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Abstract—Recently, in various industrial processes, the need for fine particles, especially submicron-sized particles,
has increased in the field of preparing raw powders such as fine ceramics and high value added products. Therefore,
the research in fine grinding has gained more importance, especially, in submicron grinding. In the previous paper, a
series of wet grinding experiments using inorganic powders by a stirred ball mill were performed. The grinding con-
sumption power was measured, and the grinding rate constant, K, in the grinding kinetics equation was examined, based
on a grinding kinetics analysis of experimental specific surface area with patrticle size distribution of ground products
obtained under various grinding conditions. Also the effect of grinding aids on grinding rate constant K was inves-
tigated. It was confirmed that the grinding rate constant K, when using grinding aids improved by 1.95% and 25.6%
for a 60 wt% and 70wt% slurry concentrate, respectively, when compared with the case of the absence of grinding aids.
It was found that grinding aids have an important effect on increasing the grinding rate, especially for a slurry of high
concentration.
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INTRODUCTION on the milling of dolomite using a stirred ball mill and grinding aids
in the ultra fine grinding is important from the viewpoint of grind-
Ultrafine grinding in the submicron range has recently becomeing efficiency. Fuerstenau [1995] reviewed the use of chemical ad-
important due to the development of the new functional materialsditives for improving the efficiency of both wet and dry comminu-
such as new ceramics and electronic materials for various industrigion, and Hasegawa et al. [2001] studied the effect of liquid addi-
fields. The importance of stirred media mills increases steadily, betives on dry ultrafine grinding of quartz.
cause of an increasing demand for fine particles. In many cases, the Many investigators have studied the grinding kinetics of various
grinding by a stirred ball mill to submicron range has been achievedjrinding mills [Choi et al., 1996, 2000, 2001]. Kanda et al. [1998]
commercially. Because of their easy operation, simple construcearried out batch grinding tests of gypsum with a ball mill and in-
tion, high grinding rate and low energy consumption compared withvestigated the influences of the feed size and the ball diameter on
the other fine grinding machines, stirred ball mills have receivedthe grinding rate constant. Saito et al. [1998] studied the correlation
more and more attention in recent years [Jimbo, 1992; Choi, 1996petween the rate constant of size reduction, K, and impact energy.
In view of their growing importance, some basic researches of the To examine further with the ultra-fine grinding mechanism, this
power characteristics of stirred media mills have been carried ounvestigation, that used inorganic powders by the stirred media mill,
[Jimbo, 1992; Gao et al., 1995; Zheng et al., 1996; Choi, 1996; Kwawas carried out at various experimental conditions. The specific
de et al., 1999; Choi et al., 2000]. Shinohara et al. [1999] investi-grinding energy based on the measured power and the increase of
gated the fine grinding characteristics of hard materials by meanspecific surface area of ground products is discussed.
of the attrition mill, and Gao et al. [1996] found that by the increas-  Specifically, the effect of grinding aids on grinding rate constant
ing of power the size reduction was accelerated dramatically witrK [Choi et al., 2001] was investigated. The values of the grinding
only a small change to the energy efficiency of the process. Bernrate constant K with or without grinding aids were compared at var-
hardt et al. [1999] also showed that the slurry concentration has aileus experimental conditions.
important effect on grinding efficiency. Especially, the investiga-
tion of determining optimum experimental conditions was very im- EXPERIMENTAL
portant for increase of grinding efficiency. In addition, Forssberg et
al. [1995] investigated that the influence of chemical dispersantd. Equipment
The grinding tests were performed in a vertical stirred media mill
To whom correspondence should be addressed KMD-lB manufactured 'by Korea mqterial deyelopment Co., L.TD.
E-mail: wschoi@pusan.ac.kr This was the same equipment used in a previous paper [Choi et al.,
This paper was presented at the ‘39th Symposium on Powder Sciencé000]. Fig. 1 illustrates the dimensions of grinding chamber and
and Technology’ held at Hiroshima between November 15 and 17,the shape of a laboratory-scale stirrer. The net volume of milling
2001. chamber is 0.9b The grinding media alumina ball produced by
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Table 1. The summary of experimental conditions

Item Experimental conditions

Rotation speed 300, 500, 700 [rpm]
Ball filling ratio 0.70 []
022 ynit : mm Ball size 1.0 [mm]
Slurry concentration 10.0-70.0 [wi%]
Temperature Room temperature
Material of media Alumina (AD,)

$128
$116
$101

cess from which samples were taken from the pot at the deter-
mined grinding time interval. The particle size distribution was mea-
78 sured without any dispersion agent and prior to the measurement of
particle size distribution; the homogenizer was used for the disper-
sion of particles for 90 seconds. After each test, all the media and
ground samples were removed from the mill, and the media were
separated from the products by sieving. In order to investigate the
3 1 effect of experimental parameters such as stirrer speed, ball size,
ball filling ratio and slurry concentration on the particle size distri-
H10>/ bution of the products at different grinding time, a series of experi-
ments were carried out. The grinding consumption power was re-
corded by Excel software every 2 minutes within the first 30 minutes,
= F then every 5 minutes after that. Table 1 shows the summary of ex-
perimental conditions.
Fig. 1. Dimensions and shape of grinding mill pot of experimenta In this experiment, two sets of tests were conducted to deter-
stirred ball mill. mine the effect of rotation speed and slurry concentration on the
relationship between the specific surface area and the grinding rate
Nikkato Co., LTD. Japan, were of 99.9% purity, diametet.0 constant K. The grinding experiment was carried out with a batch
mm, and a density of 3.60 g/&rithe measuring devices of energy process, from which samples were taken from the pot at the deter-
consumption consisted of an automatic voltage regulator of GPAmined grinding time interval. The same methods of addition of grind-
100SS AVR, Sung Sin Electronic Co., LTD. Korea, and the detecding aids used in the previous paper [Choi et al., 2000] were used in
tion circuit was made in our laboratory. The electronic power con-this experiment. The specific surface area of ground products based
sumption of the motor for driving the stirrer was measured by anon weight was calculated from data of particle size distribution, where
A/D converter (AX5210, Axiom Technology Inc. Taiwan) and In- the shape of the ground product particles are assumed to be spher-
terface card (ACL-8112PG, AD Link Technology Inc. UK) with ical according to the following equation:
an on-line PC by turbo C++ software. The particle size distribution
of ground products was analyzed by Mastersizer microplus (Malv- 65 Vi
ern Co., LDT. UK), which uses laser diffraction and scattering. The __~d __ 6 @
homogenizer US-300T (Nihonseiki kaisha LTD. Japan) was usedas o,y V, PePI[3.2]
a dispersion device. Calcite (S50@+8.42um, density=2.72 g/cin
S.=1.42 mifg), talc (TS-1000,2=10.48um, density=2.74 g/cinS, Here, S is specific surface area based on weighs Yhe relative
=0.57 nilg) and pyrophyllite (PLW, =4.07um, density=2.73g/  volumes in size class i, id mean size class diameter gne par-
cn?, S,=1.49 nilg), which are produced by Wang Pyo Chemicals ticle density, D[3, 2] is surface weighted, or Sauter, mean diameter.
Co., LTD. Korea were used as grinding materials. The grinding aids

|

N2
$10
140

PU lined

10, 22, 22 22

€/

A\

were produced by JEONG-WEON Chemical Co., Ltd., Korea. The RESULTS AND DISCUSSIONS
basic material of these aids is poly-acrylic acid, {CHICOOH),
2. Methods Fig. 2 shows the frequency of particle size distribution of prod-

The stirrer was rotated at a constant gap of 5 mm between thects obtained at various grinding times. The initial distribution shows
bottom and the end of stirrer. When the stirrer started rotating, théhe existence of two populations. The median diameter of the coar-
measuring of grinding consumption power was started with a comser modal is about 20m, but it shifted from the right side to left
puter on-line system. The computer program was calibrated by takduring grinding. The second peak of lower frequency can be ob-
ing 10 measurements by multimeter [Choi et al., 2000]. The totalserved at around#m on the initial distribution. However, these
charged weight of the balls for each value of ball filing ratio, J wastwo populations merge into one broad one after 60 minutes. The
590 g for J=0.3, 980 g for J=0.5, 1,380 g for J=0.7, and the weighpeak of the finer population is centered atud® Increasing the
percent of the slurry concentration was changed between 10.0 argiinding time does not only produce finer product, but also nar-
70.0%. The grinding experiment was carried out on a batch prorows the particle size distribution by reducing the coarse particle
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Fig. 4. The relationship between grinding energy efficiency at
slurry concentration for experimental conditions (sample
calcite, exp. conds.: J=0.7 [-], ¢£1.0 mm).
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Fig. 3. The relationship between grinding energy efficiency ah slurry cor!centratioq (70 wt%), the pqwder is probably pporly Wet-.
grinding time for experimental conditions (sample: calcite ted and size reduction takes place with nearly dry grinding modali-
exp. conds.: J=0.7 [-], §=1.0 mm). ties. Upon increasing the slurry concentration the decrease of in the

amount of water deteriorates the flow-ability of the suspension and

the efficiency of the size reduction process decreases.
size [Park et al., 1998]. Fig. 5 shows the relationship between the increasing of specific

Fig. 3 shows the relationship between grinding time and grind-surface area and the specific grinding consumption energy. The in-

ing energy efficiency. The grinding energy efficientys decreased  crease in the amount of specific surface area is proportional to the
as grinding time is increased and it is increased in the higher slurrgpecific grinding consumption energy at the initial stage when not
concentration range. Where, the ground products are in existenagsing grinding aids, where Rittinger’s law is governed by the very
at optimum particle range. It is also defined to take unit mass prodiow E,,. It was confirmed that the limit theory of grinding fineness
ucts. The grinding energy efficiency was defined as follows [Soc.proposed by Tanaka could be applied to the data obtained within

Powder Technology, Japan, 1998], this experimental range. However, Rittinger’s law governs only the
_ first stage in this experimental range when using grinding aids. The,
N=AS/E, @ specific surface area did not reach the grinding limit when grinding

whereAS, and E, were obtained from following Eq., respectively. aids were used [Choi, 2000].
Figs. 6-1 and 6-2 show the change of specific surface area with

ASA(@P) (ks 1Xs1) ©) grinding time, using balls with a 1.0 mm diameter and calcite pow-
E, :f PdY W, @ der. The specific surface area was increased with increase of grind-
0 ing time. Fig. 6-1 shows the specific surface afgas3a function
where,n is grinding energy efficiency, is particle density,x,, of grinding time according to slurry concentratiopy®en oper-

X, are volume-surface diameter of product and feed material, reated at 700 rpm stirrer rotation speed and Fig. 6-2 shows the spe-
spectively, anapis the shape coefficient for specific surface area of cific surface area, s a function of grinding time according to stir-
particles. For this equation, the shape of particles is assumed to Iver rotation speed, n when operated in a 40 wt% slurry concentration.

sphericalg=6 [Soc. Powder Technology, Japan, 1998]. This phenomenon can be expressed by the following Eq. (5):
Fig. 4 shows the relationship between the slurry concentration q
and the grinding energy efficiency. The optimum experimental con- d_StN =K (S, ~S.) (5)

ditions are different with the low rotation speed range and the high
rotation speed range. The best grinding energy efficiency is foundHere, K is the grinding rate constant. Eq. (5) can be solved to give
at 60 wit% slurry concentration in this experimental range. In highEg. (6) using the initial condition of,SS,, for t=0.

Korean J. Chem. Eng.(Vol. 20, No. 4)
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Fig. 6-1. The relationship between specific surface area and grind
ing time for various slurry concentrations (sample: cal-
cite, exp. conds.: calcite, n=700, J=0.7 [-[zd1.0 mm).
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Fig. 6-2. The relationship between specific surface area and grind
ing time for various rotation speed (sample: calcite, exp.
conds.: calcite, J=0.7 [-], g=1.0 mm, C=40 wt%).

S =Sy oy
= exp(—Kt) 6)

The equation to describe the relationship between the newly cre
ated solid surface and the energy consumed by it in the very fin

size range was first proposed by Tanaka.

Figs. 7-1 and 7-2 show the relationship between the change of sp E
cific surface area and the grinding time by using balls with 1.0 mm ¢’
diameter and calcite powder. This presents a linear relationship whe o1 i
plotted on semi-log graph paper, and it is possible to calculate th
value of K in Eq. (6). These plots indicate that the value of K is de-
pendent on the rotation speed and slurry concentration. This expe
iment demonstrates this linearity in many cases. Austin et al. [1976 I L L L L
have proved it under certain conditions for the tumbling ball mill,
vibration and hammer mills and shredder cutters. The linearity wa:
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Fig. 7-1. Change value of specific surface area and grinding ti
for various rotation speeds (sample: calcite, exp. conc
J=0.7 [], &z=1.0 mm, G=40 wt%).
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Fig. 7-2. Change value of specific surface area and grinding ti
for various slurry concentrations (sample: calcite, ex|
conds.: n=700 rpm, J=0.7 [-], ¢=1.0 mm).

) ) ) I )
K=a,exp (b,n) )

1F key sample a, b, R 3

Q calcite 0.0050 2.342e-3 0.8634

. [0 pyrophylite 0.0008 4.445e-3 0.9973
- AF A tale 0.0003 3.707e-3 0.9933 E

300 400 500 600 700
n (rpm)

demonstrated for a small vertical spindle mill used in a batch projg. g The relationship between grinding rate constant K and rc

cess without airflow by Austin et al.

Fig. 8 shows the relationship between K and rotation speed n

July, 2003

tation speed for various test samples (exp. conds.: J=0.7
dz=1.0 mm, G=40 wt%).



Ultra-Fine Grinding Mechanism of Inorganic Powders in a Stirred Ball Mill 787
I 1 1 1 T 1 T T T T
K= a,exp (-b,C,) 1F
key n(rpm) a, b, R? -~
1F 3
s © 700 0.1793 0.0162 0.8242 U.)
[ 0 300 0.0900 0.0278 0.9292 €
- s B
E I L 01F  key kinds Cs (Wt%)
; 1k &) > @® aidsA60
i @ A aidsA70
[ E © aids B 60
o A aidsB70
= 001F o noaids 60 7
01 F = A no aids 70
b 1 1 1 1 1 1 | L L | |
10 20 30 40 50 60 0 30 60 90 120

C (Wt%) t (min)

Fig. 11. Change value of specific surface area and grinding tit
for experimental conditions (sample: calcite, exp. cond
n=700 rpm, J=0.7 [-], d=1.0 mm).

Fig. 9. The relationship between grinding rate constant K and slur
ry concentration for various rotation speeds (sample: cal-
cite, exp. conds.: J=0.7 [-], ¢£1.0 mm).

which was plotted on the semi-log scale with various test samplesneter and calcite powder. It shows the specific surface aesaeS
of calcite, pyrophyllite and talc. K increases as rotation speed infunction of grinding time according to with a parameter of slurry
creases. This tendency is the same for all of the test samples. Adoncentration, Gnith or without grinding aids operated at 700 rpm
the regression data for each plot show similar results. The result istirrer rotation speed and a 1.2 wt% grinding aids concentration with
that the grinding rates are proportional to the mill torque and theexperimental conditions. It was confirmed that the grinding aids
latter can be used directly to monitor and analyze the mill perfor-were effective in increasing the specific surface area.
mance. Fig. 11 shows the relationship between the change of specific
Fig. 9 shows the relationship between K and slurry concentrasurface area and the grinding time using balls with a 1.0 mm diam-
tion C, which was plotted on the semi-log scale with different ro- eter and calcite powder. This figure presents the linear relationships
tation speeds the lowest a rotation speed of 300 rpm and the highvhen plotted on semi-log graph paper, and that it is possible to cal-
est a rotation speed of 700 rpm K decreases as slurry concentratiaulate the value of K in Eq. (6). These plots indicate that the value
increases. The regression slopes of the experimental conditions aoé K is dependent upon the addition of grinding aids and the slurry
different between the low rotation speed range and the high rotaconcentration.
tion speed range. The particle size distributions of ground products Fig. 12 shows the relationship between the grinding rate con-
are a function of the cumulative energy input only in normal grind- stant K and the slurry concentrations when using grinding aids. The
ing systems, even when the power drawn by the mill varies appresptimum experimental conditions when using grinding aids varied
ciably with change of milling conditions. with the slurry concentration. It was confirmed that the grinding
Fig. 10 shows the relationship between the change of specificate constant K, when using grinding aids, improved by 1.95% and
surface area and the grinding time using balls with a 1.0 mm dia25.6% in a 60 wt% and 70 wt% slurry concentration, respectively,
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—~ 0.04
5 3 1 <
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Fig. 10. The relationship between specific surface area and grind-
ing time for experimental conditions (sample: calcite, exp.
conds.: n=700, J=0.7 [], §£1.0 mm, C,=1.2 Wt%).

Fig. 12. The grinding rate constant K and slurry concentration fo
experimental conditions (sample: calcite, exp. conds.:
700, J=0.7 [-], d=1.0 mm, C;:=1.2 wt%).
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when compared with the case of the absence of grinding aids. It waS,  : slurry concentration based on weight [%0]

found that the grinding aids have an important effect on increasingC, . : grinding aids concentration based on weight [%6]
the grinding rate, especially in high concentration slurries. For wetD[3, 2]: surface weighted, or Sauter mean diamete [
grinding processes at high solid concentrations, when improvingd;  : grinding ball diameter [mm]

grinding results with the presence of grinding aids, it is always acd,  : mean diameter of size classinf]

companied by increased energy consumption. Grinding aids appe&t  : grinding consumption energy [MJ]

to serve the function of preventing reagglomeration by adsorbings,, : specific grinding consumption energy [MJ/kg]

on the external particle surface. J - ball filling ratio [-]
K :grinding rate constant [mif]
CONCLUSIONS n : rotation speed of stirrer [rpm]
P : power consumed to grinding [W]

A series of wet grinding experiments using calcite, pyrophyllite, g,  : frequency percent under particle size [%]
and talc powder in a vertical type stirred ball mill have been car-S, : specific surface area based on weightdin
ried out in order to investigate the influence of the various experiS,., : limit specific surface area based on weight/gin

mental conditions on the grinding energy efficiency, the particle sizet : grinding time [min]
and the grinding rate constant K. The main results are summarized, : the relative volumes in size class fJm
as follows: X . particle diametenm]

X0 . percentile particle diameter for 10% particle diameten] [
1. The grinding energy efficiency decreased with an increase irxs, : median diameteim]
grinding time. The optimum operating conditions for the grinding X,, : percentile particle diameter for 90% particle diamete] [
energy efficiency were obtained within these experimental ranges
as follows: Greek Letters
AS, :increase amount of specific surface area based on weight

rotation speed: n=700 rpm, ball charge ratio: J=0.7 (-), [m?/g]

ball size: g=1.0 mm, s -
sample concentration, €60 w%, Z ; gz:g:ggoigjg% ETKC:;%W (]
grinding energy efficiency (at the grinding time 30 miyg1.46 nikJ p‘; - density of grinding ball [kg/Al
2. The grinding rate constant, K increased with an increase in
rotation speed. The grinding rate constant, K, was represented for REFERENCES
rotation speed, n as follows:
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