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20. This report describes the research performed under
the above contract. The objective of the contract was to
assess several techniques utilizing surface treatments
or coatings on micron sized metal powders to overcome
their agglomerating properties.

Under the contract , several techniques including sur-
face treatments , polymer coating and additions of flow
agents were investigated. Special efforts including , a
literature review and experimental adhesion force measure-
ments were directed towards understanding the forces
holding the particles. Treatments were evaluated by the
measurement of interparticle adhesion forces, tensile
strength of powders and release characteristics of the
powders in vacuum. A treatment with steam appears to
give the best flowing and dispersion characterisitics to
the powder in air and~~J~~lr vacuum. The steam treated

,-~~~~~~er also showed a low tensile strength and a low
interparticle force of attraction .
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EVALUATION

1. This report is the Final Report on the contract. It covers research

done on the deagglomeration of aluminum powder during the twelve month

period 1 June 1975 to 31 May 1976. The objective of the research is the

~~~ 

. deagglomeration of aluminum powder particles of specific type and origin

so as to render it completely dispersible in a high vacuum regime without

necessity for complex dispensing mechanisms. Coatings, surface modification

and additives were the approaches used to defeat the forces of attraction

j  acting between the fine particles . Of these, surface modification by con-

trolled oxidation in a steam atmosphere proved to be the most effective

method for deagglomeration and dispersal in vacuum. Spacer—particle ad—

t ditives promoted deagglomeration but were less effective for dispersal in

vacuu~n.

7 . The above work is of value since it provides a solution to the problem

I of uniform dispersal of fine particles, thereby enabling attainment of an

I optical signature that approaches optimum for countermeasures applications.

~~~~~ J0SE~~ J. HUTTA

~ Contract Monitor
Solid State Sciences Division
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RESEARCH ON COATINGS OR SURFACE TREATMENT OF METAL POWDERS

1. INTRODUCTION

Small particles in the micron size range exhibit agglom-
ezation resulting from the attractive forces which are accen-
tuated due to the high surface area of the particles in com-
parison to their mass. Dispersion of fine powders into dis-
crete particles is therefore difficult. The aluminum powder,
of the primary importance in this program , shows poor flow and
di.;persion properties in air and vacuum.

Under this program , an assessment of several techniques
utilizing surface treatments or coatings of the aluminum par-
tid es to improve the flow and dispersion porperties was con-

- - 
ducted . Several treatments were tried and the effects on the
dispersion charactersitics were viewed theoretically as well
as experimentally in order to correlate them with the inter-
particle forces.

In this report , the results of the work performed under
this program are presented .

2. LITERATURE REVIEW

A thorough search of published literature involving ad-
hesion between parti’~1es , powder flow properties , and treat-
ments and coatings of powders was conducted . In this search ,
special emphasis was put on metal powders. A review of the
pertinent literature is given below.

2.1 Adhesion Between Metal Particles

Small particles , metallic as well as non-metallic , exhibit
considerable interparticle forces such as the molecular
(van der Waals), electrostatic , and metal bonds. These forces
are usually attractive in nature resulting in agglomeration.

- 
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The subject of particle adhesion has been studied quite
extensively, both theoretically and experimentally. However ,
gaps in theory and experiments exist.

Reviews of adhesion literature have been published by
Zimon (1), Krupp (2), and Corn (3) . The principle forces
binding fine particles together are (a) van der Waals forces ,
(b) electrostatic forces , and (c) metallic bonds. It is
well accepted that metallic forces do not play a significant
role at ordinary temperatures (i. e., below the Tammam~ temp-
erature ~ - 0.5 x melting point temperature).

The van der Waals force between two spherical particles
is given by

Ad
FA = p (1)

12Z 0

where A is the Hamaker constant, d~ is the particle diameter ,
and Z0 is the distance of minimum separation between the
particles. The Hamaker constant is obtained from spectro-
scopic data. Ths distance of separation , Z0, is obtained
by comparison of adhesion data and the theory (Equation 1).
Arbitrarily, it must be greater than atomic dimensions.
Values ranging from 0.4 run to 1.5 run have been reported. A
value of 0.7 run is a useful average.

Shielding of van der Waa ls forces by adsorbed films
was studied theoretically by Void (4) .

The electrostatic force between a metallic sphere and
half space is given by Krupp (2) as

FA = irc0R • — (2)
Z1~ 0

where is the dielectric constant , U is the contact potential
difference, R is the particle radius, and Z0 is the minimum

~~ distance of separation.

2
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2.2 Measurement of Force of Adhesion

Several experimental techniques for the measurement of
adhesion force have been used. Zimon (1) has reviewed the
various methods. For the determination of adhesion force , a

-‘ . system of particles and a flat surface is usually employed.
The methods applicable to particles smaller than 10 pm are
(a) centrifu~al technique, (b) vibration, and (c) aerodynamic
technique. Of these three methods , the centrifugal technique is
amenable to accurate calculation of the force applied to the par-
ticles. In a commercial laboratory , ultacentrifuge forces u~ to
the particle mass times 500,000g may be applied. Böhme (5) has
developed a special centrifuge for operating at accelerations
up to 10 in a vacuum. Significant publications have come out
of the Battelle-Institute from their group.

Böhme, et.al. (6) used the ultracentrifuge to measure
forces between gold spheres (2-8 pm diameter) on silicon
single crystals and gold substrates in ultra-high vacuum.
They compared their results with the van der Waals and
electrostatic theoretical estimates and concluded that for

gold , a metal , the van der Waals forces were dominant.

Donald (7) studied adhesion of gold on gold substrates
and concluded that electrostatic forces are significant if
the metal adherants are separated by a film of oxide layer.

- - He expressed the electrostatic component as

FA = ~~~~~ 
- 1) (3)

Deviation from a straight line relationship of the force vs.
particle size data would represent significant contributions
from electrostatic effor ts .

2 .3  Powder Flow Properties

Pietsch (8) reviewed the agglomerating behavior of fine
particles. For dry powders , the attraction forces between
particles (Section 2.1) are significant and lead to agglomer-
ation. Rumpf (9) has calculated the strength of a powder bed

3
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based on the attractive forces between the particles. A
relationship between the microscopic theory and powder prop-
erties is demonstrated. Zimon (I) has also discussed the
relationship of discrete interparticle forces and the prop-
erties of the bulk powder.

Sali sbury (10) studied adhesion behavior of silicate pow-
ders in an ultra high-vacuum. Adhesion was low in air and in a

vacuum after oil contamination. This indicated that the van
der Waals forces were shielded by an adsorbed film , leading to

• the conclusion that the electrostatic forces were not
dominant.

2.4 Powder Treatment

The presence of an oxide layer on aluminum surfaces
has been known to reduce adhesion between the particles.
Under ordinary atmospheric conditions , aluminum acquires
an oxide film by adsorption . A study conducted by Kaiser
Aluminum & Chemical Co. (11) shows that adsorbed oxide and

• water on aluminum still persisted after six hours at 600°F
in a 4 x lO~~ Torr vacuum.

• The oxide f i lm formed by natural processes is probab ly
non-continous and porous . A continous film could be pro-
duced by reaction with boiling water or by a steam treatment.
In a Czech Patent to Svoboda , et .al . , (12) , use of wet steam
with a trace quantity of NH3 was shown effective in producing
a protective oxide coating on objects coated with aluminum
by vapor deposition .

Silylation of powders has been reportedly useful for
deagglomerating powders. Procedures for silylation are
given by Bohemen (13) and Sweeley , et.al., (14). This treatment
reduces attraction by shielding the particles from each other
by the large sily l groups.

Encapsulation techniques have been reviewed extensively
by Vandeager (15). This included coacervation , vapor phase

4
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deposition , and electrostatic encapsulation. Use of in situ

polymerization of styrene monomer deposited on particles is
also practical. Maylotte and Wright (16) polymerized trifluro-

ethylene on solid surfaces at about 0.5-10 Torr by UV activ-

ation. Extension of this method on coating of powders depends

on the dispersion of the powders in a vacuum.

In a study at General Mills (17), use of Cab-O-Sil as
spacer particles wt :hown to be effective in improving the
flow properties ~ -~~ starch powder.

3. EXPERIMENTAL WORK

3.1 Test Powder Characterization

The primary powder for the surface treatment studies
was an aluminum powder formed by atomization of molten

• aluminum. Close size cuts of this powder were supplied by
AFCRL . Coulter counter size analyses of the powders were
also supplied by AFCRL (Figure 1). The size distributions
of the powders were measured in our laboratory by an optical
microscope interfaced with an image analyzing computer (Imanco) .
The size distributions of the fine and coarse cuts are shown
in Figure 2. A photomicrograph and an electronmicrograph
are presented in Figure 3.

3.2 Water Treatment

Under ambient environment conditions , aluminum possesses
an oxide layer. This layer , however , does not form a con-
tinuous layer around the particles. Formation of a continuous
oxide layer by anodic treatment is used for protection of
aluminum parts. We found that by reacting water with aluini-
nurn near the boiling point of water , a layer of hydrated oxide
is formed around the particles. The flow properties of the
dried powder had improved significantly. However, microscopic
examination of this treated powder showed that sintering of
several aluminum particles into single particles , and complete

1 
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3(b) ELECTRON MICROGRAPH ; 3,000X MAGNIFICATION

Figure 3

~~ MICROGRAPH OF UNTREATED Al POWDER NO. 6-f
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conversion of some aluminum particles to aluminum oxide were

caking place. A photomicrograph of the aluminum powder
reat t~d with wat:c~r i showit in Figure It . A size analysi s by

~~ t ca 1 W i c ~~~) Sc O~~V i s ShoWn in Fi gure 5

This water t r e a t m e n t  was optim ized with respect to temp-
et ature and time of reaction . The optimum temperature and time
appears to be 9O~C and 15 minutes , respectively . Reacting the

£ aluminum powder for a longer time did not further improve its
flow property appreciably. Following the results of Svoboda ,
et al. (12) we investigated the effect of ammonia on the
treatment by adding NH4OH to the water. It did not seem to
have any measurable influence on the flow behavior of the
aluminum powder.

The reaction products formed on the surface of the alum-
m um particles was identified as Bayerite Al (C)H)

3 or
. Al~O3 3Hz) by x-ray diffraction analysis of the powder .

In order to form enough of this material, it was necessary
to extend the reaction time to six hours.

• Controlling the oxide formation to a relatively thin
• - 

layer around each particle is necessary for sucessful
treatment. We chose to use steam to react with aluminum
particles to achieve this control, which is described next.

3.3 Steam Treatment

An apparatus was designed to react the aluminum powder with
steam in a fluidized state (Figure 6). It is a batch reactor
system. Steam was generated in a three neck glass flask. When
steam started coming out of the reactor , the reactor was fed
with a samll quantity of the aluminum powder. The reactor tube
was slight ly heated by placing an electrical coil around it
to preven t excessive condensation . Tha aluminum particles were
fluidized by the steam. The reactor tube was removed after
about five minutes and the sample taken out. The sample
was ground in a mortar and pestle. This treated powder showe d 
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Figure 4

PHOTONICROGRAPH OF WATER TREATED Al POWDER

10

r~ 1IIIT1.~~ ~~~~~~ TE1~



r -

~~

-- -—— ‘.-— -——-—

T 1 1 l I ’ I H H  1 I I I I h I ’ I h 1 I ~~

— atat

— 0
—~~~~~

‘—I
— o

—1~) at

——~~~~~

—
C

V — Co— I .C
_ _ _ _ _ _  

_______________ o~~-~• )~i — - -  • _______________________

— —

— —

— — Cl)
0

— — 2

— =~~
— —

- •

— — -  U)

I. —
— — a

-~~~~~ 1 1 1 H 1 1 1 ! 1 1 1  I I I ! I ~LI~ H
2 ~ 9 ~ 

‘2
H aZ1S apuie~ 

• ••~~~~~~~ 
_ _ _ _ _ _

-



REACTOR 

- 

ELECTRI CA L
HEATING
COIL

VALVE 
-

- - 

- 

• 

- 

- \ HEATER

- —

)

Figur e 6

APPARATUS FOR STEAM TRFATMENT

-
- 

_ _ _



pr ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

good flow properties. A photomicrograph of the treated powder
is given in Figure 7. Size analysis of this powder by optical

microscopy is given in Figure 8. The average particle size of
this sample is larger than the original ~• owder since some fines
present in the original powder were carried away by the steam.

The powder was also reacted in a fixed bed rather than a
fluidized bed. Similar results were obtained.

The surface area of the raw powder (measured by nitrogen
adsorption method using Micromeritices surface area-pore vol-
ume analyzer Model 2lOOD) was l.6m2/gm, while the surface area
of treated powder was 24.6m2/gni,which is significantly higher.

To react the aluminum powder with a mixture of steam and
ammonia, ammonium hydroxide was added in the flask. The
treated powder had better flowing property than the original
powder but no improvement was found over the treatment with
steam alone.

The powder was also reacted with superheated steam, but

no improvement in the flow property was evident. (The steam

used above was wet.) This shows that the presence of moisture

is necessary in steam treatment.

3.4 Stearic Acid Treatment

Earlier experiences indicated that stearic acid could

be applied to aluminum powder forming aluminum stearate on
the particle ’s surface. This causes a reduction in the adhe-

sive forces between individual particles. With this in mind ,
• two types of application were attempted : (a) vapor deposition

of stearic acid Onto aluminum powder, and (b) adsorption of

stearic acid onto individual particles by grinding .

(a) Stearic acid was placed in ceramic boat and vapor-
ized in a tube furnace. When vapor was present ,
the aluminum powder aerosol generated by Wright
Dust Feeder was introduced into the tube section.
The resulting aerosol was sampled and collected on
a Nuc].epore filter. The filter was inspected vis-

~~ ually and microscopically. Examination of the filtrate
and filter did not reveal any change in adhesive
properties.

13
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PHOTOMICROGRAPH OF STEAM TREATED Al POWDER
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(b) Stearic acid and aluminum powder were placed in a
mor tar and pastle . The mixture was ground for
several minutes. Chloroform was added to dissolve
any unreacted stearic acid , and the resulting sus-
pension was f i l tered and washed repeatedly wi th
chloroform . After vacuum drying , this ma terial
was ground in a mortar and pestle for approximately
one minute. No significant improvement of the pow-
der was evid ent.

3.5 Silicone and Siloxane Treatments

Silicones have been used as free flowing agents for
powders. However , there is no indication that the method can
be app lied to aluminum powder. Consequently, investigation s

were made of the feasibility of using silicone substances.

Two liquids were chosen. One liquid , hexamethyldisilazane
(HMDS), seemed most promising . HMDS replaces hydroxy l group s
on the surface of inorganic oxides. ~ ince aluminum powder
could conceivably have oxide and hydroxy l groups on the
surface, the HMDS was a likely candidate. Another liquid ,
dimethylpolysiloxane (DMPS), was chosen as a typical silicone
fluid .

3.5.1 l~-1DS Trea tment

A quantity of aluminum powder was placed in a flask

with FINDS and trime thylchlorosilane (TMCS), a catalys t . The
contents were mixed well and allowed to stand overnight. The
suspension was poured into a petri dish and air dried . The

material was inspected closely but no change in agglomera tion
proper ties was visib le.

3 . 5 . 2  DNPS Trea tment

A quantity of D~1PS was added to aluminum powder in a
beaker and dispersed in an ultrasonic bath. The powder was
allowed to settle and react with the liquid for several hours.
The DMPS was decanted off leaving a layer of DMPS and alumi-
num powder . This layer was dried under n itrogen gas and
groupd slightly in mortar and pestle. The substance was
examined carefully but no change in agglomeration properties
was eviden t.
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3.6 Use of Spacer Part icles

Fumed silica such as Cab-O-Sil is frequently used as an

additive to improve flow properties of powders. Two types
of fumed silica were t r ied.  One was Cab-O-Sil , having an

average di ameter of 7 nm , and the other was Silanox , which
is a fumed silica (7 nm) silylated with HMDS (hexamethy l-

disilazarie). Several different proportions of these additives

were tried (Table 1).

The powder and additives were mixed by a spatula and

placed on a 200 mesh screen . The powder was collected in

a pan below the screen after several tappings . The flowing

tendency of the powder was visually examined . Both addi tives
improved the flow property of the powder , and the degree of
improvement increased with increasing amounts of the additives

upto the maximum amount tried (2~ additive). However , the

powder treated with Silanox showed better flowing tendency

than Cab-O-Sil at the same proportions . Also , some samples

~er~ ground in a mor tar and pes tle af ter mixing by a spa tula .
Then the samples were screened . These ground samples had
better flowing property than respective unground powders.

3 .7 Polymer Trea tment

The f ea s ib i l i ty  of coating (encapsulating) the aluminum
particles with pol ymeric material was considered . Two poly.-
mers , polyethylene and polystyrene , were used . The polymer

was dissolved in toluene or xylenes. Aluminum powder was

dispersed in the polymer solution with an ultrasonic probe .
and the suspension was atomized througn an air-blast nozzle

(Figure 9) . Samples of the spray after  evaporation of
solvent were collected and examined under a microscope. The
presence of a coating was clearly visible indicating that the
thickness of the cnating could be reduced. Fur thermore , poly-

styrene coating appeared to be better than polyethylene . Hence
different concentrations of aluminum and polystyrene were used
to optimize the coating (Table 2). A coating was observed on

~~ the particles. 17~ Al dispersed in 0.l7~ pol ys tyrene solution
(toluene) appeared to give best results. An electronmicrograph

of the powder sprayed with pol ystyrene is shown in Figure 10.
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Table l 
-

PROPORTION OF SPACER PARTICLE ADDITIVES
-~ Powder : Al Powder (No. 6-f)

- % Spacer Type

- 1.0% Cab-O-Sil

2.0% Cab-0-Sil

O.5% Silanox 101

1.0% Silanox 101

2.0% Silanox 101
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Figur e 9

PHOTOGRAPH OF SPRAY SET-UP
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TabLe 2

COMBINATION OF Al POWDER AND POLYMER
-
~ FOR ENCAPSULATION FEASIBILITY

-~ Aluminum
• Concentration * Polymer* Solvent

- <1% Polyethylene Xy lenes
(saturated solution)

0.37. Polyethylene Toluene
(saturated solution)

<17. Polystyrene (3%) Carbontetra-
• chloride

0.057. Polystyrene (27.) Xy lenes

O.5% Pol ystyrene (27.) Xy lenes
- 

- 
0.57. Polystyrene (0.57.) Toluene

17. Polystyrene (0 .570)  Toluene

170 Polystyrene (0.1%) Toluene

* all concentrations are given by weight
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• Figure io
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ELECTRONMICROCRAPH OF Al POWDER SPRAYED
- - 

WITH POLYSTYRENE IN SOLVENT
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An attemp t was made to coat the par ticles by polymer-
ising styrene monomer on particle surface . Aluminum aerosol
and styrene monomer vapor were contacted in a heated pyrex
glass tube so that monomer may polymerise on the surface of
aluminum .

The polymer coated particles did not exhibit better flow
properties than the original powder.

3.8 Measurement of the Adhesion Force

A centrifuge technique was used to measure the force of
adhesion. The apparatus consisted of a preparative ultra-
centrifuge capable of a maximum speed of 50,000 rpm. In
this apparatus, the force of adhesion between a particle and
a flat substrate was studied. The substrate was mounted on
the head of a flat hexagonal screw. Particles were deposited
on the substrate. Photomicrographs of the particles deposited
on the substrate were taken and the screw was mounted on the

• insert shown in Figure 11. An even number of inserts were

placed (diagonally arranged) in a centrifuge rotor (Figure 12)

in such a way that the substrate was parallel to the rotation
axis and facing outwards. The centrifuge chamber was evacuated

and the rotor was spun at the desired speed for approximately
2 minutes ar.d slowly decelerated to a complete stop. The screws

were removed and photomicrographs of particles were taken again .
The number of particles removed were determined by visual com-

parison of the pho tomicrographs taken before and af ter centri-
fugation.

The cen trifugal force F , applied to a particle of size

dp is given by
F = mass x acceleration

— 
dp3 

• . 
(211n)2R . 981 dynes

— 

6 Pp 3600

where n is the number of revolutions per minute , R is the
radial distance between the particle and the axis of rotation ,

and p
~ 

is the density of the particles.
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A list of particles and substrates used in experiments
- - are presented in Table 3. Powder 6-C was always used for these

adhesion exper iments. The aluminum powder was deposited on
substrate from a flowing aerosol, whereas treated powder was
deposited on substrate in a vacuum chamber.

Due to the statistical distribution of contact areas of
the deposited particles , the adhesion force is represented by
the value of the applied force necessary to remove fifty per-

cent of the total particle number on the substrate ( 1).
At the highest force level that could be achieved , less

than 507. of the particles were removed in most of the exper-

iments. However , useful information can be obtained by compar-
• ing the percentage of particles removed at the maximum applied

- 
• force at 50 ,000 rpm . The presence of the polymer film between

the aluminum particles and the substrate generally accomplished
higher percen t remova l of particles. Thickness of the inter-

1 - mediate film also had an effect on the percent removal; being
larger for the thicker film .

We used polystyrene and nylon spheres on similar subst-
rates , and no removal was achieved at 50 ,000 rpm . These resul ts
indicated that the polymer coating on aluminum will not improve
the dispersion properties.

The water treated Al particles on a similar substrate

were significantly r emoved at 25 ,000 rpm and were completely
r emoved at 50 ,000 rpm , indicating a significant improvement.

The steam treated Al powder also showed a large improvement

over the untrea ted powder . The app lied force was in excess of
that for 50% removal of the particles.

Also in Table 3 , the values of the van der Waals constants

are presented along with the calculated force of adhesion based

on a distance of separation of 4~ . The theoretical force for

Al-Al system for the van der Waals interaction (Eq 1) as well as

the electrical forces arising from contact potential charging
(Eq 2) are also given as a function of the distance of separation

~~~— -  ~~~~~~~~~~~~~~~~~~~~~ 1
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Zo and two particle sizes in Figure 13. At a distance of
1:X , two 5 ~m Aluminum spheres are attracted by a force of

~3 x 10~~ dynes contributed by the van der Waals inter-
actions , while the electrical effects contribute 4 x l0~~
dynes. As seen from the Figure 13, the electrical forces
are considerably smaller until the distances of separation
Zo is large (“~2 run).

Comparison of experimental data with the van der Waals
forces could be made by realizing that the adhesive forces
for a system is the value of the force required for fifty
percent removal of particles. For the Al - Al system , at
an applied force of 3.2 x lO~

2 dynes, only 5% of the par-
tid es are removed . Similarly, the values of the percent

r emoval of particles for the Al-Polymer and Polymer-
Polymer systems are quite low.. However, more than fifty

percent of the particles were removed for the steam treated

and the water treated powder, indicating better agreement
- betv~en the experimental results and the van der Waals

force.

A possible explanation for these observations may be
at t r ibuted to the relative hardness of these materials.
The aluminum metal and the polymer materials are softer and
may flatten at the point of contact. This would result in
a higher force of adhesion than the force calculated by
Equation which assumes that no deformation of the surface
takes place. Krupp (2) has presented some calculations
(Table 4) showing that the adhesion force could be increased
due to deformation of the particle and the substrate.

On the water treated powder , a-alumina trihydrate
(Al [OH] 3, Bayerite) was observed (Section 3.2). While no
such layer was detected on the steam treated powder , a thin
layer of the bayerite may be present which may not be detec-

S
. ted by the x-ray powder diffraction technique. The increase

in the specific surface area as observed by the nitrogen absor-
ption (Section 3.3) indicates transformation of the surface.
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FORCES OF ATTRACTION BETWEEN AN ALUMINUM SPHERE ANt)
A FLAT ALUMINUM PLATE
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Table 4

EFFECT OF HARDNESS ON VAN DER WAALS ADHESIVE FORCE
BETWEEN A 5 pm DIAMETER SPHERE AND A FLAT

SURFACE AT A SEPARATION OF .4 nm*

Hardness ~ Hamaker 9onstant
(dynes/cm’) A x 101 (ergs)

_____— 0.29 0.96 4.3I~~_
io6 (Plastics) Fad 3600 4 x -

108 (Metals) (mdy~~~ 42 400 8 x
l010(Abrasives) 6 24 170

* from Krupp (2), page 195
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The Vickers microhardness of a high purity Aluminum
piece was measured using Leitz microhardness tester . Then,
the surface of the aluminum piece was exposed to steam for
about 30 minutes and the microhardness of this reacted sur-
face was renieasured in an attempt to assess changes in
surface characteristics. No difference in the hardness was
found , possibly because the steam did not reach the aluminum
up to the required depth for the measurement which is estima-
ted to be approximately 10 microns.

No information on the hardness of Bayerite (Al[OH]3) was
found in literature. Further work is needed to check the
validity of the contribution of the hardness to the force of
adhesion.

3.9 Tensile Strength Measurement

Agglomerating tendency of par ticles is rela ted to the
strength of a powder bed . The tensile strength of a powder is

closely related to its agglomeration propertias. The greater
the agglomerating tendency, the greater is its tensile strength.

A conmion device used by powder technologists for the meas-
urement of tensile strength is the cell shown in Figure 14.
To determine the strength of powder , the two halves of the test
cell are filled with powder , which is leveled to a desired
height. A force on the free half is applied and increased
gradually until the powder bed is broken. One way for apply-
ing gradually increasing force is to mount the free half on
wheels on a track and incline the whole cell until the free
half rolls off. At this point , the weight of the broken half
and the angle at which separation occurs is determined and
the tensile strength is calculated.

This device is suitable for testing small volumes of
samples in a vacuum. We fabricated this cell (Figure 15).
The inclination was provided by a motor and a gear reduction

~ system . The inclination rate was 9°/minute. The tensile
strength was calculated by the following formula

30
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Figure 14

APPARATUS FOR MEASUREMENT OF TENSILE
STRENGTH OF POWDERS
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o = 
m . g . Sin e

t g~~ . h . w

where
= tensile strength, dynes/cm2

m = mass of the separated half, gm

g = gravitational acceleration , 980.6 cm/sec2

e = angle of inclination (Figure 14)
= 1 gin - cm/d ynes - sec2

h = height of sample bed , cm
w = width of sample bed , cm

sin ~ was measured by measuring the distance P as shown in
Figure 16, using a cathetometer.

Precautions were taken to achieve frictionless motion of the
wheels. The weight of the powder filled , and the height of
the powder bed were also kept practically constant. The
laboratory humidity for all the measurements was 50 ± 5%.
The results are summarized in Table 5. All the runs were per-
formed in duplicate and they were within 

~~~ of the reported
values in the Table 5, except for the untreated powder (which
was 110/,, probably due to high agglomeration of the particles.)
The tensile strength was highest- (5048 dynes/cm2) for untreated
powder , whereas steam treated powder had the lowest tensile
strength (1707 dynes/cm2) and therefore lowest tendency to
agglomerate. Polymer coating and water treatment did not
seem to provide any significant deagglomeration tendency to
the powder particles. -

The tensile strength model by Runipf relates the van der
Waals forces to the tensile strength in a powder by

= (A/ 24) (d/a
2)

where A is the Hamaker constant , a is the distance between
spheres and d is the diameter of spheres. The relationship
is dependent on the porosity of the bed and the size distri-
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Table 5

TENSI LE STRENGTH MEASUREMENT
Weight of Powder in Each Run ‘

~
‘ 24.6gm

Tensile Strength
- - Run Number Powder (dynes/cm 2)

Ti Untreated 5048

T2 Polystyrene Coated 4101

T3 O.57~ Silanox Treated 3316

T4 2% Cab-O-Sil Treated 2923

T5 Water Treated 4201
- 

T6 Steam Treated 1707

I 

r
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bution of the particles. On a qualitative basis , however , the
relationship predicts that the tensile strength is propor-
tional to the van der Waals force between the particles. The
tensile strength data follows the values of the adhesion force
as measured by the centrifuge method .

3.10 Powder Release in Vacuum

An apparatus for release of particles in a vacuum without
mechanical dispersion aids was needed to evaluate the effective-
ness of the powder treatment. We designed the apparatus shown
in Figure 17. Powder was placed in a 5/8 in. diameter cylindri-
cal cavity and flattened with a small cylindrical rod. Vacuum
in the bell jar was established to about S x lO~~ Torr. The
solenoid was actuated and the powder fell in the petri dish
below. Visual examination of the powder in the dish indi-
cated the effect on dispersion of powder in qualitative manner.
In Figure 18 (a ,b ,c,d,) photographs of powders released in the
apparatus are presented. (The same mass [0.6gm ] of powder was
used in each experiment).

A redesign of the release test was necessary to assess the
effectiveness of the treatment quantitatively. Also , release
height was not sufficient in the above apparatus. Hence, another
apparatus for dispersing powders was designed and fabricated
(Figure 19). This was similar to above apparatus except that
that it was bigger , and that the sample cell was sealed
from the surroundings so that a known small pressure can be
applied to the powder. The powder is released by energizing the
solenoid valve. Table 6 lists all the powders tested for release
in this apparatus. A fixed amount of powder (0.6gm) was used in
each experiment. The release height was 16 inches. The pressure
maintained in the sample cell was 200 microns Hg. The powder was
released when the pressure in the vacuum chamber dropped below
a micron. Photographs of released powders are given in Figure 20.
The powder treated with spacer particles visually looked like a
good flowing powder but , suprisingly , did not disperse well when
released through the apparatus. This indicated that although

~~ the flow properties , which are dependent on shear strength , were
ir-r-~roved , the tensile strength is equally or more important for
- ~ V~~( dispersion . Cover slides were placed at 2”, 4” , and 6”

~~ 36

L - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TIT~~~Tii~~II~~TI



- - - .
_________ -

POW DER

/
- . I SUPPOR T

1 ; 

I

I I__i

I
-

- I

r

PETRI I

• - DISH

/

~~~- -‘- -•‘. -
~~~ 

-
~~•

_
~~.

-•%• ‘•-
,
~~~~ --‘•‘

-

~ WjWi p//I 772 ,~Z

I 

- 

I
I 

AIR INLET
TO

-. 
TO VAC UUM VALVE ACTUATOR

Figure 17

APPARATUS FOR RELEASE OF POWDER IN VACUUM
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18(a) UNTREATED 18(b) WATER TREATED

_

~
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- - - - - -

1

18(c) STEAM TREATED 18(d) SILANOX (27~) TREATED

Figure 18

PHOTOGRAPHS OF POWDER RELEASED IN VACUUM
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PHOTOGRAPH OF POWDER RELEASE APPARATUS
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TYPE OF POWDERS RELEASED IN VACUUM

• Experiment I.D. Type of Powder
-
~~~ DA Original Powder

- 

DB 2% Cab-0-Sil Treated

DC 27~ Silanox Treated

Water Treated

DE Steam Treated

DF Steam + NH 3 Treated
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- 20(a) UNTREATED

- 

4

:

20(b) CAB-O-SIL ( 2%) TREATED
a:

Figure 20

PHOTOGRAPHS OF POWDER RELEASED IN VACUUM
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20(c) SILANOX (2%) ?kEATED

-
~~~~~~~~~~~~~~~~~

20(d) WATER TREATED

Figure 20 (Continued)

42

I

~~~~~: ~~~~~~~~~~~~~~~~~ 



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ --~~~--~~~~~~~~~

1:

20(e) STEAM TREATED

—.-

20 ( f) STEAM AMMONIA TREATED

Figure 20 (Continued)

43

a.
‘V .

~~~~~~~~~~~~ ~~:~~~~~
- -

~~~~ ; ~~~~~~~~~~~ T~TT T .11 TTiTITiT~



- - ----

~~~~~~~~~~~~~~~

- --_- ---—-- - — - ------_-‘--- -

~~~

----—-- - — - - -
; 

- -- - - --

~~~~~

-

~~~~

---- --_- - - - - - --- - --

~~~~

_- - - — -

awa~r from center , and at 00 , 30° , ~.nd 600 (Figure 21) for
getting samples for size analysis.

Particle size analysis of the samples was carried out
by an optical microscope interfaced with an image analyzing
computer (Imanco) . The size distribution and the number den-
sity of the particles at a given position may be conveniently
utilized to characterize the dispersibility of the powder.

Differential size distribution of some samples of relea-
sed original powder is given in Table 7. The last two numer-
ical digits in the sample number refer to the location (where
the sample was taken) shown in Figure 21. The table clearly
indicated the presence of many agglomerates and a very poor
dispersion. Also, particle density is very low at 4” distance.
At 6” distance , the density was neg ligible and hence no size
analysis was done.

Size distribution of water treated powder is given in
Table 8. The area covered by particles at 2” and 4” distance
was too large (more than 28%) and hence their size distribution
analysis was not done. The dispersion was very good. However ,
the data shows that several big agglomerates were present.

Table 9 gives differential size distribution of steam
treated powder. The dispersion was very good and a very few
agglomerates were present. Hence, this treatment appears to be
the best. This experiment was repeated and a good reproduci-
bility was obtained.

The size distributions were plotted on a log-probability
I; graph. A straight line relationship was obtained indicating

a log-normal distribution. Figure 22 shows a typical size
distribution of original powder and steam treated powder at
two same locations. Similarly , Figure 23 shows size distri-
bution of water treated and steam treated powders at two
locations.

No size analysis of powder treated with spacer particles

~~ was done since the powder did not disperse well laterally. The
particle density on the deposit was consequently too high to
allow resolution of sin~ 1e ~,articles .
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SAMPLE LOCATIONS IN VACUUM RELEASE APPARATUS
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Table 7
SIZE DISTRIBUTION OF THE VACUUM RELEASED ORIGINAL• POWDER AT DIFFERENT LOCATIONS

Sample # —. DAO8 DAO9 DA1O
Particle Size (°/~) (%) 

- 
(%)

<4.3 j~ 32.8 34.4 25.6 - 
-

• 4 . 3  - 7 .6  36.8 34.1 38.0

7.6 - 12.4 22.3 23.1 25.3

>12.4 8 .2  8 .5  11.1

x 315 266 415

* Average number of particles per cm2
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Table 8
SIZE DISTRIB UTION OF THE VACUUM RELEASED WATER

TREATED POWDER AT DIFFERENT LOCATIONS

Sample ~fr -. DD11 1)1)12 DD13 DD14

Particle I~fo) 11o

Size _ i  
_ _ _ _ _ _ _

<4.3 p 69.06 67.27 62.10 56.14

4.3 -7.6 13.55 12.99 16.11 18.30

7 .6  -12.4 8.59 7 . 9 9  10.06 11.91

12.4-17.3 4.22 4.51 • 4 .80 5.98

17.3-24.9 2.80 3.46 3.92 4.36

24.9-~ 4 l  1.22 2 .20  1.94 1.06

>34.1 0.57 1.60 1.85 1.45

x 1O~~ 1445 967 750 686
20.2 23.6  19.7 20.8

* Number of Particles per cm 2

+ 7. Area covered by particles
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Table 9
SIZE DISTRIBUTION OF TIlE VACUUM RELEASED STEAM

TREATED POWDER AT DIFFERENT LOCATIONS

Particle Size~~<4 31~ 4.3-7.6 7.6-12.4 >12.4 N*x12
3 
A+

— Sample # - (~) (;~_) (~~ ) (.;
~) 

—

RGO6 68.36 18.19 8.85 4.60 1918 18.05

RGO7 68 . 16 19.55 8.16 3.82 1546 14.46

RGO8 66.52 20.25 9.32 3.90 1399 14.24

RGO9 67.53 19.70 8.51 4.25 1718 16.33

RG1O 67.06 20.70 8.34 3.89 1431 14.05

RGll 72.22 18.30 7.09 2.39 1524 11.08

RG12 73.54 17.99 6.51 1.96 1108 10.18

R.Gl3 79.26 15.21 4.29 1.23 1307 9.19

RG14 16.48 16.13 5.93 1.46 1213 11.37

* Number of Par ticles per cm2

+ 7. Area covered by particles

4.

1::
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4. DISCUSSION OF RESULTS

Agglomeration properties of micron sized powders depend
on the various physical , chemical and mechanical properties
of the powder material. When two powder particles are in
contact with each other , attractive forces between them act
across the contact interface to hold them together. In a
bulk powder system , these attractive forces are transmitted
over all of the particles , resulting in cohesion of the
powder. The mechanical properties of the bulk powder such as
the shear strength, tensile strength, and elasticity are
affected by the magnitude of the interparticle forces , particle
size, packing and the contact area of the particles.

The interparticle forces are quantitatively predictable
• only for ideal microscopic systems such as two spheres or a

sphere and a flat plate. The actual interfacial contact area
of the particles and the distance of separation (even at a
close contact the minimum distance between particles may vary
from 4 to 2 run) play an important role in the real systems.
Experimental verification of the microscopic theoretical
forces such as van der Waals interaction and electrostatic
forces is possible only by a qualitative comparision of the
experimental results and trends with the theoretical predictions.

Measurement of adhesion between the various powder and
substrate systems (Section 3.8) show some remarkable results.
The raw aluminum powder shows a much higher adhesion than
predicted by the theory based on an ideal sphere and a plane

a substrate. This may be attributed to the true contact area
between the particles being several times more than the ideal
sphere and plate model. Presence of an oxide layer on the
aluminum has very little effect on the theoretical predictions.
The deviations are therefore dependent of the deformability
of the contact in terface , which is related to the hardness of
the material. Results for the various powder and substrate

~~ systems in Table 3 indicate validity of this hypothesis. For
the raw powder , the natural oxide layer , which lacks order
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and continuity, does not af fect  the hardness of the soft
aluminum. As seen in Table 4 , an order of magnitude
difference in the force may be expected between an abrasive
surface (ideal sphere) and a deforniable metal surface.

Results with aluminum particles on polystyrene show
the e f f ec t  of the reduced value of the Hamaker constant .
Results with nylon show that the Al-Al interaction across 

•

the thin fi lm may be present although somewhat shielded.
Results with polymer particles and polymer substrates show
high adhesion . The steam and water treated powder systems
show good agreement with the theoretical predictions.

The adhesion measurements indicate that the steam and
water treatment which promote hardness will result in better
dispersing powders while polymer coating may actually increase
agglomeraticn .

One mechanical property of a bulk powder is its tensile
strength and is related qualitatively to the microscopic
interparticle force as shown by Rump f (9). Our results shown
in Table 5 indicate that the tensile strength of powders were
in the same general order as the measured force of adhesion .
The raw powder and polystyrene coated powder show high tensile
strength compared to the steam treated powder . The powder
treated with up to 2 percent of Cab-O-Sil and Silanox showed moder-
ately high tensile strength despite excellent apparent flow-
ability. The water treated powder also showed high tensile
strength but low adhesion. This may be attributed to the
change from a spherical to an irregular shape (Figure 4).

The dispersion experiments show (Tables 7-9 , Figures 20-23)
that raw powder dispersed poorly . Addition of up to 27. Cab-0-Sil
and Silanox noticeably improved flow properties but did not
decrease the effec t of the interparticle forces . As a result ,
the powder flowed out like a plug without lateral dispersion .
The water and steam treated powder behaved well in these
experiments.
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Based on these considerations , evaluation of the treat-
ment is made below . The criteria for the successful treat-
ment are good dispersibility and minimum change in the
particles .

The water treatment was tried as an intermediate step
in the HMDS treatment . The dispersion properties of the

V 
water treated powder are excellent . On the other hand , the
powder shape and size distribution is altered by complete
conversion to bayerite and the sintering of several particles
(Figure 4) .  These changes in the properties may be undersir-
able in the end use of the powder .

The steam treated powder also shows excellent dispersion
properties as well as preservation of the shape of the powder
particles . Optical and electron microscopy revealed no
detectable changes in size and morphology. The high specific

- 
- surface area is due to an active oxide layer which is porous

with interstices of molecular d imensions . The adhesion and
tensile strength measurements also showed significant reduction
in the attractive forces. The steam treated aluminum powder is
the best powder resulting from this program .

The stearic acid treatment did not produce a powder with
any visible signs of improvement over the original powder and
was not subjected to further evaluat ion . Same fate was accorded
to the silicone and siloxane treatments. Both of the FUVIDS and
DMPS treatments did not alter the visible agglomerating
properties of ~he raw powder . These treatments , whan applied
to a water trea ”i pbrLicle did not noticeably alter the pro-
perties above and beyond the improvement obtained by the water
treatment “~ one .

Addi t ion  of the spacer particles such as the Cab-O-Sil and
Siloxan e to the raw aluminum powder was tried since these agents
are known to improv. f low properties of powders . Our results
show that  although the  flowability was improved significantly ,
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the dispersion characteristics were not improved . The
• improvement in flowability increased with increased amounts

of Cab-O-Sil and Silanox (up to 27. agents in the raw powder)
were tried. The small spacer particles probably act as ball
bearings under shear but do not block the interfacial forces.

The spacer particles in the powder may be undesirable
for the end use if their presence may alter the desired
features of the aluminum powder .

The oolyrner coating of the aluminum powder was shown
to be feasible. The systems were chosen to reduce the van
der Waals attraction, due to their low Hamaker constants
(Table 3). However , as seen in Table 3 , the adhesion force
actually increased probably due to the soft nature of the
polystyrene and nylon. Electrostatic forces which were
negligible in comparison to the van der Waals forces (Figure 13)
for the raw aluminum powder may also become significant
for the polymer coated systems.

In summary, the results of the experimental work show
that the steam treatment produces a powder which is easily
dispersible and preserves the shape and size characteristics

• of the particles . Based on these criteria the steam treat-
ment gives the best results. A full understanding of the
reactions and mechanisms will be possible only a f te r  further
work concentrat ing ’on the steam treatment .
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5. CONCLUSIONS AND REC0~~€N DATIONS

The raw aluminum powder is di f f icu l t  to disperse
into individual micron sized particles in air or vacuum.
Under this program , research effort was aimed at finding the
causes for the agglomerating tendency, and to find ways to

impr ove the dispersion properties. Significant conclusions
from this study are listed below :

1. The survey of existing literature indicated that
vai’ der h’aals attractive forces were responsible for the
agglomerative tendency of the powder .

2. Experimental determinations of the force of adhesion
-
~~ 

- of the raw powder showed higher values of adhesive force
than calculated from theory . This discrepancy may be due
to deformation of the relatively soft aluminum metal at
the contact.

• 3. Silicones and silylat ion treatments did not improve
the dispersion properties of the powder . Stearic acid
treatment also proved unsuccessful.

• 4. Encapsulation of the powder with polystyrene and
polyethylene was shown to be feasible but did not improve
dispersion properties . Experimental adhesion force values
show that the deformation of particles on contact may
contribute to the higher than the theoretical van der
Waals force of adhesion for plastics.

5. Treatment with flow-aid agents such as Cab-O-Sil
and Silanox increased the flowability of the powder ,
but the dispersion characteristics were only slightly
improved.

6. Treatment with water resulted in a powder with
excellent flow and dispersion properties. However,
the treated powder showed varying degrees of significant
compositiona l changes from the original particles.
This was confirmed by microscopy and x-ray diffraction as
a conversion of the aluminum into Bayerite (Al [OH] 3).

7. Treatment with wet steam also produced a powder
with excellent flow and dispersion properties. The sur-
face of the powder particles was probably converted
into a harder layer of an oxide or a hydroxide. X-ray
diff ract ion techn i que (hd not reveal the nature of the
surface phase. Surface area measurement by nitrogen

%~ adsorption showed that a significant  transformation of
~~ the surface had taken p lace. Scanning electron micro-

scopy showed no change in surface texture when compared
with the original powder .
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8. The steam treatment could be controlled easily to
produce a treated powder whici differed very little from
the original powder in the m croscopic appearance of
shape and size of the individual particles of the un-
treated powder .

-í 9. The measured force of adhesion showed that the
steam and water treated powders were better than the
original powder and powders from other treatments.

10. The tensile strength measurements showed that the
steam treated powder had the least tensile strength.

11. An apparatus was developed to test the dispersion
properties of the powder in vacuum. It could be used
to release a powder reproducibly in a bell jar from
an elevated point. The powder particles collected at
various locations on the bottom of the jar were analyzed
for the number and size of single and agglomerated
particles.

-
ç 12. The steam treated powder showed good dispersion

qualities in the vacuum release apparatus.

Further work is needed to identify the surface composition
of the steam treated powder. En addition , feasibility of large
scale treatment should also be investigated .

I.
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