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SYNOPSIS

The results of slow crushing tests in a stiff testing machine for both small and large step reductions of
particle size are given. The energy consumption required to produce a given weight of minus 74 fLm. material was
determined when both single-crystal quartz and Wi!watersrand ~eef were c~~shed. For comp.an~on. the two
materials tested were also comminuted in a ball mill under optimum conditions. There are indications that
slow crushing under stiff conditions is the most efficient method of breakage that can be devised. The com-
parison with ball milling results thus yields a value for the efficiency of ball milling of approximately 80 per cent.
These results confirm that the best current estimates of milling efficiency, which are based on the free boundary
surface energy of the material being milled, are probably too Iow by at least one order of magnitude.

SINOPSIS

Die resultate van stadige vergruisingstoetse in 'n stewige toetsmasjien vir beide klein en groot !rappe ver-
mindering van grain grootte word gegee. Die energie verbruik benoding om 'n gegewe gewig van minus 74 fLm
materiaal te produseer, was vasgestel deur vergruising van beide enkel-kristal kwarts en Witwatersrand goud-
rif. Vergelykenderwyse was die twee grondstowwe wat getoets was ook fyn gemaal in 'n bal meule onder bes
moontlike toestande. Daar was 'n aanduiding dat stadige vergruising onder stywe toestande die mees doel-
treffenste metode van braking is wat tans ontwerp kan word. Die vergelyking met resultate verkry deur bal
meule vergruising het 'n waarde van om en by tagtig persent te voorskyn gebring vir die doeltreffendheid van
hierdie tipe vergruising. Hierdie resultate bevestig dat die huidige waardering van vergruising deur meul~, wat
gebaseer is op vry grans oppervlakte energie van die grondstowwe wat gemaal word, moontlik te laag IS met
ten minste een kert in omvang.

INTRODUCTION

In the mining industry the purpose of comminution is
to liberate valuable minerals. In order to reduce run-of-
mine ore to a fine size considerable energy is required,
particularly in the final stages of comminution. Conse-
quently the cost of grinding in a mill can contribute
significantly to the overall working costs of the recovery
process. Naturally one would like to know whether or
not the grinding process is the most efficient way in
which energy can be utilised to produce a material of
fine particle size.

Traditionally, the absolute efficiency of a comminution
process is defined as the ratio of the free boundary
surface energy, summed over the new surface produced,
to the work supplied. According to this definition of
efficiency, ball milling is only about I per cent efficient
and one is tempted to believe that there is considerable
scope for improvement in the design of comminution
machinery. However, in the above definition, the 'free
boundary surface energy' normally used is the reversible
energy required to create a unit of surface, and plainly
bre:1kage should not be viewed as a reversible process.
Thus, while breakage may be an inefficient process, the
measures presently adopted to define efficiency are
themselves suspect.

At present, therefore, we have no clear idea of what
the efficiency of milling may be. There is no definite
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evidence that the comminution of rock to a fine size with
100 per cent absolute efficiency is a realisable proposition.
For reasons at present unknown it may be that a 100 per
cent conversion of strain energy to new surface energy
is a thermodynamic impossibility. A comparison might
be made to the Carnot cycle where the second law of
thermodynamics makes a 100 per cent conversion of
heat energy directly to work impossible.

There are innumerable ways in which rock can be
broken to below some specified size. It is generally
believed, however, that of all the known methods of
breaking rock minimum energy is involved when the
rock is crushed slowly between the platens of a 'stiff'
press with a size reduction ratio sufficiently small to
avoid packed-bed conditions. Since slow crushing le:1ds
to comparatively good results, it has been pointed out
by Jowettl that a reference state of 100 per cent effi-
ciency might be created by establishing an environment
in which particles were fractured by slow compression
and with a small reduction ratio. The efficiency of any
other comminution process may then be based on this
standard. In this paper the results of laboratory tests
of this proposal are presented, in the hope of creating an
improved measure of the efficiency of milling.

EXPERIMENTAL

There is little doubt that the energy supplied to the
grinding process and the fresh surface created in grinding
fine material are directly correlated. The results of
comminution are expressed usually in terms of the
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PLATE 1 Crushing of gold ore, small reduction ratio

intensity. This procedure was repeated many times until
all material was of size below 6,73 mm. The resulting
product was then sieved and the cumulative size distri-
bution determined. Material with a screen size between
3,68 and 6,73 mm was then crushed in stages, each of low
reduction ratio, until all material was below 3,68 mm
sieve size. The size distribution of the product was de-
termined. Finally, material of screen size between 1,68
and 3,68 mm was crushed in a step-wise fashion until all
product was less than 1,68 mm. The size distribution of
the crushed material was again determined. Specific
crushing energies and resulting size distributions are
shown in Figs. 2 and 3.

In order to investigate the influence of packed-bed
conditions on the relationship between product size and
energy, slow crushing tests were also conducted with
high reduction ratios. The experimental procedure was
similar to that described above except that a single
crushing step of large reduction ratio was used. The
severity of the crushing process is indicated in Plate 2
and by the load/displacement curve shown in Fig. 1.
The product size distributions of two typical examples of
packed bed crushes are shown in Figs. 2 and 3.

weight-size distribution, for example, the fraction by
weight finer than a series of chosen sieve sizes. However,
the weight-size distribution can be related to the surface
area-size distribution provided the geometric shape
factors of the crushed material are known, so that the
energy supplied is also correlated to the weight-size
distribution. It therefore proved convenient in the
experiments described here to use the weight-size
distribution rather than surface area and, as is conven-
tionally done, to describe the distribution by the weight
finer than 74 /Lm screen size.

Before crushing

About 70 particles, each of screen size between 6,73
and 9,53 mm were distributed on the lower platen of the
hydraulic press as shown in Plate 1. Crushing was
conducted at a platen displacement rate of 14,4 /Lm
sec-I. The hydraulic press was equipped to record
directly the load displacement curves, such as those
shown in Fig. 1. The severity of crushing was kept as low
as possible to prevent the development of packed-bed
conditions throughout the crush. Net crushing energies
were determined by integrating the load/displacement
curve. The small amount of energy taken up by the
elastic deformation of the machine during the crushing
process was accounted for by calibrating the machine
with a steel cylinder of known dimensions and Young's
modulus. Any extra energy of plastic deformation of the
platens, which were essentially unmarked after the
experiments, was neglected. After the first crush minus
6,73 mm material was removed from the platen and the
remaining particles subjected to another crush of low

tKindly donated by S.T.C. (S.A.) Ltd.
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Experiments were performed on fragmented single
crystals of quartzt and gold-bearing quartz conglome-
rate (pebbles of vein quartz in a compact quartzitic
matrix). The reason for choosing to do experiments with
single crystals of quartz as well as gold ore was to check
on whether the mineralogical nature of the gold ore
played a significant role in its comminution properties.

Slow compression tests involving small reduction
ratios were conducted with a I80-tonne, controlled
displacement, stiff testing machine designed and built
in the Mining Research Laboratory of the Chamber of
Mines of South Africa2.

After crushing
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Fig. 1-Load displacement curves from crushing gold ore
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Fig. 2-Energy expenditure and size distribution of crushed
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Fig. 3-Energy expenditure and size distribution of crushed
and milled gold ore

Ball milling experiments were conducted on feed
material between 1,19 and 2,38 mm screen size. A small
centrifugal balP mill was used to grind batch samples.
The ball size, ball load, mass of feed and water content
were varied until near-optimum grinding conditions
were achieved as indicated by the power required to
create a given weight of - 74 /Lm material. The mill was
driven by a D.C. motor. Field volts and armature

Before crushing

current and voltage were measured in order to estimate
gross milling energies. Corrections were made to account
for hearing and resistance losses in order to estimate net
grinding energies. Samples were milled for different
periods and their size distributions and net crushing
energies evaluated. Typical results arc shown in Figs. 2
and 3.

After crushing
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PLATE 2 Crushing of gold ores, large reduction ratio
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DISCUSSION

It is interesting to note from the comparison of the
size distribution plots (Figs. 2 and 3) that the mineral-
ogical nature of the material being crushed and the
mode of crushing can influence the form of the product
size distribution. However, so far as the production of
fine material was concerned the relationships between
net energies and the percentage of material finer than
74 fLm were comparatively insensitive to the mode of
crushing and the mineralogical nature of the specimens.
Fig. 4 shows the net specific energy required to crush
and mill quartz of a few millimetres feed size to a
product below 74 fLm. There are considerable problems
in making an ideal comparison between the results of
ball milling and slow crushing. These problems stem
mainly from the experimental difficulties in being able to
utilise the techniques of ball milling and slow crushing
over similar size regimes. The reduction of size of
particles in a step-wise fashion is a tedious process which
was adopted here to avoid crushing under packed-bed
conditions. In order to produce 100 per cent minus
74 fLm material by this means, several hundred crushing
steps would be required for which the energies would
have to be determined accurately and sieving done
without loss of fines. Such experiments would need to be
more elaborate than those reported here. However,
if the comminution law expressed by the plot for slow
crushing in Fig. 4 is extended to higher percentages of
minus 74 fLm material, it follows from the graph that the
results of ball milling do not fall far below the results
predicted from the slow crushing tests. If the proposal of
JowetP is accepted, then ball milling is about 80 per
cent efficient.

CONCLUSIONS

It has been shown that ball milling is a relatively
efficient process when compared with all other known
comminution processes. There would seem to be some
evidence to support the validity of the proposal of
JowetP that the standard of 100 per cent efficiency
should be based on some standard slow crushing test.
The efficiency of any other comminution process should
be asscssed on this basis and not in terms of a theoretical
efficiency which because of present lack of knowledge of
the fundamentals of brittle fracture is a misleading and
misunderstood concept.
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