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Effect of Particle Morphology on
Flow Characteristics of a Composite
Plasma Spray Powder
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The effects of BaF,-CaF, particle morphology on National Aeronautics and Space Administration (NASA)
PS304 feedstock powder flowability were investigated. BaF,-CaF, eutectic powders were fabricated by com-
minution (producing an angular morphology) and by gas atomization (producing a spherical morphology).
The fluoride powders were added incrementally to the other powder constituents of the NASA PS304 feed-
stock, (Ni-Cr, Cr,0;, and Ag powders). A linear relationship between flow time and concentration of the
BaF,-CaF, powder was found. The flow of the powder blend with spherical BaF,-CaF, was better than that
with angular BaF,-CaF,. The flowability of the powder blend with angular fluorides decreased linearly with
increasing fluoride concentration. However, the flow of the powder blend with spherical fluorides was inde-
pendent of fluoride concentration. The results suggest that for this material blend, particle morphology plays
asignificant role in flow behavior, offering potential methods to improve powder flowability and enhance the
commercial potential. These findings may be applicable to other difficult-to-flow powders such as cohesive

ceramics.

Keywords: coatings, particle morphology, plasma spray coat-
ings, powder flowability, solid lubrication

1. Introduction

The eutectic composition of barium fluoride and calcium
fluoride (BaF,-30wt.%CaF,) is a solid lubricant that is used in
National Aeronautics and Space Administration (NASA) PS304
feedstock (hereafter referred to as PS304), a plasma spray de-
posited, composite, solid-lubricant coating for friction and wear
reduction in turbomachinery applications (Ref 1-6). PS304 is
made from a powder blend consisting of Ni-Cr, Cr,05, and Ag,
and eutectic BaF,-CaF, powders. Experience with the blended
powder feedstock for this coating has indicated that the particle
size of the fluoride constituent has a significant effect on the
flowability of the PS304 powder blend. This investigation stud-
ied eutectic BaF,-CaF, powders with different morphologies
produced by two powder fabrication techniques, comminution
and gas atomization. The objective of this study was to establish
the role of eutectic particle morphology in PS304 powder blend
flowability to improve feedstock properties and to enhance its
commercial potential. The fabrication techniques in this study
are limited to the production of primary particles and exclude
spray-dried agglomerates. Previous research has shown that
spray-dried particles can have flow problems associated with
particle surface roughness (Ref 7). Particle porosity and the ad-
dition of a binder in agglomerates also may have an adverse ef-
fect on the performance of the coating system. The data gen-
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erated in this study are unique to PS304, but the results are ex-
pected to have a broader application in other classes of compos-
ite powder blends.

2. Background

The PS304 plasma spray coating was developed at the NASA
Glenn Research Center (Ref 8) for the reduction of sliding
friction and wear in turbomachinery applications at tem-
peratures from subambient up to 650 °C. The composition
of this coating is 60 wt.% nichrome (Ni-20wt.%Cr), 20 wt.%
chromia (Cr,05), 10 wt.% Ag, and 10 wt.% eutectic BaF,-CaF,.
Nichrome serves as a binder and provides wear resistance, and
Cr,0; is for wear resistance. Silver and BaF,-CaF, are solid lubri-
cants at low temperatures and high temperatures, respectively.

The plasma spray process propels particles through a plasma
flame that is produced by the ionization of inert or molecular
gases (Ref 9). The plasma heats the particles above their melting
temperature. Molten particles then impact the substrate, where
they quickly solidify. The buildup of subsequent particles adds
thickness to the developing coating. The feedstock is typically a
powder that is used to facilitate control of the rapid melting and
resolidification of the coating material. Where multicomponent
coating systems are to be deposited, the feedstock can be a pow-
der blend of the coating constituents.

In a preliminary study, it was found that feedstock powder for
PS304 would intermittently clog in the plasma spray feed hopper
due to the presence of BaF,-CaF, particles under 50 pm in size
(Ref 10).

Calcium fluoride and barium fluoride may be mined or syn-
thesized by wet chemistry. The largest deposits of calcium fluo-
ride are in China, Mexico, and South Africa (Ref 11). The bulk
of these deposits are used for steel flux, the production of alu-
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minum, and the production of hydrofluoric acid. High-purity
fluorides are used for optics and for high-temperature lubricants.
They are typically produced by wet chemistry due to the cost
involved in removing impurities from mined materials. The ma-
terial is precipitated from a calcium- or barium-rich solution
with fluorine gas. This process yields very fine fluoride particles
(~1 pm) that are extremely difficult to transfer using standard
bins and hoppers due to their high surface area, which promotes
agglomeration. To improve powder handling, the precipitated
product may be fused and subsequently produced in a size that is
more easily processed. To fabricate BaF,-CaF, powders, the
two constituents must be fused, and the bulk material must be
converted to a powder.

Conventional fabrication of ceramic powder can be achieved
with a number of comminution processes. Unfortunately, these
processes yield particles that are irregular and angular in shape,
with poor flow characteristics compared with smoother, more
rounded particles (Ref 12). Both the size and the shape of the
powder particles are believed to affect the flowability of the
powder blends. This study examines the effect of the fluoride
shape on the flow characteristics of PS304 feedstock powder.

3. Powder Flow and Powder Fabrication

As particles in a powder system get smaller, they have a
greater tendency to agglomerate rather than to fall away under
the influence of gravity (Ref 13). This is due to the fact that the
surface area of the particles becomes large in proportion to their
mass. Therefore, the surface forces of friction and cohesion be-
gin to dominate gravitational forces as particle size decreases,
reducing the flowability of the powder.

Particle shape also affects the flow characteristics of powders
(Ref'12). As a particle departs from a low-energy geometry such
as a sphere, the ratio of its surface area to its volume increases.
Depending on the fabrication method, particles can take on
many different shapes, including spherical, rounded, and angu-
lar.

The flowability of a powder can be quantified by measuring
its gravity-driven flow rate through a calibrated orifice. The con-
ventional method measures the time (in seconds) required for a
50 g sample to flow through a standardized funnel (Ref 14).
Grey and Beddow (Ref 15) studied the flow characteristics of
copper powders with spherical, irregular, and flake morpholo-
gies, and showed that, as the shape became less spherical, the
flow properties were degraded. Little work has been published
on the flow characteristics of spherical ceramic powders because
ceramics, owing to their generally high melting temperatures,
are typically angular due to the fact that they are fabricated by
traditional comminution processes.

The level of interparticle friction in a powder can be esti-
mated from the apparent density, which is the bulk density as
poured and without agitation (Ref 12). As interparticle friction
increases, apparent density decreases.

Comminution (crushing) processes reduce the size of a ma-
terial by the application of a combination of compressive and
shear forces (Ref 16). These processes take advantage of the
naturally occurring defects in ceramic materials such as grain
boundaries, pores, and microcracks, as well as their inherent
brittleness (Ref 17).
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Fig.1 Binary phase diagram for BaF,-CaF,. Source: Ref 22

The dependence of the fracture strength of a brittle particle
on a preexisting flaw is described by the well-known Griffith
relationship (Ref 18). It states that the fracture strength o of a
material is inversely proportional to the square root of the flaw
size c:

2y E

e

O¢=

where E is the modulus of elasticity of the material and v, is the
energy required to create two new fracture surfaces. When the
stress on a particle due to comminution is greater than o, frac-
ture and size reduction will take place. Due to their brittle nature,
the powders will be angular.

Comminution can be a very inefficient and energy-intensive
process despite the brittle nature of ceramics (Ref 19). This is
especially true for the production of fine powders in which, with
each particle fragmentation, flaw population and size decrease.
When there are fewer and smaller flaws, comminution energy is
expended in particle deformation and heat generation.

All commercial applications of PS304 to date have used fluo-
rides produced by comminution. For this study, a development
project was implemented to also produce spherical fluorides.
The high energy required to melt ceramics typically makes fu-
sion-based processes undesirable. However, the melting tem-
peratures of fluorides are relatively low despite their highly ionic
bonding character (Ref 20, 21). As shown in Fig. 1, CaF, melts
at 1410 °C, and BaF, melts at 1338 °C (Ref'22). Furthermore, at
a composition of 70 wt.% BaF, and 30 wt.% CaF,, a eutectic is
formed that melts at just below 1050 °C. This composition was
selected for the current application due to the ease of processing
afforded by the reduced melting point, which also enabled the
use of gas atomization for the fabrication of novel spherical
BaF,-CaF, particles.

The principle elements of a gas-atomization process are
shown schematically in Fig. 2 (Ref 23, 24). Molten material is
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Fig.2 Main elements of an atomization process. Source: Ref 23, 24

contained in a tundish, which has a nozzle with an inner diameter
D. The difference between the processing temperature and the
melting point of the material is the superheat, which prevents the
material from freezing prematurely. The molten material is al-
lowed to flow through the nozzle under the influence of gravity.
As the liquid stream exits the nozzle, the pressure drop created
by the flow of the atomizing fluid and the impact of the gas
stream causes the stream to disintegrate. The surface tension of
the molten material encourages the formation of rounded or
spherical droplets (Ref 25). The droplets then cool and solidify,
forming particles as they fall to a collection tank at a distance H
below the nozzle.

4. Experimental Procedure

Nichrome particles (Fig. 3a) are 44 to 74 pm in size (Table 1)
and have a rounded shape resulting from water atomization (Ref
23, 24). Cr,0; particles (Fig. 3b) are 30 to 44 pm in size (Table
1) and have an angular morphology. This powder was fabricated
by sintering the bulk material into large bricks and then commi-
nuting the bricks into a powder. The spherical silver, particles
(Fig. 3c), fabricated by gas atomization, are 45 to 100 pm in
diameter. The sizes and shapes of the Ni-Cr, Cr,05, and Ag pow-
der particles were available as commercial products and were
not modified in this study.

To produce the BaF,-CaF, eutectic, shown in Fig. 3(d), 70
wt.% BaF, and 30 wt.% CaF, were combined in a graphite cru-
cible and were melted under vacuum at 1100 °C followed by
vacuum cooling. The solidified material then was removed from
the crucible for powder fabrication by the two methods.

In the first stage of the size reduction of the particles in the
angular powder, large chunks of the fused fluoride material were
fed into a jaw crusher that compresses the material between two
opposing and inclined surfaces. One surface is fixed and the
other reciprocates, providing the crushing force. Once the mate-
rial is small enough to fit through the gap at the bottom of the two
crushing surfaces, it is collected in a bin. This size-reduction step
produces a coarse powder that is similar to fine gravel.

To further reduce the angular fluoride powder size, the pow-
der retrieved from the jaw crusher was then fed into a disk mill.
A disk mill feeds the powder between two opposing disk sur-
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faces. One disk is stationary, while the other rotates. The disks
have teeth that run along their radii to fracture the particles
trapped between them. The teeth allow less space for the par-
ticles as they reach the outer edge of the disks such that the mini-
mum gap determines the largest particle that will fall between
the disks.

The atomization of the fluorides was performed with a com-
mercially available small-scale, close-coupled gas-atomization
system (Ref 26). Approximately 1400 g of 150 um fluoride eu-
tectic powder was obtained for atomization. The feedstock was
induction-melted under an argon cover in a high-purity graphite
crucible at 200 °C superheat. The crucible also acted as the sus-
ceptor for the induction power. The melt was bottom-tapped
from the crucible directly into the atomization nozzle. Argon of
commercial purity was used for the atomization gas, and a sec-
ondary quench of deionized water was used to cool and confine
the nascent powder. Powder was retrieved from the quenching
medium by settling and decanting. The concentrated powder
then was washed in acetone, decanted, and dried at a low tem-
perature (below 100 °C). About 99% of the crucible charge was
recovered as powder.

The fluoride powders were classified by screening according
to ASTM standard specification B 214-99. The screening instru-
ment uses a vertically oscillating column of air and a combina-
tion of vertical and horizontal tappers to separate the particles
according to size (Table 1).

The flow rate of each powder blend was measured twice ac-
cording to ASTM standard B 213-97. For this measurement, a
50 g sample of the powder blend being tested was loaded into a
Hall flowmeter. A schematic of the apparatus is shown in Fig. 4.
The Hall flowmeter was found to be a reliable indicator of the
flowability of the powder blends through the powder feed sys-
tem of the studied plasma spray system. The Hall flowmeter has
been used in recent studies to characterize the flow rate of
plasma spray feedstock powders (Ref 7, 27).

For each flow test, a powder blend consisting of 60 g of Ni-Cr,
20 g of Cr,05, 10 g of silver, and an incrementally increasing
amount of fluoride powder with either angular or spherical par-
ticles was prepared by mixing the constituents together in a 125
mL high-density polyethylene bottle until the powder was well
blended. A 50 g sample was obtained from this powder blend for
flow testing. The time it took the entire 50 g sample to exit the
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Fig.3 Representative shapes of the particles in the powders in PS304 used in this study (original magnification 600%). (a) Rounded Ni-Cr. (b) Angular
Cr,05. (c) Spherical silver. (d) Angular fluoride

Table 1 Summary of feedstock properties

Fluoride (70BaF,-30CaF,)

Ni-Cr
Properties Angular Spherical (80Ni-20Cr) (Cr,03) Ag
Fabrication method Comminution Gas atomization Water atomization Comminution Gas atomization
Surface morphology Angular Spherical Rounded Angular Spherical
Particle size distribution 45-106 um 45-106 um 44-74 um 30-44 ym 45-100 pm
Theoretical density, g/cm® 4.01 4.01 8.57 522 10.49

funnel, the flow time, was then measured. The amount of fluo-
ride powder used in the blend then was increased by 1.0 g, and
the test was repeated. This procedure was repeated from 0 up to
10 wt.% fluoride. Data were reported on a plot of flow time ver-
sus the weight percent of fluoride in the powder blend. Tests
were performed at room temperature and 50% relative humidity.

5. Results and Discussion

Figure 5 shows scanning electron micrographs of the fluoride
powders with angular and spherical particles. The particles col-
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lected from the jaw crusher were smaller than 2 mm. The par-
ticles collected from the disk mill were smaller than 200 pm. The
crushed and ground fluoride particles had an angular shape. The
surfaces of these particles had fracture patterns that were con-
sistent with brittle fracture.

The particles produced by atomization had a spherical shape.
The surfaces of the particles showed equiaxed grains, which is
characteristic of a material that has undergone rapid solidifica-
tion (Ref 12). The surfaces of the particles were generally
smooth, with a few attached satellites from smaller particles that
collided with the larger ones before they were completely solidi-
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Fig. 4 Flowmeter setup. Source: Ref 23

fied. The particle diameters had a log-normal distribution that
ranged from 0.82 to 124 um, as determined by the light-blockage
particle-size-analysis technique (Ref 28). The median particle
diameter was approximately 17 um. This particle size distribu-
tion was composed of more fines than expected based on
the experience of the powder manufacturer with similar materi-
als.

The weight percentages of the comminuted and atomized
fluoride powders collected per screening run are shown in Fig.
6(a) and (b), respectively. The remaining powder was collected
on the pan beneath the No. 325 sieve. Due to their aspect ratio,
some particles were able to fit through the screens by their small-
est dimension. Since screening was used to classify the powders,
the surface-to-volume ratio of the angular fluoride particles was
nearly the same as that of the spherical fluoride particles. There-
fore, the observed effect of particle morphology on flowability
will be separate from the effect of the ratio of surface area to
volume.

An equal particle size distribution by mass of —140 +325
mesh (45-106 um) powders was prepared of comminuted and
atomized fluoride particles (Table 1). The fluoride powders
were added incrementally to a powder blend consisting of 60 g
of Ni-Cr, 20 g of Cr,0;, and 10 g of silver. The reported flow
time is the average value from two consecutive tests. The results
are shown graphically in Fig. 7.

The flow times of the powder with the spherical fluoride par-
ticles was always lower than the powder with the angular fluo-
ride particles. The relationship between the flow time of the
powder blend with respect to increasing fluoride content was
linear over the range from 0 to 10 wt.%. The variability in the
flow time measurement at each weight percent of fluoride, based
on two runs per test condition, was typically less than 0.5%.
Variability with angular fluoride particles was slightly higher
than that with spherical fluoride particles. Error bars are not
shown on the plot (Fig. 7) because they do not span the width of
the data labels. The flow times of the powder blend using the
angular powder particles fit a line described by y = 0.5094x +
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Fig. 5 Angular and spherical fluoride powders used in this study
(original magnification 125x%). (a) Angular particles of fluoride powder
fabricated by comminution. (b) Spherical particles of fluoride powder
fabricated by atomization

26.303, where y and x represent flow time and fluoride concen-
tration, respectively. The correlation coefficient was R* =
0.9896. The flow times of the powder blend with the spherical
powder particles fit a line described by y =—0.003636x + 26.41.
The correlation coefficient was R? =0.0068, indicating that there
was essentially no relationship between spherical fluoride con-
centration and flow time. The intercept of the line approximates
the flow time at 0 wt.% fluoride. By statistical hypothesis test-
ing, the intercepts of both lines could not be distinguished from
the measured value (26.3 s). In addition, the slope of the line
representing the blend with spherical fluorides was impossible
to differentiate from zero.
Based on the rule of mixtures (in which density is given by

Poiend = Evipi
i

where the volume fraction v; is a function of the weight fraction
of constituent 7, assuming no interaction between particles), the
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Fig. 6 Mass yield of BaF,-CaF, powders from sieving procedure. (a)
Comminuted fluoride particles. (b) Atomized fluoride particles

volume of a standard 50 g powder sample of PS304 feedstock
powder is expected to increase with increasing fluoride content
because the theoretical density of the fluoride, 4.01 g/cm?, is less
than those of the other constituents. The densities of Ni-Cr,
Cr,0;, and Ag are 8.57, 5.22, and 10.49 g/cm?®, respectively
(Table 1). If the flow time of the powder blend was only de-
pendent upon the volume of powder transferred though the
funnel with no particle interaction effects, the flow time of a 50
g sample with 10 wt.% fluoride would be expected to take
9% longer than a 50 g sample with no fluorides, due to the
9% increase in volume for the 50 g sample (see the secondary
x-axis in Fig. 7). The calculated flow times based only on
increased volume are represented by the dashed line in Fig. 7.
The powder blend with 10 wt.% angular fluoride particles would
then have a flow time of about 29 s, as shown by the calculated
line, instead of the measured 31.6 s if volume alone was consid-
ered. Based on this, the measured flow time using angular fluo-
ride particles was approximately 9% higher than expected. This
difference is thought to be due to the increased interparticle fric-
tion and its resulting increase on the void fraction in the powder
blend. Using spherical fluoride particles, the flow time was in-
dependent of the fluoride concentration. In this case, the effects
of interparticle friction and reduction of powder density were
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offset by the improvement in flow given by the spherical fluo-
rides.

To confirm the increase in volume with fluoride concentra-
tion, the apparent density of the powders was measured at 0 and
10 wt.% fluoride. The apparent density of the PS304 powder
with 10 wt.% of either fluoride type was nearly 5% lower than
that for the powder blend containing only Ni-Cr, Cr,05, and Ag.
This measurement is the reciprocal specific volume and ac-
counts for the interparticle friction that is present in the powder
blend both before and after the fluoride constituent was added.
Clearly, the increase in the flow time after the addition of the
fluoride particles is proportional to the decrease in apparent den-
sity of the powder blend. However, the decreased density alone
does not fully account for the increased flow time.

A probable explanation for the difference in flow character-
istics is the particle morphology. Irregularly shaped particles
have relatively poor flow characteristics due to higher surface
area, which results in higher interparticle friction (Ref 12). The
flat surfaces of the angular fluoride particles tend to provide
much greater effective contact area with adjacent particles. On
the other hand, spherical fluoride particles are most likely to
have point contact with other particles; therefore, angular fluo-
ride particles are expected to have higher interparticle friction.
In addition, the irregular shape makes interaction with adjacent
particles more random than the more regularly shaped spherical
particles, which might explain the slightly higher variability ob-
served in the measurements of the flow times of the powder
blends containing angular fluorides. Furthermore, the spherical
fluoride particles are better able to roll against the other powder
constituents. Since rolling friction is typically lower than sliding
friction, the powder blends with angular fluoride particles would
tend to have higher interparticle friction. In every case studied,
the fluoride powders with spherical particles offered flow prop-
erties that were significantly better than the fluoride powders
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with angular particles, which appears to be closely linked to the
effect of particle morphology on interparticle friction.

6. Summary and Conclusions

The objective of this investigation was to identify the effects

of BaF,-CaF, powder particle morphology on the flow charac-
teristics of PS304 feedstock. Based on the results of this study,
these conclusions can be made:

Fluoride particle morphology has a significant effect on
powder flow. Improved PS304 powder blend flow proper-
ties can be obtained using fluoride powder with spherical
particles in place of the fluoride powder with angular par-
ticles that is currently used.

Increased flow time for powder blends containing angular
fluoride particles was linearly proportional to the weight
percentages of fluoride in the 0 to 10 wt.% range.

Argon gas atomization of eutectic BaF,-CaF, can be suc-
cessfully used to fabricate powder with spherical particles.
Based on these findings, there may be other relatively low-
melting-point engineering ceramics that could be fabricated
by gas atomization. This would be of great benefit to pro-
cesses that presently rely on ceramic powders with angular
particles that tend to be subjected to the effects of interpar-
ticle cohesion and friction.

The flow times of the PS304 feedstock with spherical fluo-
ride particles are essentially independent of fluoride con-
centration. This finding is underscored by the fact that the
increase in flow time with increased fluoride concentration
that is predicted by the rule of mixtures is not observed for
spherical fluoride particles. This behavior is related to the
morphology of the fluoride particles.

The results presented in this study relate specifically to the
PS304 solid lubricant powder blend. However, the general-
ized findings regarding powder fabrication and the effect of
morphology on interparticle friction may offer insight into
the behavior of other powder blend systems.
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