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INTRODUCTION

New powder characterization tests such as the rotating drum and the
Freeman FT4 rheometer have been introduced in recent years. These instru-
ments have yet to be standardized for use with metal powders. Greg Martiska,
Mercury Scientific Inc., presented the results of testing with the Revolution
Powder Analyzer and Joe Tauber, Kennametal Inc., presented data from test-
ing with a Granudrum. The third workshop participant was Tim Freeman,
Freeman Technology, a Micromeritics company. He presented the test results
obtained using the FT4 rheometer.

Louis-Philippe Lefebvre from National Research Council Canada also gave a
presentation of work he had performed with an FT4 rheometer, but what he
presented is not summarized here. Some of what he presented may be found
in the proceedings of the AMPM2019 conference.

Two sets of metal powders were provided to each of the three participants.
Samples A, B, and C were Ti-6Al-4V powder and samples X, Y, and Z were
SS-316L powder. Both sets of powder had a particle-size-distribution suitable
for laser-beam powder-bed-fusion processing. Each set of powders contained
virgin powder plus powder that had been cycled through an EOS M290 unit
multiple times (with no replenishment with virgin powder)—see Figure 1. At

Figure 1. Test bars and coupons on the build
plate of the EOS M290

*Editor-in-Chief, International Journal of Powder Metallurgy, APMI International, 105 College Road East, Princeton, NJ 08540-6692, USA;
E-mail: wbrianjames@comcast.net

44 Volume 55, No. 3, 2019
International Journal of Powder Metallurgy



ASTM COMMITTEE B09 WORKSHOP ON POWDER CHARACTERIZATION

TABLE 1. PHYSICAL AND CHEMICAL (wt.%) CHARACTERISTICS OF THE Ti-6Al-4V POWDERS

Sample Hall Flow Hall AD Tap Density D, D, Dy, c (0] N H
(s/50g) (g/cm?) (g/cm?)

Virgin (B) 26 2.39 2.86 2741 451 65.4 0.016 | 0.097 | 0.015 0.002

Blend (A) 27 2.47 2.88 25.3 44.4 65.1 0.016 | 0.103 | 0.017 0.002

Used (C) 27 2.51 2.86 23.7 44.0 65.5 0.017 0.111 0.022 0.003

TABLE 2. PHYSICAL AND CHEMICAL (wt.%) CHARACTERISTICS OF THE SS-316L POWDERS

Sample Hall Flow Hall AD Tap Density D, D, Dy, Cc 0 N S
(s/509) (g/cm?) (g/cm?)

Virgin (2) NF 4.06 4.63 23.8 375 57.3 0.007 | 0.061 0.014 0.003

Blend (X) 13 4.12 465 24.0 38.0 58.7 0.007 | 0.066 | 0.012 0.003

Used (Y) 13 4.22 4.67 24.5 38.9 60.4 0.007 | 0.069 | 0.013 0.003

the time of testing, the participants only knew which
alloy system the samples were from. They did not know
the nature of the other samples in each set.

The objective of the workshop was to see whether the
instruments were able to detect quantitative differences
between the virgin and recycled powders, and to see
how repeatable the test results were. Each participant
was requested to run three test repetitions on fresh test
portions of powder from each process condition.

It was not the objective of the exercise to comment
directly on which powder characteristics are associated
with successful performance in any given application.
Depending on the outcome of this initial phase of test-
ing, the BO9 Standards Committee will decide whether
developing a standardized test protocol and proceeding
to conduct an inter-laboratory testing program to deter-
mine the repeatability and reproducibility of the tests
performed using the instruments is worthwhile.

Some characteristics of the powders that were tested
are summarized in Tables 1 and 2. The participants
did not know these until after they completed their
testing—the information was provided after they had
presented their findings at the workshop. The “used”
powder had been through seven machine cycles while
the remaining sample was a 50:50 blend of the virgin
and used materials.

Secondary electron images of the virgin and used
powders are shown in Figures 2 and 3.

A more detailed characterization of the powders was
subsequently presented by Tony Thornton, Micromerit-
ics, at POWDERMET2019 and is published in the con-
ference proceedings, Advances in Powder Metallurgy &
Particulate Materials 2019.!

This summary will be divided into two parts. The first
covers the testing conducted using rotating drums and the
second the testing conducted using the FT4 rheometer.

ROTATING DRUM TESTS
Revolution Powder Analyzer
The Revolution Powder Analyzer (Figure 4) uses a

Figure 2. SEM photomicrographs (secondary electron images) of the
Ti-6Al-4V powder

. Virgin

Figure 3. SEM photomicrographs (secondary electron images) of the
SS-316L powder

rotating drum with borosilicate glass sides to measure
the flowability potential of powders. The operator starts
the flowability test by placing a 100 cm? test portion of
the powder into the drum (other drum sizes are avail-
able). A motor rotates two high-precision rollers that in
turn rotate the drum. A digital camera, with the assis-
tance of cold-cathode back-light illumination takes dig-
ital images of the powder during the rotation process.
From the images collected, the software measures the
behavior of the powder due to the drum rotation and
how this behavior changes over time.

The digital camera captures images of the powder in
the rotating drum at the specified rotation speed. The
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three images displayed in Figure 5 represent an ava-
lanche cycle from initial image, peak, and the complet-
ed avalanche. Images are collected and processed at a
high frame rate to capture the exact motion of the pow-
der sample.

Samples were tested on the Revolution Powder Ana-
lyzer using the flow test to study low-speed flowability
(how powders flow in the avalanching or slip-stick
regime), the packing test to study vibrational packing
and consolidated flow (how powders respond to vibra-
tion and how they flow after consolidation), and the
multi-flow test for high speed flow (how powders transi-
tion from avalanching to continuous flow as their flow
speed increases). The complete sequence of testing for
each test portion took approximately 15 minutes.

DYNAMIC FLOW TESTING

For the dynamic flow test, 100 cm? test portions
were placed in the test drum and the drum was loaded
into the Revolution Powder Analyzer. The flowability
test was conducted at a rotation rate of 0.3 rpm and the
frame rate for the test was 20 frames per second. The
results for the Ti-6Al-4V and SS-316L powders are
summarized in Table 3, and the repeatability of the
tests is reported in Tables 4 and 5 for the Ti-6Al-4V and
the SS-316L powders respectively.

The avalanche energy is the amount of energy
released by an avalanche in the powder test portion. It
is calculated by subtracting the energy level of the pow-
der after an avalanche from the energy level before the
avalanche. The reported avalanche energy is the aver-
age avalanche energy for all of the powder avalanches.

The break energy is the maximum energy level of the
powder test portion before an avalanche begins. This
energy level or force represents the amount of energy/
force required to start each avalanche. The reported
break energy is the average break energy for all of the
powder avalanches.

For every digital image taken, the software measures
the density of the sample. The software then calculates
the average density (dynamic density) of the powder
during the test.

The software collects the angle of the powder at the

REVOLUTION @
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Figure 4. The Revolution Powder Analyzer
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Figure 5. Example images of powder in the rotating drum

position of maximum energy prior to the start of the
powder avalanche occurrence. The reported value for
the avalanche angle is the average value for all the ava-
lanche angles. For the avalanche cycle depicted in
Figure 4, the avalanche angle would be calculated at
the peak cycle. The software calculates the flowability
angle from the center point on the powder edge to the
top of the powder edge.

The yield strength is the average of the shear stress-
es created when the test portion starts to flow.

The cohesion-T or thickness cohesion is the average
of the shear stress created by the thickness of the flow-
ing layer in the test portion as the powder moves
between the point where it starts to flow and when it
stops flowing. The shear stress is calculated using the
thickness of the flowing layer, the density of the powder
bed, the volume fraction of the powder bed, and the
angle of the powder bed.

For both the Ti-6Al-4V and the SS-316L powders, the
used powders had the best low-pressure flow properties
with the lowest avalanche energy, break energy, ava-
lanche angle, yield strength, cohesion-T, and surface

TABLE 3. REVOLUTION DATA SUMMARY (AVERAGES) DYMNAMIC FLOW—FLOWABILITY AT 0.3 RPM

Property Ti-6Al-4V SS-316L

Virgin Blend Used Virgin Blend Used
Avalanche Energy (mJ/kg) 12.6 10.8 8.6 27.9 19.7 13.3
Break Energy (mJ/kg) 28.2 26.1 24.3 60.4 47.3 36.3
Dynamic Density (g/cm?) 2.42 2.55 2.59 412 419 4.29
Avalanche Angle (°) 38.6 32.9 32.0 50.9 46.6 414
Yield Strength (Pa) 82 66 52 336 254 175

Cohesion-T (Pa) 50 33 27 343 222 93
Volume Fraction 0.55 0.58 0.59 0.51 0.52 0.53
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TABLE 4. REVOLUTION DATA SUMMARY (INDIVIDUAL TEST VALUES)—DYNAMIC FLOW FLOWABILITY AT 0.3 RPM—TI-6AL-4V
TEST PORTIONS—REPEATABILITY OF THE TESTS

Property Virgin Blend Used
Avalanche Energy 12.9 12.3 12.8 10.8 10.9 10.8 8.6 8.5 8.6
(mJ/kg)
Break Energy 277 28.9 28.0 26.0 26.2 26.1 24.2 24.2 24.6
(mJ/kg)
Dynamic Density 2.43 2.41 2.42 2.55 2.56 2.55 2.59 2.59 2.59
(g/em®)
Avalanche Angle (°) 38.4 39.3 38.1 33.0 32.6 33.0 31.8 32.0 32.2
Yield Strength (Pa) 83 79 83 66 65 67 52 52 53
Cohesion-T (Pa) 48 55 46 32 33 34 27 27 29

TABLE 5. REVOLUTION DATA SUMMARY (INDIVIDUAL TEST VALUES—DYNAMIC FLOW FLOWABILITY AT 0.3 RPM—SS-316L TEST
PORTIONS—REPEATABILITY OF THE TESTS

Property Virgin Blend Used
Avalanche Energy 26.5 28.7 28.6 19.6 19.9 19.6 13.4 13.0 13.3
(mJ/kg)
Break Energy 58.5 61.1 615 471 47.2 475 36.3 36.0 36.7
(mJ/kg)
Dynamic Density 4.08 4.15 412 4.21 4.15 4.20 4.29 4.29 4.29
(g/em®)
Avalanche Angle (°) 50.6 50.7 51.5 46.3 46.6 46.8 41.2 41.4 416
Yield Strength (Pa) 331 337 341 245 267 250 174 172 178
Cohesion-T (Pa) 316 350 363 209 225 230 85 102 92

fractal. The used powders also had the highest dynamic
density. This is typical, as samples that flow better usu-
ally allow particles to flow around each other better and
fill the air spaces between the particles more efficiently.
The excellent repeatability of the tests is apparent from
the data summarized in Tables 4 and 5.

PACKING ANALYSIS

With the same test portion in the drum that was used
for the dynamic flow test, the drum was rotated at
20 rpm for 10 seconds to condition the test portion for
the packing analysis test. Images were then taken to
calculate the volume of the test portion after condition-
ing. The powder was then vibrated at 100 Hz at a vibra-
tion amplitude of 6.4 mm for 15 seconds and after
vibration an image was taken to calculate the new vol-
ume of the test portion. The powder was then rotated at
2 rpm until the compacted powder broke (or ava-
lanched). The software captured the angle when the

powder broke and the amount of drum rotation required
to break the powder, and then calculated the energy
needed to initiate flow in the test portion. The digital
camera recorded images of the powder after preparation
(conditioning), after vibration, and prior to the powder
break as seen in Figure 6.

The results of the packing tests are summarized in
Table 6.

For both the Ti-6Al-4V and SS-316L powders, the used

ae

After Vibration

Before Break

After Prep

Figure 6. Images taken at various stages of the packing test

TABLE 6. THE EFFECT OF VIBRATIONAL PACKING

Property Ti-6Al-4V $S-316L
Virgin Blend Used Virgin Blend Used
Packed Density (g/cmd) 2.87 2.95 297 4.86 5.01 513
Maximum Break Angle (°) 62.0 50.4 49.2 63.0 59.0 58.2
Volume Reduction (%) 13.5 12.5 11.6 15.1 14.8 14.8
Packed Fraction 0.65 0.66 0.67 0.61 0.62 0.64
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test portions had the lowest volume change and break
angle. All test portions showed a significant increase in
density due to vibration but all had little memory of the
compression once they flowed again. All test portions had
an increase in the strength required to initiate flow com-
pared with samples already flowing. This is indicated by
the increase in the maximum break angle compared with
the avalanche angle from the dynamic flow test.

MULTI-FLOW TESTING

For the multi-flow test the test portions were rotated
at speeds from 1 rpm to 16 rpm (1 rpm, 4 rpm, 7 rpm,
10 rpm, 13 rpm, and 16 rpm). The frame rate for these
tests was 40 frames per second. The results are sum-

ASTM COMMITTEE B09 WORKSHOP ON POWDER CHARACTERIZATION

marized in Table 7 for both the Ti-6A1-4V and SS-316L
powders.

The used test portions had the best flow properties
across different flow speeds. They also had the highest
volume fraction. The effect of rotational speed on select-
ed properties is illustrated in Figures 7-12. The repeat-
ability of the multi-flow test results can be seen from
Tables 8 and 9.

Granudrum

The Granudrum (Figure 13 ) is similar in principle to
the Revolution Powder Analyzer. The specific equipment
used is, however, slightly different and the algorithms
used to analyze the data are also different.

TABLE 7. MULTI-FLOW SUMMARY (AVERAGES)—1—16 RPM

Property Ti-6Al-4V SS-316L
Virgin Blend Used Virgin Blend Used
Avalanche Energy (mJ/kg) 17.1 141 11.7 25.1 18.5 15.7
Break Energy (mJ/kg) 34.8 33.2 31.0 56.0 47.6 41.6
Dynamic Density (g/cm?) 2.47 2.55 2.58 4.05 419 4.33
Average Avalanche Angle (°) 31.9 31.7 31.4 39.6 375 34.7
Cohesion-T (Pa) 71 60 55 358 260 183
Volume Fraction 0.56 0.58 0.58 0.50 0.52 0.54

TABLE 8. MULTI-FLOW SUMMARY (INDIVIDUAL TEST RESULTS)—1—16 RPM TI-6AL-4V TEST PORTIONS—REPEATABILITY OF THE

TEST RESULTS
Property Virgin Blend Used
Avalanche Energy 17.3 171 16.9 14.2 14.0 14.2 12.0 11.7 11.5
(mJ/kg)
Average Break Energy 33.9 35.8 34.7 33.0 33.3 33.2 3141 30.7 31.3
(mJ/kg)
Dynamic Density 2.48 247 2.48 2.55 2.55 2.54 2.58 2.58 2.58
(g/emd)
Average Avalanche 32.0 31.8 32.0 317 31.7 31.8 31.3 31.3 315
Angle (°)
Cohesion-T (Pa) 73 71 70 58 59 62 54 55 56
Volume Fraction 0.56 0.56 0.56 0.58 0.58 0.57 0.58 0.58 0.58

TABLE 9. MULTI-FLOW SUMMARY (INDIVIDUAL TEST RESULTS)—1—16 RPM SS-316L TEST PORTIONS—REPEATABILITY OF THE

TEST RESULTS
Property Virgin Blend Used
Avalanche Energy 11.6 13.8 13.0 18.5 18.8 18.2 16.0 15.5 15.7
(mJ/kg)
Average Break Energy 56.6 55.8 55.7 47.7 47.7 47.3 42.2 418 40.9
(mJ/kg)
Dynamic Density 4.02 410 4.05 418 4.20 4.19 4.29 4.34 4.37
(g/em®)
Average Avalanche 39.8 39.4 39.7 37.6 375 375 35.0 34.8 34.4
Angle (°)
Cohesion-T (Pa) 362 348 364 254 273 253 185 185 177
Volume Fraction 0.50 0.51 0.50 0.52 0.52 0.52 0.53 0.54 0.55
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For the tests conducted using the Granudrum,
50 cm?® test portions were used. Tests were conducted
at 1 rpm and the rotational speed was then increased to
S rpm and then in increments of 5 rpm up to a rotation-
al speed of 60 rpm. Measurements were made at each

rotational speed as the speed of rotation was increased
and also when the speed was decreased. Fifty digital
images were taken for each increasing and decreasing
rotational speed. The results obtained are summarized
in Figures 14-17.
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Figure 7. Avalanche energy vs. rotational speed for Ti-6Al-4V powders

Figure 8. Break energy vs. rotational speed for Ti-6Al-4V powders
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Figure 9. Energy standard deviation vs. rotational speed for Ti-6Al-4V powders

Figure 10. Avalanche energy vs. rotational speed for SS-316L powders
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Figure 11. Break energy vs. rotational speed for SS316L powders

Figure 12. Energy standard deviation vs. rotational speed for SS-316L
powders
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At low rotational speeds (<30 rpm) the Granudrum
shows no difference in the flow angle for the Ti-6Al-4V
powders. At higher rotational speeds there appears to
be some differentiation. However, when the repeatabili-
ty of the test is considered the data overlap even at the
higher rotational speeds.

For the SS-316L powders, the Granudrum appears to
show a difference at low speeds (up to 10 rpm) and at
rotational speeds above 30 rpm. Again, however, when
the repeatability of the test is considered (the results
from the three repetitions on fresh test portions), the
values overlap and no discrimination is possible.

For the Ti-6Al-4V powders, the “cohesive index” is dif-
ferent at a rotational speed of 1 rpm (the used powder
has a lower cohesive index), shows no difference between
5 rpm to 15 rpm, and then discriminates between the
virgin and used powders at higher rotational speeds
where the used powder has a lower cohesive index.

The cohesive index is lowest for the used SS-316L
powder at all rotational speeds. It is, however, not possi-
ble to distinguish the virgin powder from the 50:50 blend.

Figure 13. The Granudrum
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No units are listed for the cohesive index, and the
cohesive index calculation is not described in the litera-
ture so it is not clear how or why the calculation relates
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Figure 15. Cohesive index vs. rotational speed for Ti-6AI-4V test portions
tested in the Granudrum

S§S-316L
®\irgin Average ™ Blend Average 4 Used Average
70
|
a
L B L 4
T s
2 ] 1
o0 t hd
€
< (] ! L]
z p L
]
w40 =
A L
a8 ‘
e A
30
20 i
o 10 20 30 40 50 60 0
Rotational Speed (rpm)

Figure 16. Flow angle vs. rotational speed for SS-316L test portions tested in
the Granudrum
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Figure 17. Cohesive index vs. rotational speed for SS-316L test portions
tested in the Granudrum
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specifically to cohesion in the samples.

While the tests on the Revolution Powder Analyzer
were restricted to rotational speeds up to 16 rpm, those
on the Granudrum covered speeds up to 60 rpm. At
rotational speeds >40 rpm it appears that the powders
start to cataract at the top of the drum making mea-
surements questionable. Under these conditions, a por-
tion of the powder is free falling and not in contact with
the powder bed, and at this point, the powders do not
have a flow angle nor do they have a flowing layer. It is
hard to see the cataract in the powder bed when looking
at a back-lit gray scale image (Figure 18). However,
when both front and back lighting are compared, the
cataract is clearly visible when the drum is lit from the
front (Figure 19).

COMMENTS ON ROTATING DRUM TESTING

The Revolution Powder Analyzer was able to discrim-
inate between the various test portions and had very
repeatable data. It therefore appears worthwhile to con-
tinue testing with this equipment to determine how
reproducible (testing at various laboratories) the results
are. The Granudrum, however, was unable to discrimi-

Figure 18. Granudrum image at 55 rom

N
A

Figure 19. Left image—50 rpm front lighting; right image—50 rpm back
lighting

nate on the basis of flow angle and the cohesive index
data for the virgin and used powders only differed at
rotational speeds where the powder was cataracting
and where measurements are questionable. For the
Ti-6Al-4V powder the 50:50 blend could not be distin-
guished from the used powder, and for the SS-316L
powder the blend could not be distinguished from the
virgin powder. It is clear that there are differences
between the two rotating drum units and this will need
to be addressed if and when a standardized test method
is written—ensuring that the conditions required to
achieve good data are satisfied.

FREEMAN FT4 RHEOMETER TESTS

The Freeman FT4 rheometer is described as a univer-
sal powder tester. It was developed originally to charac-
terize the flow properties of powders and this is still a
primary function of the instrument. Accessories and
methodologies have been added, however, such as a
shear cell to measure a powder’s shear strength, a wall
friction kit to quantify how the powder shears against
the wall of the process equipment, plus means to mea-
sure bulk properties such as density, compressibility
and permeability. In this article, emphasis will be placed
on the dynamic measurements.

The FT4 rheometer is shown in Figure 20 and the
principles of the dynamic measurements illustrated in
Figures 21 and 22. The rheometer measures the resis-

Figure 20. Freeman FT4 rheometer

Volume 55, No. 3, 2019
International Journal of Powder Metallurgy

51



ASTM COMMITTEE B09 WORKSHOP ON POWDER CHARACTERIZATION

tance of the powder to flow whilst the powder is in
motion. A precision blade is rotated and moved down-
wards on a helical path through the powder to establish
a precise flow pattern. The resistance experienced by
the blade is measured both on the downward as well as
the upward motion of the blade. The instrument mea-
sures both rotational and vertical resistance and it is
the composite of the two signals that quantifies the total
resistance of the powder to flow. A conditioning step is
performed prior to any testing. The results of dynamic
measurements for both the Ti-6Al-4V and SS-316L
powders are summarized in Table 10. The tests were
carried out using a 23.5-mm blade and a 25-mm diam-
eter vessel.

Basic flow energy (BFE) is the energy required to

establish a particular flow pattern in a conditioned, pre-
cise volume of powder. The flow pattern is a downward
anti-clockwise motion of the blade that generates a com-
pressive, relatively high stress flow mode in the powder.
The BFE is calculated from the work done in moving the
blade through the powder from the top of the vessel to
the bottom—i.e., during the downward traverse.

The basic flowability energy (BFE) for the SS-316L
powder test portions is higher than for the Ti-6Al-4V
powders—Figure 23. However, it is not possible to dis-
tinguish between the virgin and used powders for either
material. The reason for the higher basic flowability
energy of the blend is under investigation.

The specific energy (SE) is measured during the
upward movement of the blade through the powder.

Side view
of blade

Rotational veloeity .

Rotational velocity

l Vertical velocity

The biade is rofated and moves vertically, as
defined by the Helix Angle and blade Tip Speed

a = Helix Angle

Vertical
velocity

Figure 21. Schematic illustrating the
measurement principles of the rheometer
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TABLE 10. SUMMARY OF DYNAMIC MEASUREMENTS FOR TI-6AL-4V AND SS-316L POWDERS

Dynamic Ti-6Al-4V SS-316L
Measurements Virgin Blend Used Virgin Blend Used
Basic Flowability 307 409 289 422 609 416
Energy—BFE (mJ) (+1.5%) (+1.8%) (+0.2%) (+0.8%) (+2.5%) (£5.9%)
Specifc Energy—SE 2.2 2.3 1.8 1.9 2.5 1.7
(mJ/g) (£1.9%) (+3.6%) (£0.1%) (£0.2%) (+1.8%) (¢0.9%)
Stability Index—SI 1.0 1.1 1.0 1.0 1.1 1.0
(£1.1%) (+1.9%) (+1.8%) (+0.8%) (£5.7%) (¢0.4%)
Flow Rate Index—FRl 1.1 1.1 1.1 1.0 1.2 1.0
(+0.2%) (+1.5%) (+1.8%) (¢3.3%) (+3.9%) (+3.3%)
Conditioned Bulk 2.62 2.66 2.61 4.34 4.39 4.43
Density—CBD (g/cm®) (+0.3%) (+0.5%) (+0.0%) (+0.1%) (+0.5%) (+0.4%)
Aeration Ratio—AR; 224 232 30.3 29 25 3.9
30%) (+0.4%) (+8.1%) (+6.1%) (+4.6%) (11.6%)
Aerated Energy—AE; (mJ) 10.9 10.1 9.3 162 176 113
(+4.2%) (+0.5%) (£7.6%) (+3.9%) (+0.9%) (+14.3%)
Consolidated Energy 452 620 562 571 696 521
CEtapped 50 (MJ) (+0.3%) (+3.2%) (+2.7%) (+0.7%) (+1.5%) (+2.1%)
Consolidation Index 1.5 1.5 1.9 1.4 1.1 1.3
Chiapped 50 (+2.6%) (£7.0%) (+4.2%) (+2.1%) (£5.7%) (+11.4%)

The flow pattern is identical to that during the down-
ward flow pattern. However, because it is established on
the upward traverse and because the powder is now
unconfined, i.e., the powder can lift up, the energies
measured are more dependent on inter-particular forc-
es and less influenced by other factors such as com-
pressibility (such as in the BFE test—powder is confined
and can’t move down due to the base of the vessel).

The specific energy (SE) of the used powders was
lower than that of the virgin powder for both the Ti-6Al-
4V and SS-316L materials and it is possible to discrim-
inate between the virgin and used powders—Figure 24.
The specific energy of the blended powder was higher
for both materials and, in the case of the Ti-6Al-4V pow-
der, there was overlap between the SE of the virgin and
blended powders.

The stability index indicates whether the flow ener-
gy, and therefore the powder itself, is changing as a
function of being tested. Particle attrition, segregation,
de-agglomeration and de-aeration are examples of what
could result in instability.

The stability index values indicate that all of the pow-
ders that were tested were physically stable.

The flow rate index measures how sensitive the pow-
der is to being made to flow at different rates through a
process by varying the blade tip speed (by a factor of 10).

The flow rate index (FRI) values show minor differenc-
es with respect to changes in the flow rate for both
materials whether virgin, blended, or used.

Conditioned bulk density (CBD) is calculated auto-
matically using the inbuilt balance of the instrument.

This density is stated to be precise due to the condition-
ing process that is carried out on the powder before an
exact volume of powder is sampled. The conditioning
process utilizes the standard blade and moves the pow-
der in a gentle, reproducible way to establish a homog-
enized stress in the powder. This is stated to be essential
for the subsequent measurements, but also for the CBD
to be determined.

The CBD of the virgin and used Ti-6A1-4V powders
were similar while that of the blended powder was
slightly higher. In the case of the SS-316L powders, the
used powder had the highest CBD and the virgin pow-
der the lowest.

The presence or absence of air in a powder can great-
ly affect its flow properties. The addition of air occurs
naturally when powder is moved freely, e.g., when dis-
charging powder from a hopper. When aerated, less
energy is normally required to move the powder. The
aeration behavior can be represented by the aeration
ratio (AR), the factor by which the flow energy is
reduced by aeration at a given air velocity—an air veloc-
ity of 5 mm/s was used for the tests.

The aeration ratios were significantly higher for the
titanium alloy powders compared with those for the
stainless steel powders. In the case of the Ti-6Al-4V
powders, the used powder had the highest AR suggest-
ing the greatest sensitivity to the introduction of air.
The used SS-316L powder had the highest AR for the
stainless steel powders.

The aerated energy (AE;) is the flow energy mea-
sured when air is passed through the powder at a given
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Figure 23. Basic flowability energy for the (a) Ti-6Al-4V and (b) SS-316L powders
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Figure 24. Specific energy for the (a) Ti-6Al-4V and (b) SS-316L powders

velocity—in these tests at 5 mm/s.

The consolidated energy (CE) is the energy needed
to displace the consolidated powder after a specified
number of taps—in these tests after 50 taps.

The consolidation index (CI) is the factor by which
the flow energy is increased as a result of consolidation
of the powder before testing—in these tests after 50
taps. It is the total flow energy of the consolidated test
portion divided by the basic flowability energy.

The Ti-6Al-4V powders had slightly higher values for
the CI than the SS-316L powders with the used titanium
alloy powder having the highest value of all suggesting a
greater sensitivity to tapping and vibrational forces.

Bulk property measurements and shear measure-
ments were also made using the FT4 rheometer and the
results are summarized in Tables 11 and 12.

Permeability measures the ease with which the
powder bed will transmit or release air over a range of

stress conditions. It measures the air pressure required
to maintain a constant airflow through the powder bed
whilst being consolidated at increasing normal stresses.
Generally, a higher normal stress results in a higher
pressure drop as the permeability is reduced due to
particles being more closely packed. Higher pressure
drop values indicate that the material is less permeable.
The pressure drop was measured at a normal stress of
15 kPa and an air velocity of 2 mm/s.

Minor differences were observed between pressure
drop values for the various test portions.

The compressibility is the percentage by which the
bulk density increases at a normal stress of 15 kPa. The
virgin test portions of both the Ti-6Al-4V and SS-316L
powders exhibited the highest compressibility percent-
age suggesting less efficiently packed powder beds for
these powders.

Shear cell tests are intended to determine the shear
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TABLE 11. SUMMARY OF BULK PROPERTY MEASUREMENTS FORTI-6AL-4V AND SS-316L POWDERS

Bulk Property Ti-6Al-4V SS-316L
Measurements Virgin Blend Used Virgin Blend Used
Pressure Drop 400 430 430 480 480 430
PDs, (Pa) (0.1%) (£1.7%) (£2.1%) (+1.4%) (£1.7%) (+2.8%)
Permeability 16.4 15.0 15.0 13.5 13.5 15.1
K5, X 109 (cm?) (+0.6%) (+2.5%) (+2.3%) (20.1%) (+0.9%) (+3.0%)
Compressibility 4.5 3.5 3.3 5.0 4.1 25
CPS;y5 (%) (£4.7%) (£3.2%) (£7.4%) (+6.0%) (2.4%) (£7.9%)
TABLE 12. SUMMARY OF SHEAR MEASUREMENTS FOR TI-6AL-4V AND SS-316L POWDERS
Shear Ti-6Al-4V SS-316L
Measurements Virgin Blend Used Virgin Blend Used
Shear Stress 3.1 3.1 2.8 3.7 3.3 3.2
T, 4 (kPa) (+0.8%) (+1.0%) (+0.1%) (+1.4%) (+0.6%) (+0.9%)
Shear Stress 1.6 1.4 1.4 1.9 1.6 1.6
Ty (KPa) (£0.3%) (+4.6%) (£0.6%) (+0.0%) (1.2%) (+2.0%)
Flow Function 8.7 34.6 11.3 7.8 9.2 9.6
Coefficient 4,
Wall Friction Angle 12.6 10.3 12.1 16.8 13.7 14.6
WFA 2 um ()

stress required to initiate flow in a pre-consolidated
powder. This provides an indication of how easily a
powder will move from a static condition into dynamic
flow (e.g., when the outlet of a hopper is opened). The
test involves applying a known normal stress to the
powder and then applying a rotational torque to deter-
mine the point of failure, i.e., steady-state flow is
achieved between the two shearing surfaces.

Minor differences were observed between the various
Ti-6Al-4V test portions. The virgin SS-316L test por-
tions exhibited the highest shear stress values suggest-
ing an increased resistance to the onset of flow.

The wall friction test is similar to the shear cell test.
However, instead of the powder being forced to shear
against itself, a disc of a known material is forced to
shear against the surface of the powder bed whilst sub-
jected to varying normal stresses. Tests were conducted
using a 1.2 pym R, 316 stainless steel coupon. The
blended Ti-6Al-4V test portions had the lowest wall fric-
tion angle, suggesting less friction between the powder
and the walls of the test equipment. The virgin SS-316L
test portions generated the highest wall friction angle
for the stainless steel powders suggesting an increased
resistance to the onset of flow.

COMMENTS ON THE FT4 RHEOMETER TESTING
The anomalous behavior, in many instances, of the
blended powders in the FT4 rheometer requires further
investigation, particularly as the blended powders
exhibited values between those of the virgin and used
powders for the various tests conducted using the Rev-

olution Powder Analyzer.

The inability of the rheometer to discriminate between
the virgin and used powders with respect to basic flow-
ability energy is somewhat of a concern. Fortunately,
the specific energy (SE) of the used powders was lower
than that of the virgin powder for both the Ti-6Al-4V
and SS-316L materials and it is possible to discriminate
between the virgin and used powders. Nevetheless, in
the case of the Ti-6Al-4V powder, there was overlap
between the SE of the virgin and blended powders.

The various tests with the rheometer require different
pieces of equipment, and the full battery of tests needs
more time than for the full series of tests run on the Rev-
olution Powder Analyzer. It is, however, likely that addi-
tional testing will be carried out using the FT4 rheometer.
However, the testing probably will initially be focused on
a few of the many possible tests that can be carried out.
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