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SUMMARY 

Using five kinds of real powder particles, 
we obtained their shape indices from their 
pictures, attempted to identify the powder 
particles morphologically and studied the dis- 
tribution functions of particle shapes and 
their relationships. The results were indicated 
as the following. 

It is possible to identify powder particles 
on the diagrams of the shape indices. The dis- 
tributions of the shape indices are expressed 
by some distribution functions. The sample 
material and the particle size of sample parti- 
cles affect the distribution of the shape indices 
in a different way. The distributions of two 
characteristic diameters and the distribution 
of shape index defined by the ratio of these 
diameters are accurately connected by an 
equation. 

INTRODUCTION 

In the application of shape indices to the 
behaviour of powders, it is important to select 
the shape index closely related to the powder 
behaviour. The distributions of the shape in- 
dices are important, too, because behaviour of 
powders is understood to be the aggregate be- 
haviour of many particles and not the summa- 
tion of the behaviour of a single particle. In 
the past, it was difficult to determine the dis- 
tribution, because the accurate and speedy 
measurement of many particles was difficult_ 
The development of the image analyser has 
now made this possible. 

In our previous papers [1, 21 some new 
shape indices were proposed and the possi- 
bility of identifying particles by shape indices 
was pointed out. In this paper, powder parti- 
cles are identified by using the diagrams pro- 

posed in the previous paper, and distribution 
functions and their relationships are deter- 
mined. 

DEFINITION OF SHAPE INDICES 

The shape indices used here are determined 
by characteristic diameters, as in the previous 
work, and divided for convenience into three 
groups according to kinds of determination. 
The first one consists of $uL, +nn, +nL, 
rLFL, $nF and $uA and is the ratio of two- 
dimensional characteristic diameters_ The sec- 
ond one consists of en, cv, and 2 and is the 
coefficient of statistical diameters and the 
ratio of maximum and minimum values. The 
third one is the dynamic shape factor K and 
Gsv (E l/G) determined by practical sedi- 
mentation. As all the shape indices except 
ti -, K and iL sv were mentioned in detail in 
our previous work, we explain these three 
shape indices as follows. $nA is defined by 
eqn. (1): 

@HA = d&dA (1) 

where d, is the diameter of the arithmetic 
average of breadth and length as defined as 
follows: 

dA = (dFmin +~Fx/z)/~ (2) 

The maximum VdUe of GuA is 1.13 for a 
square. The dynamic shape factor K is defined 
by eqn. (3): 

K = the resistance of a given particle/ the resis- 
tance of a spherical particle having the same 
volume (3) 
When the terminal velocity of a particle obeys 
Stokes’ law, eqn. (3) is transformed to 

K =d$Jd; (4) 
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where dv is the diameter of a sphere having 
the same volume and ds is Stokes’ diameter. 
As K is defined as the ratio of characteristic 
diameters squared and K is greater than or 
equal to 1.0, K is not compared with other 
shape indices_ In order to compare them, Qsv 
is defined by the following equation: 

-iQsv = ds/dv (5) 

Generally, the maximum value of $sv is 1.0 
for a sphere. 

EXPERIMENT AND SAMPLES USED 

All shape indices except K , $I w were mea- 

sured by graf pen and calcuIated by minicom- 
puter in the same way as in the previous work. 
K and Qsv were obtained from the measure- 
ment of the terminal velocity of a weighed 
particle_ The settling vessel was made of trans- 
parent acrylic plastic plates and was 150 X 
150 X 500 mm. After a particle had come to 
its terminal velocity in aqueous sucrose, the 
settling time within 200 mm was measured_ 
The aqueous sucrose had a weight concentra- 
tion of about 40%; its viscosity was measured 
by the settling velocity of a glass bead (1.5 - 
2.0 mm diam.) with a known weight, size and 
density. The density of the aqueous sucrose 
was measured with a hydrometer before and 
after each particle measurement_ The sampIe 
particles were weighed one by one and their 
volumes calculated from their weight and 
nominal density. As the Reynolds number of 
each sample particle was sufficiently less than 
1.0, the settling velocity obeyed Stokes’ law. 

120 magnesium carbonate particles and 
123 crushed glass particles were used for the 
measurement of K , I$ sv _ They were classified 
by screen and their mean diameters were 3.7 
mm and 3.5 mm_ For the other shape indices, 
crystalline limestone, amorphous glass pow- 
der and atomized stainless steel powder hav- 
ing heavy concavities and/or convexities were 
used. In order to investigate the effect of par- 
ticle size, 214 large limestones of 1050 pm 
mean diameter, 203 small limestones of 95 
pm mean diameter, 244 large glass powders 
of 1630 pm mean diameter and 98 small glass 
powders of 110 pm mean diameter were used_ 
They were classified hydraulically_ The atom- 
ized stainless steel powders were classified by 

Fig_ 1. Photograph of small limestone. 
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Fig. 2. Photograph of large limestone_ 

Fig. 3. Photograph of small glass powder. 

screen. They numbered 129 and had a diame- 
ter of 185 ym. All the samples are shown in 
Figs. 1 - 5. 
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Fig_ 4. Photograph of large glass powder. 
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Fig_ 5. Photograph of atomized stainless steel powder. 
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Fig_ 6. Identification of limestone (a), glass powder 
(b) and atomized stainless steel powder (c) by OF 
$JFL diagrams_ 

IDENTIFICATION OF POWDER PARTICLES 
USING DIAGRAMS 

In our previous work, the possibility of the 
identification of pcwder particles by using 
diagrams was pointed out. In this report, by 
plotting many more samples on diagrams, the 
possibility has been examined still further. 
Figure 6 is a cF--GFFL diagram. Figures 7, 8 
and 9 are FHL and RHL diagrams of lime- 
stone, glass powder and atomized stainless 
steel powder respectively_ It is obvious that 
the distributions of the samples on any dia- 
gram are different according to the sample 
material. If many sample particles are used, 
the sample materials on the diagram can be 
identified_ 

I 0 
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(a) (b) 
Fig. 7. Identification of limestone by FHL triangular 
diagram (a) and RHL triangular diagram (b)_ 
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Fig. 8. Identification of glass powder by FHL trian- 
gular diagram (a) and RHL triangular diagram (b). 
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Fig_ 9. Identification of atomized stainless steel pow- 
der by FHL triangular diagram (a) and RHL triangu- 
lar diagram (b). 

If the difference of particle shape with sam- 
ple material is examined in detail, +rL and 
I,!J an, which characterize the concavities and/ 
or convexities, are affected by the sample ma- 
terials and the distribution of their values be- 
comes wider in this order: atomized stainless 
steel powder, limestones, glass powder_ On 
the other hand, the distributions of (TV, 1,5 uF 
and $an are not so wide as Gn and +aL in 
any samples. It is found from the above-men- 
tioned that the main shape characteristic dis- 
tinguishing these materials is their concavities 
and/or convexities_ In the case of limestones 
and glass powder, 9 FL is not affected by + nn 
and G nv, but in the case of atomized stainless 
steel powder IJ FL increases with the increase 
of J/ uL and I$ uF_ This indicates that in the 
case of limestones and glass powder the usual 
circularity 9 nn varies not according to wheth- 

er it has or does not have concavities and/or 
convexities, but according to its slimness. In 
the case of atomized stainless steel powder 
GrrL varies with concavities and/or convex- 
ities. 

As revealed in Figs. 6 - 8, particle size also 
affects particle shape_ In both limestones and 
glass powder, the small samples have a more 
complex shape than the large samples. As is il- 
lustrated in Figs. 6(a) and 7, in the case of 
limestones $I sL varies most with particle size. 
On the contrary, in the case of glass powder 
as illustrated in Fig. 6(b) and Fig. 8, OF and 
+ uF characterizing slimness vary in the same 
way as 9 rL. It can thus be seen that the size 
of particles affects particle shape and this 
change in particle shape varies according to 
materials_ In the case of limestones, concav- 
ities and/or convexities increase with reduc- 
ing size; on tine other hand, glass powder be- 
comes slimmer. 

As mentioned above, it has been shown 
that sample powder particles can be identified 
clearly by diagrams. We will now identify 
powder particles quantitatively, using the dis- 
tribution functions of shape indices. 

DISTRIBUTION FUNCTIONS OF SHAPE INDICES 

In general, the shape indices are defined as 
the ratio of two characteristic diameters, dx. 
dy, and are shown as Gxu_ Their distributions 
are shown in Fig. 10. As revealed in this figure, 
the distributions of the shape indices with the 
exception of $nr, +nL, JI nF of atomized 
stainless steel powders obey the following dis- 
tribution function : 

1 

I 
(CC, -*xy1 

2 

PC*XY) =a-.cw ercp - zzg 
I 

where 
(6) 

9 XY = log(+xxumaX - 9xy) (7) 

The maximum value of @xv, $xvrnaxr is 1.0 

for ‘~HL, ‘bRH. ‘!‘RLY @FL, and *HF and l-l3 

for $m. 
$J uL, IJJ nL, G uF of atomized stainless steel 

powders obey the following normal distribu- 
tion function: 

p(GxY) = $---exp - 1 <i&Y - JIXY12 
222 I (8) 
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Fig. 10. Distribution of the shape indices which are 
defined by the ratio of two characteristic diameters 
measured from images of particles. 

In the case of the shape index distributions 
expressed by eqn. (ES), as their mean values are 
small, their regions are considered to be suf- 
ficiently less than the upper limit of 1.0 and 
sufficiently larger than the lower limit of 0.0. 
On the other hand, in the case of the shape 
index distributions expressed by eqn. (6), as 
their mean values are not small, they are af- 
fected by the upper limit and thus they are 
expressed by the log-normal distribution func- 
tions having a variable +xYmax - Gxv_ 

As illustrated in the figures, the shape in- 
dex distributions differ apparently according 

11 V”’ 1 
05 07 OS 095 
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Fig. 11. Distributions of the shape indices related to 
particle sedimentation_ 

to materials and particle size. It is interesting 
that ah shape indices except I,!J HA have inde- 
pendent geometric standard deviations ac- 
cording to particle size and material and only 
mean values depend on them, with the excep- 
tion of three distributions of atomized stain- 
less steel powder. The difference of distribu- 
tions due to material is the most obvious in 
& FL characterizing concavities and/or convex- 
ities_ The difference of distribution due to 
particle size, in the case of limestones is obvi- 
ous in each shape index: on the other hand, in 
the case of glass powder slimness is obvious in 
I$ an and qrrF but not other morphological 
characteristics. 

The distributions of K and $J sv are shown 
in Fig. 11. The distribution of K is expressed as 

where 

K = IO&K - 1.0) (10) 

The distribution of Gsv is well expressed by 
eqns. (6), (7) but its geometric standard devia- 
tion depends on the materials. 

As illustrated in Fig_ 12, the distributions 
of the coefficients, (Ta, (Tv, of statisticaI char- 
acteristic diameters are written by normal dis- 
tribution or log-normal distribution. The (JR 
distribution of every sample is approximated 
by log-normal distribution. The crv distibu- 
tion of small glass powder and atomized stain- 
less steel powder is approximated by normal 
distribution and that of other samples is ap- 
proximated by log-normal distribution. The 
distribution of elongation 2 is approximated 
by normal distribution in the case of atom- 
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Fig. 12. Distributions of the shape indices defined by 
the coefficients of statistical diameters_ 

ized stainless steel powder and glass powder 
and by log-normal distribution having random 
variable, 2 - 1, in the other samples. 

THE RELATIONSHIP BETWEEN PARTICLE SIZE 
DISTRIBZTION AND SHAPE INDEX 
DISTRIBUTION 

If we take a certain characteristic diameter 
dx and another characteristic diameter dy, 
the shape index defined by these two diame- 
ters wilI be Gxu_ The relationship between 
particIe size distributions, f(dx), f(dy) and 
shape index distribution p( + xv) is estimated 
from the relationship of Gxu = dx/dy. 
p( Gxy) is considered to be the probability 
density function by which the particle dx (or 
dy) is measured as dy (or dx)_ (The reverse is 
also true.) If the particIe distribution and 
shape index distribution are known, then an- 
other particle size distribution can be ob- 
tamed from the following equations. The gen- 
eral equation used to obtain f(dy) is 

f(dy)ddy =~'Xym=dyf(dx)~(+xy)kWxy[ddx 
0 

(11) 

and the general equation used to obtain f(dx) 

is 

f(dx)ddx = JF f(dy)A~xy)~d~xy~ddy 

dx19x~max 

(12) 

where9xy,, dy 2 dx_ If the distribution of 
*xv is written as a function of q’~y (defined 

Fig. 13. Distribution of elongation. 

P(3WDER ST-S5 
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Fig. 14. Comparison of measured distributions of 
Ed= and dL with their calculated distributions. 

by eqn. 8) and $xvmax is 1.0, eqn. (11) can 
be rewritten 

f(dy) =jdy 

0 

d (dd~dx)f(dx)~(*xy)ddx (13) 
Y Y 

If the distribution of Qxv is a function of 

ljlx~=d+xumax = 1.0, eqn. (11) can be re- 
written 

f(dy) =j-dy;$f(dx)~(lxy)ddx 

0 
(14) 

In the case of small glass powder and atom- 
ized stainless steel powder, particle size distri- 
butions, f(d&, measured by Heywood’s diam- 
eter can be displayed quite well by normal 
distribution function, as illustrated with 
dotted lines in Fig. 14. By using these parti- 
cle size distribution functions, f(dH), and the 
shape index distribution functions of #no 
and $EfL read off from Fig. 10 (b), (d), f(E(d,)) 
and f(d,) of each sample were defined from 
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Fig. 15. Effects of the deviations of shape index dis- 
tributions on the calculated particle size distribution. 

eqns. (13), (14) numerically. A minicomputer 
was used for the numerical calculations. The 
values of f(dy) were obtained numeecahy 
from eqns. (13), (14) within the range of 

[--3xH, 3zH] at every 0.1 En and eqns. 
(13), (14) were integrated numerically into 
the range of ]--3ZW, 3CW], [-3x, 321 at 
every 0.1 C*, 0.1 Z _ These results are illus- 
trated with real lines in Fig. 14. As is evident 
from Fig. 14, particle size distribution is 
closely correlated to shape index distribution 
in eqns. (13) or (14). 

The effect of the standard deviation and 
geometric standard deviation of shape index 
distributions on particle size distributions was 
investigated. By using small glass powder and 
atomized stainless steel powder as examples, 
the dL distributions were calculated by eqns. 
(13), (14) from measured dH distributions 
and $ nL distributions_ In order to investigate 
the effect of the standard deviation, Z, and 
the geometric standard deviation, Z a, the 
values used for calculations are the measured 
values, doubled and halved. The results are il- 
lustrated in Fig. 15. As is obvious from the 
figure, the caiculated distribution, f(d,), of 
glass powder of which the shape index distri- 
bution is written by log-normal distribution, 
p(enL), is of a kind not to be affected by 
geometric standard deviation, Z *, and the cu- 
mulative distributions under 50% coincide re- 
gardless of EW, and f(dL) approximates to 
normal distribution. On the other hand, the 
calculated distributions, f(dL), of atomized 
stainless steel powder of which the shape in- 
dex distribution is written by normal distribu- 
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tion, p(+ nL), are affected by standard devia- 
tion, Z , and f(dL) does not approximate grad- 
ually to normal distribution with increasing 
Z . hi both examples, the mean vahre of $J no, 
$J mse is slightly greater than the ratio of the 
mean diameters, dHsO/dLsO. In general, the 
relationships between QXvsO and dxso /dyso 
of all samples are similar to the above rela- 
tionship. 

CONCLUSION 

(1) By using some diagrams and the distri- 
butions of shape indices, it is possible to iden- 
tify powder particles. 

(2) Particle shape varies not only 
according to materials but also particle size. 

(3) The distributions of the shape indices 
defined as the ratio of two characteristic 
diameters are written by normal distribution 
or a kind of log-normal distribution. 

(4) If the distribution of a certain shape in- 
dex determined by the ratio of two character- 
istic diameters and the distribution of one 
characteristic diameter are given, the distribu- 
tion of the other characteristic diameter can 
be calculated. 

LIST OF SYMBOLS 

dA 

6 
d F min 

d F;r/2 

dH 

dHso 

& 

&so 

dR 

ds 

dv 

dx 

arithmetic diameter of breadth and 
length 
Feret’s diameter 
minimum value in the Feret’s diam- 
eter of a particle 
perpendicular Feret’s diameter to 
d F min 
Heywood’s diameter 
fifty per cent particle diameter 
measured by Heywood’s diameter 
diameter of a circle having the same 
perimeter 
fifty per cent particle diameter 
measured by diameter of the circle 
of equal perimeter 
unrolled diameter 
Stokes’ diameter 
diameter of a sphere having the 
same volume 
a characteristic diameter cailed X 
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dx5o 

dy 

dY5o 

E(d, ) 

f(dF) 
f(Gz 1 
ftdd 
f(dx) 
f(dy! 
f(E(& 1) 
L’(K) 
d*HL) 

P(*xYl 

P(+HL) 

P(6 SY 1 

z 

K 
Fz 

fifty per cent particle diameter 
measured by a characteristic diam- 
eter called X 
a characteristic diameter called Y 
fifty per cent particle diameter 
measured by a characteristic diam- 
eter called Y 
expectation of Feret’s diameter of a 
particle 
distribution function of dF 
distribution function of dH 
distribution function of dL 
distribution function of dx 
distribution function of dy 
distribution function of E(d,) 
distribution function of K 

distribution function of \I’~L and 
probability density function which 
a particle of dH (or dL) is measured 

as 6.. (or dn) 
distribution function of 9xv and 
probability density function which 
a particle of dx (or dy) is measured 

as dy (or c&x) 
distribution function of +nL and 
probability density function which 
a particle of dH (or dL) is measured 

as dL (or dn) 
distribution function of Gxy and 
probability density function which 
a particle of dx (or dy) is measured 

as dv (or dx) 
elongation 
= IO&K - 1.0) 

mean value of K 

*HL 

ZXY 

*xu 

\I’XY max 

+FL 

+HA 

~JHF 

J/HL 

‘3HL50 

*RH 

+RL 

9.w 

9XY 

3XY 

+ XY max 

9XY 50 

dynamic shape factor 
standard deviation of p( JI xv) 
standard deviation of p(K) 
standard deviation of p(exy) 
coefficient of variation of Feret’s 
diameter 
coefficient of variation of radii of 
which the origin is the centre of 
gravity 
= log(l.0 - +nL) 
= log(l.0 -- $xy) 

mean value of \k x y 
maximum value of 9xy 
= dF/dL 
= d&d, 
=d~/dF 
=dH/dL 
=deio/d~so 
=d~/d, 
=dR/dL 
=ds/dv 
=dx/dy 
mean value of 9 x y 
maximum value of $xy 

= dxsoldv5o 
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