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Abstract

Base metal resources are becoming more fine-grained and refractory and minerals separation processes require these ores to be

milled to increasingly finer sizes. To cope with very fine grinding to below a P80 of approximately 15 lm stirred milling technology

has been adopted from other industries. Neither this technology, nor the basic concepts of fine grinding, are well understood by the

minerals processing industry. Laboratory studies were therefore carried out in order to investigate fine milling using different types

of stirred mills. The variables analysed were stirrer speed, grinding media type and size, slurry solids content as well as the feed and

product size. The results of the testwork have shown that all of these variables affect the grinding efficiency. The ratio of media size

to material size was found to be of particular significance. The results were also analysed using the stress intensity approach and the

optimum stress intensity ranges for the most efficient grinding were determined. Application of the results for process optimisation

in the industrial size units is also discussed in this paper.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The mining industry is often regarded as ‘‘conser-

vative’’ because in the past it has been slow to accept
new ideas. This statement may be confirmed by the fact

that the majority of crushing and grinding equipment

used today was ‘‘invented’’ in 18th century. Flotation as

a major mineral separation technology was invented in

19th century. In that respect, the introduction of stirred

milling technology has occurred relatively quickly. The

first stirred mills were introduced in 1953 (Shibayama

and Mori, 1999) and the driving force behind their in-
troduction was the increasing need for the fine particles

processing, i.e. grinding. Since their initial introduction,

more than 400 Tower and Verti mills have been installed

around the world (Kalra, 1999) and the number is

steadily increasing. Stirred mills have become the pre-

ferred option for regrinding and fine grinding.

The most commonly used stirred mills in the minerals

processing industry are:

Tower mill: Manufactured in Japan by Kubota. It

was the first low speed stirred mill applied in the mine-

rals industry. The mill operation is explained elsewhere

(Stief et al., 1987; Menacho and Reyes, 1989; Jankovic,
1997, 1998; Jankovic et al., 1999; Jankovic and Morrell,

2000).

Verti mill: This is basically the same design as the

Kubota Tower mill and is manufactured by Svedala.

The Verti mill was introduced around 10 years ago and

there are now over 220 Verti mill installations worldwide

(Kalra, 1999).

ISAMILL: Development of the ISAMILL started in
1990 between Mount Isa Mines Limited and NET-

ZCH––Feinmahltechnik GmbH (Underle et al., 1997).

As the result of this development, a 3000 l and 1.1 MW

motor power unit was designed and installed first in

Mount Isa Mines lead/zinc concentrator (1994, two

mills) and then at McArthur River Mining (1995, five

mills). Six more mills were later installed at Mount Isa

Mines lead/zinc concentrator and one at the KCGM
Fimiston gold mine (Ellis and Gao, 2002).

Svedala detritor: ECC International developed its first

mill in the 1960s and currently around 200 mills operate

in kaolin and calcium carbonate processing plants

(Lofthouse and Johns, 1999). The first installation in

Australia was at the Elura lead/zinc mine where two
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mills are in operation. Another 18 ECC mills were in-

stalled at Century zinc mine concentrator for zinc

rougher concentrate grinding down to P80 ¼ 7 lm
(Burgess et al., 2001).

Sala agitated mill (SAM): This is a vertical pin mill

originally developed by Sala. To date the majority of

applications are in Europe.
The ANI-Metprotech SVM mills: This mill, originally

developed in South Africa, is similar design to the SAM.

A total of seven mills have been installed to date.

2. Fine grinding for the minerals processing industry

The definition of fine grinding varies from one in-
dustry to another. For example, the fine grinding criteria

for the paint and mining industry are very different. In

the paint industry particles finer than 1 lm are regarded

as ‘‘fine’’ while in minerals processing ‘‘fines’’ are the

particles which are difficult to recover in a separation

process. Depending on the type of separation process

(gravity, flotation, leaching,. . .) the size definition of

fines ranges from below 1 mm to below 10 lm.
In minerals processing, four grinding ‘‘stages’’ can be

identified, based on the size of the grinding product.

Traditionally, grinding to 80% passing 75 lm is re-

garded as ‘‘conventional’’ since many operations grind

to that size. Regrinding is considered to produce the

particles finer than 75 lm down to 30 lm. Fine grinding
is a relatively new area and considers grinding below 30

lm down to around 10 lm. Below 10 lm, the term ‘‘very
fine grinding’’ can be used.

The energy consumption in ball milling rises sharply

for grinding products below 75 lm and below 30 lm
grinding using ball mills becomes uneconomical. It can

be seen from the graphical illustration of the particle

size/energy consumption relationship shown in Fig. 1

that stirred mills are much more efficient for fine

grinding and regrinding than conventional ball mills.

With the introduction of stirred mills, fine grinding be-

comes economical and there are several base metal

concentrators today that grind as low as 10 lm (Underle

et al., 1997; Burgess et al., 2001; Ellis and Gao, 2002).

3. Important stirred milling parameters

There is a large number of parameters which can

affect the grinding in stirred mills. Up to 44 parameters

of influence were identified by Molls and Hornle (1972).

A significant number of these parameters may be clas-

sified as less important but nonetheless the complexity of

the subject becomes evident. The focus in this research
was to study the more important parameters: mill de-

sign, grinding media, mill speed and slurry density. The

effects of the individual parameters were studied, as well

as combined effect of stirrer speed, media size and den-

sity.

4. Testwork

Testwork has been carried out on several types of

stirred mills in order to study the effect of the major

operating variables. Power consumption and the grind-

ing products size distribution were measured in all tests.

A Malvern laser sizer was used for measuring the size

distributions of the grinding products.

4.1. Pilot tower and Sala autogenous mill (SAM) tests

Continuous grinding tests were carried out in labo-

ratory and pilot size Tower (1.5 kW) and SAM (8 kW)

mills. Commercially available calcium carbonate, with

an F80 of approximately 65 lm, was ground using the

experimental setup which allowed a continuous stage-

wise operation. Details of the testwork can be found
elsewhere (Jankovic, 1999, 2001).

4.2. High speed Netzch mill testwork

The laboratory grinding tests were conducted using a

Netzsch 1.5 l bead mill (see Fig. 2) at 1500 and 1000 rpm

stirrer speed. Granulated lead slag (NLS) from the

content of a ISAMILL (worn) and from a slag bin
(fresh) were used as grinding media in the bead mill

grinding tests. Three narrow media size fractions, i.e.

�1:7þ 1:2 mm, �1:2þ 0:85 mm, and �0:85þ 0:60 mm
were prepared by sieving. Zinc concentrates with a range

of feed size distributions were used in the testwork. The

milling tests were run in batch-mode. The net energy

consumption was calculated from the net power draw

(the gross power minus the no-load power) and the
slurry solids weight in the mill. A summary of the tests
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Fig. 1. Schematic of the energy consumption at different grinding

stages.
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conducted with the high speed Netzch mill is given in

Table 1.

4.3. Pin mill testwork

In order to study the variables affecting fine grinding,

a 200 mm diameter pin-type laboratory stirred mill was

designed at the JKMRC (see Fig. 2). The mill is

equipped with a variable speed drive which has a max-

imum speed 450 rpm (stirrer pin tip speed 2.3 m/s).
Batch grinding tests were carried out with two dif-

ferent zinc concentrates. The 80% passing size for two

samples was similar, around 40 lm. The variables

analysed were media size, media density and stirrer

speed mill speed. A summary of the test conditions is

presented in Tables 2 and 3.

5. Results

5.1. High speed Netzch mill

5.1.1. Fresh and worn slag media comparison

Fig. 3a presents the comparative results obtained

with the same size fraction of fresh media (taken from

the media stockpile) and worn media (taken from the

ISAMILL contents). It can be seen that the grinding

product size is finer for worn media and the difference is

increasing at finer product sizes. This is predominantly
due to the high wear rate of the fresh slag which has an

irregular shape and where a fraction of the energy is

consumed in media wear which produces more regu-

larly shaped particles. As a result, the grinding product

is continuously contaminated with abraded particles

from the grinding media. A fraction of the input energy

Fig. 2. Laboratory mills used in the testwork.

Table 1

Netzch mill experimental plan

Test

no

Feed

size F80
(lm)

Slurry%

solids

Stirrer

speed

(rpm)

Media size

(mm)

Media type

1 43.1 41.7 1500 )1.7þ 0.42 Fresh NLS

2 43.1 41.7 1500 )1.2þ 0.85 Fresh NLS

3 43.1 41.7 1500 )0.85þ 0.60 Fresh NLS

4 43.6 41.7 1500 )0.85þ 0.60 Worn NLS

5 46.8 41.7 1500 )1.7þ 0.42 Worn NLS

6 46.8 41.7 1500 )1.2þ 0.85 Worn NLS

7 45.7 41.7 1000 )0.85þ 0.60 Worn NLS

8 10.6 35.3 1500 )0.85þ 0.60 Worn NLS

9 10.3 35.3 1500 )1.7þ 0.42 Worn NLS

10 41.7 41.7 1000 )1.7þ 0.42 Worn NLS

11 54.7 54.7 1500 )0.85þ 0.60 Worn NLS

12 54.7 54.7 1500 )1.7þ 1.20 Worn NLS

13 28.0 28.0 1500 )1.2þ 0.85 Worn NLS

14 27.0 27.0 1000 )0.85þ 0.60 Worn NLS

Table 2

Pin mill experimental plan for the zinc concentrate A with stirrer tip

speed 2.3 m/s, 250 g of solids, 550 g water, grinding media volume 1.45 l

Test

no

Media type Media

size (mm)

Media

D50 size

(mm)

Media

density

(kg/m3)

Media

weight

(kg)

J1 Steel balls 4.0–5.0 4.5 7800 6.60

J2 Steel shots 2.0–2.5 2.2 7800 6.15

J3 Silica sand N 0.4–4.0 1.5 2780 2.31

J4 Silica sand C 1.0–4.0 2.3 2750 2.23

J5 Granulated

slag

1.2–1.7 1.4 3820 3.33

J6 Granulated

slag

0.6–0.84 0.7 3820 3.26

J7 Granulated

slag

0.84–1.2 1.0 3820 3.30

J8 Steel balls 4.0–5.0 4.5 7800 6.56

J9 Steel shots 2.0–2.5 2.2 7800 6.13

J10 Silica sand R 4.0–4.75 4.4 2760 2.30

J11 Silica sand R 2.0–2.5 2.2 2760 2.13

Table 3

Pin mill experimental plan for the zinc concentrate B with 400 g of

solids, 500 g water, grinding media volume 1.45 l

Test

no

Media type Media

size

(mm)

Media

D50 size

(mm)

Media

density

(kg/m3)

Stirrer

tip

speed

(m/s)

S1 Silica sand R 2.8–1.4 2.1 2750 2.30

S2 Granulated slag 1.2–1.7 1.5 3820 1.63

S3 Steel shots 2.0–2.5 2.2 7800 1.36

S4 Silica sand R 4.0–3.35 3.7 2750 1.93

S5 Steel shots� 5.0–4.0 4.5 7800 1.93

S6 Silica sand R 0.1–0.5 0.3 2750 1.93

S7 Granulated slag 0.6–0.84 0.7 3700 1.93
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intended for fine grinding is lost on media wear and the

product is coarser due to the presence of abraded par-
ticles. At the beginning of the test the grinding media

wear is relatively small and does not affect the product

size while later the amount of abraded media particles

increases to 10–20% of product weight. A method to

account for media wear effect has been proposed by

Becker and Schwedes (1999). However, it is recom-

mended to use previously abraded media for laboratory

testing in order to mimic the conditions in the produc-
tion environment.

5.1.2. Media size effect

The effect of media size on grinding efficiency was

investigated for three different slurry feed sizes. The re-

sults for the coarse feed size (F80 � 46 lm) are presented
in Fig. 4b. It should be emphasized that although the

difference in size may appear to be small, the amount of
energy required for such a small size reduction is large

and all results should be observed in that light. It can be

seen from Fig. 4b that the most efficient grinding was

obtained with coarse 1.7–1.2 mm media, while the finest

0.85–0.6 mm media were the least efficient. To reduce

the product size from F80 � 46 lm to P80 ¼ 15 lm, ap-
proximately 17 kWh/t is needed with coarse media while

approximately 28 kWh/t is required with the finest

media. This is a difference of approximately 40%. As the
product size becomes finer the difference decreases which

suggest that smaller media was more efficient for fine

products (i.e., below 7 lm).
Tests were conducted with a finer feed sample

(F80 � 20 lm, 54.7% solids) and the resulting Netzch

mill performance for two different media size fractions

are presented in Fig. 4a. The coarse media were still

more efficient, but the difference was less than was ob-
served for the coarser feed. To reduce the product size

from F80 � 20 lm to P80 ¼ 10 lm, approximately 36

kWh/t was needed with coarse media while approxi-

mately 42 kWh/t was required with the finest media.

This is a difference of around 14%.

To investigate very fine grinding below 10 lm a fine

feed sample (F80 � 10 lm, 31.3% solids) was used. The

grinding results plotted in Fig. 4b show, contrary to the
previous two cases, that finer media were more efficient.

To reduce the product size from F80 � 10:3 lm to

P80 ¼ 8 lm, approximately 28 kWh/t was needed with

fine media while approximately 45 kWh/t was required

with the coarse media. This is a difference of around

38%. This difference is even greater (47%) for grinding to

P80 of 7 lm.
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Fig. 3. (a) Netzch mill grinding performance comparison with worn and fresh NLS media; (b) Netzch mill results with different media sizes.
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The above results suggest that finer media should be

used as feed size decreases.

5.1.3. Stirrer speed effect

In addition to specific energy input, and the grinding

media size, the stirrer tip speed can affect the grinding

results. Grinding results with two media sizes and two
speeds are presented in Fig. 5. It can be seen that in both

cases higher stirrer speed had a positive affect on

grinding efficiency. For the coarser media this effect was

stronger in the coarser product size range. For the finer

media the stirrer speed effect was small over the range of

speeds tested. It is expected that a higher speed than

those tested would result in greater efficiency for smaller

grinding media.

5.2. Pilot Tower mill

The detailed results from the Pilot Tower mill test-

work are published elsewhere (Jankovic, 1998, 1999).

This section presents a summary of the findings for the

each test variable.

5.2.1. Slurry density effects

The results from the tests performed to investigate the

slurry density effect have shown that the mill grinding

efficiency increased with slurry % solids over the range

tested. The increase in grinding efficiency at higher %

solids can be explained by a drop in power draw due to

buoyancy effects.

5.2.2. Effect of stirrer speed

The effect of screw speed was evaluated by running

the mill at three different levels: standard 0.74 m/s tip

speed (100 rpm), low 0.37 m/s (50 rpm) and higher 1.1

m/s (150 rpm). The results suggest that the energy effi-

ciency was increasing when decreasing the stirrer tip

speed.

5.2.3. Media size effect

Finer media were found to be more efficient for fine

particle grinding. Several media sizes were tested in the

Pilot Tower mill. By decreasing the media size from 12

to 6.8 mm the size reduction achieved in the mill was

greatly increased. Further decreasing the media size to

4.8 mm caused mill efficiency to deteriorate. This indi-
cates the existence of an ‘‘optimum media size‘‘ for a

particular stirrer speed.

5.3. Pilot SAM mill

The detailed results from the pilot SAM mill testwork

are published elsewhere (Jankovic, 1999). This section

presents the major findings relevant to the framework of
this paper.

5.3.1. Slurry density effects

Three tests were carried out to assess the effect of

slurry density on mill grinding performance: at 40%,

55% and 64% solids. The results (see Fig. 6a) show that

mill grinding efficiency increased with slurry % solids

over the range tested. It is noteworthy that the increase
in efficiency from 55% to 64% solids was not as high as

from 40–55.0%. Even making allowances for difference

in the % solids increase, it would appear that grinding

efficiency was reaching a maximum with respect to %

solids. The increase in grinding efficiency at higher %

solids can be explained by the drop in power draw due

to the ‘‘buoyancy’’ effect and the increase in the number

of particles in the mill. This latter effect causes an in-
crease in probability that a particle will be broken.

It could be concluded that an increase in slurry den-

sity will improve mill performance up to a certain point

after which a decrease in mill efficiency should be ex-

pected together with slurry flow problems due to in-

creased viscosity.
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5.3.2. Effect of stirrer speed

The effect of tip speed was evaluated by running the
mill with two different gearboxes which allowed two

different speeds to be obtained, namely 2.5 and 3.9 m/s.

The grinding media size was 8 mm in both tests. Ac-

cording to the results shown in Fig. 6b, it seems that

better energy utilisation, i.e. efficiency, was achieved at

the lower 2.5 m/s stirrer tip speed.

5.3.3. Media size effect

Media size is claimed to be a crucial operating para-

meter for fine grinding, with finer media producing

fine particles more efficiently. Several media sizes were

tested in the Sala mill and the results with calcite are

presented in Fig. 5b. As can be seen, with a decrease in

media size, at a constant stirrer speed, the size reduction

was increased significantly. It has been found, however,

from video footage of the laboratory glass stirred mill
that at a fixed stirrer speed the transfer of momentum

from the stirrer to the bulk of the media charge reduces

as the ball size decreases. As a result, if the ball size is

too small then a proportion of the grinding media fails

to move and hence does not cause breakage. Only by

increasing speed can these stationary balls be made to

move and therefore cause breakage. It is expected

therefore, that there must be a media size for a parti-
cular stirrer speed below which further decreases in

media size will have a deleterious effect on grinding

performance (see Fig. 7).

5.4. Pin stirred mill

The test results with different grinding media in the

pin mill are shown in Figs. 8 and 9. The test material was
the zinc concentrate B, 80% passing size around 47 lm.

When lead slag grinding media was used, the milling

was more efficient with coarser 1.7–1.2 mm grinding

media (Fig. 8a). Contrary, Fig. 8b shows smaller 2–2.5

mm steel media was more efficient. Note that for the

energy inputs above 100 kWh/t, there was little differ-

ence in the product size for the coarse and fine slag

media (Fig. 8a).

Very similar grinding results were obtained with the

coarse and fine quartz grinding media (Fig. 9a). This

results indicate that apart from grinding media size,

other operating variables such as mill speed and type of
grinding media also affect the grinding efficiency. Fig. 9b

shows that a more efficient grinding was obtained with

the coarse (4–3.35 mm) quartz sand than with 4–5 mm

steel balls.

5.5. Grinding media stress intensity

The results presented suggest that all of the variables
tested had some effect on the grinding performance.

However, there is no definite ‘‘trend’’ that could be de-

rived. Even for the same mill type ‘‘mixed’’ reactions to

the change in one variable were observed. For example,

increasing the stirrer speed was beneficial in some test,

but in others the opposite occurred. Grinding at higher

slurry densities was more efficient until the viscosity
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became an issue. The coarser grinding media was more

efficient for the coarser feed sizes but less effective with

the finer feeds. All of this suggests that there are strong

interactions between the variables. It is therefore in-

correct to evaluate the effect of one variable without

considering the others. For example, it is common to

determine the optimum media size for an industrial

application using laboratory scale testwork (Ellis and
Gao, 2002). As the conditions in the industrial size units

are significantly different (tip speed, mill/media size

ratio, design and transport), there is a possibility that

the selected media size may not be the most appropriate

one (Kwade and Stender, 1998).

The above observations suggest that a generalised

approach to the stirred mill performance analysis is re-

quired. Work published by Schwedes et al. (1996) re-
veals that in high speed stirred mills the effect of mill tip

speed, media size and density can be evaluated simul-

taneously using the grinding media ‘‘stress intensity’’

approach:

SIm ¼ D3
mðqm � qÞv2t ð1Þ

where Dm is the grinding media size (m), qm is the

grinding media density (kg/m3), q is the slurry density
(kg/m3), vt is the stirrer tip speed (m/s), and SIm is the

stress intensity of the grinding media (Nm).

It was shown that the vertical stirred mills, where the

gravitational forces are dominant due to media bed

height and low stirrer speed, can also be analysed using

a ‘‘modified’’ stress intensity definition (Jankovic, 2001).

The plot of milling product 80% passing size versus the

stress intensity for the Pilot Tower and SAM mill is

presented in Fig. 10. The graph indicates that there is an
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optimum stress intensity range where the finest product

is obtained for the same 20 kWh/t net energy con-

sumption. The two mills appear to have different trends

and different optimum stress intensity ranges. This
suggests that the stress intensity analysis from one mill

design cannot be applied directly to a different type of

mill.

The stress intensity graph at different energy inputs

using the laboratory pin mill is presented in Fig. 11. The

test material was the zinc concentrate B, 80% passing

size around 47 lm. It can be seen that the opti-

mum stress intensity is in the 0:02� 10�3–0:1� 10�3 Nm
range irrespective of the energy input, i.e. required

product size. This is in slight contrast with results from a

horizontal stirred mill (Kwade et al., 1995) where the

optimum stress intensity increases when the product size

increases. It is possible that this trend is hidden due to

scatter in the data.

Fig. 12 shows the stress intensity graph for the pin

mill test with concentrate A. An optimum region be-

tween 0:01� 10�3 and 0:05� 10�3 Nm can be observed

from the graph, which is lower than for the concentrate

B. The graph also shows that for the same energy input,
a significantly finer product was obtained compared to

the concentrate B. This indicates that this is a softer to

grind material and it agrees with the lower optimum

stress intensity range.

6. Conclusion

The work presented in this paper aimed to provide a

contribution to the understanding of stirred milling

technology for minerals processing. Test results from

different stirred mills (Tower, SAM, Netzch and pin

mill) were presented and the effects of operating vari-

ables was discussed. It was found that the characteristics

of the grinding media (size, density, shape), the mill

speed and slurry properties (feed and product size, slurry
density and hardness) have strong effects on the grinding

efficiency. More importantly, the interaction between

these variables is very strong which means that the effect

of one variable cannot be generalised.

The fine grinding process is controlled by the grinding

media ‘‘stress intensity’’ a term that combines effect of

grinding media size, density and bed height, slurry

density and stirrer speed. The stress intensity reflects the
energy involved in a breakage event. If the energy is too

small, several events would be required to break the

particle which means a reduction in breakage rate. If the

energy is much higher than required for breakage, it will

be wasted.

The stress intensity analysis was applied in this work

and the optimum stress intensity regions were found for

all of the stirred mills tested. In these regions the
grinding efficiency was highest as the finest product was

obtained for a given specific energy input (kWh/t). It is

therefore concluded that the ‘‘stress intensity’’ method

should be used for the stirred milling process optimisa-

tion and scale-up.
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