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SUMMARY 

In order to identify particles morphologic- 
ally nine new shape indices, using three kinds 
of powder particles which include circularity 
and elongation as relationships between char- 
acteristic diameters, have been defined. Shape 
indices have been examined on their numeri- 
cal lines. The nine shape indices were divided 
into three groups which characterize the con- 
cavities and/or convexities of a particle, main- 
ly characterize slimness and do not character- 
ize specific shape. Shape identification has 
been tried on two kinds of diagrams which 
were obtained by combining shape indices of 
different character. 

Particle shape without surface texture is 
characterized on the diagrams and it is also 
suggested that morphological identification of 
powder particles is possible with statistical 
treatment. 

INTRODUCTION 

Particle shape as well as particle size is an 
important properly of powders. Two kinds of 
shape factors characterizing the shape of par- 
ticles have been widely used in powder tech- 
nology: one is shape coefficient and the other 
is shape index. The former is determined as 
the coefficient which characterizes the effect 
of particle shape in the equations describing 
the physical properties or behaviours of pow- 
ders. Volume shape factor, specific surface 
shape factor and dynamic shape factor are 
typical examples. The latter, on the other 
hand, expresses the shape itself morphological- 
ly and mathematically, and is independent of 
physical phenomena. Sphericity and elonga- 
tion are typical examples. 

Though various kinds of shape factcr have 
been proposed hitherto Cl], few of them 
were practically applicable to the analysis of 
real powder particles, until the recent devel- 
opment of electronics technique and the com- 
puter came to make more detailed numerical 
analysis of images possible [2 - 43 _ This 
means +%at the shape index has come to be 
applicable to more numerical treatments and 
to more practical applications. 

From the point of view of the behaviour of 
powders, it is necessary to express statistically 
the morphological characteristics of particles 
which affect behaviour, rather than to repro- 
duce exactly the particle shapes. 

In this report, some new shape indices are 
defined in relation to the characteristic diam- 
eters of a particle. Using real particles, we 
have attempted to determine whether the new 
shape indices can show morphological charac- 
teristics and whether they can identify the 
powder. It is concluded from the study that 
the new shape indices defined here are better 
than published shape indices. 

DEFINITION OF SHAPE INDICES 

The shape indices defined here as well as 
published ones are defined as relationships of 
characteristic diameters of a particle. 
Heywood’s diameter, du, the diameter of the 
circle of equal perimeter, dL, Feret’s diam- 
eter, dF, and the unrolled diameter, dR, are 
used here. The unrolled diameter dR is deter- 
mined by the chord length through the centre 
of gravity as shown in Fig. 1. The unrolled 
diameter and Feret’s diameter are functions 
of the particle orientation, 6, because they are 
unidirectional particle diameters. Their expec- 
tations, E(d, ), E(dp ), are expressed by the 
following equations. 
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Fig. 1. Definition of Feret’s diameter do, unrolled 
diameter d, and radius R_ Sample particle is atom- 
ized stainkss steel powder, No. 44. 

E(d,)=Lf dRdOR 
To 

E(d,) = 5 j= dFdOF 
ii o 

By use of these characteristic diameters, six 
shape indices are defined and shown in eqns. 

(3) - (3) 

+HL = GddL (3) 

G RH = E(d,)ld, (4) 

+ RL = E(dR )/dL (5) 

*HZ = dH/E(&) (6) 

9 FL = E!rf,)ldL (7) 

+ RF =E(dR)/E(dF) (8) 

ln addition to these indices, the coeffi- 
cients of variations of dR and d,, eqns. (9), 
(10) can be used as shape indices. 

(TR = dE(& I- E*& )/E(d,) (9) 

UF = JEW:) --E* (‘-fF )/E(6) (10) 

Furthermore, the elongation expressed by the 
following equation is used for study: 

2 = dFsrlz& min (11) 

where dF min is the minimum value in the 
Feret’s diameter of a particle and dFn,* is the 
perpendicular Feret’s diameter to dF min_ 

The shape indices determined above have 
the following numerical characteristics: I& nL, 
*an, GRL,@HF ~~GRF =eLOonlyfora 

circle. According to Cauchy’s theorem, if a 
particle has no concavity, dL is equal to 
E(d,), therefore $FFL is maximum value 1.0 
for a circle, a rectangle and any particles with- 

out concavity_ on and (TF are minimum value 
zero only for a circle. 

CALCULATION PROCEDURE FOR SHAPE 
INDICES AND SAMPLES USED 

The images of particles were fixed photo- 
graphically with a microscope, and each parti- 
cle was analysed with the stylus pen (graf 
pen) digitizer and minicomputer_ The image 
of a particle was transformed to n points from 
PI to P, digitized with x, y coordinates as 
shown in Fig. 1 and fed to the computer_ The 
images of particles were enlarged to about 3 
cm and the number of the digitized points 
fixed at 150 - 200. Heywood’s diameter, dH, 
and the diameter of the circle of equal peri- 
meter, dL, were calculated with x, y coordi- 
nates; the other indices were calculated with 
R, 0 coordinates transformed from x, y coor- 
dinates of which the origin was the centre of 
gravity. 

The expectation of the unrolled diameter, 
E(d,), and its coefficient of variation (Ta 
were calculated by the following equations in 
order to simplify the calculation_ 

E(d,) = ;J*” Rdf?R 
0 

(12) 

UR = JE(R2) -E2(R)/E(R) (13) 

The sample particle in Fig. 1 is an atomized 
stainless steel powder (see sample No. 44 of 
Fig. 5). Figures 2 and 3 are unrolled curves of 
radius R and Feret’s diameter respectively_ 
The initial point PI in Fig. 1 corresponds to 
the POiIltS Of OR = 0, 2n in Fig. 2 and the 
orientation shown with the real line in Fig. 1 
corresponds to the points BF = 0,~ in Fig. 3. 

The morphological characteristics of three 
hinds of sample materials were investigated by 
means of newly defined indices. The materials 
selected were crystalloid limestone, amor- 
phous glass powder and irregular atomized 
stainless steel powder. Although 100 particles 
were examined, for the purposes of this paper 
20 particles have been described_ These con- 
sist of eight limestones, seven glass powders 
and five atomized stainless steel powders. 
Using these, the morphological character- 
istics were investigated. The Heywood’s diam- 
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Fig. 2. Unrolled curve by radius R for 
No. 44. 

sample particle 

eter and shape index of each are shown in 
Table 1 and the pictures are given in Fig. 5. 

EXPRESSION OF MORPHOLOGICAL CHARAC- 
TERISTICSBYSHAPEINDICES 

The sample numbers in Table 1 were plotted 
according to shape indices as shown in Fig. 4 

TABLE1 

Sample particles andtheirdiametersandshapeindices 

eF (-1 

Fig_ 3. Unrolled curve by Feret's diameter dF for 
sample particle No. 44. 

and the pictures of particles were arranged in 
the same way as shown in Fig. 5 in order to 
investigate the relationship between the shape 
indices and the morphological characteristics 
of particles. As a result, it was found that the 
shape indices were divided roughly into three 
groups corresponding to their relationships. 

- -. 
The first IS vrL, which shows only the con- 

cavities of a particle. As stated above, $ rL is 
1.0 for any particle without concavities and 
less according to the degree of the concavities. 
The arrangement of the sample particles 
shown in Fig. 5(e) suggests that +rL clearly 
shows concavities. 

The second group consists of + au, JI nF, 
$a~, ca, cr ,z and mainly shows the Slim- 

No- 6 ‘h-z ‘hx ‘!‘/RL ‘!Jm ‘hw OR OF z 
- 
1 99.6 0.801 0.981 0.785 0.863 0.928 0.846 0.203 0.115 1.38 
2 95.0 0.848 0.990 0.839 0.908 0.934 0.899 0.145 0.077 1.07 
3 89.9 0.871 0.984 0.857 0.916 0.951 0.901 0.189 0.113 1.38 
4 105.0 0.825 0.975 0.804 0.870 0.948 0.848 0.231 0.151 1.55 
5 83.5 0.809 0.972 0.786 0.862 0.938 0.838 0.246 0.166 1.61 
6 101.6 0.825 0.968 0.798 0.889 0.928 0.860 0.262 0.210 1.86 
7 115.8 0.754 0.966 0.729 0.818 0.922 0.790 0.271 0.225 1.83 
8 92.0 0.705 0.897 0.633 0.733 0.963 0.657 0.496 0.317 3.59 

21 130.0 0.899 0.992 0.892 0.923 0.974 0.916 O-130 0.109 1.17 
22 99.3 0.895 0.985 0.881 0.911 0.982 0.897 0.181 O-129 1.39 
23 106.1 0.873 0.984 0.859 0.892 0.979 0.877 0.188 0.170 1.56 
24 109.0 0.837 0.965 0.808 0.869 0.964 0.838 0.277 0.165 1.58 
25 111.6 0.850 0.965 0.820 0.878 0.968 0.847 0.277 0.204 2.01 
26 113.2 0.807 0.963 0.773 0.842 0.957 0.812 0.286 0.225 1.92 
27 112.4 0.800 0.944 0.755 0.813 0.984 0.768 0.353 0.302 2.51 
41 158.5 0.852 0.997 0.849 0.943 0.904 0.940 0.093 0.018 1.05 
42 179.2 0.815 0.979 0.798 0.876 0.930 0.858 0.209 0.154 1.61 
43 180.9 0.691 0.977 0.674 0.833 0.829 0.814 0.226 0.106 1.23 
44 236.0 0.737 0.953 0.702 0.816 0.903 0.777 0.322 0.132 1.49 
45 191.8 0.686 0.951 0.653 0.818 0.838 0.778 0.327 0.170 0.69 

Nos_l-8areIimestone,2l-27areglasspowderand4l -45areatomizedstainkss 
steel powder. 
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ness of a particle_ Comparing the arrangement 
of the sample particles on the numerical line 
of +Ru with that of OR will show that they 
coincide, with the exception of Nos. 3 and 
23, which are slightly reversed. Using the 100 
particles mentioned above, it was confirmed 
that their relation could be expressed in the 
following equation_ 

@RI-l = ozu& 
R +I 

(14) 

Furthermore, it is found from Fig. 5(h) and 
(i) that the arrangements of particles on the 
numerical lines of (TF and 2 are similar. Also, 
in the case of +Rn) OR, +HF and J/RF, each 
arrangement is similar. When these two groups 
are compared, it is found that the former, cv, 
2 shows slimness better than the latter. In the 
first place, when we compare 2 with OF, (iv 
can show slimness without the influence of 
concavities because uF is the coefficient of a 
variation of Feret’s diameter for the modified 
particle which has eliminated the concavities 
with an envelope of tangents. Elongation 2 
cannot differentiate a square and a circle, 
which have the same value, 1.0. But uF is 
0.098 for a square and closer to zero the 
closer one comes to a circle, so that cF may 
distinguish morphological characteristics more 
accurately than 2. However, in the case of 
slim particles, for example a rectangle and an 
ellipsoid of which 2 is 3.0, the ellipsoid ap- 
pears to be slimmer than the rectangle_ The 
value of (or is 0.256 for the rectangle and 
0.324 for the ellipsoid, so that, for the slim 
particle, <iv may be appropriate too. cF and 2 
have similar arrangements of particles on their 
numerical lines, but it is concluded from the 
above-mentioned that (TR is a better shape in- 
dex than 2. Subsequently, we investigated 
@RH. OR, IcInv, *RF in comparison with cv. 
The order of No. 43 particle on the numerical 
lines iS third for CF, ninth for I&,, ((TR ), fif- 
teenth for $ uv and fourteenth for I$ RF. There- 
fore we think that these four shape indices, 
eSpe&IBy +uF and 9 RF, are influenced not 
only by slimness but also concavities or con- 
vexities. G EIF is defined as the ratio of dn of 
the original particle and E(d,) (z dL) of the 
modified particle without concavities. E(dR) 
increases easily with the increase of convexi- 
ties, so that @nF is easily influenced by con- 
cavities or convexities. Because 9 Rn = 1.0 or 
E(dR) = dn, 9 RF is nearly equal to 9 nv and 

the particie arrangements of their numerical 
lines are also similar_ 

The third group consists of 9 m and $ RL . 

As is obvious from Fig. 5(a), (c), members of 
this correspond very little to the morphologic- 
al characteristics. Though the particle arrange- 
ments for JIHL and $RL are similar, particle 
NO. 8 is located lowest on the numerical line 
of +RL, and Nos. 1 and 26, Nos. 42 and 6, 
and Nos. 2 and 25 are interchanged on the 
two numerical lines. In these pairs, all the 
slimmer particles are lower on the numerical 
lines of $RL, so that *RL may be more influ- 
enced by slimness than + RL _ 

The relationships between the shape indices 
mentioned above and morphological charac- 

teristics are shown in Table 2. 
From the factors described above, + FL, OF 

and 2 are suitable for identifying the particle 
morphologically because they express a cer- 
tain morphological characteristic_ On the con- 
t==y, +HL=d+RL are influenced by some 
morphological characteristics. 

MORPHOLOGICAL IDENTIFICATION OF 
PARTICLES 

In this paper an attempt has been made to 
correlate qualitatively the shape indices with 
morphological characteristics, and to identify 
powder particles with shape indices. The com- 
bination of some shape indices is better for 
identification than one shape index. Particle 
identification has been attempted with two 
kinds of diagrams constructed from shape in- 
dices_ The ideal combination is that which con- 
sists of shape indices which are independent 
and correspond to specified morphological 
characteristics. The combination of (TF and 
$ FL satisfies these conditions. The particles in 
Table 1 were plotted on a (TF -@FL diagram as 
shown in Fig. 6. Figure 6 shows with the help 
of Fig. 5 (h), (e) that the cF-$n diagram is 
not able to distinguish the surface texture 
detail, but can show other morphological 
characteristics fairly well. A plot of the Z- 
@ us diagram is shown in Fig. 7. Since 2 and 
JI m are not independent, the plotted points 
are grouped in a limited area of the graph_ AS 
the relative position of the plotted points is 
similar to the u,-@~ diagram, it is useful to 
compare the particle shape relatively. 
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(a) (b) (cl Cd) 

Fig. 5. Particle series arranged by shape indices_ These series correspond to the numerical lines in Fig. 4 respec- 
tively_ 

Another kind of diagram was obtained Using these equations, one obtains the tri- 
from the following equations of shape indices angular diagrams shown in Figs. 8 and 9. As is 
which define the ratio of characteristic diam- obvious from the comparison of the shape in- 
eters. dices and morphological characteristics and 

*RL= *RH*JIHL (15) 
the independency between shape indices, an 
FHL diagram and an FRL diagram defined by 

*I~L=+EF~GFL (16) eqns. (16) and (17) are most suitable to iden- 

*RI.. = +nr’GFL (17) 
tify particles. On the other hand, an FHR dia- 
gram defined by eqn. (18) is most unsuitable, 

+RF=ILRII'JIHF (18) because the shape indices used in this diagram 
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TABLE 2 

Relation of shape characteristic and shape indices 

+HL GkH &zL &IF +FL @RF CR *F = 

Slimness n 0 a 0 0 0 Q 0 

Cont., Conv. A A A A 0 A A A 

oThe shape index caa characterize the shape selectively. 
0 The shape index characterizes the shape mainly. 
A The shape index is affected by the shape. 
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Fig_ 6. Diagram of $!J= pIotted us. OF_ 

j_ 
1c 

z c-1 

Fig. 7_ Diagram of (/m plotted us_ 2. 

and morphological characteristics are similar 
to each other and $nF = $nF_ A comparison 
of the FHL and FRL diagrams, as $ nr = 1L av 
and + nL. and I$ an, show similar morphological 
characteristics, thus only the FHL diagram is 
shown in Fig. 8. An RHL diagram as defined 
in eqn. (15) is shown in Fig. 9, and particle 
identification using this diagram may be im- 
possible_ The distribution of points on the 
FHL diagram looking from its original point is 

similar to that on the a~--$ m diagram and Z- 
+ FL diagram. The points plotted on the RHL 
diagram are less scattered than those on the 
FHL diagram, but concave and/or convex par- 
ticles are close to the JI an axis and slim parti- 

Fig_ 8. FHL triangular diagram. 

0.8 o-9 1-O 

WRH (-1 
Fig_ 9. RHL triangular diagram. 

cIes without concavities and/or convexities 
are low down on the left side of the RHL dia- 
gram_ The merit of the triangular diagrams on 
comparing the uF-+ rn diagram may be that 
they use the usual circularity Q nn. 

It is obvious from the above-mentioned 
that the distributions of particles on the ev- 
IJ FL diagram and the triangular diagrams differ 
significantly according to the material. To 
identify the m&erial of a particle on the dia- 
grams is difficult without special known mate- 



rials, but by using many samples it may be 
possible to identify statistically the material 
of particles. 

CONCLUSION 

(1) By comparison of shape indices and 
morphological characteristics, we divided 
the shape indices defined by characteristic 
diameters into three groups. 

(2) By using the av-9 v~ diagram, the slim- 
ness and concavities and/or convexities are 
distinguished from each other and particle 
shapes were identified_ 

(3) By using the FHL diagram and the RHL 
diagram, particle shapes were identified as if 
one were drawing the uF-+ FL diagram and 
the morphological characteristics shown in 
previously published circularity @nL were 
analysed in more detail. 

(4) It was confirmed that the material of 
particles can be identified by using the uF- 
+ FL, FHL and RHL diagrams. 

LIST OF SYMBOLS 

dF Feret’s diameter 
d FIllill minimum value in the Feret’s diam- 

eter of a particle 
d FTC/Z perpendicular Feret’s diameter to 

d F min 

dH Heywood’s diameter 
dL diameter of the circle of equal peri- 

meter 
da unrolled diameter defined as chord 

through the centre of gravity 
E(dF) expectation of Feret’s diameter of a 

particle 

E(6) 

E(R) 
G 

p1,...,pn 

R 

z 
OF 

OR 

@FL 

lLHF 

tiHL 

dJ RF 

+RH 

iLRL 
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expectation of unrolled diameter of 
a particle 
expectation of radii of a particl_e . ?_ 
centre of gravity of-a particle 
picture pi 
digitized points on the circumf&- 
ence of a particle picture 
radius defined as the distance be- . I 
tween centre of gravity and circum- 
ference (= c) 
elongation (z dF min/dFz?;) _ 
orientation of a particle 
angle between line GP, and radius 
R 
coefficient of variation of Feret’s 
diameters 
coefficient of variation of radii of 
which the origin is the centre of 
gravity 
shape index (z dF/dL) 
shape index (= d&d& 
shape index (E du/dL) 
shape index (E dR/dF) 
shape index (s dR/dH) 
shape index (’ dR/dL) 
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