Chapter 35

CHARACTERIZATION OF PARTICLE SHAPE
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Abstract. A simple shape description scheme has
been developed which has the specific aim of
distinguishing between angular and more rounded
particles. The procedure involves fitting a
general polygon (usually about 20 sided) to the
particle profile. Geometric shape descriptors
have been defined based on variations in the
angles between adjacent sides and their radial
displacement from the particle centroid.

A two-parameter shape description,
incorporating an angular variablility and an
elongation index, has been shown to be clearly
consistent with visual observations. A
single-parameter angularity index has been shown
to be very sensitive to small differences in
particle roundness and seems to provide a better
description of angularity than other approaches
such as signature and fractal analyses. The
scheme has been applied to three sets of fine
quartz particles produced by different grinding
procedures. The results indicate that the
technique is capable of distinguishing between
angular and relatively rounded particles and can
quantify their specific shape features.

INTRODUCTION

Scientific investigations into the causes of
Coal Worker’s Pneumoconiosis and other similar
respiratory diseases have generally focused on the
size and compositional characteristics of
respirable dust. However, an important, but not
well understood, characteristic of all particles,
in addition to size and composition, is their
shape or morphology. It has often been suggested
for example, that the presence of sharp angles on
particles may be a contributing factor in the
toxicity of respirable dust. The validity of such
hypotheses, however, has been difficult to assess
because of a lack of reliable, quantitative
criteria for describing these shape features.

Brittle fracture of solids often leads to the
production of particles which have sharp angular
corners and straight edges. Elongated splinters
or shards are also common from this kind of
breakage. Abrasion processes, on the other hand,
lead to the removal of sharp corners etc., and
tend to produce more rounded particles. Both of
these kinds of processes can occur in mining and
processing operations.
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The primary objectives of the work described
in this paper were to evaluate existing shape
characterization schemes and to develop suitable
criteria for use in the quantitative evaluation of
the kinds of shapes produced during particle
formation and in studies of the role of shape in
dust behavior and dust toxicity.

DESCRIPTION OF PARTICLE SHAPE

It must be emphasized at the outset that, due
to the Tack of practical, three-dimensional
imaging capability especially for fine particles,
shape analysis is generally restricted to
two-dimensional particle profiles as obtained by
optical or electron microscopy. Any such profile
can be represented by a vector of Cartesian (x,y)
or polar (R,8) coordinates of the perimeter of the
particle. These can be expressed mathematically
by Fourier analysis, leading to relationships of
the form:

(1)

@
R(¢) = a, +n§1[ancos ng + b sin ns]

where the ap(n=0,1,2...) are a set of Fourier
coefficients which contain all information on
(two-dimensional) particle shape.

Particle Signature
Me]oy(%) has shown that, for many shapes, the

set of Fourier coefficients can be described by a
simple power-law relationship:

_ =8
An = AI" (2)
in which
A, = Jab + b2 (3)

A1 and s are the "particle signature" parameters
and are characteristic of particle shape.

Fractal Analysis
For highly complex profiles, the mathematical
transform approach becomes impractical. Fractal
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analysis(2) provides an attractive alternative and
has been widely applied to particle systems in
recent years(3-5).  The essence of fractal
analysis is to estimate the perimeter by walking
around the profile using a fixed step-length. If
the procedure is repeated using different step
lengths, a power-law relationship between measured
perimeter P and step length 1 is frequently
observed. Thus,

-t

(4)
where K is a constant and D is known as the
fractal dimension of the profile.

Geometric Parameters

Various geometric factors have been used to
provide quantitative descriptions of particle
shape. One example has been designated nodularity
kp and is obtained from

kn=4xA/P2 (5)

where A is the cross-sectional area of the
profile. kp is equal to one for a circle.

Shape Classification

In order to determine meaningful shape
information, it is important first to define what
features are of interest. Consider two extremes
in particle shape. The first is simply a sphere
(or circle) which contains no angular features and
has a single radial dimension from its center of
gravity. The second is a long, sharp shard which
has a very acute angle at the tip of the longest
protrusion from the center of gravity of the
profile. There are two shape features which
differentiate the shard from the sphere: the
presence of angles (angularity) and the elongated
nature (elongation) of the profile. These
features are to some extent independent of each
other so that a shape description scheme can be
developed as shown in Figure 1. This scheme shows
that it is possible to have particles which are
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Figure 1. A simple shape classification scheme
showing extremes in particle shapes.

fairly equiaxial yet quite variable in the degree
and number of angles. Alternatively, particles
with similar angular characteristics can have very
large differences in axial dimensions. Both
features can be expected to influence particle
behavior and should be included in a shape
description scheme.

Geometric Shape Descriptors

The angularity/elongation criteria indicated
in Figure 1 have been used to develop a simple
shape characterization scheme based on a set of
geometric shape descriptors(6). The procedure is
as follows:

1. A finite number (n) of perimeter points
is used to represent the particle profile
as a n-sided polygon (see Figure 2).

2. The coordinates of the centroid of the
particle are determined.

3. The area A of the profile is measured and
the corresponding equivalent-circle
radius, Ry is calculated.

4. The radial vectors (Rj) from the centroid
to each of the perimeter points are
evaluated.

5. The angles (#j) between each pair of
adjacent faces are determined.

6. The set of Feret’s diameters dfj are
estimated.

Figure 2. Representation of a general particle
profile of 20 points showing the
centroid (x,y), Ro’ dF.’ 5> and

i

Ri values measured for each profile,
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Based on these measurements, the following
geometric shape descriptors have been defined:

a) Angular Variability V

)
A 2
Vg = 1+3 (6c/8°1) (6)

where ¢ is the angle between adjacent faces of an
n-sided polygon fitted to a circle, i.e.

4 = x(n-2)/n (7)

b) Radial Variability Ve

n
_ 2
VR =1 +ifl(Ri/Ro'l) (8)
c) Angularity VR¢

Vo = 3 1)2(R./R -1)2 9
s = 2 /4 0P Ry /RG-1) (9)

d) Elongation E(7)
E = (dg),/o/ ()i (10)

where (df) - is the minimum of the set of

measured Feret’s diameters and (df),/2 is the
Feret’s diameter measured perpendicular to
(df)min-

EVALUATION OF SHAPE DESCRIPTORS

In order to evaluate the utility of the
various shape descriptors discussed above,
especially with respect to their ability to
discriminate between angular and more rounded
particles, the various descriptors have been
determined for the two profiles shown in Figure 3.
These were drawn somewhat arbitrarily but in such
a way as to represent "typical" shapes of
irregular particles. Visually, it is clear that
profile 2 includes some relatively sharp angles
while profile 1 is generally more rounded. The
values of the shape descriptors are compared in
Table 1.

It is readily apparent from the table that
the particle signature s, the fractal dimension D
and the nodularity parameter ng do not provide a
clear distinction between these two profiles. The
elongation factor E is somewhat Targer for profile
2 as would be expected visually. The geometric
descriptors V4, VR and VR4 do indicate significant
differences between the two profiles, reflecting
the more angular nature of profile 2.

APPLICATION TO REAL PARTICLES

The use of the geometric shape descriptors
for characterizing shape in systems of real
particles has been investigated using crushed
quartz particles, prepared by sieving into a

Profile 2

bty

Figure 3. Hand-drawn profile of (a) a roughly
equiaxial and rounded particle, and (b)
a more elongated and angular particle.

Table 1. Comparison of particle shape descriptors
for the irregular particle profiles shown in
Figure 3.

MEEEEIpR Profile %gl!gProfile 2
Signature s 1.63 1.58
Fractal Dimension D 1.06 1.04
Nodularity kp 0.73 0.72
Elongation E 1.18 1.71
Angular Variability Vg 2.13 7.62
Radial Variability VR 1.30 2.57
Angularity VRg 0.04 2.85

narrow size fraction (26x38 um). The particle
profiles were obtained using a computer-control-
led, JEOL Model 50A, scanning electron microscope.
The data so-obtained consist of a very large num-
ber of coordinate points. These were reduced to a
more manageable level by selecting every nth point
based on the ratio of the actual number of points
counted to the number desired to represent the
profile. By trial and error, it was found that a
total of 20 points was generally adequate to pro-
vide a polygon fit to the profile, which retained
the essential features of the particle shape. It
is recognized, however, that more sophisticated
fitting techniques might offer improved shape
description. The procedure described previously
was then used to evaluate the geometric shape
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Figure 4. Profiles of real quartz particles
classified according to angularity VR4 -
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Figure 5. Profiles of real quartz particles
classified according to angular
variability V4 and elongation E.

descriptors V4, VR, VR4 and E. Some examples of
the results are shown in Figures 4 and 5.

The classification of particle shape accord-
ing to the angularity parameter VRg is Tlustrated
in Figure 4, which shows a consistent, progressive
decrease in the relative roundedness of the
profiles as VRy increases. This is consistent with
the result shown in Table 1 in which VR4 was found
to provide the most sensitive measure o$ angular-
ity of the various geometric descriptors consider-
ed. There is some question, however, of the abili-
ty of this measure to discriminate between elonga-
ted but relatively rounded particles and more
angular but less elongated particles (see for
example the columns corresponding to angularities
between 0.1 and 1.0 in Figure 4).

A more complete shape description scheme can
be obtained using combinations of the descriptors
- a two-parameter description. An example of this
approach is shown in Figure 5 where particles are
classified according to both angular variability
V4 and elongation E. This scheme clearly sorts
particles into groupings which are visually
similar in shape.

Particle Shape Distributions

It is obvious, of course, that no two
particles will be identical in shape and that any
system of real particles will possess a distribu-
tion of shapes. These shape distributions have
been investigated for quartz particles of similar
size (26x38 um fractions prepared by sieving) pro-
duced using different grinding techniques (single
particle crushing and ball mi1l grinding for
different times). Some typical scanning electron
micrographs are shown in Figure 6. The shapes were
analyzed using the procedures described above; the
mean values of the various geometric descriptors
are presented in Table 2. The results indicate
that the shapes become progressively more rounded
with increased grinding time in the ball mill -
presumably due to abrasive wear and the removal of
extremities by chipping. Again, the single-value
angularity parameter VRy seems to provide the most
sensitive measure of this effect.

Table 2. Mean values of geometric shape descrip-
tors for 26x38 pm quartz particles produced by
different grinding procedures.

Production [Elongation| Angular|Radial |Angularity
Method E Var. Vg4|Var. VR VR4

RoT1

Crusher 1.54 2.90 2.24 0.77

Ball Mill

(8 min) 1.61 2.29 2.37 0.32

Ball Mill

(256 min) 1.28 1.70 1.44 0.04

The distributions of angularity are shown in
Figure 7. It is obvious from the figure that the
particles subjected to long-time (256 min) ball
mi1ll grinding possess a significantly different
shape distribution from those produced by single-
particle crushing or subjected only to a short
time in the ball mill. It is interesting to note
that the distributions conform quite closely to
the log-normal form and that the ball mill
grinding leads to a shift in the median angularity
to Tower values and a slight narrowing of the
distribution.

CONCLUSIONS

The following general conclusions can be
drawn from the results of this investigation:

1. Fourier analysis can provide a complete
description of particle profiles but is
unwieldy for practical application.
Simplifications such as signature
analysis seem to be insensitive to
features such as angularity.

2. Fractal analysis is excellent for
describing fine-scale features but is
relatively ineffective for distinguishing
between angular and rounded particles.
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Figure 6. Scanning electron micrographs of quartz

particles (26 to 38 um) produced by
different grinding techniques.

(a) Angular particles produced by
single particle crushing.

(b) Particles produced by short-time (8
minutes) grinding in a ball mill.

(c) Relatively rounded particles
produced by long-time (4 1/2 hours)
grinding in a ball mill.

26x 38 ym QUARTZ
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Figure 7. Cumulative number distribution of angu-
larity values determined for over 100
particles each of the crushed quartz and
quartz ground for 8 and 256 minutes in a
ball mill.

3. A 20-sided polygon fitted to the parti-
cle profile seems to provide an adequate
representation of the essential features
of the particle shape.

4. A two-parameter shape classification
scheme based on angular variability and
elongation factors gives a very good
description of particle shape
characteristics.

5. A single-parameter angularity factor is
especially sensitive to small differences
in relative angularity or roundness.

6. Distributions of angularity can readily
be obtained using image analysis techni-
ques and offer considerable potential for
quantitative shape characterization on
collections of particles.
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