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This study demonstrates a new constant-volume shear test configuration to analyze the stresses in
powder beds and evaluate powder flowability. A novel cylindrical shear cell geometry and load cell
arrangement allowed precise measurement of the normal stress acting on the shear planes of the powder
beds. The stress transmission ratio between the top and shear planes decreased with increasing ratio of
the powder bed height in the upper section of the shear cell to the shear cell diameter. This was due to
friction between the powder bed and the side wall of the upper section of the shear cell. Using the mea-

g?‘:v VZIOerrdlfl:owabilit sured values of the normal stress on the shear planes, the effects of the powder bed height and shear cell
Shear test y diameter were eliminated from the data. In addition, to evaluate the shear properties of the powder beds,

the powder yield locus, consolidation yield locus, critical state line, shear cohesion, and void fraction were
obtained from a single shear test. The powder yield locus data were used to obtain flow functions.

© 2018 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

Powder yield locus
Critical state line
Flow function

org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, particle size reduction has become increasingly
popular in various industries to improve the quality and perfor-
mance of functional particles. However, small particles easily
adhere and have low flowability, which causes problems related
to powder handling in the development of new products and qual-
ity control of industrial processes. Appropriately evaluating pow-
der flowability to resolve these issues remains challenging; many
characteristic properties of particles, e.g., particle size distribution,
particle density, particle shape, and specific surface area, affect the
powder flow behavior in a complicated manner. Consequently, it is
difficult to accurately predict the powder flowability even if all
relevant characteristics can be quantified.

To quantitatively evaluate powder flowability, various methods
and characteristic values have been proposed, e.g., the angle of
repose, bulk density, compressibility, tensile strength, and shear
strength; however, these values do not always lead to the same
results. To comprehensively evaluate powder flowability, Carr [1]
proposed a series of indices that correspond to different flow phe-
nomena, i.e., the angle of repose, compressibility, angle of spatula,
and cohesion or uniformity. This method is effective for evaluating
the powder flowability under low stress. In addition, the avalanche
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method [2], vibratory feeder method [3], vibrating tube method
[4,5], and vibration shear tube method [6] are effective for similar
conditions as the applied forces are rather small.

On the other hand, for large stresses, the flowability depends on
the magnitude of the applied stress. Hence, it is necessary to pre-
cisely measure such stresses and shear tests have been used for
this purpose. Such test methods can be classified into several types
depending on the structure of the shear cell, such as the Jenike cell
[7,8] and rotational shear cell [9-11]. In addition, standards for the
measurement and evaluation methods have been developed
[12-15]. These shear tests have been employed in research in var-
ious industrial fields, e.g., the food industry, to measure the effect
of moisture content [16,17], storage time [18], and particle shape
[19,20], on the flowability, and in the pharmaceutical field for
tableting [21] and prescription design [22]. The results of such
shear tests are often used to design silos and hoppers [23] as a
large amount of powder is naturally consolidated by gravity in
such applications. In materials research, the flowability of
nanoparticles has been analyzed [24].

Several developments have been made to both shear test equip-
ment [25] and analytical methods [26,27], allowing use of the tech-
nique in expanded application areas. In the Jenike shear tester, the
normal stress on the powder bed is determined by a weight placed
on top of the powder and the normal stress on the horizontal cross-
sectional area decreases due to the friction between the powder
bed and the side wall of the shear cell. Therefore, the normal stress
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Nomenclature

Ap horizontal cross-sectional area of powder bed (m?)

AL areza of side of powder bed in lower section of shear cell
(m?)

Ay areza of side of powder bed in upper section of shear cell
(m?)

C shear cohesion (Pa)

Dc inner diameter of shear cell (m)

Dpso mass median diameter of powder (m)
force (N)

FF flow function (Pa)

fe unconfined yield strength (Pa)

e =a1/fe (-)

g acceleration due to gravity (m/s?)

Hpy powder bed height in upper section of shear cell (m)

k constant in Eq. (6) (-)

Aly horizontal shear displacement (m)

Mpg mass of base (kg)

Mpgp mass of bottom plate (kg)

Mp mass of powder (kg)

t time (s)

V1D stress transmission ratio between top and shear planes
at steady-state shear, i.e., point D (-)

e void fraction (-)

Ob bulk density (kg/m>)

g normal stress (Pa)

01 major principal stress given by the Mohr stress circle of
steady state flow (Pa)

Og geometric standard deviation of particle diameter (-)

T shear stress (Pa)

@csL angle of critical state line (°)

Subscripts

C cell

E point E (steady-state shear)

H horizontal

L lower

P powder

S shear plane

u upper

\Y vertical

on the shear plane is not equal to the value calculated simply from
the weight and the cross-sectional area. In a previous study [28],
we used a constant-volume shear tester and proposed a method
for measuring vertical forces acting on both the bottom and top
of the shear cell; however, the stresses in the powder beds were
not studied in detail.

In the present study, the effect of powder bed height and shear
cell diameter on the stresses was investigated and the validity of
the constant-volume shear tests based on the normal stress on
the shear plane was verified. In addition, the powder yield locus
(PYL), consolidation yield locus (CYL), critical state line (CSL), shear
cohesion, and void fraction were obtained under various condi-
tions to evaluate the shear properties of the powder beds. Further-
more, the PYL data were used to obtain flow functions.

2. Materials and methods
2.1. Constant-volume shear test apparatus

Fig. 1 shows schematic diagrams of the two types of common
shear test methods, i.e., the constant-load and constant-volume

Press unit
Load cell
. Piston
Weight
@)
~ Lid
[ I /Ring Cylinder

Powder

: bed M
/

Powder

bed Base

(b) Constant-volume method

(a) Constant-load method

Fig. 1. Schematic diagram showing two types of shear test methods. (a) Constant-
load method. (b) Constant-volume method.

methods. The former uses a weight to apply a constant normal
stress to the top plane of the powder bed, while the latter uses a
mechanical press, where the vertical position of the top plane of
the powder bed is fixed during the shear test.

Fig. 2 schematically illustrates the shear stress (t) obtained
from the constant-volume test as a function of the normal stress
(o) and the void fraction (&) [29]. When shearing at a constant
velocity starts from point D, the normal stress decreases and the
shear stress increases; however, these stresses approach their
respective constant values at point E, which indicates steady-
state shear on the critical state line (CSL). After this point, by grad-
ually lowering the base of the shear cell, where there is little
change (<0.5%) in the void fraction of the powder bed, both the
shear stress and normal stress decrease (moving along the curve
from point E to point C). Therefore, by continuously measuring t

Shear stress, 7

Fig. 2. A three-dimensional diagram showing the relationships between the
mechanical properties of a powder bed.
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and o during the shearing process, a relationship between these
two factors, i.e., the powder yield locus (PYL), is obtained. The
PYL describes the characteristics of the failure of the powder bed
under low normal stress. The characteristics of failure under high
normal stress are indicated by the curve between points D and E,
the consolidation yield locus (CYL). Therefore, complete behavior
of the powder bed can be characterized by determining the two
yield loci.

2.2. Experimental apparatus

Fig. 3 shows a schematic diagram of the experimental appara-
tus. The inner diameters (cell diameter D¢) of the stainless steel
cylindrical shear cells with separate upper and lower sections were
15, 30, and 43 mm. The cylindrical upper section was fixed and the
lower section moved horizontally to induce shearing. The edges of
the cylindrical upper section and the lower section were separated
by a narrow gap (0.2 mm), and when not filled with powder, the
horizontal movement produced a very small amount of friction
on the lower section (less than 0.3 kPa, which is thought to be
insignificant compared to the stress applied during the shear test).
The upper part of the setup featured a vertical servo motor to move
the upper layers of the powder bed downward. The vertical force
acting on the top of the shear cell, the vertical force acting on the
bottom, and the horizontal shear force were measured using load
cells. Additionally, the height of the powder bed in the cylindrical
upper section and the horizontal shear displacement were mea-
sured using non-contact displacement sensors.

2.3. Mechanism for measuring normal and shear stress

Fig. 4 shows a schematic diagram of the cell structure of the
shear testing apparatus and the stresses acting upon the powder
bed when a vertical load was applied. Fig. 4(a) shows the apparatus
with a separation between the bottom plate and the side wall of
the lower section of the shear cell, while Fig. 4(b) shows a structure
where the lower piece of the cell is used as the bottom plate. In
both cases, load cells were located in both the upper and lower sec-
tions, enabling the measurement of the vertical force acting on the
top of the shear cell (Fyy) and the vertical force acting on the bot-
tom of the shear cell (Fyp).

Vertical servo motor

[T Laser
displacement Upper load cell
sensor .
Piston
Cylinder (upper

m section of shear cell)

i — Base (lower section

Horizontal of shear cell)
servo motor

Powder Laser displacement

sensor

Horizontal
load cell

| Horizontal translation stage |

| Vertical translation stage |

Lower load cell

Fig. 3. Schematic diagram showing the experimental apparatus for the constant-
volume shear tests.

FVU FVU

FVL FVL

(a) Separable structure (b) Non-separable structure

Fig. 4. Schematic diagram showing the two types of shear cells used for constant-
volume shear tests.

When the bottom plate is separated, the vertical force (Fy.) can
be expressed as:

Fyr = Fyy + (Mpy + Mp + Mpp)g — Ty Ay — T1 AL, (1)

where Mpy and Mp, are the masses of the powder filling the upper
and lower sections, respectively, Mpp is the mass of the bottom
plate, g is the acceleration due to gravity, Ty and 7, are the friction
stresses between the powder bed and the side walls of the shear cell
in the upper and lower sections, respectively, and Ay and A; are the
areas of the powder bed in contact with the side walls of the shear
cell in the upper and lower sections, respectively. Here, the vari-
ables 7y and 7 in Eq. (1) were not measured.

When the lower section of the shear cell acts as the bottom
plate, the vertical force (Fy.) is expressed as:

Fui = Fyy + (Mpy + MpL + Mp)g — TuAu, (2)

where Mg is the mass of the base. The variable ty in Eq. (2) was not
measured, but all other values were known, enabling calculation of
this force. The normal stress most relevant to the shear test is not
the stress on the top and bottom planes of the powder bed, but
rather the stress on the shear plane. The normal stress acting upon
the shear plane (os) is expressed as:

Fyu + M, — Ty A
0 — VU PUAPg U U’ (3)

where Ap is the horizontal cross-sectional area of the powder bed.
By combining Eqs. (2) and (3), the following equation is obtained:

_ Fy. — (Mp. + Mg)g
e )

In other words, when the lower section is used as the bottom plate,
the normal stress acting on the shear plane (os) can be calculated
from Fy, which means that the relationship between the powder
bed shear stress (7s) and os can be precisely determined. In this
work, we decided to use a cell with the lower section acting as a
bottom plate.

Os

2.4. Sample preparation

White fused alumina abrasive (WA, Fujimi Inc.) was used as the
powder in the shear test. WA consists of fused alumina pulverized
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into fine particles, and is widely used in precision manufacturing.
Table 1 shows the mass median particle diameter (Dps0) and geo-
metric standard deviation (o) of the WA powder used. The particle
shape was irregular.

2.5. Experimental procedure

After loading the sample into the shear cell, the vertical servo
motor lowered the top plane of the sample powder bed at 0.2
mmy/s to apply pressure to the powder bed. When a set value of
os was reached, the movement was stopped and the position
was held for a period (maximum 120 s) to relieve the excess stress.
During the shear tests, different amounts of powder were filled
into the cell to give powder bed heights (Hpy) of 10+ 1 mm, 15
1 mm, and 20+ 1 mm in the upper section. A horizontal servo
motor moved the lower section of the shear cell at a set speed
(10 um/s) to induce shearing of the powder bed. Once the shear
stress reached a critical value, the stage upon which the shear cell
rested was gradually lowered until o5 reached zero to complete the
shear test.

2.6. Measurements and analytical methods

2.6.1. Time sequence of shear test

Fig. 5 shows representative measurement results obtained
using shear tests performed with the apparatus shown in Fig. 4
(b). It shows, from top to bottom, the time dependence of varia-
tions in the powder bed height in the cylindrical upper section of
the shear cell (Hpy), the horizontal shear displacement (ALy), the
vertical force measured by the upper load cell (Fyy), the vertical
force measured by the lower load cell (Fy.), and the horizontal
shear force (Fy). After the sample was loaded, the process could
be divided into four parts: (i) application of stress to the powder
bed by the vertical servo motor, (ii) stress relief after stopping
the motor and movement, (iii) powder bed shearing induced by
the horizontal servo motor, and iv) powder bed shearing induced
by gradually lowering the stage upon which the shear cell rests,
thus decreasing the vertical force. Points C, D, and E in Fig. 5 corre-
spond to those defined in Fig. 2.

During stressing process (i), the stress was applied to the pow-
der bed until s was reached; friction between the powder bed and
the side wall of the shear cell resulted in different magnitudes of
Fyy and Fy. The stress relieving process (ii) relieved the excess
stress in the powder bed by allowing very small movements of
the particles; however, after particle movement ceased, Fyy was
not equal to Fy, (point D). In shearing process (iii), the two vertical
forces decreased and approached constant values (point E). The
horizontal shear force increased up to a certain value due to shear-
ing but then decreased with decreasing vertical force. The purpose
of shearing process (iv) was to decrease both the vertical and hor-
izontal forces, where the stage on which the shear cell rested was
manually lowered. The variation in the force with time depended
on the velocity at which the stage was lowered. However, when
the rate of change of normal pressure is less than 10 kPa/s, the
shear stress responds well to the normal stress without a time
delay. As a result, the velocity of the stage did not affect the

Table 1

Powder properties.
Materials Dpso (1m) o5 (-)
Fused alumina #3000 4 13
Fused alumina #1200 10 1.2
Fused alumina #280 48 1.2
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Fig. 5. Time sequence of the shear test.

relationship between the shear and normal stresses, which enabled
us to elucidate the inherent properties of the powder.

2.6.2. Stress transmission ratio

In the experimental apparatus used here, the cylindrical upper
section of the shear cell remained fixed while the lower section
moved. Due to the friction between the powder bed and the side
wall of the shear cell, the normal stress on the horizontal cross-
sectional area decreased with increasing powder bed depth. Here,
the stress transmission ratio between the top plane and the shear
plane (yrp) after stress relief (point D) was calculated from o5 and
the normal stress on the top plane of the powder bed (oy = Fyu/Ap),
ie.,

Os

Ym0 = o (3)

Applying Janssen’s theoretical model [30] to the powder bed,
where the effect of its weight is negligible (less than 1% under
the experimental conditions), the stress transmission ratio is
expressed as:

H
o = exp ('), ©)

where k is a dimensionless constant. Hence, the stress transmission
ratio can be calculated from the ratio of Hpy to Dc.

2.6.3. CYL, PYL, and CSL

The value 75 can be determined by dividing Fy by Ap. Further, o5
can be determined by substituting Fy; into Eq. (4). The relationship
between s and s over time between points D and E corresponds
to the CYL, and the relationship between 75 and o5 between points
E and C corresponds to the PYL. In addition, the straight line con-
necting point E and the origin corresponds to CSL.

2.6.4. Flow function
The powder flowability can be evaluated by a flow function (FF)
based on the PYL obtained from the shear test [7], which expresses
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the relationship between the unconfined yield strength (f.) and the
major principal stress given by the Mohr stress circle of steady
state flow (o):

ﬁc—ﬁv

The standards for flowability are the following: 1 <ff.<2: very
cohesive; 2 <ff.<4: cohesive; 4<ff.<10: easy flowing; and
ffc > 10: free flowing [26].

(7)

3. Results and discussion
3.1. Stress transmission ratio

Fig. 6 shows the relationship between yrp and Hpy for samples
with different D5 values. The value of yrp decreased with increas-
ing Hpy. As Hpy increased, the area of contact between the powder
bed and the shear cell wall also increased; thus, the effect of fric-
tion increased, resulting in the decrease in ytp. This figure also
depicts the theoretical curves of Eq. (6), as derived from the Jans-
sen model, showing that the experimental results agreed well with
the theoretical calculations. The value of k in Eq. (6) determined by
fitting the data was 2 + 0.3, and depends on the mechanical prop-
erties of the powder bed in the shear cell. However, the effect of
particle diameter on k is not accounted for in this data.

Fig. 7 shows the relationship between )p and D¢ for samples
with different Hpy values. The value of yrp increased with increas-
ing D¢ resulting in a decrease in the effect of friction on yrp, while
the prp values decreased with increasing Hpy. The experimental
data shown in this figure also agreed well with the theoretical
curves.

Fig. 8 shows the relationship between yrp and Hpy/Dc. Since
these experimental results agreed well with the theoretical calcu-
lations based on Hpy/Dc, we concluded that the value of y1p can be
evaluated using Hpy/Dc. These results show that by decreasing Hpy
and/or increasing D¢, the normal stress in the upper section of the
shear cell is effectively transmitted to the shear plane. It is there-
fore necessary to consider Hpy/Dc when designing the geometry
of a cell for experimental shear tests.

3.2. Effect of powder bed height on the YL in the cylindrical section of
the shear cell

Fig. 9 shows 15 as a function of gy for different Hpy values. To
unify the initial condition of shearing, gs at the start of shearing
was set within a fixed range (215 £ 5 kPa). As a result, s at the

I
T Q‘%\\\ Shear cell diameter: D= 43 mm
a L \\\\\\\\\\
S I o= 4252
o ~. \\ ~ .
g= SNAD C
<
= 06f NN k=17
g ~odiael
Z T
2 04F O AT
8 Mass median diameter, D, 7[\\ T~
= p30 k=2 A =~~C
> 5 ohm k223 |
& O 48 um

0 1 1 1 1

0 5 10 15 20 25

Powder bed height, Hp; (mm)

Fig. 6. Effect of powder bed height Hpy in the upper section of the shear cell on the
stress transmission ratio yrp between the top and shear planes at point D.
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critical state indicated by point E (marked by black filled data
points) was almost constant (70 kPa) irrespective of Hp,. However,
for high values of Hp,, oy must also be high considering friction
between the powder bed and the shear cell wall. Therefore, there
is a large discrepancy in the observed YLs. Since the normal stress
at point E could not be determined, the evaluation of the YL as a
function of oy was not valid.

Fig. 10 shows the results of plotting ts as a function of g for dif-
ferent Hpy values; these data were obtained from the same shear
tests as those shown in Fig. 9. It was found that the YL and CSL val-
ues were similar for all Hpy values. Therefore, even when shear
tests were conducted with different powder bed heights, analysis
of 75 as a function of s is an appropriate method for accurate
evaluation of the powder properties.

3.3. Effect of the cell diameter on YL

Fig. 11 shows 75 as a function of gy for different D¢ values. The
initial o5 value was set within a fixed range (110 + 3 kPa). Since the
area of contact between the powder bed and the shear cell wall
varied according to the magnitude of D, the effect of friction and
the transmissibility of the normal stress also depended on Dc. In
other words, when the cell diameter decreased, the stress trans-
mission ratio also decreased due to the increase in the effect of fric-
tion between the powder bed and the shear cell wall. This means
that for low D¢ values, a higher gy value is required to achieve
the same o value, resulting in a large discrepancy in the observed
YL values.

Fig. 12 shows s as a function of o for different D¢ values, which
were obtained from the same shear tests as the data shown in
Fig. 11. These YL and CSL values were similar for all cell diameters.
Therefore, proper evaluation of the powder properties is possible
by conducting shear tests and analyzing ts as a function of s, irre-
spective of the D¢ value.

3.4. Effect of the particle diameter on YL

Fig. 13 shows the relationship between 75 and a5 for two types
of powder with different Dj,50 values (10 pm and 48 um). We set g
to three different levels and obtained the corresponding PYL and
CYL values. The void fraction of the powder beds (¢) depended on
the initial normal stress, so it needed to be measured for each shear
test. YL varied depending on ¢; the value at the steady-state shear
(point E, marked by filled data points) also varied. However, all E
points fell along the CSL intersecting the origin. The angle of the
CSL corresponds to the angle of dynamic friction, i.e., ¢csp =31°
for Dpsp=10 pm and ¢cs.=25° for Dpso =48 pm. This demon-
strates that smaller particles show a higher angle of dynamic fric-
tion, resulting in poorer powder flow.

3.5. Flow function

Fig. 14 shows the flow functions (solid lines) derived from the
results in Section 3.4 and lines of constant flowability (ff. =1, 2,
4, and 10, broken lines). The flow function curve for smaller parti-
cles exhibited smaller ff. values, i.e., lower flowability. Here, it
should be noted that using the present constant-volume shear test
configuration, we could obtain YL from a single shear test; thus, the
flow function can be derived much more easily than demonstrated
previously. For reference, the relevant data, i.e., the bulk density pp,
void fraction ¢, shear cohesion C, angle of dynamic friction of pow-
der ¢cs1, major principal stress g4, unconfined yield strength f, and
the ratio ff. (=04/f.) derived from the shear tests for the sample
powder, are shown in Table 2.
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Table 2
Summary of experimental results for shear tests of powders.
Pb & C st a1 fe ffe
(kg/m?) (-) (kPa) (°) (kPa) (kPa) (-)
Fused alumina (#1200) 1700 0.56 2.3 31 13 4 33
Dpso =10 pm 1750 0.55 1.8 36 7 5.1
1790 0.54 2.0 83 13 6.4
Fused alumina (#280) 1860 0.52 0.8 25 7 2 3.5
Dpso =48 um 1910 0.51 0.8 31 4 7.8
1950 0.50 0.7 81 9 9.0

4. Conclusions

Here we demonstrated a constant-volume shear test apparatus
that was able to precisely measure the upper and lower normal
stresses of powder beds that allowed us to investigate powder
flowability. Using the lower section of the shear cell as the bottom
plate enabled measurement of the normal stress on the actual
shear plane rather than the normal stress on the top or bottom
plane of the powder bed. As the ratio of the powder bed height
in the upper section of the shear cell to the shear cell diameter
increased, the stress transmission ratio decreased. Evaluating the
normal stress on the shear plane, the effects of the shape and/or
size of the shear cell were eliminated from the results and repro-
ducible powder flowability behavior was observed.

The proposed experimental method allowed the powder yield
locus, consolidation yield locus, critical state line, shear cohesion,
powder bed void fraction, and stress transmission ratio to be easily
and precisely measured with a single shear test. In addition, shear
test data at three levels of normal stress were efficiently obtained,
making this method suitable for evaluating the flow function.
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