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ABSTRACT

A brief review of powder technolopgy is presented, covering
aspects of interest to the SAPAG project. Included in this portion is
& discussion of the methods of producing finely divided powders ai.a
the possible mechanisms involved in agglomeration. The techniques
us2d in the production of fine powders for use in the SAPAG experi-
ment are described and representative micrographs of powder prep-
arations, as well as number density distributions, are presented

and discussgesd.
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1. REVIEW OF POWDER TECHNOLOGY

Mechanical disintegration of solid substances may be brought
about by either of two methods: the relatively slow application of
shearing and tensile stresses or by the application of a crushing
pressure. An example of the former technique may be found in
milling processes while the latter type of comminution is demon-

strated by roller mills or by the use of impact instruments.

The ultimate size of particles produced by any method seems
to be limited by the nature of the material being treated and by the
equipment used. When a substance is treated in a comminutor the
mean particle size initially decreases with time. As the period of
treatment is extended, the changes observed in the particle size
éistribution become progressively smaller and eventually the dis-
tribution appears to stabilize. In some cases, continued comminu-
tlon can actually cause an increase in the mesn particle diraension
No definitive study of the physics of the procusses involved in the
production of ulirafine powders has been made, although some

1,

investigators believe that, 2s the particles become progressively
smaller, a dynamic equilibrium is attained wherein the smaller
particles in the distribution recombine as rapidly as they are

produced.

Generally, finely divided powders form agyregates. The

phyeical forces causing this aggregation can be attributed partially

to the existence of van der Waals forces acting between the particles.

Theee forces, although weak when computed per molecule, can be
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appreciable when acting through a relatively small distance between
microscopic particles containing large numbers of molecules.
Accordingly, the attractive force between two spherical particles
has been calcula.i:ed:""4 by integration of the van der Waals forces
over all pairs of moiecules. These investigitors found that, subject
to their restrictions, the attractive force would vary directly as the
harmonic mean of the particle diameters and inversely as the square
of the interparticulate geparation. Similar calculations for other
than spherical particles have more recently been ma.de5 and are in
substantial agreement with those previously obtained. For spheri-
cal particles one-half micron in diameter, separated by SX, the
interparticulate attractive force is in the neighborhood of 10"'4 dyne.
This attractive force must be considered as being correct oaly to
within an order of magnitude since the presence of irregular shapes
has not been considered nor has the irregularity of the particle
surface on a molecular scale. Furthermore, the presence of clean,
dry surfaces consisting only of the pure material is very difficult

tc obtain in practice.

The deleterious effect exhibited by only a monolayer of water
on the aurface of the particles has been demonstrated conclusively
by an e.:h:periment6 in which the investigator coated the particles with
a layer of hydrophilic material one or two atoms thick. The result
of this treatment was to reduce materially the formulation of n.alti-

parti-~ulate agglomerates,

Another major factor which has been noted to cause particle
agglomeration is the presence of electrical charges. Clearly, the

larger the particie, the larger the possible electrical charge. Since
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charge densities ranging about a iew ejeciron charges per square
micron are common, the charge on a © 5 micron particle could well
be of the order of an electron charge unit so that the ¢lectrostatic
attractive force could well be considerably greater than that due to
the van der Waals forces7. Thie type of attractive force can be
grnerated by friction whenever the finely divided material moves

ralative to another medium.

An adclllonal e®fect of motion of the particulate rratter
through a gas also further increases the agglomeration rate and the
loss of particles from susp.nsion. This is the increass in the num-
ber of interparticle collisions and also the number of particle-wall
collisions. Experimentai resultsa show a very marked dependence
of settling rate of a smuoke on the average sveed of suspending gas
motion. The increase in the settling rate has been closely related
thecoretically to agglomeration dve to the wncreased frequency of
collisions and also to the collisions with the wall, the sticking factor

for which seems to be very close to unity.

There are hasically two distinct types of electrical charging
possible, both of which seem to lead to an increase in agglomeration
and settling of a suspended finely divided powder. Whethe: the
particles are charged in a unipolar mode or bipolar mode, the
results are the same, viz., the dispersion generally is made less
stable, although the mechanism in the two cases differs. The efect
of bipolar char'ging of the particles can intuitively be expecied to
result in an increase in the agglomeration rate and both experiment
and theory confirm such intuition, as has recently been summarized

. . c 2.9
in a comprehensive review article’.
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ciearly understood,

The effect of unipolar clarging is nst too
ig, 11

the experimental evidence being contradictery ; however, a
recent analysis of the datalz indicate that the increase in the diminu-
tion of the particle concent: “on is so small that the early investi-
gations were not sufficiently sensitive to permit detection. The
mechanisms currently thought to be responsible for unipolar-
induced particle concentration decrecate are the mutual induction of
a charge of opposite polarity by particles in close proximity which
car overcome the repulsive Coulombic force operating at greater
distances and the Coulombic attraction to the walle. The latter
mechanism is effective since unipolar charging can cccur only when
the walls of the container acquire a charge opposite to that of the

suspended particles.

An additional process which causes the destabilization of
aerosols is agglomeration caused by the presence of an acoustic
field. Direct experimental evidence of the degeneration of aerosols

has been observed by many WCE';erm' 14, 15

to be caused by both
sonic and ultrasonic frequencies. Using sonic waves with a fre-
quency of 10 kc/sec for 5 sec Brandt and Freum:l15 found that the
average particle diameter increased by a factor, varying with inten-
sity, which ranged up to 1¢ when the initial particle size was 1.8 yu.
Attendant upon this particle size increase was an . ccompanying

increase in the sedimentation rate by a factor of 30.

No quantitative explanation of the mechaniem of sonic preci-
pitatior of aerosols has been developed althc- _h the vibration of the
particles with the gas, hydrodynamic forces between neighboring

particles, and the radiation pressure caused by a sound field of

RN19, 6-65 4




plane stationary waves have all been studied with respect to this
problem. However, the magnitude of the increase in agglomeration
and sedimentation rates is much largar than ca:u be predicted on the
basis of these three possible mechanisins. The motion of a particle
relative to that of the gas in which it is embedded is a function of
particle size and acoustic frequency ior a given material and sua-
pending gas. In the range of particle size from a few tenths of 2
icron to 2 microns, the lag in the particulate motion becomes
appreciable as the sonic frequency goes from 109 cps to 10 kc/sec.
Hence, it is difficult to explain the rapiu agglomeration upon the
basis of increased collision frequency. Furthermore, such a mech-
anism could explain an increase in the collision frequency only for
those particles having their line of centers in the direction of the
acoustic vibration and within the range of effectiveness, which would
be the amp’.lude of vibration. Clearly, this mechanism cannot

explain the very rapid increase in sedimentation and agglomeration.

Bernoulii forcees, acting perpendicular to the direction of
vibration, sirnilarly, cannot be expected to be of such magnitude as
to explain the very largs observed effect and this has been borne

out by calculation16

The radiation pressure, likewise, cannot explain the observed
behavior since this effect leads to concentration increases at the
nodes of factors of the order of 2-3 for particles of 1 y diameter in
a sound energy field with energy density 1()3 e':rgs/cm3 in forty sec-
onds while the agglomeration rate increases by a factor of 20 under

the sBame conditions 17
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z2. COMMINUTICN CF MATERIALS ¥OR USE
IN THE SAPAG EXPERIMENT

The preparation of ultrafine powd«rs required for use in the
SAPAG experimaat bas been carried.. out both at room temperature
and at cryogenic temperatures. Rcom: temperature commirution
has been successful for the more brittle materials studied while the
raore rubbery substances —“equire lov. emperature conditions before

the appreciable production of fine particles takes placc.

In all cases, the polymeric materials were found to be sensi-
tive to the presence of moisture in the atmosphere :n that the in-
ability to produce the ultrafine pa.ticles was noted in all attempts to
comminute in the presence of moisture. A well controlled, dry
atmosphere is required in order to prevent the formation of large
aggregates, or, in some cases, to permit the formation of the fine

particles.

Three instruments have been designed and constructed in
order to produce the powder required by the experiment. A cryo-
genic ball mill, constructed of stairless steel and using stainless
steel balle as impactors is capable of producing approximately 20
grams cf subinicron sized powders per day. The ball chamber of
this mill is machined smooth aud hae no sharp corners so that clean-
ing is easily accomplished to minimize the level of contamination
batween successiv: loadings of different materials. T e grinding
chamber is hermetically < caled and is upensd ouly in a controlled
atmosphere so that the powders produced are kept free of corntami-
nation due to absorbed gases. The cryogenic ball mill can be refri-

gerated by continuous immersion of the lower portion of the grinding

RN19, 6-65 7




chamber in an insulated container of liguid nitrogen. In order to
facilitate heat transfer, copper cooling fins circle the periphery of

the ball chamber.

The remaining devices usec for the production of ultrafine
powders are basically *he same type of instrument, one merely
being a scaled-up version of the other. Eoth utilize simple hartnonic
motion of the grinding chamber to deliv:r tie energy required by the
material for comminution. The prototype version of the high encigy
harmonic impactor is limited to the production of only approximately
four grams of comminuted material rer day due to its emall size.
The scaled-up version, nowever, should permit ecoaemical produc-
tion of fine powders since the production rate for this inaﬁ'ument is

expected to be of the order of 40 grams per day.

The prototype harmenic impactor is particularly useful in the
development stages of the production of fine powders of new materials
primarily because of its small size. Thfs permits the produstion of
a small quantity of powder to be completed entirely within a dry box.
Furthermore, all materials studied in this instrument to date have
been reducsd to sub~-micron-sized particles in lese than 20 minutes,
2o that a rapid assessment of the poesible degree of comminution of

a given material is possible,

The operation of these impactors depends upon the accelera-
tion of attritors within a crucible containing small chunks of mate-
rial to be powdered. The attritzrs can either be steel balls or can
be large particles of material undergoing comminution. When the
material being ground 'has sufficient structural strength, the crucibie

can be machined from the same material so that contamination of

RN19, 6-65 8
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the powders by the crucible and the attritsrs can be rediiced io zero
from the very low value observed when steel iz utilized in thesc
applications. Figure 1 illuatrates self-crucibles which have been

used in the harmonic irapactox.

As discussed .a the preceding section, the presence of
moisture can prohibit the production of finely divided powders.
Hence, all materials for pulverization are handled only in an inert
atmosphere dry box, sFawn in Fig. 2. By use of purified nitrogen
is this enclosure, pcssib.= coutamination of the powders by other

gases is also precl. 4,

The marked effect of moisture up. finely divided materiai»
is graphically demonstrated in Figs. 3 and 4, in which the totally
different appearance of powders obtained by dry cormnminution are
contrasted to those obtained by grinding in room air. The macro-
scopic appearance of the powders clearly shows that processing of
materials in 2 moist atmosphere yields a produc ., which agglomer-
ates markedly while an apparently finely divided powder is obtained

by controlling the atmocphere.

Figure 4 shows optical rhotomicrographs of the powder shown
macroscopically in Fig. 3. It is easily seen that dry grinding pro-
duces a much smalier average particle size thaa does the same pro-

cedure in the presonce of moisture,

The presence of two phases in the bulk material can lead to
differential grinding. Figures 5 and 6 iilustrate thie effect by means
of optical photomicrographs of a fiber glass f{illed phenolic graphite
after treatments of one minute and 20 minutes, respectively, in the

harmonic irmnpactor. The presence of the fiber glass phase is clearly

R}M19, 6-65 9
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Fig. 1

RN19, 6-65

if

Self-crucibles machined from bulk materials to
prevent the possibility of contamination of fine
powders by the comminution container.
Crucible on left is an epoxy, and that on the
right is a phenolic graphite,
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Fig. 2 Inert atmosphere dry box which is used to minimize
contamination of fine powders. The gas used in the
dry box is nitrogen from which the oxygen is removed
by catalytic reaction with hydrogen, and water vapor
is- removed by adsorption on a molecular sieve. The
typical level of contamination in this dry box is less
that 3 ppm water as read on an electrolytic moisture
detector. The oxygen level is sufficiently low that a
tungeten filament bulb can be maint:ined incandescent
for days unprotected without failure.




View A

Fig. 3

RN19, 6-65

Yiew B

Results of comminution of Avcoat II in the high energy
harmonic impactor. View A shows the material after
being ground in room air. !Note that the steel ball
uzed for the comminution is covered by an adherent
mass of ground material.

View B shows the results of the comminution of the
same material in the same equipment, the only change
from th: above being the replacement of moist air
with an inert dry atmosphere. In this case the powder
shows no tendency to stick to the ball or to form large
agglomerates.

12
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View B

Fig. 4 Optical photomicrographs of Avcoat II after comminution in
the high energy impactor. Each square represents 5
microns. The photomicrograph in view A, of moist mate-
rial, shows the presence of large agglomerates. The photo-
micrograph in view B, of dry material, shows the presence
of relatively small particles and the complete absence of the
very large agglomerates of the moi=: material.

RN19, 6-65 13
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Fig. 5 Optical photomicrograph of a phenolic graphite
treated for oae minute in the high energy har-
monic impactor in a dry atmosphere. Each
square represents 5 microns. The presence
of the fiberglass phase is easily seen as the rod
that runs diagonally across the photomicrograph.

RN19, 6-65 14




Fig. 6

RN19, 6-65

Optical photomicrograph of phenolic graphite
after 20 minutes in the high energy harmonic
impactor in a dry atmosphere. Each square
represents 11 microns. Both phases have
been comminuted to the limit of detection by
optical microscopy.
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Sein alter one minute of grirding but after the additional 19 minutes
the powder appears to be homogeneous within the limit of detection
by optical microscopy. An electron micrograph of the same mate-
rial is shown in Fig. 7 in which the actual size of the particles pro-

duced can be seen as well as the presence of two phases.

Using randomly sampled electron micrographs, statistical
analyses of the finely divided powders can be prepared. A typical
analysis is presented fou the sample which is shown in Figs. 6 and 7.
The results on a ceunt of some 800 particles are shown in Table i
and are plotted in Figs. 8 and 9. Two phases are easily discernible,
the large lon-transparent material and the smaller, transparent
phase, arising from the glass and phenolic phases, respectively.
Visual inspection of this sample in the electron microscope shows -
that the small semi-transparent phase consists of platelets with a
relatively uniform thickness of approximately 400 A while the larger,

opaque particles have thicknesses on the order of their diameters.

Some of the materials treated Seem to comminute but tend to
fo. _.oase aggregates by virtue of the small interparticulate sep-
aration of a '"'condensed" powder phase, Characteristic electron
micrographs of an ejloxy resin treated for 72 hours at room tempera-
ture in the cryogenic ball mill are presented in Figs. 10 and 11. The
presence of particulate matte r with major dimension of 0.2 uis
shown to be present with an average particle size of approximaiely
0.5 u. The loose agglomeration of the small particles in» form

larger, often circular, groupings is seen here.

The possibility of contamination arising from grindisg in a

steel apparatus has been studied by the spectroscopic determination

RN19, 6-65 i6
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1 micron
———
Fig. 7 FElectron micrograph of glass-filled phenolic graphite at a magnification
of 22000X. The very small particle size is shown, as is the presence
of two phases. The statistical particle size analysis hased upon this
photograph and eleven others is presented in Fig. 8 and 9.

RN139, 6-65 17




TABLE I

PARTICLE SIZE ANALYSIS FOR PHENOILIC GRAPHITE .

Particle Size | Small Particles Large Particles Total Particles
Increment % Increment % Increment %o ]
[0 of Count [Greater| of Count |Greater | of Count jGreater i
(%} Than (%) Than {%) Than
0.08-0.1 24.02 75.98 14.52 98.54 21.44 78. 56 i

0.1-0.2 20. 42 55. 56 22.58 62.90 21.01 57.55
0.2-0.3 20.42 35. 14 13.71 49.19 18.60 38.98

0.3-0.4 | 13.81 | 21.33 6.45 | 42.74 | 1v.82 | 27.13
8.4-0.5 7.51 | 13.82 7.26 | 35.48 7.44 | 15.69 |
0.5-0.6 9.31 4.51 9.68 | 25.80 9.41 | 10.28
0.6-0.7 2.40 2.11 8.06 | 17.74 3.94 6.34 ;
0.7-0.8 1.20 0.91 8.11 | 16.93 1.09 5,25 ]
0.8-0.9 0.30 0.61°| 6.45 | 10.48 1.97 3.28
0.9-1.0 0. 60 0 2.42 8. 06 1.09 2.19

i-2 4.84 3.22 1. 31 0.88

3-3 2.42 0.80 0. 66 0.22

3-4 0. 81 0 0.22 0

RN19, 6-65 i8
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Fig. 8 Particle size analysis for phenolic graphite. This differential
distribution curve for material shown in Figure 7 is obtained by
counting all the particles on 12 electron microgr.phs. Note the
presence of large amounts of particles in the submicron range.
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PERCENTAGE OF PARTICLES LARGER THAN

Fig.

. K

16

i 0.1 0.01
PARTICLE SIZE {MICRONS)

9 Particle size analysis for phenolic graphite. This integra?

distribution curve for material shown in Figure 7 is obtained
frum the data pliotted in Figure 8.
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1 micron
——

Fig. 10 Electron micrograph of an epoxy resin comminuted 72 hours at room

temperature in the cryogenic ball mill (magnification is 15000X).
The presence of small particles (0.2 microns) is shown. Similarly,

the loose agglomeration of the small particles can be seen in this
micrograph.
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1 micron

——

Fig. 11 Electron micrograph cf an epoxy resin comminuted 72 hours at
room temperature in the cryogenic ball mill (magnification is
15000X). The presence of small pa-ticles (0.2 micronsg) is
shown. Similarly, the loose agglomeration of the small parti-
cles can be seen in this micrograph.

RN1¢, 6-65 22
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rence uf metallic elements before and after treatment.
Although the level of contamination seems to increase after a 72
hour ball milling, the increase is comparable to the very smalil
amount preseat initially (typically, e.g., for iron from 1.9 ppm to
3.1 ppm) so that the increase in the level of contamination, if real,

is very smail on an absolute scale.
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