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Abstract 

The evolution of particle shape during the course of comminution processes has been investigated. 
Shape is characterized using a variety of quantitative shape descriptors determined from particle 

profiles obtained by image analysis. Descriptors related to particle elongation, roundness and angu­
larity are emphasized. Distributions of the descriptors have been determined for a range of particle 
sizes, for different extents of grinding for various equipment types. For a given descriptor, the distrib­

utions of measured values generally follow a consistent pattern (often roughly Jog normal). Typi­
cally. the means and standard deviations show progressive changes as grinding time increases. For 
the most part, prolonged exposure to the grinding environment leads to rounding of the particles. 

Introduction 

The importance of particle shape has gained in­
creasing recognition in recent years. It is clear that 
shape can play a significant role in the use of particles 
as abrasives and in applications involving packing in 
powder compacts, slurry rheology, etc. For particles 
produced by comminution, shape may be determined 
by material characteristics such as crystal cleavage 
and by the nature of the breakage process involved. 
While it is generally recognized that comminution can 
lead to changes in particle shape, relatively few at­
tempts to quantify these effects have been reported. 
Furthermore, largely due to the lack of widely ac­
cepted measures of shape, there is some disagree­
ment on the evolution of par ticle shape in grinding 
processes. For example, Bond [1] considered that the 
character of the material being broken has more 
influence on the shape of the product than the type of 
size reduction machine used. Similarly, Heywood [2] 
stated that the shape of particles produced on initial 

* Safford. AZ 
•• University Park, PA 
••• Boca Raton, FL 
t Accepted: September 20, 2002 

188 

fracture is dependent upon the characteristics of the 
material. On the other hand, Rose [3] suggested that 
the type of the mill has the major effect on the parti­
cle shape although the properties of the material are 
also a factor. Similarly, Charles [ 4] observed that the 
shape of glass particles produced by a single fracture 
depended on the rate of application of stress. 

The particular mode of breakage is likely to affect 
the shape of product particles. Massive fracture can 
be expected to produce highly irregular particles with 
sharp edges formed by the intersection of propagat­
ing cracks. Attrition of particles, by surface erosion or 
chipping at edges or corners, is more likely to cause 
rounding of particles although the small fragments 
removed may be quite irregular in shape. It follows 
that grinding conditions that favor one breakage 
mode over another may be critical in determining 
product particle shape. For any system, the prevailing 
conditions will generally depend on the type of 
machine and the properties and size of the particles 
being broken. Since there are normally distributions 
of particle sizes and applied stresses, it is reasonable 
to expect a distribution of product shapes. Gaudin [5] 
observed that large particles were often subject pri­
marily to attrition, tending to become more rounded 
in shape, while finer material typically underwent 
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~~~,re'1racture leading to more angular product par-
0~0)~~~- Based on examination of crushed glass parti­

~~S ~ cles, Tsubaki and Jimbo [6] concluded that particle 
+O shape varies with size. 

Holt [7] reviewed the effect of comminution devices 
on particle shape and concluded that single-pass 
devices such as roll crushers generally produce angu­
lar particles while retention systems such as ball mills 
produce more rounded particles. Dumm and Hogg 
[8] showed that the rounding effect in ball mills 
becomes more pronounced with increased grinding 
time. Durney and Meloy [9] investigated the shape of 
particles produced by jaw crushers using Fourier 
analysis to provide a quantitative description of the 
shape characteristics. In particular, they compared 
the results of crushing under single-particle and 
choke-feeding conditions. They observed that when 
the particles were fed into the mill one at a time the 
products were highly angular, while choke feeding 
produced more "blocky" or rounded particles. In each 
case, the finer particles had more angular and irregu­
lar shapes. 

In the present paper, populations of crushed parti­
cles from different comminution devices were evalu­
ated using a computerized image analysis technique 
to quantify particle shape in terms of physically recog­
nizable shape descriptors. 

Shape Analysis 

Several different approaches to the analysis of par­
ticle shape have been described in the literature. 
Fourier analysis of the vector of polar coordinates that 
represent the particle profile yields a set of Fourier 
coefficients that, in principle, define the shape of the 
particle [10,11]. Meloy [12] observed simple correla­
tions among the coefficients· for a variety of different 
shapes and defined a two-parameter particle "signa­
ture" as an overall characteristic of the particle shape. 
Durney and Meloy [9] used statistical procedures to 
detect significant differences in the Fourier coeffi­
cients obtained from different populations. Fractal 
analysis [13,14] has been widely applied to particle 
shape characterization and is especially attractive for 
highly complex shapes such as those of agglomer­
ates. The approach adopted in the present work is 
based on an attempt to define shape in terms of physi­
cally recognizable features such as elongation and 
angularity. 

An image processing system was used to provide 
digitized particle profiles from optical microscopy (or 
from scanning electron micrographs) by means of a 
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procedure developed by Dumm and Hogg [8] and 
modified by Kumar [15] and Kaya [16]. A series of 
straight-line segments was fitted to the set of N points 
representing the complete profile as illustrated in Fig­
ure 1. The intersections of these linear segments 
define a reduced set of n perimeter points (n<<N) 
and describe an n-sided polygon that represents the 
essential features of the original profile. 

In order to minimize the errors associated with the 
use of the fitted polygon, the projected area and cen­
troid of the image were first obtained from the origi­
nal digitized profile. Designating the x-y coordinates 
of the original perimeter points as (xi, yi), the cross­
sectional area of the particle was determined from: 

(1) 

where the point at (xN+i, YN+i) represents the return 
to the initial starting point (i= 1) . The coordinates x, y 
of the centroid of the image can be obtained from: 

N 2 2 
I,(x i+1-xi) (Yi+1 +yi) 

- i=l 
x=~N~~~~~~~ 

2I,(xi+1-xi) (Yi+1 +yi) 
i=l 

and 

Original Perimeter Point 

• Reduced Perimeter Point 

(2) 

Fig. 1 Representation of a particle profile consisting of N perime­
ter points (N=40 in this example) by a fitted polygon 
defined by a set of n reduced perimeter points (n=7 in this 
case) . 
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(3) 

The equivalent-circle mean radius of the particle can 
be calculated using: 

(4) 

The radial vectors Ri from the centroid to each of 
the n perimeter points on the reduced profile are 
given by: 

(5) 

The angles <l>i between adjacent edges of the fitted 
polygon were evaluated by applying the cosine rule to 
the triangles defined by the edge and the adjacent 
radial vectors as shown in Figure 1. Thus, for the 
edges intersecting at the perimeter point (xi, yi) the 
angle ai is given by: 

R2+L2-R? I 
cosai ' ' •+ 

2RiLi 
(6) 

where Li is the length of the edge connecting points 
(xi, Yi) and (xi+1, Yi+ 1) (see Figure 1) . Similarly, pi can 
be obtained from: 

(7) 

The angle <l>i is simply the sum: ai+Pi· 
Feret's diameters are defined as the distance be­

tween two parallel lines tangent to opposite sides of 
a particle, in some particular orientation. For any 
perimeter point, the corresponding Feret's diameter, 
(dr)i can be obtained by projecting the other perime­
ter points on to the vector Ri and determining the 
maximum distance from the original point (see Fig­
ure 1) . 

The following shape descriptors were defined to 
represent specific geometric features of the profile. 
1) The elongation E was defined using the ratio of 
lhe minimum Feret's diameter to that at right angles 
to it. Thus, 

(8) 

where (dF)min is the minimum of the set of measured 
Feret's diameters and (dF)n12 is the Feret's diameter 
measured perpendicular to (dF)min· As defined, the 
elongation is zero for a circular profile. 
2) The angular variability V ¢ was defined to repre­
sent the variation in the arigles <l>i between adjacent 
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edges on the reduced profile. Specifically, for <l>i ex­
pressed in radians, 

n ( <j> i )3 V¢=I 1--
i=l 1t 

(9) 

The third power was used in order to emphasize the 
role of the smaller angles, which are considered to 
contribute the most to the "angularity" of a particle 
[15]. A many-sided polygon fitted to a circle gives a 
set of angles close to 1t with a corresponding angular 
variability close to zero. 
3) The radial variability VR was used to describe the 
departure of the profile from a circle. The particular 

definition used was 

(10) 

where Ro is the equivalent spherical diameter as 
defined by Equation 4 and the Ri are the lengths of 
the radial vectors from the centroid to each of the n 
perimeter points (Equation 5) . Since each Ri would be 
equal to Ro for a circle, the radial variability would be 

zero. 
Calculated values of the various parameters are 

given in Table 1 for the schematic profile shown in 
Figure 1. 

Table 1 Relative dimensions and calculated shape descriptors for 
the schematic particle profile shown in Figure 1. 

Reduced Perimeter 
Point, i 

(clockwise from top) 

I 

2 

3 

4 

5 

6 

7 

Shape Parameters: 

Relative Distance 
from Centroid, 

R1/Ro 

1.409 

1.070 

0.885 

1.454 

0.878 

1.111 

0.915 

Elongation, E: 0.41 
Radial Variability. Vn: 1.37 
Angular Variability, Vf 0.47 

Experimental Systems 

Angle between 
Adjacent Faces , 

$1 

Radians Degrees 

1.479 84.7 

2.336 133.8 

2.549 146.0 

1.227 70.3 

2.656 152.2 

1.855 106.3 

3.607 206.7 

Shape descriptors were measured for a range of 
particle sizes produced by crushing and grinding 
under a variety of conditions. Approximately 600 par­
ticles were analyzed from each population and the 
distribution of each descriptor was evaluated. The 
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~~iJlg ~sed were a high-volatile bituminous coal 

0~ 0~'fR a continuous mining operation in the Pittsburgh 
~'r,S ~ Coal Seam (Green Country, PA) and quartz from 

'f-O North Carolina. The following crushing and grinding 
devices were used to produce particles in different 
size ranges: 

• Jaw Crusher - used to reduce feed materials 
about 1 cm in size to less than about 5 mm 

• Hammer Mill (Holmes pulverizer) - used to 
crush coal particles in the 5 mm to 1 cm size 
range to less than 1 mm 

• Disk Mill (Quaker City) - used to pulverize 1 
mm feed particles 

• Ring and Puck Mill (Bleuler Pulverizer) - used 
for fine grinding of disk mill product to micron 
sizes 

• Planetary Ball Mill (Retsch) - also used for fine 
grinding of disk mill product. 

The jaw crusher, hammer mill and disk mill are 
essentially single-pass devices, although some, Jim-
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Fig. 2 Graphical and visual representations of the number distri­
butions of angular variability for coal particles produced in 
a jaw crusher (feed size 9.5x 12.7 mm; gap setting 6.4 mm). 
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ited retention of broken material may occur. The ring­
and-puck and planetary mills are retention devices 
that can subject particles to repeated breakage. In the 
case of the latter two devices, different grinding times 
were used to vary the exposure of particles to the 
grinding environment. 

Experimental Results 

Analysis of Shape for Different Materials 
In order to evaluate particle shape effects for differ­

ent materials, samples of the coal and quartz were 
prepared as 9.5 x 12. 7 mm size fractions and fed to a 
jaw crusher with a gap setting of 6.4 mm. Products in 
different size classes (30x40, 50x70, 70x 100, 140x 
200 and 200x270 US mesh) were analyzed using digi­
tized images obtained by optical microscopy. 

Examples of the distributions of angular variability 
for coal and quartz particles of different sizes are pre­
sented in Figures 2 and 3. In each case, the distribu-
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Fig. 3 Graphical and visual representations of the number distri­
butions of angular variability for quartz particles produced 
in a jaw crusher (feed size 9.5 x I 2. 7 mm; gap setting 6.4 
mm) _ 
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while the number of particles in each column repre­
sents the number fraction in that range. The results 
indicate that, for coal particles, the distributions gen­
erally become somewhat narrower and shift to lower 
values as size decreases, implying a size dependency 
of the shape. On the other hand, the distributions of 
angular variability for the quartz particles show no 
clear systematic variation with size. Very similar 
trends were observed for the other shape descriptors: 
elongation and radial variability. It is interesting to 
note that the distributions appear to conform quite 
closely to the log-normal distribution. 

Effect of Grinding Procedure 
The particle shape is expected to be affected by the 

type of machine, by the specific breakage mechanism 
in a grinding device and by the time spent in the 
grinding environment. The effect of grinding device 
on shape was analyzed for coal particles using the 
Bleuler ring-and-puck pulverizer and the planetary 
ball mill. The grinding times were set so as to give a 
similar extent of grinding for each mill. The quantity 
of feed (-10 mesh) was 20 g for the Bleuler and 9.5 g 
for the planetary mill. The distributions of elongation 
are presented in Figure 4. The graph indicates that 
different grinding devices affect shape differently. 
Shape does not change substantially with grinding 
time in a high-energy mill (Bleuler). On the other 
hand, the shape distributions of the particles pro­
duced in the planetary mill shifted towards lower val­
ues, indicating that par_ticles become more rounded 
with increased grinding time. Similar trends have 
been observed for particle sizes in the size range 
from 3 to 5 µm . 

Examples of the distributions of angular variability 
for 70 x 100 US mesh coal obtained from a single pass 
through different crushing and grinding devices are 
shown in Figure 5 . IL appears that the jaw crusher, 
for which massive fracture is the dominant breakage 
mechanism, produces the most irregular particles. 
The Quaker City mill, for which most of the breakage 
is probably by massive fracture of coarse feed par­
ticles, also produces quite irregular particles. The 
Holmes pulverizer, which allows some retention of 
material and may include contributions from the attri­
tion-type mechanisms, and the Bleuler mill (30 sec­
ond grinding time), generally produce particles of 
more regular shape. Similar trends have been ob-
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served for 200 x 270 US mesh fractions. Changes in 
feed size to the devices did not lead to significant dif­
ferences in product particle shape. 

The effects of mill type on the average particle 
shape for different coal product sizes are illustrated in 
Figure 6 . While the variations are generally small, 
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Fig. 6 Variation in shape with particle size fo r coal ground in different mill types. 

the trends are consistent and similar for each of the 
three descriptors. Large particles produced by single 
breakage events tend to be quite irregular in shape 
while particles subject to repeated breakage or long 
exposure to the grinding environment are usually 
more rounded. 

Conclusions 

The results of this investigation indicate that, for 
the materials studied (quartz and coal) , the shape of 
particles produced by size reduction is controlled by 

a) the nature of the material being reduced 
b) the type of comminution device used and the 
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predominant breakage mechanisms involved 
c) the time spent in the grinding environment. 

In particular, it is concluded that the products of in­
dividual breakage events are typically angular and 
irregular in shape. Continued exposure to the grind­
ing environment leads to rounding of the particles. 
For a given product size distribution, devices that 
employ high energy input yield products containing 
a high proportion of newly-created particles. Such 
devices, therefore, favor the production of irregular 
particles. Grinding machines for which the energy 
input is relatively low, on the other hand, rely on 
repeated breakage action for size reduction and tend 
to produce more rounded product particles. 
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T~~cli~rences in the size dependence of product-
#.~t0shape for coal and quartz suggest that the 

~"(' <? exifaence of structural features such as cleats in coal 
f.O or cleavage planes in crystals may lead to more angu­

lar and irregular products of comminution. Further­
more, since the effect appears to be more pronounced 
for low-energy devices, it may be possible to achieve 
some degree of control over shape through appropri­
ate equipment selection. However, considerable addi­
tional work would be needed to establish the basis for 
such control. 
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Nomenclature 

A : Cross-sectional area [m2] 

(dr)i : Feret's diameter corresponding to 
perimeter point i [m] 

(dr)min : Minimum Feret's diameter of a particle [ml 
(dr),r;2 : Feret's diameter perpendicular to (dr) min [ml 
E : Elongation of a particle [ - J 
Li : Edge-length on a particle profile [ml 
n : Number of reduced perimeter points 

on a fitted particle profile [ - J 
N : Number of measured perimeter points 

on a particle profile [ -1 
R0 : Equivalent-circle mean particle radius [ml 
Ri : Length of radial vector from particle 

centroid to the i1h perimeter point [m] 
VR : Radial variability (-1 
V $ : Angular variability [ - J 
xi, Yi . : Cartesian coordinates of the jlh 

perimeter point [ml 
x, y : Cariesian coordinates of a particle 

centroid [ml 
ai : Angle defined in Figure 1 [radians] 
~i : Angle defined in Figure 1 [radians] 
<l>i : Angle between adjacent edges on 

a particle profile [radians] 
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