 8.850
5] = 9
ZA-CP4 COIFFERENTIAL GRAPH> <5R-CP4 DIFFERENTIAL GRAPH>
ZAMPLE ID F180 - 2 SANPLE ID Fie@ - 2
SRMPLE & 3/82-35 RUNG3 1PLE # 2782796 RUNDJ
DIAN. 0 (%) 2IAaM, Qo 74X
X(Hm) g Se 1 XCHm) 3 Se 180
S.060 5-9800 : : : :
4.000 4.0080
3+-999 3-0088
2+0009 2-900
1.500 1-500
1.000 1.008
dJ.800 2.800
3.609 8.600
9.508 8.5080
9480 8:.400
a.308 8-308
9.200 9-200
2-150 8.150
J.1009 9-100
3.08380 2.889
9.060 8-860
g.850 8-35@
5] (%)

E, |



vi.ae

:CENT
488C(RPM/MIND
K<(X):STANDARD

MODE

3702796 RUNOJ

%

ARTICLE SIZE ANRALYSIS BY SA-CP4
9:21:38

2LE ID F1i1@08 -~ 2

LE
TA SUMMARY>

ui,.08
s CENT
IND

483 C(RPM/NI
STANDARD

MODE
K(X):

3-82/96 RUNB3

F10e ~ 2

¢
SUNMMARY>

PRARTICLE SIZE ANALYSIS BY SA-CP4
9:21:38

SAMPLE ID
SAMPLE
TIME

<DATA

LA

—CiM et

VITNOD
¢ o0 e 0
A AN A
O v )

VRAVO®
QDD ®
CIQ MWD —~

Aadal v i

—“NM YN

3782796 RUNG3

CUMULATIVE GRAPH>
Figa - 2

1-CP4

2796 RUNB3

CUNULATIVUE GRAPH>
a -2

“SA-CP4
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PARTICLE SIZE ANALYSIS BY Sﬁ—CPs

SAMPLE ID 622 - 2
SAMPLE & 382,96 RUNG4
P DENSITY 3.95 MODE :CENT
L DENSITY @.9978 488CRPN-MIND
UéSC.(mPa.S)g.96
CEPTH
BRERK P. ) K¢X>:STRNDARD
TIME 8:28:29
<DRTR SUMMARY>
MEDIARN DIAMN. 8.613 ¢hm)
MODAL DIAM. 3.638 (km)
SURFRACE AREA 3.888 (mam,3)
95.9% DIAN. 1.663 <xm)
5.8% DIaM. 9.226 (pm)
DIAM. cum
X Hm) @3 <
1 1.200 87.8
2 1.889 83.4
3 3.300 79.4
3 8.508 34.5
5 8.10@ 1.8
<SR-CP4 CUMULATIUE GRAPH>
SAMPLE ID 622 - 2
SAMPLE &  3-82,56 RUN@4
DIAM. Q3 ¢%)
XCHmY g Se 1€
5.088 . .
4.000
3.080
2.000
1.509
1.080
8.2800
8.6a0
9.500
8.400
8.309
8. 200
9.159
a.100
9.089
8.0968
]
<5A-CP4 DIFFERENTIAL GRAPH)>
SAMPLE ID 622 - 2
SAMPLE # 38296 RUN@4
pIam. a3 ¢%)
X ¢ Hm ) S 1¢
5.900
4.000
3.000
2.009
1.508
1.-808
8.3800
8-608
@.500
9.420
8-308
2-200
9.-158
6-100
9.080
@-060
] |

———————

PARTICLE SIZE ANRLYSIS BY Sﬂ—CPs

SANPLE ID 622 - 2

SANPLE ¢ 3782-96 RUNG4
ENSITY 3.9 MODE :CENT
ENSITY 8.9978 480CRPM/MIND
C.(mPa, 538,96
TH 2

- AK P. e K<X): STANDRRD
E ©:20:29

TA SUMMARY>

IEDIAN DIAM, 8.613 Cjm)
"100AL DIAM. 8.69Q (pm)
SURFACE ARERA 3.888 (mwm.9)
‘S.3% DIAM. 1.663 <pm)
5.e% DIAN. 9.226 (pm)
DIAM. cun
A CHm) PRES
L 1.200 87.8
2 1.809 83.4
3 2.80@ 78,4
3 9.500 34.5
s e.100 1.3

SA-CP4 CUMULATIVE GRAPH>

SAMPLE ID §22 -~ 2
PLE & 3/82.96 RuN@4
1AM, @z <)
<pm) g 59 100
.299 : :
.20
.. 208
1. 999
.50
.. 290
). 800
}.600
).500
3.300

3.300
3.200
3.15@
9.1080
9.238
8.868

]

<SA-CP4 DIFFERENTIAL GRAPH>

SAMPLE ID 622 -

SAMPLE #  3-32/96 RuNe4

1AM, 3 2ax
¢hm3 @ 50 108
- 800
- 200
- 000
:- 200
-5eg
- 008
1+ 800
1. 630
}+509
). 309
)+ 320
}- 200
3-158
3-189
3-030
2-868
@
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PARTICLE S

DATAR SUNMARY >

IZE ANALYSIS BY SA-~CP4
uiL.08

MODE :CENT
488 (RPM/MIND

K(X):STANDRRD

MEDIRMN D IRAIT. 9.941 « Bm
nopRL CIan. 3 CHmY
SURFRCE ARER 2.838 «mem. 35
3S5.0% DIAn. Q.27% (Hm)
5.8% DIAN. 9,994 C(Hm)
DIAN. cun
X(Hm) Qa C2)
b 1.200 99
2 1.90808 309
3 9.399 33.3
3 9,509 98.7
3 8.199 38.0
SA-CP4  CUMULATIWVE GRAPH:>
SAMPLE ID 822 - 2
SAMPLE & 3/82-96 RUNB4
DIAN. Qo (%)
X(Hm> g s
5.0849 T
4.080
S.990
2,998
1.500
1.999
3.509
3.6088
9.588
2.499
a.308
9.209
3.150
92.108
9.039
2.060
a 1
~SA-CP4 DIFFERENTIRL GRAPH,
SAMPLE ID w822 - 2
SAMPLE # 3-82/36 RUNG4
DIAN. QW %)
X(Km> @ Se
5.099
4.08008
J-898
2-000
1-500
1-000
g-908
9-608
2-500
0-400
9-.300
@-208
9159
9-100
@-0830
9-968
9

RMPLE ID
4

IMPLE

ENSITY
'ENSITY

C.<mpa.5)

TH
AK P.

NdaLibde-
DO -

CrP4¢

CUNULRTIVE
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FRRTICLE SIZE ANALYSIS BY SA-CP4

Ui1.00

-2
2,96 RUN@4
MODE :CENT
48B8C(RPM/MIND

K(X)>:STRNDRRD

L Hmy
C Hm
(Meem. 4.

¢ Km >
«pms

3RAPH>

522 -

3/02736 RUNG4
Qo (%)
59 188

DIFFERENTIAL GRAPH>

<

22 - 2

3-82/96 RUNO4
W /74X
S




PARTICLE SIZE ANALYSIS BY SA-CP4
ui.ge
SAMPLE ID DISPERAL
SAMPLE & 629796 RUN1
P DENSITY 3.95 MODE :CENT
L DENSITY 8.9978 48QCRPM/MIN)
UISC. (mPa,S550.96
DEPTH 2
BRERK P, a K(X>:STANDRRD
TIME 8:21:45
“DATA SUMMRRY>
HEDIRAN DIAM, 9.239 (Hm)
MODAL DIAM, 3 ( Hm )
SURFARLCE RREA 22.56 (mam-g)
35.9% DIAN., 2.613 (Am)
S.@% DIARN. 9.809 <(ym)
DIAN, CuM
X(Hm) @3 <)
1 5.009 20
2 1.200 71.3
3 8.300 63.6
4 2.280 48.3
S 3.059 28.3
{SA-CP4 CUMULATIVE GRRPH)>
SAMPLE ID DISPERAL
SAMPLE # 5729796 RUNtL
DIAM, @3 (%D
XCKm) @ 59 188
5.000 :
4.000
3.2438
2.000
1.500
1.0800
a.8089
9.6080
9.500
8. 4069
8.399
9.290
8.159
9.100
3.980
a2.860
3.050
2]
.
SR-CP4 ODIFFERENTIAL GRAPH>

SANPLE ID DISPERAL

SAMPLE ¢# 6-29-96 RUN1
DIRN. 1 74X
X(Hm) g Se 190
5-800 :
4.000
3-000
2.089
1-300
1-0890
9.-800
g+ 608
0-5809
9:480
9-3808
9.290
g.-150
9-109
2.9880
@-950
9.050
3}

PARTICLE SI2E ANALYSIS BY SR-CP+¢
Y e

SANPLE ID DISPERAL

SAMPLE & 6729796 RUN1
P DENSITY 3.98 MODOE :CENT
L DENSITY 8.9978 488<CRPM/MIN)
VISC.(mPa, 559,96
DEPTH 2
BREAK P, 2] K(X>:STANDARD
TIME 8:21:45

{DATA SUMMARY>

MEDIAN £ IAM. 8.239 (Km)
HODRL DIRH. 2] ¢ Hm )
SURFACE ARER 22.56 (mxm,9g,
95.8% DIAM, 2,613 cum)
S.8% DIAM, 8.9089 (Km)
DIAM, UM
XCHm) Q3 (%)
1 5.000 28
2 1.208 71.3
3 8.8@@ 63.6
4 8.2089 48.3
S 8.850 28.3
{SA~CP4 CUMULATIVE GRAPH>
SAMPLE 1D DISPERAL
SAMPLE & 6729796 RUNL
DIAM, @3 ¢%
XC(Hm) g S6 188
5.000 -
4.008
3.0080
2.000
1.508
1.099
8.800
8.600
2.500
2.400
2.300
8.289
8.158
3,100
8.080
9.060
8.059
5]
<{SR-CP4 DIFFERENTIRL GRAPH>
SAMPLE ID DISPERAL
SAMPLE 8 6729/96 RUNI
DIAN, W%
% ¢ Hm ) 50 108
S5.0809 :
4.0009
3.000
2.000
1.580
1- 000
9.800
9-600
8-.5ee
8+-400@
9. 300
2.-200
9-159
8-100
8-080
9+060
9-050
)
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PARTICLE SIZE ANALYSIS BY 53~CP3

SAMPLE ID DISPERAL
SAMPLE # 6729796 RUN1
DENSITY J3.85 MODE :CENT
L DENSITY 9.9978 48@CRPM/MIN)
UISC,. (mPa_.5)3,96
DEPTH 2
BERERK P. 5] K(X):STRANDARD
TIME 9:21:45
DATA SUMNMRRY>
MEDIAM DIAM. 9,826 (Hm
MOOARL CIRM. 9 \ Hmy
SURFRICE ARER 22,56 «mem- g,
35.@% biaM, 3.956 (wmy
S.9% DIAN. 3,992 «Hm)
pran. cumM
M CHm) 20 %)
1 5.¢98 39
Z 1.23a 39
3 Qa,393 29
3 3.290 39
S 9.958 6.1
-SR-~CPY LCUMULRTIVE 3RAPH)
SAMPLE ID DISPERAL
SAMPLE # 6/29,986 RUNL
CIAM, Qo (%)
SO RmY g S50 180
S.990 - T -
4,900 L--------------
5.299
2,999
1.5a93
1.9308
8,309
Y. 539
3,589
3,499
9,398
3,209
3,153
0,189
3.93a
9.360
9.653 "

5A-CP4 DIFFERENTIARL GRAPH>
SAMPLE ID DISPERAL
SRMPLE & 5-29/96 RUNL
OIARNM. R 74L0G XD
X{Hm)> 9 56 190
5.89a
40009
3-890
2-908
1-590
JR-1:11]
9.380g
8-609
9-508
3.4009
g.398
9.200
9.158
6100
8.030
9-960
9.858

PARTICLE SI2E ANALYSIS BY SA-CP4

Ui.e0

SANMPLE ID DISPERAL

SAMPLE & 6729796 RUN1
P DENSITY 7.95 MODE :CENT
L DENSITY _ 9.997s8 480 C(RPM/MIND
YISC.(mpa,S54, 96
DEPTH 2
BRERK P, 8 K{X):STRANDRRD
TIME B8:21:45

~DATA SUMMARY>

MEDIRN CIAM. 3,223 cHms
MODAL DIAM, 3 ¢ Hm
SURFACE ARER 22.S6 ¢mem. 3,
95.8% DlAM, 2.513 (pmy
S.8% 0Ian., 9.9309 < km)
DIAM. cun
K CRm) Q3 %
1 S5.080 29
2 1.2098 71.3
3 2.880 83.8
4 8.260 43,7
S 8.08509 23.3
<5R-CP4 CUMULATIVE GRAPH>
SANMPLE ID DISPERAL
SAMPLE & 5729796 RUNL
DIAM. Q3 (%)
KCHm) @ 59 108
5.090 -
4.0489
3.090
2.909
1.599
1.008
9.808
9.580
9,500
2.493
8.30g8
A.2009
a.159
2.189
0.0880
9.8683
8.0509
=}
SA-CP4 DIFFERENTIAL GRAPH
SAMPLE ID DISPEPAL
SAMPLE & 6729/9% RUNL
DIAN. a3 (%)
X CHm) Se 108
S5-000 :
4-000
3-809
2-000
1-5008
1-800
a-800
8.6006
9:500
@-400
83009
8.208
8-159
8-100
8.-080
B8.-860
3-058
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1.00
A
SAMPLE ID DISPERAL
-SAMPLE & 6729796 RUN1
P DENSITY 3.95 MODE $CENT
L DENSITY 8.9978 488C(RPN/MIN)
UISC.(mPa.5>0.96
DEPTH 2 .
BRERK P. o K(X>: STANDARD

TIME ™ @:21:45

<DRTA SUMMARY>

MEDIAN- DIAQNM.
HODAL DIAM.
SURFAC ER

mo

(LY YFTNT
OO®-U0 AD OO

b L T
ONON® TFD DD D
NEOOO® v I3 N
OO

{SR-CP4¢

@

8.239 (Hm)
CHRmy

22,56 (mamrg)

2.613 (pom)

8.809 (Hm)

cun

2 (%)

ge

71.3

63.6

48.3

28.3

CUMULATIVE GRAPH>

SAMPLE ID DISPERAL

SAMPLE #

o
Pay

e

672996 RUN1

Q3 C%D

108

o
NUHAPUOX
R
NOOVOUNPEORO'ED
OO T
CROPOOOO® v,

OORIDOONO®® e re
# & ¢ o 8 e ac0 0 0
OO+ N (5

NOOOUNID®O®
ORI CONO®

3¢
S0

S <sa-cr4

DIFFERENTIAL GRAPH>

SAMPLE 1D DISPERAL

SAMPLE ¢

o
"~
‘=D
P 4

%]

6729796 RUN1

B 74L0G<XD
Se

100

e o o s
oo

OO
O0OO®

AO0® F
OO -

VOOOOPODOODm - NWAUN X
HAaNODOO
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“— pARTICLE SIZE-ANALYSIS a?‘soﬂeﬁﬂ:

PARTICLE SIZE RANALYSIS BY SR-CP4

Ui.ee
SAMPLE ID DISPERAL
SAMPLE & 6729736 RUN1
P DENSITY 3.95 MODE :CENT
L DENSITY 8.9978 480(RPM/MIN)>
UISC. (mP&,5)8, 96
DEPTH 2
BRERK P. e K<X>: STANDARD
TIME ©:21:45
<DRTA SUMHMARY>
MEDIAN DIAM. 8.826 (Km)
MODRL DIAN. 2] (Hm )
SURFRCE RARER 22.56 (mam,/9)
95.8% DIRMN. 8.850 (Hm)
S.0% DIAN. 9.0802 (kKm)
DIRM. cun
K(Hm) Qe C%D
1 S.000 (-]
2 1.209 08
3 6.8088 @3
4 9.200 e
S 0.058 96.1
<SR~CP4 CUMULATIVE GRAPH)>
SANMPLE ID DISPERAL
SAMPLE ¢ 6729796 RUN1
DIAM. Qo (%>
X(Hm) @ S0 108
S.080 Y Y
4.000
J3.000
2.000
1.580
1.000
g8.880
0.600
8.500
9.408
9.300
Q.260
9.150
8.100
0.880
9.060
0.059
2]
{SR-CP4 DIFFERENTIAL GRAPH)>
SAMPLE ID DISPERAL
SAMPLE & 6729796 RUN1
DIaM, Qo 74L0OG (XD
+ X(Hm) @ Se 100
S5.9800
4.0008
3+-000
2-009
1-500
1-000
0.800
8.680
8.500
9:400
8.3808
@.200
@.159
@.-100
9-980
P-060
-850
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PARTICLE SIZE ANALYSIS BY SS;CS;

SANPLE ID @01

SAMPLE ¢ 6729796 RUN2

P DENSITY 3.95 MODE :CENT

L DENSITY a.9978 488<(RPM/MIN>
UISC.{(mpPa,5)>8,96

DEPTH 2

BRERK P, %] KC(X)>: STANDRRD

TIME ©8:21:38

<DRATA SUMMARY>

NMEDIAN DIAM. 9.419 (Hm)
HODAL DIRM, 8 ¢ Hm >
SURFRCE RRER 18.88 (mxm,/g)
95.8% DIAM. 2.695 (Hm)
.0% DIAN. 8.811 (Hm)
DIAN, Ccun
X Hm) @ <%
1 S5.800 o8
2 1.200 72.1
3 8.800 61.4
4 8.2080 43.3
S 8.05@ 22,0
*SA-CP4  CUMYLATIVE GRAPH>
SAMPLE ID 8@1
SAMPLE # 6729/96 RUN2
DIRM, Q3 (%)
X(pm) g So
S5.0080 T
4.0009
3.0800
2.006
1.508
1.000
d.800
9.600
9.568
8.400
8.304a
6.288
9.150
8.180
9.080
9,068
8.0858
e
“SA~CP4 DIFFERENTIAL GRAPH)>
SAMPLE ID @01
SAMPLE & 6729796 RUN2
DIAanN. 443 (%>
X(Hm) Se 180
S.800
4.008
3.000
2-000
1-300
1-000
0.880
8.6080
8.508
9-400
8.300
a-208
2-150
8.1008
@-.-080
9.-860
@.050
%]

PRARTICLE SIZE ANALYSIS BY Sg;ng

SAMPLE ID 081

SRAMPLE & 6729796 RUN2

P DENSITY J3.95 MODE :CENT
L DENSITY 0.9978 488 (RPM/MIND
UISC. (mPa,S5)0Q,96

DEPTH

2
BRERK P, 8
TIME 09:121:38

K(X3:STANDARD

<DRTR SUMMRRY>

MEDIAN DIAM, 8.419 (Hm)
HODRL DIARM. =} (Hm)
SURFRCE ARER 18.80 (mwm,g)
95.0% DIRAM. 2.695 (jm)
5.8% DIANM. 8.811 (Hm)
! DIAN. CUN
, X{Hm) @3 (%>
1 S5.088 80
2 1.200 72.1
3 9.800 61.4
4 8.200 43.3
S 8.0850 22.0
<SRA-CP4 CUMULATIVE GRAPH)>
SAMPLE ID a1
SAMPLE & 6729,96 RUN2
DIAM, Q3 %)
XC(Hm) @ Se i0@e
S.800 > v v r—— : r - r
4,000
J.008
2,000
1.500
1.0088
8.8008
8.600
2.508
8.400
8.308
8.200
8.158
8.100
8.0806
8.060
, 9.050
e
<{SR-CP4 DIFFERENTIAL GRAPH>

gRHPLE ID Qo1

AMPLE & 6729796 RUN2
DIARM. Q3 74X
X({Hm) g Se 180
5.000
4.000
3. 0800
2:800
1.580

! 1:600
9:800
} 2.600
8.588
9:400
0.300
Q8-200
] 9-15@
) 0-1806
) 0-080
: 8:-060
; 8.050
1316




PARTICLE SIZE ANALYSIS BY SR-CPe

vi.90
SAMPLE ID F100 - PARTICLE SIZE RNRLYSIS BY SA-CP4
SRAPLE g 6729796 RUNJ v1i.89
P DENSITY 3.95 MODE :CENT SAMPLE ID F1i@e
L DENSITY 8.9978 480 (RPM/MIN) SANMPLE & 6,29796 RUN3
VISC.(mPa 5>3.96
CEPTH 2 ® DENSITY 3.95 MQDE :CENT
BRERK P. 2 K{X)>:STANDARD L DENSITY 9.9978 +8Q(RPM/MIND
'ISC.(mPa&,5508.96
TINE 92:21:38 DEPTH 2
ERERK P. a K{X): STANDRRD
CRTR SUMNMARY> TIME 93:21:33
NMEDIAN DIAM. B.32S5 (Hm)
nCoeL UIAM, 5] £ Hm> DRTA SUNMMARY>
SUPFRLE RARER 13.0S (mwm,g; _
MEDIAN CIAN. 3,235 C(Hm»
35.9°% DlAM, 1.969 (Hm) 110DAL DIAM. a fRmy
5.0% DIAM. 8.913 (Hm) SURFRCE RREA 18.85 rm«m-9q)
DIAM. CUM 35.39% DIAN. 1.369 (umy
ACHm) Q3 (%D 5.8% DIAM. 9.013 vEm;
1 5.098 515} DIRM, cUn
= 1.2908 76.5 S(Hm) 23 (%)
3 3.299 53.9
+ 3,238 41.9 1 5.000 30
S 9.850 20.5 2 1.2080 T8.5
3 2.3209 53.9
4 2.288 41.9
ZR-CP4 CUMULRTIVE GRAPH) S 8.859 20.5
SANPLE ID F19@
SAMPLE & 5729796 RUN3 SA-CP4  CUMULARTIVE GRAPH)
DIAM. Q3 % SAMPLE ID F198
KC(HmY @ Se 160 SAMPLE # 5729796 RUNI
S.289 T
4.8808 DIARMN, Q3 (%>
3.000 X(Hm) g S8 100
2.900 S.900
1.509 4.900
1.0880 3.000
3.399 2.889
d.6508 1.590
2.504 1.2380
2,483 3.300
9,298 8.600
9.200 g.500
3.150 8.4049
3.198 H 8.399
3.888 i 8.200
3.060 H 9.159
9,058 H 8.100
3 - 3.839
L4 3.060
8.953
SA-CP4  DIFFERENTIAL GRAPH>
SAMPLE ID F1e9
SAMPLE 8 6729-96 RUN3 <5R~CP4 DIFFERENTIRL BRAPH)
oIARn, 3 (%) SAMPLE ID F106
X HmY Se 109 SAMPLE ¢ 5729/96 RUN3J
S.999 .
DIAM q3 74X
+4+0130 b 3
1.990 RK(Hm) 9 1] 100
2.-968 S.8009 : : : { ;
1.500 4.08009
1-0080 3-890
3. 890 2-000
8600 1.508
3-580 1-0088
9400 8-300
8- 380 8-600
9. 200 a-598
9-150 9-400
3.1099 8-300
2.9380 8-2080
3.-060 a-159
3.0580 9-100
g 8-089
3:858
132 §




PARTICLE SIZE ANALYSIS BY SA-CP4

vi1i.008

SAMPLE ID 522

SANMPLE & €/29796 RUN4

P DENSITY 3.9S MODE :CENT
L DENSITY 2.9978 488 (RPM/MINY
UISC.«mPa, 553,96
CEPTH 2

ERERK P, 2 K(X>:STANDARD
TIMNE 9:93:22

- DATA SUMNARY>

PARTICLE SIZE ANALYSIS BY Sﬂ;CS;

SAMPLE ID 622

SAMPLE 8 5729796 RUN4
P DENSITY 3.95 MODE :CENT
L DENSITY 9.9978 488(RPM/MIN)>
“ISC.(mPa,553, 96
CEPT 2
BRERK P. %] K<(X): STANDARD
TIME 9:99:29

~DRTA sunMarRy>

MEDIRH { 1AM, 9.531 (pm)
MI0RL T IAaM. B.578 L Hm) MEDIAN OIARM. 8.691 . Wm>
SUPFRLE ~FER 2,399 (mum-g; MODAL GIAM. B.676 (HmMY
- 5URFACE ARER 2.939 ‘mem, 3,
35.3°% CIRN, 1.339 < pm)
S.a% DIAR. 3.242 <um) 25.8% DIAM. 1.399 (Hm)
) .3% Dlam. 8.242 (Hm)
DIRM, cun
LM @3 <% DIAM. CUN
L HEmY Q3
! s.aag 28 .
2 L.28 39, 1 S.398 2
3 ?.SQS ??.? 2 1.395 ?g.B
2.22 % 3 2.300 73.9
5 3.35@ 8.4 bt 8. 3g6 72
S 9.850 8.4
SA-CP4  CUMULATIUE GRAPH)
«3R~CP4 CUMULATIVE GRAPH>
SAMPLE ID 522 uL E
SRAMPLE & 5/29/96 RUN4 SAMPLE ID 622
SAMPLE # 5-29-96 RUN4
orﬁg. a%éx>
LCHm DIAN. Qs ¢
S.999 XCHm> g se 180
3.930 S.999 e — .
3+ 200 3.000
<. 898 3.000
L.320 2.000
1.929 1.580
2.309 1.809
9.52¢ 2.309
3.598 9.680
J3.480 3.500
9.399 8.409
3.290 9.398
3 8.203

R-CP+ [ IFFERENTIRL GRAPH)>

AMPLE ID 622 *
IMPLE & 5729796 RIN4G

DIAan. 1B %D
SCHEmY g Se

100

<SR-CP4 DIFFERENTIAL GRAPH>

SAMPLE ID 22
SAMPLE # 5729-,96 RUN4

(4]

P
NUANOOOUNOD®E D
OO0 ROOIDO®
OOIOOIOOODD®

WIOODOC ety ) fe

DlAm, @ 7ax

ACEm) 9 So 190
S5-.-809 : : : : : :
4.000

3-000

2-990

1-5089

1-990

9-800

8-600

8.5029

8.400

33309

8-200

%]
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PARTICLE SIZE RANALYSIS BY sA-cPs

J1.00
SAMPLE ID 822
SAMPLE ¢ 672996 RIUNG
P DENSITY 3.95 MODE :CENT
L DEHSITY 9.9978 48Q(RPM.MIN)
VISC..mP&,553,98
TEPTH 2
BRERK P. ] KC(Xs:5TANDRPD
TIME 3:09:29
-CATA SUNMARY>
MEDIAN DIAM. 8.171 (Hm)
HODAL DIAM., a ( Hm)
SURFACE ARER 2.999 (mxm/3)
35.8% DIAM. 8.566 (Hm)
5.9% DIAN. 9.918 (Km)
DIAM. cun
X(Hm) Q@o (%)
1 5.909 89
2 1.209 99.9
3 2.890 99.4
4 9.200 $8.3
S 39.985a 14.6

<5R-CP4 CUMULRTIUE GRAPH>

SAMPLE ID 522
SRMPLE ¢ 6/29-96 RUN4

DIRM., Qo (%>
X(Hm) g S0 199
S5.800 - . Y
4.080
>.9008
2.900
1.500
1.800
9.800 |
B8.600 l
8.35929
3.490
3.308
2.209 i
9 4 ‘
R-CP4 DIFFERENTIAL GRAPH>
ANPLE ID 4§
RAMPLE & 672996 RUN4
IAM, Qs (%)
CHAm) @ 1) 180
[%]=]"] : i
898
089
]

QOOOIPDD~r=NUWAUN XO
NUbLNODBON®
OO0V ODO®
OOTOOOOO®
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Appendix C. Analysis of Optimal Particle Size
Distribution for Trimodal Packing of
Spheres
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Appendix C

Determination of size of sphere fitting in tetrahedral site

(from Kingery p.57)

R = Radius of large spheres
r = Radius of sphere in tetrahedral site
h = Height of tetrahedron with edges of 2R

(2)Y%/(3)**2R
R+r = 3/4%h = (3)*%/(2)'**R
r = (3''-2Y*)/2"**R = 0.225 R
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Appendix C
Determination of size of spheres fitting in voids of packing of

larger spheres

1.0

r; = Radius of large spheres

r; = Radius of medium sphere 0.155 r,
r; = Radius of smallest sphere = 0.063 r,
AX = Radius of inscribed circle in equilateral triangle with
side =2r,
AX=1/6(2r,)3'?
(from Standard Mathematical Tables, 16th Ed., p8.)
AX +r.*=(r,+1;)*
3r;°+6r,r;-r.°=0
r:=0.155r;
(AX-r,~r,) +r,’=(r;+1,)}

ry=(AX-r;)*/(2r;+2{AX-r;))=0.063r,
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Appendix C

Determination of size of sphere fitting in octahedral site

R,

R, = Radius of large spheres = 1.0
R, = Radius of sphere in tetrahedral site = 0.414 R,
Ry = Radius of smallest sphere = 0.108 R,

(2R;)*+(2R,)*=(2R,+2R;)?
R.’+2R;R;-R,*=0

R.=(R,/’+1)'*~R;=0.414R,

(R:+R; ) =(R,~(R,+R,) ) *+R,*
Rs=(R:-R:)*/(4R;~2R,)=0.108R,
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Appendix D. Calculation of Particle Weight
Distribution for Optimal Packing

139



Appendix D

Calculation of optimal particle size weight distribution

There are two tetrahedral sites and one octahedral site per large
sphere in a FCC packing. FCC fractional packing density is 0.7405.
The fractional packing density occupied by spheres 1located in
tetrahedral sites is the volume of the tetrahedral sphere
multiplied by the number of tetrahedral spheres per large sphere
multiplied by the fractional packing density of the large spheres.
The fractional packing density of the octahedral spheres is
determined in a similar manner.

Material Fractional
Packing Density

Large spheres 0.7405

Tetrahedral spheres 0.0169%

Octahedral spheres 0.0525

Residual porosity 0.1901

Total 1.0000

For a 100g sample, assuming all materials have the same density

Material Percent
grams by Weight
Large spheres 91.4 91.4
Tetrahedral spheres 2.1 2.1
Octahedral spheres 6.5 6.5
Total 100.0

If the density of each component is not the same, then the
fractional packing density for each component must be multiplied by
the density of the component. Each result is then divided by the
total weight to determine the weight percent of each component.
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Appendix E. TAP Density Measurements
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45]}9 Designation: B 527 - 85 (Reapproved 1991)¢!

Standard Test Method for

Tap Density of Powders of Refractory Metals
and Compounds by Tap-Pak Volumeter!

This swandang 15 ssucd under the fixed designaton B $27: the

et i P Tl

g the d di the sear of

\ m h ) :u::aro«'h.s!mupmul. A

WRal Jdonuun or. 10 the case of revison. e sear of last

NOTCNDL cpulun (¢) indicates an oditonal citanye unce the last resiun o fexpprosal.

"t N The Kanwards wetion was auded wditonalh . and other oditonat ohInges made. in \ugust (VI

I. Scope

.1 This test method covers determination of the tp
Jeasity (packed density) of refractory metal powders and
<ompounds by means of the Tap-Pak Volumeter.®

L2 Tius standurd dves mn purport to uddress the safety
problems. if any. assocated wih us use. It is the responsi-
afite of the wser of ths stundard o establish uppropriate

afety and hedlth practices and deternune the applicabidity of

requlatory limuiations prior 1o e,

2. Significance and Use

2.t This test method covers the evaluation of the tapped
deasity physical charactenstic of powders. The degree of
vorrelanion between the results of this test and the quality of
powders in use will vary with each particular application and
has not been lully determined.

3. Appacatus - .

3.0 Gruduated Criimder.® calibrated to contain 23 mL at
20°C. internal diameter {3 mm. height 130 mm and weight
approximarely 60 2.

3.2 Holder—A cylinder holder weighing | 1b (434 g).

3.3 Tuppine Device. consisting of 2 baseplate with single-
phase a-c condenser motor. with worm drive. reduction ratio
13 t0 1. cam shatt speed 230 r/min. tapping stroke travel 3.2
mm.

3.4 Cuunter—A tour-digit adjustable counter. which can
be preset to deliver numbers of taps between | and 9999.

3.5 Bulance. having a capacity of at least 100 g and a
sensitivity of 0.1 g.

——————

* This tout methud o under the junsdiction of ASTM Cummittce -9 un Mewal
A Victal Powder Progucts and 18 the direet nspoasitelity o’ Subcom-

|tee BIY.03 on Refractory \fotal Powdert.

Current cditun 3pproved Aug. ¥), 198S. Published Ovoember 1935 Orginally

* 33 B 827 - T Last prevsous cditon 8 £27 - XI.

*Tap-Pak Volumeter Mudd No. JEL ST2 hLE
AG. of Ludhwnghatin 2. Rh. Wewt Germany. Avarlaple through Sh Southern
lagruments Inc.. 171 Induwry Drve. Pitshurgh. PA 18274,

? Carming. Na. 3. Pyrex Brand. hus been found

Y e thes

142

4. Test Specimen
4.1 The test specimen shall be 30 g except as noted in 4.2
4.2 For refractory metal and compound powders too
voluminous to tit into the 23-mL graduated cvlinder. reduce
sampie size 10 20 g or 10 g. as necessary. and follow the
standard procedure.

5. Preocedure
3.1 Wugh 30 ¢ of the test specimen to an accuracy of
=01 g

3.2 Puur the st specimen carefully into the graduated
Cylinder. using 3 tunnel. To 2nsure proper level. rotate the
funnet while pouring the test specimen.

.3 Pruset the counter tor 3000 taps.

.4 Start tapping device.

§.5 Read the wpped volume. 7 in millititres. by calcu-
lating the mean value between the highest and the lowest
potnt at the wpped volume.

Ry

’

6. Calculation and Report

6.1 Calculate tap density in grams per cubic centimetre. 10
the nearest tenth by dividing 30 g (10 or 20 g for samples as
noted in 4.2} by the tapped rolume. . read in millilitres. as
tollows:

Tap density. g/em? = 30 y/I°

7. Precision and Bias

7.1 Precision has been determined !rom round-robin
testing performed prior to the approval of this test method.
Those results which have been re-verified show a precision of
tfrom = | 0 2 % of the value determined as the 2 ¢ limits.
The variation depends upon the tap density of the powder
being determined which can vary between 2.0 and 8.0 g/cm?.

7.2 Bias cannot be stated since there is no universally
accepted standard instrument. nor are instruments sold as
certified standards.

8. Keywords
8.1 molybdenum: packed density: powder(s): refractory

metals: rhenium: tanwlum: tap density: Tap-Pak Volumeter:
tungsten: tungsten carbide



Sampie 1D mihal wi(g) inmial vol (cc)i finat vol. {ec) ‘Ave «/f.std dev T 1Ave «/- std dev’ Hausner Rato: Ave «+/- std dev

F100 7209 10.00 .74 072 072 107 106 148 Y a7
7171 390 678 072 000 1.06 oo 146 oot

706 330 674 0.72 105 747
BO01 6484 970 658 067 066 | 0% 059 147 T4
6342 955 5 40 0.65 001 089 000 149 02

6442 985 8§52 0.65 099 751
o803 10.660 10.00 570 107 165 = 757 749 T4
10.565 1000 6.80 1.06 002 1% 002 147 o2

10514 1030 6.78 12 1.55 152
N&gZ  9.087 010 565 0.99 087 1% 150 152 154
5896 . 10.30 560 0.96 0.01 150 000 1.56 602

985 10.15 655 0.97 1.50 15
B2 1045% 000 . 690 105 161 15 151 745 150
10 147 1030 672 0.99 003 151 0.00 153 005

10283 1040 680 0.99 ¢ 151 153
00 §506 . 1010 738 094 — 06 131 731 139 738
9358 . 9.80 4 7.11 , 0.95 R 0.0% 132 . Q.01 138 oo

9,361 975 710 0.96 - . 132 : 137
o0 10250 . 1025 . 785 700 e 131 . 139 R Y]
9954 . 10.20 770 0.98 o 130 . 001 A 0.01

10063 10.50 7.90 0.96 ; 1.28 K<)
B0 95% T e80 680 T 097 . 0% . 13 . 137 T2 144
3170 980 §70 0.54 002 137 . 001 146 0,02

3187 980 675 0.54 : 13 145
70 108 . 1040 760 104 1o T8 140 137 739
5616 965 6890 7.00 oo 13 o® 740 0.02

10.348 1040 746 1.00 139 —1.39
640 9347 955 700 0.94 0.93 134 T8 142 143
9.25 g0 695 0.3 601 iR 800 742 001

5246 995 5.5 0.3 : 15 743
604 9035 355 568 091 Y- ES ES 749 151
8.980 010 665 0.89 601 135 0.00 152 oI

8815 1000 65 0.88 R 163
7069576 06 . 660 . 085 06 T4 T4 15 152
ga7a 595 660 0.95 001 144 ooT 151 001

5436 000 655 0.94 144 153
%5 9A6 . 1000 687 0.98 696 | a1 - 144 1@ 750
5753 1020 6.60 0.96 802148 0.03 15 0.06

9426 1 1000 | 65 0.94 ) Y 153
, ' i H ! |

811 10660 . 10.10 6.95 1.06 1.04 1 53 R 153 145 147
10487 . 10 10 . 6.85 : 1.04 [sXe]] ; 1 53 X 0.01 147 0.01

10.485 1020 690 1.0 ; Y 148
1 11971 16.30 735 1.09 166 | 15 . 18 . 140 143
10808 . 1040 | 715 | 1.04 808 151 | 002 14 003

10948 045 728 105 150 . 144
712 10968 1000 665 103 T 154 153 . 1% . 153
10194 . 1025 670 0.99 o 12 . 061153 0@

10.169 1080 . 670 . 097 T35 157
513 015 1000 685 101 099 148 147 146 149
3974 1020 680 098 002 . 147 . 00 150 0@

9742 005 668 0.97 - 146 150
& 10454 T 010 700 704 0 . 148 148 | 144 148
—5&n 10.00 562 0.98 D03 148 602 . 151 0.04

5712 595 665 0.98 146 L

7] 0502 - 1000 | 685 105 < - B K 729
5.6% 590 . 653 0.99 008 . 151 . 002 152 LS

5986 10.00 565 1.00 : 150 150
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Appendix F. Sintered Density Measurements
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Date 8796 '=7.552-6.288/(B3/C3-1)

Sample ID Pl P2 * V(sample) ' Weight(g) | Density . Avecrage density - Ave. Volume %o Theor. _Ave sample Den
100-1 19.614 10.412 0.437 1.730 3.957 3.96 0.437 99.4 3.951
19.430 10.314 0.438 1.730 - 3.953 " 0.005 0.013
19.666 10.440 - 0437 1.730 3.962
100-2 19.476 10.337 0.430 1.741 3.959 3.96 0.440 99.4
19.507 10.352 0.442 1.741 3.940 0.014
19.701 10.457 0.439 1.741 3.967
100-3 19.506 10.355 . 0437 1.718 = 3934 3.95 0.435 99.2
19.609 10411 © 0435 - 1718 . 3952 0.012
19.578 10.395 0.434 1.718 3.958
100-4 19.607 - 10.409 0.436 1.716 . 3.935 3.93 0.437 98.7
19.591 | 10.400 0437 ' 1716 . 3928 . 0.004
19627 © 10419 ° 0437 ' 176 . 3927
N | ¢ { :
100-5 & 19.587 | 10400 '@ 0434 1.712 3.947 3.96 ' 0.432 99.6
19.774 ¢ 10.501 ;. 0431 1712 | 3969 0.015
19.489 © 10350 ' 0431 : 1712 ;| 3974
Datc 87796 : ; ; 5 T V=7.580-6.309/(B3/C3-1)
. 1 N
Sample ID : Pl , P2 | V(samplc) | Weight(g) ' Demsity . Average deasity | Ave. Volume | % Theor. ' Ave sample Den
955-1 = 19534 . 10375 | 0433 - 1705 : 3.934 3.93 ! 0.434 © 98.8 3.937
19.539 ' 10377 - 0.434 1705 3925 0.006 ) . 0.007
19675 : 10450 : 0433 - 1765 . 3.935 :
955-2 19.511 10.360 @ 0437 1.721 . 3935 3.95 0.436 99.2
19.536 ' 10374 - 0.436 1.721 © 3944 | 0.015
19.616 10418 : 0433 . 1721 3.965
955-3 19.578 10.397 0435 @ L7M2 - 3933 3.94 0.435 93.9
19612 . 10415 . 0435 - 1712 ., 3.932 0.007
19.471 ° 10341 & 0.434 1.712 3944
955-4 - 19.635 10.425 - 0.439 ‘ 1.728 . 3.938 3.94 0.439 98.9
19.595 10.403 0.440 1.728 3.928 0.007
19.548 10379 ! 0438 ° 1728 | 3940
955-5 © 19670 . 10446 . 0435 . 1711 : 3932 3.93 ] 0.435 . 98.8
19542 = 10378 + 0435 , 1711 | 3932 0.002 ' '
19.549 10.382 0.435 1711 ¢ 3.935
Datc 87796 ! ! V=7.580-6.309/(B3/C3-1)
Sample ID : Pl P2 . V(sample) - Weight(g) | Density | Average density i Ave. Volume | % Theor. | Ave sample Den
001-1&2 19.425 10.463 . 0214 0.874 4.076 4.12 | 0.212 . 103.5 4.058
19.622 10.571 @ 0211 0874  4.131 0.037 0.050
19.569 10.543 0.211 0874 4147 i
001-3 . 19.581 10.603 0.129 - 0.525 ;| 4.063 4.09 0.128 1029
19.550 10.587 0.128 0.525 4.102 0.027 ' ‘
19.603 10.616 - 0.127 0.525 4.116 '
0014 19.544 = 10.579 . 0.135 0.544 4.021 4.06 : 0.134 ~ 1021
19.523 10.568 0.135 © 0544 : 4.038 0.060 ' )

19571 . 10.596 0.132 ;. 0544 . 4133 ‘ ) .
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001-5b 19.523 10486 - 0259 - 1033 3.985 4.00 0.258 100.6

19.567 10.511 _ 0.257 1.033 4.015 0.018
19.459 10455 - 0257 1.033 4.015
picce . 19.537 10.585 0.120 0474 . 3946 . 1.01 0.118 100.8
19.602 10.622 0.117 0.474 . 4.038 0.057
19.537 10587 - 0117 0474 . 31049
* e ———
Datc 8/8/96: ‘ ‘ - V=a1.859-6.290/(B3/C3-1)
Sample ID . Pl | P2 i V(sample) | Weight(g) ;| Density ! Average density | Ave. Volume ' %6 Theor.  Ave sample Den
604-1 19.601 - 10.435 0398 1560 ¢ 3.918 3.93 0397 98.9 3.934
19.636 10.355 0396 1.560 '@ 3.938 0.015 0.023
19.524 _ 10396 @ 0395 1.560 @ 3.947 .
6042 ' 19575 | 10419 | 0401 : 1568 | 3907 3.91 ~ 0401 98.2
19712 ' 10492 . 0401 | 1568 ' 3908 0.005
19587 . 10426 . 0400 . 1.568 ' 3915 |
t ! + '
5043 | 19561 . 10418 0392 @ 1552 | 3960 3.97 . 0391 99.7
19571 | 10423 © 0391 . 1552 | 3970 0.009 -

19463 . 10367 | 0390 : 1552 ' 3978

6044 19.587 . 10425 . 0402 ; 1574 | 3916 3.92 T 0.401 98.5
19.580 | 10421 ' 0402 . 1574 | 3912 0.011 y
19.611 10439 ' 0400 ° 1574 . 3933
604-5 19592 . 10430 - 0398 - 1.565 . 3926 3.94 0398 98.9
19671 . 10473 . 0397 1.565 . 3940 0.008
19.500 ' 10382 = 0397 : 1.565 | 3.940
Datc 81079 ‘ ; : V7,55 6. 290/(B3/C3-1)
SampleID| _ PI______P2__| V(samplc) | Weight(g) | Density _ Average demsity | Ave. Volume | % Theor. | Ave sample Den
613-1 19.591 . 10.417 0408 ° 1610 : 3948 3.95 T 0408 , 993 3.926
19609 . 10427 . 0407 . 1610 | 3955 0.004 ‘ 0.020
19576 ' 10409 = 0408 @ 1.610 | 3.948 |
613-2 19.540 ; 10383 . 0418 1.631 |, 3904 3.90 0418 97.9
19.513 10.368 0.419 1631 | 3.895 0.005 ‘
19.447 10.333 0.419 1.631 . 3.89 i ;
613-3 19608 _ 10.425 0412 1.612 3911 3.92 . 0411 . 986
-~ 19.632 10.437 0410 . 1612 = 3928 0.010 ' .
19.583 10411 0410 1612 ' 3929 L '
6134 19.530 10.386 0406 «  1.597 3.936 3.94 0.405 99.0
19.568 10.406 0.406 1597 ° 3933 0.009 ‘ |

19.611 . 10.430 0.404 1.597 | 3950

613-5 19.548 10.391 0.412 1.608 3.900 3.92 ) 0.410 - 985
+ 19513 10373 . 0411 ;. 1608 . 39 0.027 :
19.639 = 10.443 0.407 1.608 39517
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Datc 8/10/96 Va7.55-6290/(B3/C3-1)
Sampie ID Pl P2 V(samplec): Weight(g) Density . Average density = Ave. Volume %o Theor. Ave sample Den
622-1 19.507 10.364 0.420 1.646 3.918 3.92 0.420 98.5 3914
19.508 10.365 0.419 1.646 3.924 0.003 0.010
19.550 10.387 0.420 1.646 3.920
622-2 19.477 10.345 0.425 1.659 3.907 391 0.424 98.3
19.452 10.332 0.424 1.659 3.911 0.004
19.572 10.396 0.424 1.659 3915
622-3 19.546 10.383 0.423 1.643 3.889 3.90 0.422 97.9
19.469 10.343 0.421 1.643 3.901 0.008
19.525 10.373 0.421 1.643 3.904
622-4 19.613 10.418 0.423 1.657 3.913 3.92 0.422 98.6
19.510 10364 | 0.422 1.657 3922 | 0.011
19.576 10.400 . 0.421 1.657 .« 3935
- ; !
622-5 19.514 10.366 0423 . 1.650 3.906 3.92 0.421 98.5
19.554 10.388 ' 0421 i 1.650 3916 ' 0.014 :
19.529 10.376 0.420 - 1.650 3934
x J
Patc 8/10/96 V=7.558-6.297/(B3/C3-1)
Sample D ! Pl P2 i V(samplc) | Weight(g) | Density ! Average density | Ave. Volume © % Theor. . Ave sampic Den
622-1 19.507 10.364 0.420 . 1.646 3917 3.92 . 0.420 98.5 3.914
19.508 10.365 0.419 1.646 3.924 0.003 ) 0.010
19.550 10.387 0.420 1.646 . 3919
622-2 19.477 10.345 0.425 1.659 3.907 3.91 0.424 98.3
19.452 10.332 0.424  1.659 3911 0.004 :
19.572 10.396 0.424 1.659 3.914
622-3 19.546 10.383 0.425 1.643 3.888 3.90 0.422 97.9
19.469 10.343 0421 ' 1.643 3900 ' 0.008 . :
19.525 10.373 0.421 1.643 3.904 !
f ; : :
622-4 19.613 10.418 0.423 1.657 3912 3.92 0.422 98.6
19.510 10.364 0.422 1.657 3.922 0.011
19.576 10.400 0.421 1.657 3.935
7 :
622-5 19.514 10.366 0.423 1.650 3.90S 3.92 , 0.421 . 984
19.554 10.388 0.421 1.650 3.915 0.014 : : :
19.529 10.376 0.420 1.650 3.933
Date 8/10/96 V=7.558-6.297/(B3/C3-1)
SampleID: Pl P2 | V(sample) ' Weight(g) ' Density ' Average density i Ave. Volume | %o Theor. . Ave sample Den
631-1 19.503 10.354 0.432 1.690 3.915 3.92 ! 0.431 - 98.6 3.892
19.624 10.420 0.429 1.690 3.939 0.014 : ; ' 0.023
19.539 10.373 0.432 1.690 3.914
631-2 19.487 10.337 0.443 1.712 3.854 3.87 : 0.442 ., 972
19.553 10.374 0.441 1.712 3.880 0.014 i
16.510 10.351 0.441 1.712 3.877 :
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631-3 19.510 10.356 0434 =  1.684 3.879 3.89 0.433 97.7

19.587 10.397 . 0.434 1.683 3.881 0.013
19.452 . 10327 - 0.432 1.683 3.902 )
6314 19.556¢ . 10377 @ 0439 1.693 ' 3.855 3.87 0.437 97.2
19.526 10.362 0.438 1.693 3.867 0.017
19.487 10.343 0.435 1.693 - 3.889
631-5 19.485 ‘. 10.346 0.429 ! 1.673 3.897 3.9 0.428 98.2
19.536 . 10374 0.428 ° 1673 3.909 0.012
19.508 10.360 0.427 1.673 391 -
Date 8/10/96 i V=7 558.6.297/(B3/C3-1)
; g
Sample ID ! P1 ; P2 | V(samplc) | Weight(g) | Demsity i Average density | Ave. Volume . %o Theor. . Ave samplc Den
640-1 . 19590 i 10391 . 0445 ' 1712 | 3.847 3.85 0.445 96.7 3.858
. 19479 | 10332 : 0445 . 1712 | 3846 | 0.006 0.009
© 19515 ' 10352 ¢ 0444 i 1712 | 3.857
640-2 | 19586 | 10388 ' 0446 © 1723 . 3861 3.86 0.447 96.9
© 19590 ; 1039 i 0446 : 1723  3.860 0.003 :
19.553 ; 10370 . 0447 = 1723 | 3.855 |
640-3 ° 19466 : 10321 0.451 1.732 3.837 3.85 ; 0.450 96.7
© 19524 ° 10353 0449 1732 ¢ 3.853 0.010
19.531 ~ 10.357 0.449 1.732 | 3.85
640-4 19.457 @ 10316 : 0.452 1.741 ; 3.85§ 3.86 0.451 97.0
19473 © 10.325 @ 0.451 1.741 . 3.862 0.006 .
19.525 | 10353 °© 0450 @ 1741 ' 3.867
640-5 - 19.517 10.353 . 0.444 1.714 3.860 - 3.87 0.443 - 973
- 19.445 . 10.315 0.444 1714 - 3.862 0.019
19.725 - 10.466 0.440 1.714 . 3.894
Patc 8/10/96 . V=7513-6.261/(B3/C3-1)
1 t ' | . |
Samplec ID : P1 P2 | V(samplc) | Weight(g) ; Density : Average density | Ave. Volume ! % Theor. | Ave sample Den
640-1 - 19590 : 10391 ° 0441 1712 | 3.885 3.89 : 0.440 977 3.896
19479 | 10332 ° 0441 ° 1712 ' 3.883 0.006 ' . 0.010
19.515 ' 10.352 0.440 1.712 | 3.895
640-2 19.586 . 10.388 0.442 1.723 l‘ 3.899 3.90 0.442 979
19590 + 10390 . 0.442 1.723 . 3898 . 0.003 ' 1
© 19553 ¢ 10370 ° 0.443 - 1723 ¢ 3.893
640-3 19.466 ‘ 10.321 0.447 1.732 3.8715 3.89 . 0.446 977
© 19524 0 10353 . 0445 ¢ 1732 3.891 0.010 :
19.531 ' 10357 ' 0445 ° 1.732 ¢ 3.894
640-4 . 19457 @ 10316 @ 0.447 1.741 3.893 3.90 0.446 . 98.0
19473 . 10325 : 0.446 1.741 +  3.899 0.006 '
19.525 ° 10353 - 0.446 1.741 3.905
640-5 . 19517 - 10353 ° 0.440 1.714 . 3.898 3.91 ' 0.438 98.2
19.445 | 10315 | 0.439 1.714 . 3900 0.019 ! :
19.725 - 10.466 0.436 1.7 * 3.932 '
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/=7.513-6.261/(B3/C3-1)

Datc 8/10/96
Samplc ID ' Pl P2 ' V(sample) ~ Weight(g) . Density  Average density ' Ave. Volume - %0 Theor. _Ave sample Den
703-1 19.580 10.407 0.410 - 1621 3.957 395 0.410 99.3 3.929
19.600 ' 10.417 0.411 1.621 3.948 0.005 0.016
19.601 10.418 0.410 1.621 3.955
703-2 19.561 10.395 0.413 1.607 ' 3.897 392 0.410 98.4
19.503 10.366 0.410 1.607 3.922 0.017
19.549 10.391 0.409 1.607 3.930
703-3 19.497 10.357 0.418 1.633 3904 392 0.416 98.6
19.548 10.386 0.416 1.633 3930 0.018
19.686 10.460 0.415 1.633 3.939
703-%4 . 19.643 10.437 °  0.415 1623 ' 3913 3.92 0.414 98.4
i 19561 : 103%4 ! 0414 | 1623 i 3920 0.004 )
19.511 ' 10367 ° 04135 1623 . 3914
703-5 : 19476 | 10350 0.412 1615 ; 3917 3.93 . 0.411 98.8
19.555 . 10393 ! 0411 1615 | 3931 0.017 ) :
19.588 ' 10412 ! 0.409 1615 | 3.952
Patc 8/14/96 : T V=7.567-6.299/(B3/C3-1)
Sampic ID | Pl P2 . V(samplc) | Weight(g) , Density LAvcngc density | Ave. Volume ! %o Theor. . Ave sample Den
730-1 @ 19.607 10407 © 0442 . 1714 | 3881 . 3.88 , 0.442 . 975 3.904
- 19.653 ' 10431 | 0.442 1.714 | 3.875 0.004 0.017
©19.601 10404 @ 0441 '@ 1714 i 3.883
730-2 19.601 10.404 0441 | L1731 v 3.923 392 . 0.441 98.6
19.627 10418 . 0441 | 1731 @ 3926 0.003
19.530 10366 | 0.442 1.731 3.919
730-3 19.510 ' 10354 ' 0.444 1.730 3.898 3.91 0.443 © 982
' 19.636 | 10422 . 0.492 1.730 3.913 0.008 '
© 19.467 10332 ©  0.443 1.730 3.909
7304 19.655 10.432 0.442 1.723 3.894 3.89 , 0.442 97.8
19.522 10361 . 0443 . 1723 @ 3.889 0.004
19.602 10404 | 0442 | 1723 3896
| .
730-5 19.539 | 10370 ' 0.443 1.734 | 3914 ¢ 3.92 0.443 98.4
19.597 « 10401 | 0.443 1.73¢ 3917 ¢ 0.003
19.476 10337 0.442 1.734 3920 |
Datc 8/15/96 . T V1.652-6.291/(B3/C3-1)
Sample ID | PIL. . P2 i V(sample) | Weight(g) | Density | Average density TAve. Volume ! % Theor. | Ave sample Den
21-1 . 19.596 ° 10.406 0.429 1.689 3940 3.94 | 0.429 1990 3.936
19.590 ¢ 10402 = 0.430 | 1689 ' 3.929 0.010 . ; 0.015
19.508 | 10360 = 0.428 °  1.689 3.950 '
T21-3 19.532 ' 10.371 0.430 1692 i 3934 3.94 , 0429 = 9.1
. 19.554 10.383 0.430 1.692 3938 0.015 ,
1 19.564 10390 0.427 :  1.692 3.961 ! )
, i ,
721-2 19.476 10.343 0.428 1.678 '@ 3925 3.93 \ 0.427 - 987
© 19.480 10.345 0.428 1678  3.923 | 0.009 !
19.538 10.377 0.426 1.678 3.940 | !
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7214 19.494 10.353 0.427 1.679 3934 3.95 0.425 99.3
19.608 10.415 0425 . 1.679 3.954 0.017
19.431 10322 | 0423 . 1.679 3.968
721-5  19.556 10383 | 0431 | 1.6% 3919 © ~ 391 0.432 98.3
- 19.459 10331 - 0432 '  1.6%0 3912 0.006
19.599 10405 : 0432 | 1.69 3908
N !
Date 8/15/96 i V=7 531-6.31/(B3/C3-1)
Sample ID Pl . P2 ' V(samplc) | Weight(g) i Demsity | Aversge density | Ave. Volume ' % Theor. Ave sample Den
712-1 . 19549 . 1039 . 0423 . 1.651 | 3.905 3.92 ' 0.421 98.5 3.913
;19.543 10388 0421 * 1.651 : 3921 0.016 0.011
19601 ' 10420 @ 0419 : 1.651 '@ 3937
- i
7122 19561 ! 10395 | 0425 1660 ! 3907 3.92 0.424 98.4
¢ 19552 ¢ 10391 i 0424 | 1660 ‘' 3917 : 0.009 |
i 19583 | 10408 ' 0423 ' 1.660 | 3924 )
712-3 19624 | 10435 | 0415 i 1.619 @ 3898 | 3.89 : 0.416 - 978
i 19478 | 10357 | 0416 | 1.619 3.893 ! 0.003
19.529 | 10384 ! 0416 i 1.619 3.891
i T > T
T12-4 . 19.570 ! 10402 ! 0422 | 1.654 | 3922 3.92 : 0.422 98.5
¢ 19581 ° 10407 ¢ 0423 | 1.654 : 3911 0.010 :
19.565 @ 10400 | 0421 | 1654 ' 3931 '
712-5 ¢ 19575 ! 10404 | 0423 i 1.649 ' 3902 3.91 0.422 98.3
19457 | 10342 : 0422 | 1649 i 3912 0.010
19.546 10390 ° 0421 ' 1649 ° 3921
Datc 8/ 16/96 : | ) ! © V=7.5825-6.258/(B3/C3-1)
Sample D ! Pl . P2 . V(sample) | Weight(g) | Density | Average density | Ave. Volume | %o Theor. : Ave sample Den
N802-1 . 19568 ! 10402 | 0423  1.642 '@ 3.881 . 3.89 ! 0422 i 9719 3.879
© 19547 ¢ 10392 ¢ 0421 ' 1.642 | 3897 . 0.012 i 0.015
19.433 10332 @ 0421 @ 1642 ' 3905 ) )
N802-2 19.564 10398 ; 0426 ' 1645 i 3.864 . 3.88 0.424 . 915
19.573 © 10404 | 0424 ' 1645 ' 3.880 0014
19.543 ' 10.389 0423 | 1.645 ' 3.893 !
: : : i i ‘
N802-3 © 19.533 | 10384 042 | 1.628 . 3.855 3.86 : 0.421 HEKZA!
¢ 19560 ¢ 10399 | 0421 i 1.628 | 3.864 0.010 |
i 19487 : 10361 1 0420 - 1628 . 3875 ° i
T T X 1]
Paic 8/16/9 V=1.525 6 258/(B3/C3-1)
SampicID; Pl P2 V(sample) ! Weight(g) | Density | Average density | Ave. Volume | % Theor. . Ave sample Den
802-2 | 19540 | 10389 . 0420 . 1.639 ' 3899 3.91 . 0.419 98.3 3.902
19.551 : 10396 0419 @ 1639 . 3915 ! 0.011 ) : 0.015
19.520 ! 10380 ; 0418 . 1639 . 3922 ! ; . :
8024 . 19.485 & 10356 0426 ' 1.652 : 3.879 3.89 : 0.424 | 978
i 19462 . 10344 | 0426  1.652 : 3882 0.019 i
. 19529 : 10382 0422 ' 1.652 | 3914 i ;
. . B 1
Pate 8117796 ! ; k i V=1.530 6269/(B3/C3-1) .
. ' ' : :
Samplc ID ' Pl ) P2 . V(sample) | Weight(g) i Density | Average density | Ave. Volume | % Theor. ; Ave samplc Den
olo-1 ' 19.506 ﬁL 10.356 0435 ' 1.708 @ 3923 3.93 ! 0434 | 987 3.917
19.460 ' 10332 . 0434 | 1705 : 3929 0.003 i B : 0.016
19494 : 10350 | 0434 . 1705 . 3928 | .
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0l0-2 19.541 10.370 0.441 1.720 - 3917 3.92 0.441 98.5

19.467 10331 0.441 1.729 3.920 0.006
19.447 10.321 0.440 1.729 3928
0l0-3 19461 - 10331 ' 0436 1.708 : 3914 39 0.435 98.6
19.537 10372 0.435 1.708 @ 3922 0.010
19.524 10366 0.434 1.708 © 3934
ol04 19.489 @ 10.345 0.438 1715 . 3919 3.93 0437 98.6
19.540 10.373 0.436 1.71S 3932 0.006
19.494 10348 0437 = L715 3924
0l0-5 19.484 10.339 0.442 1.716 3.878 3.89 0.441 977
19469 . 10332 . 0441 : L1716 . 3.891 0.008 :
19525 @ 10362 . 0.441 1.716 ;| 3.8%
Datc 8/17/96 ; . , : . V=7.530-6.269/(B3/C3-1)
Sample ID Pl : P2 | V(sample) | Weight(g) | Demity | Aversge density | Ave. Volume ' % Theor.  Ave sample Den
F100. 19490 ;. 10412 ; 0340 - 1355 | 3.988 | 4.01 © 0338 1009
" 19516 @ 10428 @ 0337 - 1355 . 4.025 0.024 -
19461 ¢ 10399 . 0336 1355 4.032
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Appendix G. Preliminary Powder Processing Data
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PRELIMINARY POWDER PROCESSING TEST RUNS

During the initial determination of the mixing procedure to be
used in this evaluation three different changes were made. A
sample mixture containing 80% coarse and 20% fine material was
used to evaluate various ways to minimize segregation during
the drying process. Initially a sample was dried to a
constant weight in a shallow pan at 45°C. This is below the
melting point of the binder. This dried material, sample
#802, appeared to show signs of segregation. It looked like
a bed of white powder with a shiny off-white flaky material on
top. In an attempt to minimize segregation, the next sample,
#N802, was made using a higher solids content in the slurry.
A final sample was produced using the increased solids
procedure and also increasing the drying temperature to 95°C,
to speed up the drying process. This sample was #N2802. This
last process was used for all subsequent mixtures made in this
study. Variations in measured characteristics between these
three materials are shown in Table VIII.

From a comparison of the green densities obtained from
the three samples shown in Table VIII, it appears as though
each successive change may have contributed to an improvement
in "mixedness" of the materials. This shows how important

processing is in the resulting character of the product.
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Table G-1 Effect of Process on Measured Characteristics

Sample Tap Green Sintered Shrinkage

ID Density Density Density %

802 1.51 2.37 3.902 33.0
(0.00) (0.005) (0.015) (0.42)

N802 1.50 2.39 3.879 32.5
(0.00) (0.009) (0.015) (0.70)

N2802 1.57 2.42 3.929 32.6
(0.02) (0.016) (0.012) (0.85)

The data in parentheses

are standard deviations.
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Appendix H, Pycnometer Calibration Records
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7120096

Veates
Calibration Sample: Ball Bearing
1 2 c _ i* 2* d-e- c’e f. Vcell (cc) Vi cc
19.7 10.756! 0.831536 19651 @ 10.125 9.526 : 8.419301  1.106699 = 7.556593 6.283579
19.654 10.732; 0.831346 : 19685 ' 10.142 9.543 | 8431506 ' 1.111484 7.537423 6.266203
19.709°  10.761; 0.831521 - 19.606 ' 10.102 9.504 | 8.400028 @ 1.103972 . 7.557762 6.28444
19.743: 10.78, 0.831447 - 19.751 10.176 9.575  8.460806  1.114194 7.54437 6.272745
19.788 10.806! 0.831205 - 19.449 10.020 9.429 | 8.328673 | 1.100327 7.522963 ' 6.253123
. Average:  7.544 6.272
iStd. Dev.:  0.014 0.013
0.001914 0.002078
772096
Vetrs : E
Calibration Sample: Ball Bearing | ,

1 2 c 1 2* de c'e f ' Veell (cc) - Vexp (cc
19.715.  10.755| 0.833101 ; 19618 ;| 10.102 : 9.516 (8415985 1.100015 . 7.59453 6.32701
19.504: 10.64) 0.833083 | 19536 | 10.060 | 9.476 ! 8.380812 ! 1.095188 7.595838 ' 6.328045
19.633:  10.711i 0.832975 . 19.671 10.128 | 9.543 | 8.436375 ! 1.106625 ' 7.570588 ' 6.306114
19.5921 10.6891 0.832912! 19.448 10.013 | 9.435 i 8.339951 ! 1.095049 | 7.564035 - 6.300178
19.457. 10.614! 0.833145 ' 19.584 10.088 9.506 ! 8.404766 | 1.101234 . 7.578149 6.313697

' ‘ i Average: 7.581 6.315
'Std. Dev.:  0.014 0.012
i . 0.001877' 0.001963
7/30/96 ‘
Veaws

Calibration Sample: Ball Bearing

1 2 H C ' . ! :
19.527° 10.659i 0.831973 | 19.691 10.142 + 9.549 | 8437870 1.111130: 7.544632 ' 6.27693
19.627°  10.714) 0.831902; 19.689 10.141 | 9.548 | 8.436320 | 1.111680 | 7.54011 @ 6.272634
19.622. 10.711! 0.831948 : 19.521 10.053 9.468 ' 8.363578 | 1.104422 | 7.526069 : 6.261302
19.623. 10.712' 0.831871: 19592 . 10.090 9.502 1 8.393576 | 1.108424 | 7.525828 : 6.260517
19.739° 10.776! 0.831756 : 19.697 10.145 9552 | 8.438162 ! 1.113838 | 7.528655 | 6.262002

| Average: . 7.533 6.267
iStd. Dev.:: 0.009 0.008
i 0.001158 0.001208
7131796 ; : ‘
Vcdbs ' ; A i
Calibration Sampile: Ball Bearing i | !

1 2 c ‘ v A d-e . c'e : fq ! Veell (cc) | Vexp (cc)
19.542: 10.657 0.833724: 19.628 . 10.099 | 9.529 :8.419782 1.109218 | 7.541807 | 6.287788
19.665 10.723; 0.833908 | 19.485 10.024 9.461 1 8.359098 | 1.101902 ; 7.537705 | 6.285756
19.706 ! 10.747: 0.833628 1 19.709 10.140 9.569 | 8.452988 | 1.116012 ! 7.52736 ' 6.275018
19.324; 10.537! 0.833919 | 19.661 10.115 9.546 | 8.435086 | 1.110914 | 7.543731 | 6.290857
19.622: 10.701: 0.83366 19.711 10.142 9.569 | 8.454984 | 1.114016 | 7.540847 | 6.286505

Average: | 7.538 6.285
iStd. Dev.:! 0.008 . 0.008
! i 0.000956

! 0.000861

.

i
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8/1/96

Vears
Calibration Sampie: Ball Be% , -
1 2 | c 1 2* de . cle f Veell (cc) Vi

19.7° 10.748/ 0832899 | 19.439 . 10.007 9.432 8334822 1.097178 7.546953 6.285851
19531, 10.655) 0.833036 | 19.547  10.062 9.485 | 8.382010 : 1.102990 . 7.5439369 - 6.288897
19.386 10575/ 0.833191 . 19402 - 9987 & 9415 8321083 ' 1.093917 7.555812 6.295439
19.592:  10.689] 0.832912 19.436 10.005 @ 9431 8333288 ' 1.097712 : 7.542483 6.282228
19643, 107171 0.832882 , 19.638 @ 10.110 9.528 | 8.420440 ' 1.107560 7.552308 6.290184

' ‘ | Average:  7.549 6.289
:Std. Dev.:  0.005 0.005
- 0.000673 0.000785

8/3/96
Vestos | | i
Calibration Sample: Ball Beanng_ ; : f
1 2 c i 1* 2* | de | ce = f | Veell (cc) | V.

196111 10.699] 0.832975| 19.487 ' 10.028 ' 9.459 18353074 : 1.105926 | 7.508689 @ 6.25455
19.632; 107110833053 | 19550 ' 10.061 | 9.489 8.381348 1.107652  7.520771 6.265202
19668/ 10.731: 0.832821 1 19.548 10.061 @ 9.487 {8.379010 1.107990 i 7.516889 : 6.260221
19.389' 10.577| 0.833128 | 19.660 10.120 | 9.540 |8.431260 ! 1.108740 | 7.553771  6.293262
19.671, 10731, 08331 | 19652 | 10115 | 9.537 |8.426810' 1.110190 | 7.541532 ' 6.282853

‘ E \ ; i Average: . 7.528 6.271

L i ; ‘ 'Std. Dev.:: 0.019 = 0.016
' ‘ - 0.002481 - 0.002591

8/3/96 ‘ 1 : ' !

Vosws . i ‘ ‘ 1
Calibration Sample: Ball Bearing

Bl B2 . ¢

19557 10.666| 0.833583 . 19.476 | 10.024 = 9452 | 8355839 | 1.096161 | 7.569978 | 6.310208

19.539! 10657/ 0.833443: 19414 : 9.991 9.423 | 8.326927 @ 1.096073 ; 7.547355 | 6.290289

19549, 10.662] 0.833521 ; 19.527 ; 10.050 : 9477 | 8.376885. 1.100115 7.562718 i 6.303684

19629' 10706/ 0.833458; 19.483 ' 10.028 ®@ 9455 |8.357916 ! 1.097084 ; 7.566003 | 6.305845

19594; 10688/ 0.833271 19.432 ' 10.000 ' 9432 |8.332710! 1.099290 | 7.532452 ' 6.276574
‘ ; : , | Average: | 7.556 6.297

, ; ’ | Std. Dev.:! 0.016 0.014

! ; i i i 0.00206i 0.00219
8/7/9% . ;
Calibration Sample Ball Bearing ‘ . ‘ _
p1 p2 c . p1- pz ' de | c'e f Veell (cc) | Ve
19655, 10.724} 0832805 19.602 ' 10.093 . 9509 |8.405500 | 1.103500 | 7.564977 | 6.30015

19728° 10.764| 0.832776; 19.532 ; 10.056 @ 9.476 | 8.374395 | 1.101605 | 7.551688 ! 6.288864
19613 10.703/ 0.832477 ' 19.487 : 10.033 ' 9454 |8.352240 1.101760 | 7.533102 | 6.271133
197417 10.773) 0.832451; 19.597 ' 10.091 . 9506 | 8.400268 | 1.105732 | 7.547324 | 6.282781
19.52!  10.653} 0.832535 ' 19.605 10.096 . 9.509 18405278 | 1.103722 | 7.563453 | 6.296843
; 1 ‘ i ' i Average: | 7.552 . 6.288
'Std. Dev.;: 0.013 °  0.012
| ! 0.001725! 0.001845
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8/7196

Vs
Calibration Sample: Ball Beaan

1 2 : 1* de ce Veell (cc) V
19.707 10.754! 0.832527 © 19504 = 10.046 9.458 1 8.363571 - 1.094429  7.586764 6.31618
19.476:  10.628: 0.832518 19.657 . 10.125 9.532 | 8429244 1.102756 7.588387 6.317468
19.631° 10.7141 0.832276 : 19571 '@ 10.080 9.491 ! 8.389337 | 1.101663 ' 7.563249 ' 6.294707
19.604. 10.699/ 0.832321 ' 19533 : 10.061 9.472 1 8.373979 | 1.098021 . 7.573144 6.303285
19.482! 10.632! 0.832393 | 19452 | 10.020 9432 ! 8.340576 ! 1.091424 758674 6.315147

i  Average:  7.580 6.308
1Std. Dev.:. 0.011 0.010
0.001458 0.00158
8/8/96
Vw l !
Calibration Sample: Ball Beanng ! ! E :

1 ' 2 X c . p1* , pxr . de = ce  f - Vcell (cc) Vi
19.575, 10.683] 0.83235 : 19.598 10.094 | 9.504 | 8.401746 | 1.102254 | 7.569542 ' 6.300512
19.734! 10.7711 0.832142 ' 19.456 10.021 ' 9.435 ' 8.338894 ' 1.096106 | 7.556736 - 6.288276
19.724; 10.766] 0.832064 . 19.546 10067 ! 9.479 | 8.376387 | 1.102613 . 7.547178 . 6.279734
19.595! 10.695] 0.832165 ' 19.589 @ 10.090 i 9.499 | 8.396540 i 1.102460 | 7.564152 6.29462

19.45] 10616/ 0.83214 ' 19621 | 10106 . 9515 | 8409609! 1.105391 | 7.556796 . 6.288314

’ ‘ ; : Average: .  7.559 6.280
lsu Dev.:: 0.008 0.008
' 0.001121 0.001238
8/10/96
Veas
Calibration Sample: Ball Bearing

1 2 c 1* Z* d-e c'e f Vcell (cc) | Ve
19.759. 10.78: 0.832931 . 19.569 10.073 9496 ' 8.390118 | 1.105882: 7.538358 | 6.278935
19.564! 10.672i 0.833208 | 19.594 10.086 | 9.508 | 8.403740 | 1.104260 : 7.558974  6.2982
19.525: 10.651! 0.833161 : 19513 ; 10.04 9469 ' 8.368271 ' 1.100729: 7.552119 | 6.292132

| Average: = 7.550 6.290
|Std. Dev.:: 0.010 « 0.010
. i 0.001391: 0.001566
8/10/96 ' .
sz - : | ;
Calibration Sampie: Ball Bearing ‘ ‘ |
pi p2 c :
19.588°  10.684: 08&396 19.542 10.060 9.482 | 8383961 ! 1.098039 | 7.581013 : 6.317984

19.66; 10.725, 0.8331 19.421 9.996 9.425 | 8.327670 ! 1.097330 | 7.540309 | 6.281833

19.403'  10.585i 0.833066 , 19.704 10.143 9.561 ' 8.449785 | 1.111215 | 7.553535 | 6.292591
| Average: | 7 558 6.297
0.021 0.019

IStd. Dev.:|
| . 0.002747| 0.002948

158



8/10/96 after power failure
Veaes
Calibration Sample: Ball Bearing
pl p2 c . p1r - pZ d-e c'e fa * Veell (cc) Vexp (cc)
19604  10.692) 0.83352 @ 19.470 : 10.017 9453 : 8349374 ' 1.103626 7.519564 6.26771
19.786:  10.794) 0.833055 ! 19.553 . 10.060 i 9.493 ' 8.380537 | 1.112463 ' 7.491402  6.240753
19.424°  10.594! 0.833491 . 19.581 - 10.075 - 9.506 . 8.397418 | 1.108582 ' 7.527923 6.274454

| Average:  7.513  6.261
|Std. Dev.:.  0.019  0.018
© 0.002547 0.002848

8/14196 ; : i |
vﬂbﬁ ‘ ' |
Calibration Sample: Ball Bearing .

pl . p2 ' c p1* p2t | d-e c'e ' fg | Veell (cc) ¢ Vexp (cc)

19.746: 10ﬂ6l0832405 19.518 | 10.052 9.466 8367339 1.098661 | 7.563933 ' 6.296258

19.62:  10.707| 0.832446 | 19.507 ; 10.045 9.462 | 8361921 | 1.100079 , 7.550992 ' 6.285793

19.611. 10.703! 0.83229 i 19.580 | 10.085 9.495 | 8.393645 ! 1.101355 | 7.568549 . 6.299227

{
|
!
19.611°  10.702] 0.832461 ' 19.624 = 10.108 ; 9516 | 8.414518 | 1.101482 | 7.584415 ' 6.313731
i
!

19.526! 10.656! 0.832395 1 19.554 : 10.071 9.483 ! 8.383049 | 1.099951 | 7.568633 | 6.300092
: . Average:  7.567 6.299
1 Std. Dev.::  0.012 0.010
'~ 0.001582' 0.001588

8/15/96
Veaos
Calibration Sample: Ball Bearing : ‘
1 2 c 1* 2*  de c'e f: Veell (cc) ' Vi

19.678: 10.7351 0.833069 . 19.521 = 10048 @ 95473 '8370681 ' 1.102319 : 7.544412 | 6.285019
19.691: 10.7421 0.833085 | 19483 : 10.034 | 9459 |8.359176 ! 1.099824 | 7.550348 | 6.290083
19.404: 10.585! 0.83316 : 19524 ' 10.050 | 9.474 | 8.373259 | 1.100741 | 7.556026 | 6.295379
19.484 10.63/ 0.832926 | 19.611 . 10096 | 9515 !8.409218} 1.105782 ! 7.554126 | 6.292025
19.542! 10.661! 0.833036: 19560 - 10.069 ' 9491 :8387843'! 1.103157 ' 7.553 |6.291923

: ‘ { Average: | 7.552 : 6.291

'sm. Dev.:: 0.005  0.004

i 0.000596: 0.000603

8/15/96
Veaws
Calibration Sample: Ball Bean'gg '
p1 2 ¢ pitr  p> de e Vosl o] |V
19.61: 107 0.83271 : 19553 . 10.071 , 9482 ! 8386225 1 095775 7.596678 | 6325832

19665 10.733' 0.8322 ' 19412 ' 10.001 | 9411 8322830 | 1.088170 | 7.592486 | 6.318465

19.551 10.67/ 0.832334 | 19.542 | 10.066 @ 9.476 | 8.378270! 1.097730 i 7.578352 | 6.307717

19.52!  10.653; 0.832348 | 19.489 : 10.038 9451 | 8355106 | 1.095894 | 7.571019 ' 6.30172

19.521° 10.654! 0.83227 . 19553 ' 10.071 | 9.482 »8381787'1100213 7.566032 | 6.296978
: Average: . 7.581 @ 6.310

| Std. Dev. 0.013 ' 0.012

i + 0.001755! 0.001884
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8/16/96

Veatss

Calibration Sample: Ball Bearing _

1 ‘ 2 ‘ c 1° 744 d-e ce fg Veell (cc) Vexp (cc)
19.629: 10.717! 0.831576 . 19.553 10.071 9482 8374802 1.107198 75183 6.252038
19.515. 10.654i 0.831706 - 19.412 10.001 9.411 | 8.317896 ' 1.093104 ' 7.558215 6.286216
19.619°  10.712!/ 0.831497 :  19.542 : 10.066 9.476 | 8.369853 . 1.106147 7.52068 6.253426
19.531 10.663! 0.831661 ' 19.489 ' 10.038 9.451 | 8.348212 ) 1.102788 ' 7.523688 6.257157
19.574. 10.688: 0.8314 19.553 ~ 10.071 9482 - 8373026 : 1.108974  7.506263 6.240705

) i Average:  7.525 6.258
'Std. Dev.:  0.019 0.017
; 0.002588  0.002712
81796 - :
VC“ ‘ . : !
Calibration Sampie: Ball i 3 | !
pt . p2 c !f v i, de i c'e f ! Veell (ec) Vexp (cc
19.483  10.636 0.832738 | 19.512 10.045 | 9467 | 8364852 1.102148 . 7.540801 ' 6.279511
19.505! 10.644| 0.832488 | 19.589 10.085 | 9504 | 8.395639; 1.108361 . 7.52784 ' 6.266835
19.462! 10.62] 0.83258 | 19.530 @ 10.055 | 9475 | 8.371592! 1.103408 ; 7.538557 | 6.276452
19524| 10.655/ 0.832379 | 19462 : 10.020 | 9.442 | 8.340439 ! 1.101561 ' 7.524897 : 6.263568
19596] 10.695! 0.832258 ' 19.483 | 10.031 | 9.452 | 8.348381 | 1.103619 | 7.518816 ' 6.257595

! Average:  7.530 6.269

'Std. Dev.::  0.009 0.009

0.001234. 0.001449
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Appendix J. Surface~Free-Energy Calculations for
Various Particle Size Mixtures
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Appendix J

Surface-Free Energy Calculations

Number of Particles

FCC lattice constant = 2(2'?)R = 2.83x10"* cm

Volume = 2.26x10°" cm®

Four particles per cell

Large (radius=1x10" cm) particles in 1 em® = 1.77x10" particles
tetrahedral particles in 1 cm® 3.54x10" particles
octahedral Particles in 1 cm® 1.77x10* particles

nn

Total Surface Area
Large particles = l.77x10“x4x3.14159x(1x10")z = 2.22x10* cm?
tetrahedral particles= 3.54x10"'x4x3.14159%(2.25x107°%)° = 2.25x%10° cm?
octahedral particles = 1.77x10"'x4x3.14159x(4.14x10°%)% = 3.81x10° cm?

Total surface area = 2.83x10° cm®

Volume X? X
Large particles 0.7405 cm’ 0
tetrahedral particles 0.0169 0.2566
octahedral particles 0.0525 0.3744

Surface-Free Energv Calculation

dG=(A(2))-A(1))xj where j=905 ergs/cm’
daG = surface-free energy

6X’ from above

surface area of particles
surface energy

A(2)
A(1)
]

Large particles dG,=6(0.9047)*-2.22x10*)x905 Joules
= -2.009 J

tetrahedral Particles dG.=6(0.2566)%-2.25%x10*)x905 Joules
= -0.204 J

octahedral Particles dG;=6(0.3746)%~3.81x10°)x905 Joules
= =-0.345 J

Total Surface-Free Energy

dG(total)= d4G,+dG,+dG, = —(2.009+O.204+0.34S) J
dG(total)= -2.559 J
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