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. .The effects of the particle-shape (which is irregular, rod-like or spherical) and the
- ratio of interparticle-cohesion/particle-weight on the initial fractional voidage before tapp-
ing, the rate of tapping-compaction and the final fractional voidage attained by tapping
were studied. The samples were monodispersed powders with their sizes ranging from
12t0 127 p. e . - _
, A -good correlation was found between the initial fractional voidage and Fo[ppdp®
except for the rod-like particles. The initial fractional voidage of the rod-like particles
. is much greater than that of the irregular or spherical ones, which is explained in terms
.of the strong mechanical resistance caused by interlocking of particles due to the high
elongation of the rod-like particles. In the dense packing the structural resistance is
more pronounced than in the loose packing and, moreover, in the dense packing the effect
of the compacting-force must be taken into account in the calculation of the interparticle
cohesion. The rate of tapping-compaction suffers from little influence of the particle-shape.
The physical meanings of the correlations which have been found empirically between
the angle of repose and &, or 4V could be elucidated to some extent through the relations
between each of them and Fo/ppdp3.

Introduction

The packing state is one of the most simple and- characteristic properties of a powdery
material. Many trials have been made to determine the relations between the factors related
to the packing state, such as the apparent density or the fractional voidage, and other pro-
perties of powder, the flowability® or the filling-weight of a capsule® for instances.

The primary characteristics governing the apparent density or the fractional voidage
are the particle-shape, the particle-density, the particle-size, the size-distribution and the
interparticle cohesion. There are some reports published on the relations between apparent
densities and primary characteristics of powder.#? No direct correlation, however, between
an apparent density and an interparticle cohesion has been reported.

When powder is fallen from a constant height and filled into a vessel, or when powder-mass
is tapped under constant conditions, the energy given to a particle in the powder-bed is pro-
portional to the particle weight. Therefore, in these cases the driving force for the compac-
tion of the powder-bed is proportional to p,dp®%, where p, and dp are the particle-density and
the particle-diameter, respectively. On the other hand, the forces to resist against the com-
paction are mainly due to the interparticle cohesion and a structural factor such as interlocking
of particles. Hence, the ratio of interparticle-cohesion/p,dp? is considered to be one factor
governing the apparent density or the fractional voidage. On the basis of these considera-
tions, we studied on the influence of the particle-shape (which is irregular, rod-like or spherical)
and the ratio of interparticle-cohesion/p,dp* on the initial fractional voidage before tapping,
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the rate of tapping-compaction, the final fractional voidage attained by tapping and the angle
of repose. About ten kinds of powders of different sizes and shapes were used and magnesium
stearate was used as a lubricant in some samples in order to change the interparticle cohesion.

Experimental

Materials The preparation of the samples was the same as described in the previous paper.» The
particle-diameter, -shape and -density for all the samples are shown in Table I. The average diameter, dp,
is the Green diameter and was determined from the measurements for 500 particles with a microscope.
The particle-density, pp, was measured with a Beckman Air-Comparison Picnometer. The particle-shape
which is irregular, rod-like or spherical was determined on the basis of Heywood’s elongation (= Breadth/
Length) and of the roundness, and defined as follows:

irregular particles: sharpcornered particles with the elongation less than 2.0

rod-like particles: particles with the elongation greater than 3.0

spherical (and nearly spherical) particles: round particles with the elongation less than 1.5
The elongations for the representative samples were, 1.6 for No. 6-sample, 1.7 for No. 8-sample, 4.0 for No.
10-sample, and 1.4 for No. 13-sample.

TaBre I. Materials tested

Particle size  Particle density

Sﬁple Substance (@p) (op) Particle shape
’ (10-% cm) (g/cm3)

1 lactose 12 1.53 irreg.

2 No. 1+4Mg-St® 12 1.53 irreg.

3 lactose, cryst., —100/4+150 127 1.53 irreg.

4 lactose, cryst., —150/+200 90 1.53 irreg.

5 lactose, cryst., —200/+250 65 -1.53 irreg.

6 lactose, cryst., —250/+4300 55 1.53 irreg.

7 No. 6--Mg-St® 55 1.53 irreg.

8 BTMP?® ' 50 1.44 irreg.

9 cryst. cellulose, —100/+4150 127 1.55 rod-like
10 cryst. cellulose, —250/--300 55 1.55 rod-like
11 corn starch 13 1.50 nearly spherical
12 No. 11+4-Mg-St® 13 1.50 nearly spherical
13 potato starch, —250/4-300 55 1.50 nearly spherical
14 No. 13+Mg-St® 55 1.50 nearly spherical
15 glass beads, —250/4300 .50 2.42 spherical
16 VB,HNO; - . 64 1.10 spherical

a) The concentration of Mg-St (Magnesium Stearate) is 0.5%,.
b) benzoyl thiamine monophosphate
¢) spray-dryed with wax

Interparticle Cohesion, F, As described in the previous paper,® if interparticle distances were changed
irreversibly or plastic deformations occurred with change of the contact-areas by pressing, the interparticle
cohesion at point of contact, F,, corresponding to that under zero pressing force, must be determined by
extrapolating the plots of F against p to p=0, where F is an interparticle cohesion at point of contact when
two particles are pressed by a force, p. F, was determined from the data of the shear-tests by use of the
same apparatus and procedure as in the previous paper.” |

Tapping—-—Powder was filled gently into a 100 ml Glass Cylindrical Graduate by the hollow-cylinder-
method® and the apparent bulk density was determined. The initial fractional voidage, &, was calculated
from this density by using the particle density. The Graduate containing the powder was tapped at a rate
of 120 times per minute and a falling-height of 1 cm. Hard rubber was attached on the supporting disk on
which the cylinder was tapped. The apparent densities were determined at the following number of tap-
pings; at each of 1, 3, 5, 10,25, 50, 100, 200, 500, and 1000. The final fractional voidage, ¢f, was determined
from the apparent density where the volume of the powder did not decrease any more by tappings. The
measurements were done 5 times on a sample and the deviations of individual densities from the average
were within £59%,. :

5) K. Kurihara and I, Ichikawa, Chem. Pharm. Bull. (Tokyo), 21, 394 (1973).
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Angle of Repose, /——The angle of repose was determined by a free-pile-method by use of the same
apparatus as in the previous paper.”» The angle was determined from an average of 5 runs on a sample.

Result

The equation proposed by Kuno,® eq. 1, was applied to the data of the tapping-compac-
tion and the values of —log(p,— p.) were plotted against the number of tappings, #.- As shown
in Fig. 1, the straight line has a bend suggesting a change in the packing-mechanism. From
the slope of the initial step, K¢ was determined
and shown in Table II together with Fo, ¢0 and ef.

Initial Fractional Voidage, <o

The ratio of interparticle-cohesion/particle-
weight is considered to be one factor governing the
fractional voidage, and another factor is a struc-
tural resistance which is dependent on the particle-
shape. It is considered that in a loose packing
the ratio of interparticle-cohesion/particle-weight
is predominant, whereas in -a dense packing the
structural resistance is pronounced as well.

A good correlation was found between e0 and
Folp,dp? for both the irregular particles and the
spherical particles as shown in Fig. 2. The initial

*loglo (pj-,on)

fractional voidage, €0, increases monotonically with Number of -tappings, n
3 ’ 1
Fo/p.pd;b . On the other hand, ¢o’s for the rod 111.<e Fig. 1. Relation between -1ogy, (97— pa)
particles are much greater than those for the ir- and Number of Tappings, %
regular or spherical particles. These findings sug- —O—:No.1 —[J—:No.16

gest that even in the loose packing, where the :

structural resistance is considered to be comparatively small, the mechanical resistance caused
by interlocking of particles will affect considerably the packing-structure when the particle
has a highly elongated shape.

TasrLr II, Interparticle Cohesion at Point of Contact, Fractional
Voidage and Rate Constant of Tapping Compaction

2
Sample No. Fo (g) D;:fp %n(c)lfln;y g (—) er (—) Kt(>1§0
1 21x10-8 dependent 0.655 0.465 3.8
2 17x10-¢ dependent 0.600 0.415 3.3
3 11x10-* independent 0.495 0.455 26
4 63 % 107° independent 0.505 0.460 16
5 35x%x 1075 independent 0.510 0.460 14
6 21x 108 dependent 0.555 0.450 11
7 19x10-% dependent 0.465 0.395 14
8 30x10-° independent 0.535 0.450 8.6
9 70% 104 . dependent 0.830 0.800 9.3
10 13x 10~ dependent 0.805 . 0.755 8.6
11 25x 108 independent 0.660 0.545 2.4
12 18 x 10-8 independent 0.600 0.460 4.9
13 15x 10-5 dependent 0.485 0.385 8.5
14 98 x 10-° independent 0.395 0.305 9.7
15 0.0 dependent 0.420 0.395 8.4
16 14x 10~ dependent 0.650 0.595 6.7

6) H. Kuno, Proc. Fuculty Eng. Keio Univ., 11, 1 (1958).

NII-Electronic Library Service



No, 10 2281
0.9 ol
ST N 0.6:: o %
0 . 8:; R & -’/ T P (;) \;
05 o
© CIDE'/ u ,9”/ °
T '/ /’/ [u]
~— 0'45':5‘ u] ,/,
‘3 A ; /// .
0.3 P2
0 20 40 60 80 X107
F 0/ dep3 (—)

0.3

0 20 40 60
Fol ordp® (~)
Fig. 2.
Voidage, &y, and Fo/ppap3

[7: irregular particle
A rod-like particle
QO: spherical particle

30 X 102

Relation between Initial Fractional

Fig. 3. Relation between Final Fractional
Voidage attained by Tapping, er, and
Fo/p a3

@ : irregular particle
: rod-like particle

{ o ) 'tspherical particle

______

Final Fractional Voidage, ¢f

The relations between ¢f and Fo/p,dp® are shown in Fig. 8. These indicate that in the
dense packing the structural resistance becomes pronounced as expected and the relation is
dependent on the particle-shape which is irregular, rod-like or spherical. For the irregular
particles, ef appears to be independent of Fo/p,dp® and nearly constant, whereas for spherical
particles ¢f seems to increase with Fo/p,dp® though it is not so obvious as in the case of eo.
The same discussion on the strong mechanical resistance as in eo applies to &f of the rod-like
particles. ‘

Rate Constant of Tapping Compaction, K¢
The change of the apparent density, p,, with the number of tappings, #, is expressed as
log (05— p00) — log (05 —pn) = Kin Eq. 1

by Kuno.® This equation can be derived from a equation similar to the first order rate
equation and hence K¢ corresponds to the rate constant or the specific rate of the compaction.
Eq. 1 can be rewritten with the fractional voidage by putting

on = op(1 —en) Eq. 2
into eq. 1, and expressed as
log (ef—e0) — log (¢f —en) = Km Eq. 3

where &7 is the fractional voidage at » tappings. Thus it can be seen that K¢ is the rate con-
stant for the change of the fractional voidage as well. ‘ '

As shown in Fig. 1, K¢ in the initial step is different from that in the later step. The rela-
tion between K? in the later step and Fo/p,dp® was examined but a good correlation was not
found between them and K¢ in the later step was roughly constant regardless of Fo/p,dp3.
The relations between K? in the initial step and Fo/p,dp® are shown in Fig. 4. The constant
Kt for the pherical particles is smaller than that for the irregular ones when Fo/p,dp® is small,
while the difference between them fades out as Fo/p,dp® increases.
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The initial or final fractional voidage for
the rod-like particles is considerably higher X107
than that for the irregular or spherical parti-
cles, as shown in Fig. 2 or 3, but in the case of
Kt, the data of the rod-like particles are in an
order similar to those of the irregular or spheri-
cal particles.

Kt (—)

" Discussion

The relations between ef and Fo/p,dp3

depend on the particle-shape and this finding 05 50 15 55 5107
may be explained as follows. In the dense
packing the structural resistance is a pre- Fo/ pedp® (=)
dominant factor governing the fractional Fig. 4. Relation between Kt of Kuno's
voidage. The rod-like particles, in which the Equation and Fo/p,aps
mechanical resistance caused by interlocking [J: irregular particle
. . . /\: rod-like particle
of particles is considerably strong, have much O: spherical particle

greater ¢f than that of the irregular or spheri-

cal particles. Although in the case of the irregular particles ef is smaller than that of the
rod-like ones, a contribution of the mechanical resistance is still comparatively large and the
influence of Fo/p,dp® on &f is small. Not Fo but F should be used as the interparticle
cohesion in the dense packing because under such conditions fairly high pressure acts at
point of contact. An 1nterpart1cle cohesion, F, between two particles under a compacting
force, p, at point of contact, is represented by?» o

F = Fo+ yp S : Eq.4*‘

Although the absolute value of p caused by tappings can not be determined, the relative value
may be determined on the basis of the assumption that p is proportional to p,dp®, i.c.,

P = yoPpdp® | ‘ Eq. 5
From eq. 4 and 5 it follows that
Flopdp® = Folopdp® + y1y, . Eq. 6

The interparticle cohesions, I, and I, determined in this experiment are the shear-forces
necessary to separate two. particles. Therefore, y, is considered not only to consist of the
contributions of plastic deformations or of the irreversible change of interparticle distances
by pressing but also to be affected by the frictional mechanism. Table III shows y, for the
spherical particles. In the case of No. 12-and 14-sample, I'/p,dp®is equal to Fo/p,dp?, because
these y,’s are zero. No. 13-sample’s ¢f has a value between &f’s of No. 12- and 14-sample,
and therefore in the plots of &f vs. F[p,dp3, if the point of No. 13-sample was plotted at an
intermediate position between the points of No. 12- and 14-sample, an estimated value of 5 x 105
was obtained for y,. From this value of y, and y,, F[p,dp® for the other spherical samples
was calculated by using eq. 6 and the relation between ¢f and F/p,dp® for the spherical par-
ticles is shown in Fig. 5. This relation is similar to that between eo and Fo/p,dp%. The same
discussion on the interparticle cohesion in the dense packing as in the case of the spherical
particles applies to both cases of the irregular particles and of the rod-like ones. However,
in these cases the influence of Fo/p,dp® on &f is small and &f is nearly constant. Therefore,
¢f is considered to.be still nearly constant regardless of F/p,dp®.

. The rate-constant of tapping-compaction, K, is a dynamic characteristic of the powder-
bed. K¢ suffers from little influence of the particle-shape——this finding is considerably
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Tasre III. The Slope of F vs. p
Plot for Spherical Particle

er (—)

Sample No. 71 (=)
11 0.0
12 0.0
13 2.9x1073 L .
14 0.0 . 0 100 200 300 x1¢02
15 2.4x 10~
16 46 x107 | Folevdp® (=)

Fig. 5. Relation between ef and F/o 4,3
(=Folp,a,3+5x10° y,) for Spherical
Particles

different from those of ¢o and ¢f. As reported previously,” the rate of discharge through
orifices is also hardly affected by the particle-shape. The rate of discharge, as well as the
rate of tapping-compaction, is a dynamic characteristic of powder. From these findings,
it is considered that in dynamic states the influence of the particle-shape is smaller than in
static states.

It has been reported that the equation proposed by Kawakita, eq. 7, which is not a rate-
equation, applies well to tapping-data.”

nlr =1/ab + nja Eq. 7
v = (Vo—TV)[Vo

Vo: initial volume of a sample
V: volume at »

The data in the present study were applied to eq. 7 and #/r was plotted against # in Fig. 6.
As shown in Fig. 6, the data in the earlier parts of tapping deviated from a straight line for
some samples. From the intercept and the slope of the straight line ,b was determined. As
it has been reported that b is related to the interparticle cohesion,?” b was plotted against
Fo but no correlation was found. When it was plotted against Fo/p,dp? (see Fig. 7), the rela-
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7) T. Morioka, Y. Ikegami, and E. Nakajima, Yakuzaigaku, 15, 119 (1959).
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tion was found to be almost the same as that between K¢ and F o/ppdp3. This finding is ex-
plained on the basis of the fact that the driving force in tapping-compaction is proportional
to o,dp3.

Arakawa, ¢ al. have reported a correlation between o and the angle of repose.?® On
the other hand, Nakajima?® and Aoki, et al.2¢ have reported correlations between AV (repre-
sented in eq. 8) and the angle of repose or the sliding angle.

AV = (Vapp.i— Vapp.f)|Vapp. i .~ Eq. 8
Vapp.i: apparent specific volume before tapping
Vapp. f: apparent specific volume after tapping

The plots of the angle of repose, 8, vs. Fo[p,dp® in the present study are shown in Fig. 8, toge-
ther,with the solid lines obtained in the previous paper.®? From the relations shown in Fig. 2
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(plots of &0 vs. Fo[p,dp®) and in Fig. 8 (plots of 6 vs. Fo/p,dp®), it is considered that 0 is closely
related to o, though this relation depends on the particle-shape. The relation between eo
and 6 is shown in Fig. 9. Nakajima’s AV is expressed by using the fractional voidage as

AV =1 — (1—¢0)/(1—¢f) ~ Eq. 9

Both e0 and &f suffers from the influence of the particle-shape though the dependence of the
one on the particle-shape is different from that of the other. Therefore, the relation between
AV and Folp,dp® seems to be less dependent on the particle-shape than that between eo and
Folp,dp® because in AV the influence of the particle-shape is counterbalanced partially.
The relation between AV and Fo/p,dp® is shown in Fig. 10. Therefore, the relation between
AV and 6 shown in Fig. 11 is considered to be hardly affected by the particle-shape. On the
basis of these results, it is considered that AV is suitable for the estimation of flowability of
powder, while eo should be used in the investigation on flowability in connection with, for
example, the particle-shape.
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