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ABSTRACT

The results of thls work prove that the relation between total
work and surface area developed in the wet grinding of pigments is
an exponential function. The following equations were experimentally
determined for the pigments studied:

For Zinec Oxide: P - ,090 Qﬁa)l'os
For Titanium Dioxide: P2 ,086 Qﬁs)1'072
For Calecium Carbonate: P = 107 Qﬁs)0'98

This work shows that in the grinding of sub-sieve size pigments the
Rittinger and Bond theories which state that surface area developed
13 directly proportional to total work, are not valid and cannot be
applied.

It is also shown in another plot that when a surface area develop~
ed versus total work plet is made with all the pigments starting from
the same surface area, the ratio of thelr y-intercepts, where ps =
log 1 = O, are related to the ratioc of the mineralogical hardness of
the pigments. In fact the straight lines of the pigments fall in the
order of their hardness, Since As = O refers to the unground pigment,
the only plot it can have any significance in is a plot where the
grinds have the same starting point.

A study was also made of each of the grinding variables and
their effect on the development of surface area.

Thus by the use of a simple method of measuring surface area ard
a measurenent of power expended, these egquations can be used to

predict power requirements to obtain a specifie grind.
ii
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I. INTRODUCTION

In the paint industry one of the most important operations is the
grinding of pigments, In contrast to the minersala field where much of
this grinding is done dry, paint manufacturers invariably grind pige-
ments in some liquid. The lack of information on this type of grind-
ing has led the author to reexamine the current theoretical approaches.
It was found that the theories of Rittinger, Kick and Bond are of
11ttle use in this type of work as they fail to prediet the time
necessary to reach a certain average particle size or the power
necessary to develop & certain amount of surface area.(1)

In aporoaching this study three facets of the problem were kept
in mind, first how to measure the surface developed, second how to
measure the power and third which mill would give the greatest surface
development. For the routine measurement of pigment surfaces the
ajr-permeability apparatus in the form used by Carman (h) is very
satisfactory, especlally when the apraratus is standardized with the
results obtained through the more reliable absorption of gases method.

Power measurements were made with a Watt-Hour Meter through which
the power supplied the rollers was measured. This instrument was capable
of reading the small difference in power which were handled., Headings
were taken with the mill empty and loaded, with the various pigment
slurries and at the various speeds. The difference between no load
and loaded readings were taken as the power used to develop surface.

The pebble mill was chosen &3 the moai efficient mill in develop~-

ing surface, especially for & water system which was studied.



Among the variables studied were mill time, wetting and antifoam
agents, grinding media, speed of the mill and solids of the slurry.
Three widely different pigments were studied, Zinec Oxide, Titanium
Dioxide and Calcium Carbonate.

The pigments were ground, dried and measured and the surface area

developed correlated to the power input and time of grind.



II THEORY OF OPERATION

A. Theory of Comminution

Energy requirements are a matter of considerable concern in size
reduction as the energy consumption represents & large portion of the
total cost in such operations, In the past Kiek's law and Rittinger's
law have stood as the laws of grinding but with Bond's 3rd lLaw of
Comminution there are now three such concepts,

Rittinger's theory vostulates that the useful work done in
erushing and grinding is directly proportional to the new surface
area produced and inversely proportiocnal to the product diameter.
Speaking of this law Gaudin says: "The efficiency of a comminution
operation is the ratic of the surface energy to the kinetic energy
expended."(10) By this theory, even the best values for surface
energy indicate that 99% of the work input is wasted. Bond also
points out that Bittinger's theory ignores the distance factor
(particle deformation before breakage) although work is the
produet of force multiplied by distance, All size reduction of
solids, by whatever means, starts with an initial crack which
spreads through and asross the particle by the flow of resident
energy to the crack tips.(1)

Kick's theory is based primarily on the stress-straln diagram of
cubes under compression. It states that the work required is prop-
ortional to the reduction in volume of the particles.(12)

But Bond contends neither Rittinger's theory {concerned only
with surface) nor the Kick theory (concerned only with volume) ecan be

completely correct. The Bond theory states that the total work useful



in breakage is (a) inversely vrovortional to the square root of the
diameter of the product particles, (b) directly proportional to the
length of the erack tips formed, and (c¢) directly proportional to
the square root of the surface area formed.

Bond's equations on his 3rd Theory of Cormimution are:
W

(VF T

)
Wy w W ((F ) ¥ P
' (TF 4P ) 1700

1f F and P are in inchest

W, =W (V(F )
t ) | oo

Or by simplifying the second equationt

W, =W ( (R ) [P
(fR-1 ) Y100

wheres W, = work input to reduce from infinite feed
P = diameter which B0O% of feed passes (microns)
P = diameter which 80% of product passes (microns)
W, = work index, total kw~hr per ton to reduce from
infinite to 80% passes 100 microns (65% passes
200 mesh)
W = wak input kw<hr per ton
R = reduction ratio, F/P
The work index can be calculated from laboratory tests or from
plant operation using the last three equations where W, F and P are
known. When the work index is known the work input required for any
size reduction can be caleulated. The work index therefore is an all

inclusive constant contalning surface area, grindability and the other

properties of the material and the performance of the mill on which the



index has been calculated. The term BOF passes is the most significant
method of expressing & screen analysis in one termj 1t can be found
easily from the plotted size distribution.(l)

Since most of this work has been done in the minerals field it
pertains to larger particles than are usually found in paint pigments,
Here the larger portion is sub-sieve siged particles and this study
was undertaken to see if any or all of the above theories hold in the

sub-sieve range.

B, Theory of Air Permeability

If a fiuid is percolated through a porous medium of uniform
cross~sectional area, A, and thickness, L, the rate of flow, Q/t,
is given by the equation,
an/M:KI&’/BL

Where: u s apparent linear rate of flow in cm/sec
4/t = rate of flow in milliters per second
A g cross~sectional area in square centimeters

Kl = proportionality constant representing the
permeability of the porous medium

AP = pressure difference driving the fluid through
the medium, in grams per square centimeter

n z viscosity of the fluld, in poises
L = thickness of the porous medium in centimeters
The proportionality constant, Ky, is a specific property of the
porous medium which is independent of the dimensions of the latter,
of the pressure difference, and of the viscosity of the fluid. I%

has been shown theoretically (5) that if the porous medium consists



of a bed of rigid grains, Kl is ealculable in terms of the porosity
of the bed and of the speeifiec surface of the solid particles. The
regsulting equation is?
K, = g €/55,2(1-€)°
where: g = acceleration due to gravity(980 cm/sec/sec)
¢ = porosity or fractional void of the bed

S_ = specific surface of the powder in square
centimeters per cubic centimeter

2
The porosity funetion, 63/(1-6J, gives the important relatione
ship between permeability and poresity for any given powder. Conversew
ly, if X4 and & are known, it is possible to calculate 5, by the

equations (17)

3 3 3
5 z fod lh i x & - 111 “% X
° = mitor g, G- in (e

It has long been known that when the mean free path of molecules
of a gas flowing through a capillary is an aprnreciable fraction of
capillary diameter the rate of flow is greater than given by Poiseuille's
law.(1li) This is regarded as a "slip" at the capillary walls and the
theory of the slip correction term was worked out by Maxwell. (k) In
its application the slip term enabled specific surfaces calculated by
the normal Kozeny equation as shown above to be corrected; but in the

case of pigments, the uncorrected surface is often several times
smaller than the corrected surface, i.e. the slip term is not a
correction but 1s the main ternm.

When the mean free nath is many times greater than the caplllary
diameter, molecular flow is obtained. This has been studied both
theoretically and experimentally by Knudsen who obtained the law: (15)

Q/t = 8/3 2RI/TM . A%/p, ip/L



When this term is used as a correction for the Kozeny equation
it extends its use to pure molecular flow in porous media, Carman
and Arnell (li) take a value of 0.5 for k,/k and then

QLpy/th ap = pFy/5mS 2 £ 0,96F,/s, | RryM

As the above equation iz a quadratic in S,, the direct solution
would give a very clumsy expression for S,. It was found better to
break up the calculations from the experimental data into stages.
Firgt, if one ignores the slip term, a specific surface Sy is obtain-
ed, this being the uncorrected surface obtained with the normal
Kozeny equation,

sk2 =t A ap/ylpy x Fyp/Sn
KNext, if the Kozeny term is ignored, a specifie surface Sy, is calculated,
which would be the corrected surface if pure molecular flow occurred
in the plug,
Sn e tApPAR LDy x 0.96 F2 | RT/M
The final form of the equation is,

So = Sw/2 £ {wgf/h £5°
For routine measurements calculations are not laborious. If a plug
of fixed dimensions 1s used L and A are constents for a particular
apparatus and it 1s also most convenient to keep Ql constant. For
2 given material, it is desirable to use always the same weight, so
that <. and the two porosity functions Fy and Fy are always the same,
If air alone is used M is constant and on any particular day Pys B
and BT can be taken as constant. Indeed, for most routine work no
serious error is introduced by choosing values of these quantities

which correspond to normal laboratory conditions and assyiming them



constant, This leaves only t, Ap and p to be inserted in the equations,

Since the »roduct tAp/pl i3 common to both equations it is evaluated.

Pregaures were

measured in rmm of Hg, and these values can he inserted

in thp/pl directly, since this involves a ratio of pressuresj but,

for p, the value in mm of Hg must be multivlied by 1333 to convert

to dynes/cmz.

The symbols used in the above equations are:

py and po
Ar

e et

-4

m = v 3 .3

F) and Fp

w 0

al

Pressures on each side of plug, in dynes/cmg
Pressure difference Py=psj dynes/cm2

Mean pressure %(p1/p,), z%ynes/cm2

Volume gas in ml flowing in time t, measured at Py
Time of measurement, sec,

length of plug or cireular capillary, cm
Cross-gection of plug or elreular capillary, cmg
Viscosity of gas, poises

Avsoclute temperature, °K

Gas Constant 8,31 x 107 in egs units

Molecular weight of gas

Porosity, (1 -W/o AL)

Porosity functions  €3/(1- é)z) and (€2/(1~¢))
Weipht of the plug in grams

Density of the powder, gr/ml

Constant in Kozeny equation

Corresponding constant for viscous flow in straight
caplllaries



Se Specifie surface in cw?/cm3, 1.e. em™t
Sk Specifie surface in Kozeny equation, cm&l

-1
Sm Specific surface in molecular flow equation, cm

The introduction of the term for slip flow and molecular flow
into the Kozeny equation for gas permeability provides a quick, simple
and reliable routine method for measuring the surface of pigments.
Owing to variation with porosity, permeablility surfaces have been
based on the concept of a normal porosity range which for uniform
equidimentional particles is € = O, to 0.5. For non-uniform
particles it can be less and for acicular, platy or skelatal particles
it can be considerably higher. For this reason pigments were chosen
vwhich did not fall into this latter category as the porosities attaine
sble are neot applicable in the Kozeny type equation.

The permeability surfaee provides a quick, simple and reliable
maethod for obtaining the surface of pigments., The absorption method

is morse sccurate but is quite unsuited for routine. (3) (7)



11T EXPERIMENTAL APPARATUS

A, Design of Permeameter and Method of Operation

The outstanding features of the alr permeability apparatus for
measuring the surface area of pignents are: (a) formation of a self-
supporting plug of pigment in a precision~bored tube with a small
hand-press, and (b) direct measurement of air flowing through the
plug with a graduated tube.(?) The formation of a self-supporting
plug offers no difficeulties with paint pigments or finer particles,
The main advantage of (b) is that the permeability apparatus is very
simple and gives direct readings of the volume of air passing through
the plug for very small rates of flow under a constant pressure head.
A gerious error in previously used apparatus is that as the confining
1iquid rises up the measuring tube air enclosed between the liquid
surface and the plug expands, since its pressure decreases, This is
easily overcome by leveling the liguid ingide and outside the tube,
The error increases with the enclosed volume and in this modified
apparatus has been reduced to a minimum. It must be emphasized that
the pressure drop across the plug is generally so large that it is
1ittle changed by the head of liquid rising in the measuring tube, 8o
that the error is not due to change in the mass rate of flow through
the plug, but in time taken for a given volume to be recorded.

The equipment for this test is shown in Figures 1 and 3. The
plug of compressed pigment is in the small tube located withln the
glass bulb at the top of the pipette. The top end of the plug is

connected to the glass tubing and pressure tubing by means of a



rubber stopper. The pressure tubing is connected to a manometer and
a pump for maintaining & constant pressure difference across the
plug. In the laboratory a Cenco-Pressovae li Pump was used which
gave a congtant 12 mm of Hg vacuum which was checked after each run
with a manometer.

To maintain the gas confined in the graduated measuring tube,
made from a 10 ml. pipette, constantly at atmospheric pressure, the
confining liquid is allowed %o flow from a reservoir and is control-
led by a serew-clip so that the levels in the two arms of the small
manometer remains the same. The side-arm and stop-cock is used for
introdueing the alr and to avoid complications from vapors from the
confining liquid, dibutyl phthalate was used in the open end manometer
and mercury was the confining liquid and was used in the closed end
manometer. The closed end manometer permits a continuous check on the
constant vacuum and can be used tc check when the equipment has reach-
ed equilibrium. The glass tube with the cotton plug is a safety
device for non-plug forming pigments so they will not be sucked into
the vaecuum pump.

The plug forming equipment consists of a stainless steel tube
which has an internal diameter of 0.636 cm and the plug was formed
by compressing the pigment between stainless steel plungers of 1/h"
stock in a hand press. The sliding fit plunrers are fixed into the
Jig, eiving a fixed length when they are squeezed in a vice until
the plunger ends remain flush with the end faces of the jig.{fig. 2)
Details of this hand press were obtained from the New Jersey Zine

Company,






13

e

FIGURE 3
LINE DRAWING OF MODIPIND 4TR Pum

T e
7§rw_..g,ﬁ

*

e P \»f\. [

Cioot b

M.

4
J—
<«
e B
o
3 el
z ¥
- e
— 3
” .
h H]
.
/
7}.!..: : w \\
— [ — o~
-~ s 1 i X, o
. mw VL L T TN S MY I M A S SN\
AT Ty ~
~ e 1 N
B et A van 08 - ry
. et N g
TERR Y -~ .
I RSN =
e khv.v.uc!rtv =
& -
s , E C
P
- L ««V«ﬂu L.
A B -
. o~ vy -
AV sy e ~ - M
- .




Progedures

1. Welgh the clean, dry sample tube.

2. Weigh out in a tared aluminum dish a sample of the pigment equal to
some intermediate amount which will give porosity of 0.L to 0.5 in the
plug. DBreak up any lumps by means of a spatula. The pigment plug is
prepared by transferring small portions of the pigment to the sample
tube of which one end has been closed by the insertion of the plunger.
The other plunger is inserted and the pigment squeesed by hand pressure.
4 small funnel is helpful in meking these additions. Additional por-
tions of the pigment are added at alternate ends of the tube, pressure
being applied after each addition, until all the pigment is in the
tube. The assembled tube and plungers are placed in the jig and
slowly compressed in a vise until the plunger's ends are flush with
the side of the jig. The plungers are removed and any feather edges
of pigment at the ends of the tube are cleaned out. The tube with the
plug of pigment is weighed. The difference between this weight and
the welght of the empty tube, is the weight of the pigment plug.

One end of the tube containing the pigment plug is inserted into
the end of the rubber stopper of the permeamster and the rubber
stopper pressed carefully into place. The vacuum pump is started and
allowed to run until practically all the air in the connections up to
the plug has been removed, as indicated by the closed end manometer.
The stopcock is rlosed slowly and the mercury allowed to rise a short
distance in the calibrated tube; meanwhile the open end manometer is
kept level by means of the screw-clip. At a suitsble distance, after

the rate of rise of the mercury has become constant, the stopwatch is
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started as the mercwry level passes & graduation line, The seconds
required for the mercury to travel one and two cudtie centimeters
are recorded,

The stoncock is opened, the vacuum pump stopred, the sample
tube reversed, and the determination repeated. The two sets of
regults should check very closely., If sipmificant differences
ocour, a complete new determination is mde,

3. Surface determination on the standardizing sample of Kadox XX2

Ane Oxides
Aeight of tube and pigment 17,0545 grams
Waight of tube 15,4970 grams
W = 1.5575 grams
€= 1 =VW/pAL z 1 = 1.5575/5.606x,318x1.63 @ = 5.606 gr/m
€21~ ,5%6 u bk A e 318 ond
Fy 2 €3/(1-€) = .100/.287 & 348 L 2 1.63 en
Fp s €/(1-€) 2 ,215/.536 = 08 Py = 753 mn Hg
tAp/py = 202 x 7h1/753 = 198.5 sec ps = 12 mm Hg

i R TR S e

z (9.96 5,3;;5:;67::228 x ggwggh% x 198.5) = 7h1 rm He
sm 29 2% 1 3 Ap
e e (PrBxJB) ) x 1985 x 3928 x 1333 Q=2
(21 ,63x,1x10™-)

8, = 2.2 x 1()5 cm’l t = 292 meo

akga 38.2 x 1‘38 — n = 28 x 10™poisen

SIS

8

g 10
8, = 2,2 x 10 £ hﬁg::m 4 38,2 x 10

8, = 1.1 x .‘:.05 £ 1,967 x 105 = 2,362 x 105 cm.'l

2
g = ao/o = 23362 52500 = 122 m o
. gr/ce
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Standardization: The above computations cover a sample which was
supnlied the author by the Hew Jersey Zinec Sales Company. The
specific surface of this sample of XX-2 Zine Oxide was checked in
their laboratory using both the Air Permeability and the Nitrogen
Absorption methods and found to be 4.2 sq.m/gr. This checks very
well with the value of 1,22 m?/gr as shown above. This sample was
used to check the acouracy of readings on the modified air permea-
meter as suggested in the 1iterature.(l)

B, Grinding Equipment and Power Measurement.

Pebble mills have been widely adopted for pigment dispersion in
the last two decades. In the most commonly used design, a cylindrical
chamber, mounted horizontally, is partially filled with pebbles or
porcelain balls together with the components of the mixture for
grinding. Hotation of the cylinder causes the balls to be 1ifted to
the point where they cascade, rolling over each other, erushing any
particles caught between the contacting balls and subjecting the
mixture to a highly turbulent shearing action in the spaces
between the balls.(18)

The efficient use of pebble mills requires the balance of a
number of variables. Although the analysis of performance of any
given mill operation is di fficult, requiring in some cases careful
and systematic observation over an extended scries of trial runs,
there are, nevertheless, data from standard practice and exverimental
work which can be applied to many special cases. It can be seen that
the construction of the mill and its driving mechanism establishes

permissable loads and speeds, but other conditions well within the
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control of the onerator determine actual grinding efficiency.

The nebble mill which has a non-ferrous lining of porcelaln and
the grindine media of flint or porcelain pebbles was chosen for this
work., Sinece the vehicle for the slurries studied was water, work
could not be done with the ball mill and its metal mill and grinding
media, since rusting would cause contamination.

The speed of the mill is one of the important overating factors
in the operation of the pebble mill.. The following equation
expresses the relation between mill diameter and the speed at which
the balls would be held by centrifugal force to the interior of the
mill eylinder: (9)

sgx/\('n" S = mi1l speed RPM
K = constant
D = diameter of mill f4.
This speed has been designated as the "critical speed” and has been
quite renerally adopted as the reference point in describing mill
operation, Theoretically, the balls in a rotating mill centrifuge

if the speed exceeds that given by the equation: (6)

S = Sh,19/{r r =z radius of mill ft,
S 2 54,19/ {172 & Sh.19/.h1k r e 41257 = 172 £,
! 2x10

5 2 130 BPM for the lab pebble mill

It should be noted that this equation is based on a mill contain-
ing the balls only with no grinding charge present. When the latter
is introduced, the limiting speed is lower in value. The amount of

the deecrease from the critical speed will depend direetly on the



18

viseosity of the grindin-~ charge. 1t is obvious that the lower the
7iscosity, the nearer the speed may be to the ocritical spmeed value,
and the higher the viscosity, the greater the deviation therefrom.(13)

Commercial practice has been based on the properties of the
mixture being ground and the characteristics of the grinding media.
Commercial mills for pigment dispersion thus usually operate at
speeds 50 to 65 nercent of critical speed.(8) In the case of the
laboratory vebble mill this gives operating speeds of 65 to "5 RPM,

The recommended ball load is L0 to 55 pver cent of the total mill
volume, Higher loads reduce the cascading giving in effect 2 choked
mill, Lower loads may contribute to slipping of the ball charge with
excessive wear and deformation of the grinding media.(6) The laberatory
mill was loaded to 50 ner cent of its total volume or about one pint
of pebbles,

The optimm dispersion volume is 18 to 20 per cent of mill wvolum .(8)
A charge which 18 slightly in excess of that which fills the ball voids
is most rapidly dispersed., This is the tyne of charge used on the
laboratory mill and amounted in each case to about one half pint,

The pigment slurries were kept as simple as possible to keep the

variables at a minimum. They consisted of:

53.8% Mix 63.7% Mix 37.3% Mix

Pigment 240 gr 290 gr 170 gr
Water 200 ee 150 ac 270 ce
Tamol 731 (25%) 3 cc 3 ee 3 co

Nopeo JMK 3 er 3 gr 3 gr
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The grinding equipment used was the Paul O, Abhe Single Tier Jar

Nolling Mill (Revo~Charge Motor Drive) deseribed as follows:

H.P. Floor Space Height, Rolls
1//3 13" ® 72?& 16!1 3!} % ha"

The jars are easily placed on or removed from the rollers and no bands
are required to hold them in place. OStandard rollers are steel, the
rubber covering of which is carefully ground to size. All rollers are
directly driven to insure positive action and eliminate danger of
binding.

The jar mill is a straight side porcelain Jar cemented in a steel

can for protection against breakage. Its dimensions are:

0.D, Outside Height _I.D, Inside Height Onerating Capacity
5.13" 5.50" L.126" ly.125" 0,25 gal.

The main grinding media was Selected French Flint Beach Pebbles
with a long diameter averaging about 3/l inches and a short diameter
averaging about 1/2 inch. Deach pebbles, rounded and free of pits,
have long been employed as grinding media. In this work Borondum
Cylinders of high density ceramic with 3/l inch diameter and 3/k inch
height; and spherical 1/2 inch diameter porcelain high density balls,
were also studied.

Power requirements were measured on a Westinghouse Watt-Hour
Meter, Tyve OB, Single Phase, K, = 1/3, 5 amps, 115 volts. The
constant of this meter was 3.56 x 10”h kw=hr per revolution of the
wheal and the number of seconds per revolubtion %as checked using a
stop~watch. This meter was connected directly to the line and the

mill drew its power through it.
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Power readings were taken with the mill loaded with its ball
charge and this figure subiracted from the readings obtained when
the ~igment slurry was also present. The difference between these
two readings gave the power used in developing surface arsa. These
readines were gso small that any heating losses were not considered
as they were constant for any set of runs and would have made the
power Peadings that much smaller,

The method of making the grinds consisted of first slurrying
the pigment in the water and agents under 2 high speed agitator and
adding this slurry to the pebble mill whieh had been loaded with the
ball charge, The jar mill was then put on the rollers and allowed %o
grind for the predetermined time. After this period was romnleted
the jar mill was removed from the rollers and the slurry removed
from the mill, The power was checked and recorded for the run. The
slurry was then spread out in shallow trays and allowed to dry in a
constant temperature~humidity room for 24 hours, It was then used to

prepare a2 plug to be run in the nermeameter.

Cs Pigments Studied

This study covered three widely different nigments in order to
get a wide range of values. It was the plan that by testing pigments
of widely different hardness, specifie gravity and reactivity, a
correlation would be obtained that would hold over the entire range.

The first pigment studied was a Zinc Oxide, which iz a white
plgment, nodular in shape. It has high brightness, its refractive

index is 2,08, It is relatively low in tinting strength and hiding
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power brit has special vroperties which make it a very desirable
pigment. Tt is relatively opaque to ultraviolet light. It is slightly
chami eally reactive and forms reaction products with paint vehicles.
The chemical reaction is taken advantage of in paint formulation to
ohtain certain properties in some paints bub ex~lundes its use in some
types.(16) Listed below are some of ihe constents on’

JX-2 7inc Oxide (lew Jersey Zinc Company)

Particle Shape Nodular
Insoluble in HC1 .03%
303 (total S as) o 25%
Water at 110°C 208
Water soluble salts 578
PrO (total Pb as) .19%
Zn0 over 98.00%

011 Ahsorption 8.2 cc
Cne pound bulks L071h gal
¥o Hardness o= )5
Speecifie Cravity 5.606

The second pigment studied is the most important white pigment,
Titaninm Dioxide. Tts most outstanding property is its extreme
opacity, which is much higher than that of any other white pigment,
Tinting strength as determined by the Reynolds method ranges from
1200-1300 and one nound of pigment in linseed oil will hide 115 square
feet of black surface, It has an index of refraction of 2.70, aver;ge
mean particle size diameter of 0.3 microns and a total dry brightness

of 98 to 99 per cent, It is very resistant to acids and alkalies, it
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is not discolored or otherwise affected by gases, and is non-reactive
with practically all types of vehicles or media in which white
pigments are used,

The Titanium Dioxide used in this study had the follewing constants:

Titanox RA (Titapdum Pigment Corp.)

Crystal Hutile
Refractive Index 2.70
Specifiec Gravity L.?
1 1b bulks .0286 gal  1bs per solid gal. 3L.99
Tinting Strength 1600
011 Absorption 17-19
Vho Hardness 6«7 7-7.5 single erystal
T10, (min) 97.0%
510 0.15%
Fey0q 0.006%
A1,04 1.3%
Sb,05 0.02%
M 1 - 2%
Pb 0.015%
Average Particle Size:Mean Diameter Miecrons 0.3 - O.h
Transmission Range h20, - 600 mm

Thermal Conductivity:

cal/em/secoc perpendicular to ¢ axis .0124-.0136

parallel to e axis .0200~,0216
Specific Heat e/g «1707-,179
ke cal/mol/oﬂ 200-1000°C 13.2

Coefficient of linear expansion @ 25°C a axis 7.19 x 10'6/00

¢ axis 9.9k x 10”6/°c
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Molal Heat Capacity (25°C) 13.16 cal/"C
Dielectric Constant 11l

varallel to ¢ axis 500 ke 190
Power loss parallel to ¢ axis 500 ke 0.025

Electrical conductivity(room temp) 0.2-1.0 x lo‘lomho per cm

Melting Point 1825°C

The Third pigment examined is a white extender pigment, natural
whiting, Caleium Carbonate. Tt varies from pure white to dirty cream
in color, It is a bulky pigment, quite stable to light, and is
unaffected by hydrogen sulfide., It is practically insoluble in water
but more soluhle in water containing carbon dioxide forming caleivm
biearbonate. It is soluble in all dilute acids with the evolution
of carbon dioxide. The calcium carbonates exhibit little covering
vower in wet olil or varnish films, Thelr oll ahsorption varies
widely and is dependent on particle size and surface treatment, which
may change the characteristics of the pigment markedly to improve
gloss, inerease ease of wetting, prevent penetration and lower oil
abgsorption, (16)

The calcium carbonate used was Calwhite., It is a high brightness,
relatively low particle size natural caleium carbonate pigment produced
from pure crystalline marble. It is manufactured under rigid control
by a system of water grinding and centrifugal classification., Some
of its other properties are listed belowt

Calwhite (Georgia Marble Co,)

Dry brightness 96%
Hardness (Mho) 3.0
011 Abzorption G-C 23-75

pH 9‘1 - 9.2



Specific CGravity 2.TL
Particle Size distribution 2«30 mierons
75% minus 10 microns
Mean particle sise 6.5 mierons
Specific Resistance 20,000 ohms
Bulking Value
One pound bulks 0,0Lh3 gal
Weight per solid gallon 22.57 1lbs

Typical Chemical Composition:

G&COB 98 . 00%

MgCOy 1.01%

A1203 0.02%
Fen03 0.08%

¥n Trace .
8105 0.38%

Cu None
Moisture 0.40% (max)

D, Variables Studied

While this study pertained to surface area and power requirements,
it was felt that several of the overating variables other than time
should be echecked in order to get the optimum grind on each run, This
was accomplished bv checking the effect of five other variables on the
Zine Oxide and Titanium Dioxide grinds.

The first variable gtudied was mill speed. Operating within the

50 to 65 per cent of critical speed range mentioned in section B, runs
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were checked at 65 RPM, 75 RPM and 85 RPM, The time, mix and all other
econditions remained constant,

In the first runs because of the water systenm and the faect that
the wetting agent was a detergent type material there was some foaming,
This foaming would have cushioned the cascading of the pebbles and cut
down on grinding efficiency, Therefore an antifoam agent was added, a
silicone socap, “opéb JMK (Nopco Chemical Co.) and also checked in a
grind to note its effest on the development of surface area.

Also checked was the effect of the wetting agent., This was done
by running the organic, anionie, Tamol 731 (iiohm % Haas) against an
inorganic agent, Potassium Tripolyphosphate and also a grind with no
wetting agent, Tamol 731, which is the sodiym salt of a carboxylated
polyelectrolyte,was chosen from among many organic types becauze of
it's good verformance in the type of system being studied, The mix
was kept thin to prevent rheological side effects. (13)

With a 2 hour grind, using flint pebhles, Tamol, Antifoam and
65 RPM, the solids effect was checked. Slurrles with about L0, 50
and 60 per cent solids were ground to determine its effect orn surface
develovment, |

Finally the grinding actiun of the random shaped flint beach
pebbles was compared with that of uniforml§ shaped cylinders of a

high density ceramic and spherically uniform porcelain balls.



1V. EXPERI MENTAL RESULTS

At the outset 1t was necessary to drop one of the pigments which
had been chosen for this study, Silver Bond Silica. It was found
that this pigment when ground did not form a self-supporting plug
and this would have made it impossible to measure surface area by
means of the air permeameter.

investigation of the possible sourcea of error in the use of

the permeameter equations showed the following: (11)

Variable Accuracy Assumed in Measuring Max. % deviation in s,
Volume of Air () £0.1ml £ 1.0
Ap £ 25 mm Hg £ 1.7
Time (t) £ 1 sec £ 0.k
Length of Plug (L) £ 0.0l em £ 0.3
Area of Plug (A) £2.3x 10~ on? £ 0.5
Porosity of Plug (€) £2.3x 107 en? £2.0
£ 0.01 em (L) £ 2.0
£ 0.001 gr (W) P4 o.g
£ 0.02 gr/ml (o) £ 1.2

Sinee this method is also dependent on the porosity of the plug
being between O.L and 0.5, it was first determined what the range would
be in weight for each pigment, as follows:

WopAl(1 -€) 20504 L wne 0.6'€AL

For Zinc Oxide: 1.h55 gr =-= 1,745 gr
For Titanium Dioxide: 1.09 gr === 1,31 gr

For Calecium Carbonate: 0.70 gr -= 0,8L gr
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An average of the above high and low figures was tzken and that was
the amount welrhed out for compression into the vnlug.

The power reQuirements were found to be the same for each type
of pigment slurry as the viscosity for each was just about the same
due to the solids content and the efficient job done by the wetting
agent.(13) The slurries were in reality practically water thin and
because of this there wag no measurable difference in their power
requirements., These vower requirements were measured at each speed
but since most of the data was run at 65 RPM, the optimum grind speed,
they were the only readings required. Only the actual work used in
grinding was used and this is why the power readings were so low.
Work done in revolving the mill and the pebhles was not considered
as having part in the development of surface.

The drying of »igments had to be handled very carefully as it
was found that if they were heat forced or allowed to vack the
results would be erratic due to cindering or flocculation, It was
also not possible to dry them in the laboratory on days when the
humidity was high as they carried over surface water which caused
the plug to be impervious to the alr stream flowing through it, It
wag found that the best method was to smread a thin layer of the
ground slurry on a large tray and dry in a constant temperature-
constant humidity room(77°F - 50% R,H.) In this way all the piegment
grinds reached the permeameter in the same condition and moisture
content was the same for all samples.

In an attempt to check the theories of Rittinger and Bond, the

power expended in each grind was first plotted on arithmetie graph
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paper against the surface area developed and the sguare root of the
surface area developed. Since each of the pigments failed to yield
a straight line relationship, we found that the Bittinger and Bond
theories of direct proportionality did not hold. The data was also
plotted on semi-log paper and again did not yield straight lines.
This proved the relationship was not of the type, y = n 1cmx, where
m and n are constants,

The data when plotted on log-log paper ylelded straight lines
with each of the pigments, as shown in Curve 2. This meant they
were power functions of the general type x « A y*. These lines
cross cach other because of their different slopes and the lines
and the equations derived therefrom show no correlation with other
properties of the pigments such as specifiec gravity, hardness or

prinding resistance, The equations from this plot are as follows:

For Titanium Dioxide: Pz 086 (Ap)l'072
For Zinc Oxide: P = .036 (35)0'678
For Caleium Carbonatet P = 076 (A§)0.89h

However, when each of the pigments was plotted on log~log paper
starting with the same surface area (that of Titanium DMoxide) it
yielded a family of straight lines extending radially from the same
origin and displaced in the order of their hardness. The y~intercepts
where A8 = log 1 = o, which can be considered the condition of the
pigments before grinding, were in ratios very close to the ratios of
the Mho hardness of the pigments, Since this did not show up on the
vrevious plot, it points out the fact that the As = o intercept only

have significance where all the \s start from the same place, in other
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vwords where all the \s = ¢ have the same base surface area.

In this nlot the surface areas and power required to develop
them for the pigments which did not start at the same particle size
as the Titanium Dioxide, were obtained by interpolating the original
experimental data as shown in Cuarve 2., The plot of these internolated
values of Zine Oxide and Caleium Carbonate and the experimental values
for Titanium Dioxide igs ghowm in Curve 3.

From this set of curves were obtained the following edquationss

1,072
For Titanmium Dioxide: P w,086 {As) 7

1.
For Zinc Oxide: ? 2,090 (\s) %
For Calecium Carbonates P =,107 Qﬁs)o'gs

The very important relation hetween the y-‘ntercept and the mineral-
orical hardness o the materials 1s listed below!

Hardness Hatio y-intercept Ratio

For Titanim Dioxide: 6.0 16.8

1.41 1.33
For Zine Oxide: .25 12,6

1.4 1.37

For Caleium Carbonate: 3.0 . 9.2

In the study of the relation 3. timse of-grinﬂ to surface area
developed, the function was again a power one as shown in Curve 1,
Equations for this correlation of time of grind to surface area

developed are!

For Titanium Dioxide: t = 22 Q&s)'éog
602085 "

For Zinec Oxide: t =11 (48) 05

For (alcium Carbonate: t = 20 (ﬁp)’aé?

The check on the grinding variables was made by comparing the

surface areas developed vhen each in turn was removed or replaced.
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The results checked for both pigments studied, Titanium Dioxide and

Zine Oxide. They showed ihat for this particular system and the

particular mill, the best way to develop optimum grinding conditions

was to grind at 65 RPM with 53.8 per cent solids, adding Tamol and

Antifoam, the grinding media to be flint beach pebbles. These were

the conditions under wh'ch all of this experimental data covering

grinding time and power effect on surface area development was collected.
‘A check of the results obtained with the air permeameter against

those obtained by o@her investigators ghowed the resulis were in the

_same range aﬁd in most cases comparabie where the same type of pigment

was studied. This served as a cdouble check on the-validity of the

sﬁrface ares results which had already been checked using the stand=-

;rdizing Zinc Oxide. In the Carman paver (L) the values of s, of

1 5

Zine Oxide as obtained by air permeability were 1.L9+1.77 em ~ x 10

and by Mitrogen Absorption 1,81 cmfl x 105. The values obtained in
thia experiment for a particular grads of Zine Cxlde range from 1.5325
to 2,342 — X 135. in the case of Titanium Dioxide, Carman shows a
range of 3,26«3.82 on air permeabilitv and L.l on nitrogen absorption,
while the experimental values ranged from 2,006 to 2.892. With the
Caleium Carbenate, Carman had no figures for natural Calcium Carbonate,
Just the precipitated type which is much finer. A letter from the
pigment supplier qQuotes a figure of .21 which compares to the
experimental range of .168L to .753. This type of check camnot be
held too closely since this vaper deals with a specifie pigment while
Carman's vpaper does not ‘dentify the types studied. In dealing with

Zinc Oxilde it could be nodular or acicular, fine or coarse grade; with

Titanium it could be Rutile or Anatase; Calcium Carbonate could be

natural or precipitated.



V. CONCLUSIONS

In the field of wet plgment grinding the theory of grinding has
not kert pace with the practical developments. The theories of
Rittinger and Bond, developed for use in dry grinding of larger
sized materials, cannot be used when studylng sub-sieve size pigments.
Experimental results indicate the developmsnt of surface area in this
range 13 a more complicated phenomenaz than the direot relationship of
total area developed to power expended as postulated by Rittinger.
Hers,‘tao, the formation of crack tips as mentioned by Bond is
 @ifficult to imagine in particles which are less than a micron in
diameter,

To £111 the need for some method of predicting the power require-
ments to develop a certain amount of surface area, the following equa=-

tions were derived from the plots of the experimental results:

For Zinc Oxides: Pz ,090 (As)l'os
For Titanium Dioxides P = 086 (As)]“m2
For Caleium Carbonatet P = 107 (Ap)o‘gg

In the leg-log plots from which these equations were developed, the
y-intercepts (where As = log 1 = 0) of the three straight line plots
were in the same order and ratio as their hardness, These lines were
based on all the plgmenta having the same starting surface area. When
the pigments started from different surface areas the correlation did
not hold. Therefore the 8 = O point, or the unground pigment starting
point, only has significance when all the pigments are studied from the

same base.
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With these equations one could prediet the power necessary to
reduce & certain feed pigment to a definite surface area or to &
certain average varticle size by use of the equationt

d,= 6/ es d__ = average particle diameter,em

av
o = density gr/ce

4
8 = specific surface cm?/gr
These equations could also be used in testing the efficiency of
a grinding operation, for when a grind did not bring up the predicted
surface area, it would be necessary to check the grinding variables
to see where they could be changed to get the optimum grind.
In some cases the time of grind alone would be very valuable
information in scheduling production and the following equations
derived from plots of these experimental results can be used to

predict the mill time on the pigments studied:

For Titanium Dioxide: t - 22Q55)‘609
For Zine Oxides t = 11Q§s)'60205
For Caleium Carbonate t = 20Qﬁs)'869

This work has given the paint manufacturer a simple method of
evaluating his prinding procedures and bringing them up to the point

of optimum grind by the use of a simple set of measurements,



VI, RECOMMERDATIONS

Fine pigment grinding in water or solvent systems, using small
amounts of wetting agents, is quite widely used today. Pebble mills
are one of the popular mills in this type of operation, especially
in the grinding of Whites. Since the mill time and power consumption
are the all important factors in this type of grinding, any method of
cutting down either would be & decided advantage,

Using the author's equations on production size mills the
manufacturer could check the effieciency of hls grinding methods and
in the cases where an optimum grind is not being obtained, check out
the variables involved and their effect on surface development.

In this type of grinding also, the paint manufacturer should
make a study of the mineralogical hardness of the plgments, as well
as their starting particle size range, with a view to simplifying the
grinding procedure by replacing coarser pigments with finer ones and

harder pigments with softer ones, whenever it is feasible.
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Legend: T - Tamol

A - Antifoam
P - Pebblas
TABIE 1
n PERMEAMETER DATA ON RUNS WITH ZTNC OXIIE (Specific Gravity: 5.606)
Variable Pl P AP P t tAp smxl 31:: od s x:l.?S Wt.
Grind Hg mm Hg mm Hg mm Hg sec c Fq Fo Dy xi 2/gr plug gr. RPM SOLIDS ADDITIVES

Time
0 hrs 756 12 7k 38Lh  1ho.6 L8 .2B95 .36k 138.2 1.385 22,4 1.532% 2,73 1.6018 65 53,88 TAP

bars 753 12 7hl  382,5 1h3., LL76 .393 .L325 140.8 1.67 30.6 1.835 3,27 1.5200 65 53.8f TAP
8 hrs 753 12 7h1  382,5 152.3 478 .Lho2 k37 150. 1,80 LO.0 2,0 3.57 1.5186 65 53,88 TAP
12nhrs 756 12 7k 38k 168, 7i 371 L20 165,k 1,908 3h.2 2,07k 3.8 1.53%7 65 53,88 TAP
16 hrs 753 12 741 382,5 173, 483 .h23 51 170.3 2,11 39.9 2,287 L.08 1.,5123 65 53,85 TAP
20hrs 756 12 7hh 38k 189. b7k L3R5 L2275 186. 2,18  Lh3.5  2,36h  L.22 1,5300 65 53,828 TAP
2k hrs 756 12 7hh 38k 231.5 Ll .301 367 227.5 2.285 28,1 2,h025 L.”8 1,6000 65 53.88 TAP
36 hrs 756 12 Wb 38h 23k LLSS 317 .380 231, 2.h0 L0.7 2,56 L.57  1.5B25 65 53.8% T AP
WBhrs 756 12 7Lh 38k 21h. L1825 k23 LS1 210.5 2,60 L9.5 2,78 k.96 1.5030 65 53.8%8 TAP
1 hr 756 12 7hh 38k 172.6 L35 .256 .33k 169.7 1,506 24,0 1.65 2,9h 1.6k31 65 53.8% TAP
2hrs 796 12 7hh 38k 195  .L18 .215 L301 192, 1.585 22,8 1,7205 3.07 1.6921 65 53,88 TAP
3nhrs 756 12 7hh 38Lh 200. W20 .219 .305 196.5 1.6k 23.8 1,77 3,155 1.6859 65 53.8% TAP
17hrs 756 12 7hh 38h 172 k88 Lhh .Lé5 169. 2,155 Li1.5  2,3325 L,16 1,hB9k 65 53,88 TA
18hrs 756 12 7k 384 19k Lh69 .365 L1k 191, 2,17 38,5 2,335 4,17 1.5437 65 53.8% TA
19 hrs 756 12 7hL 38h 192 k71 3717 k20 189. 2,18 38,8 2,342 L,18 1.5386 65 53,82 TA

U
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legends T ~Tamol

2 -3rheres

A -Antifoam K ~Pot,Tripoly.
TABIR 2 P «Pgbbles 0 ~Omitted
¢ ~Cylinders
PERMBAMETER DATA ON RUKS OF ZIHC OXJIE ALD TITARTUM DIOLIDE WITH VARTAALES OTHER THAN TIME (ALL 2l HOUR GHINIS)
Zine Oxide 5 _ 8 8

iy migmalgmi se € _E__F o g el N B R
753 17 7hl 382.5 152 k62 ,307 L390  150. 1.6 27.85 1,767 3,15 1.5686 65 53,8 AD T
762 12 750 387 226 k6 28R 359 222, 2,185 3h.é 2,335 h,16 1.610R 65 53,8 KA P
762 12 750 387 181 JhW78 0 L399 LL375 1h6.8 1.78% 32,1 1.95h  3,h9 15177 65 538 TOAT
779 12 188 391 16h.? 5?2 L309 .373 161.R 1.652 27,3 1778 317 15967 &5 63,7 TAP
770 12 758 391 200,85 58 .36 JIR7?T O 197.5 2,99k 35.2 2,251 h.0? 1,57h5 A5 37.3 TA P
762 12 750 3®7 0 98,3 Lh3T 0 263 L339 195.3 1L.AL 27,8 1.952 348 1.6370 65 53,8 TAS
7% 12 750 387 165 T W67 361 LW 167,85 1,73 NLA 1.897 3,38 11,5493 65 538 TAC
770 12 7858 391 221,h LT .292 362 MR, 2,16 3L.B 2,31 112 1.6%hL 75 538 TAP
770 12 758 391 1438 506 .512 .gss 11h15§oi£075 32,75 2.2595 L.09 1381 R 53R TAP

‘ ' gzﬁaausa“_“__gka ‘
73 12 7h8 386 202 W6k L3k W01 199 2,19 38,7 2,355 5.6? 1.1653 6 53,8 A0 T
760 12 Th8 386 18R 477 395 W33 185 220 W8 2,372 5,6h 1,1373 65 53,8 KA P
760 12 7hB 386 176.h 463 L3k L3988 17h 1,90 33.L 2,06 1,91 1,169 A5 538 TOA
760 12 7hA 386 156.8 87 k36 %7 18k 2,085 37.5 2,222 5,29 11176 €5 63.7 TAP
760 12 7hR 3/6 210. LSO L301 L3688 207 2.9 3h.8 2,25 535 1.1978 65 37,3 TA P
760 12 7h8 386 256.3 418 .26 .330 52,3 2,08 30.3 2.218 5,78 11,2651 65 53.8 T4 S
760 12 T8 386 22 56 322 383 270, 1,95 L7.0 2,165 S.16 1,1829 65 53,8 TAC
%0 12 W8 3BE 179 W65 L3B8 L28 176 2,07 38.7 2,738 5,33 1,167%6 75 S3.8 TAF
70 12 B 386 230 W33 L267 331 227 2,06 339 2,715 .27 1,233 B85 53,8 TA
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Variable
Grind
Time
O hrs
i hrs
8 hrs
12 hrs
16 nrs
20 hrs
2h hrs
36 hrs
LR hrs
0 hrs
4 hrs
8 hrs
12 hrs
16 hrs
20 hrs
2h hrs
36 hrs

48 hrs

TABLE 3

Legend: T - Tamol

PERMEAMFRTER DATA ON RUNS WITH TITANIUM DIOXIDE AND CALCIUM CARBONATE

géiﬁi zgiiﬁiégigg.gﬂ.ﬂa :ea &

758 12 7hé 385  176.5 .58
758 12 746 385 152,  .h87
758 12 7h6é 385 155 LBy
758 12 7hé 385 195 LS8
756 12 7hé 385 230 .
758 12 7hé 385 188 L7177
758 12 7hé 385 241
758 12 7h6 385 210 .hBe
758 12 7hé 3|5 228.8 79
756 12 hh 38k 10 .h33
756 12 7hh 38L 19.5 108
756 12 74l 38k 22, k24
7% 12 7hh 38L 27. 422
756 12 7hlk 38k 35 .ho7
756 12 7hh 38k 39.5 .16
756 12 7hh 38h 52 L1k
756 12 7hh 38L 68  ,h1o
756 12 7k 38k 86 Lok

8 8
Ay s_x1 5 s ?x}G a x1
= gﬁ'g K gmfg

F. Fp mQ?gg

© Titanium Dioxide
327 T.387  17h.3 1.848 31.7  2.006 1.78
L3962 150, 1,90 35.6 2,075  L.9h
A8 h68 153, 1.96  38.2 2,10 s.11
2328 .388  192,5 2,06 35,2 2,22 5,29
273 .3L8 227, 2,16  3h.6 2.308 5,50
J39h 3k 185,85 2.205  Lh.O 2,389 5.68
.28 (356 238 2,325 37.5 24775 5.89
09 Wbl 207, 2,52 L7.0 2.692 6.1
Jiok 39 2260 2,72 50.7 2,892  6.88
.25galf%§§"g§g§%%%§g.cﬁﬁ 1.36 0.168h 0,622
191 .279 19.18 L1655 2,03 0,28675 0.860
.230 .313 21.6 L1853 2,75  0.2R25 1,042
225 308 26.6 .22hh  3.32  0.3235 1.193
2190 .278 3k L2610 3,63 0.3615 1,335
211,296 38.L L3110 k.38 0.4165 1,537
208,292 51,2 L0900 5,90  0.5225 1,937
198 .285 66,8 ,.5210 7.53  0.6385 2,355
.185  ,275 8.6 .6370 8,72 0.7530 2,78

T4
TA
T A
T A
TA
TA
TA
TA
TA
TA
TA
TA
TA
TA
TA
TA

TA

A - Antifoam

P - Pebbles
Weight
plug gr. RPM SOLIDS ADD,
1.176 €5 53.8
1.116 €5 53.8
1.178 65 53.8
1.110 65 53.8
1.2155 65 53,8
1.1363 65 53,8
1.2071 65 53.8
1.1292 65 53.8
1.1301 65 53.8
0.7908 65 53.8
0.932h 65 53.8
0.8090 65 53.8
0.8126 65 53.8
0.8337 65 53.8
0.8211 65 53,8
0.82k3 65 53.8
0.8298 65 53.8
0.8385 65 53.8

TA
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TABIE

POWER REAIINGS TAKEN ON WESTINGHOUSE WATTHOUR METER FOR SLURRIES OF

ZINC OXIDE, TITANIUM DIOXIIE AND CALCIUM CARBONATE GHINDING IN A

PEBBLE ML LL

RPM Empty Mill loaded Empty ILosded To Load To Load K Total Work

sec/rev sec/rev rev/sec rev/see rev/see rev/hr kwhr/rev kw-hr/hr
85 5.32 5.28  .1880 .89k .00l 5.0k 3.56x207 17.9h2k
75 S.hb 5.1l .1838 L1848 .0010  3.60 " 12,8160
65 5.18 5.6 1825 ,1832 L0007 2,52 u 8.9712
RPM Wattas Watts  Watts Watts  Watts  Watts  Watts  Watts

L hrs 8hrs 1?2 hrs 16 hrs 20hrs 24 hrs 36 hrs L8 hrs
85 7.18 k.35 21,55 28,75  35.83  L3.15  6L.70 86,20
% 5.1 110.25 15.10  20.55  35.65  30.80  146.20  61.60
65  3.565 7.17  10.70 1h.26  17.82 21,40 32,10  L2.80

RPM Watts/gr  W/gr Wer W/ W/gr W/gr W/gr W/gr
L hrs 8hrs 12hrs 16 hrs 20hrs 24 hrs 36 hrs L8 hrs

85  .0299 L0599 0899 L1197 1492 .1795 .2690  .3590
75 021 LOh275 0842  .0857 .1069 .1282 <1923 2567
65 01482 .0298 LOhhé 059 L0713 0892 1337 .1785




TABLE

DATA ON SURFACE DEVELOPMENT AND POWER EXPENDED

Tire his  Sweace n’/e  Developed w/er  Watbe/grem
Zine Oxide
0 2.73 - -
1 2.9k 0.21 003705
2 3.07 0.34 .007L1
3 3.155 0.425 .011115
l 3.27 0.54 .01L82
8 3.57 0.8k .0298
12 3.88 1.15 .0LL6
16 4,08 1.35 0594
17 h.16 1.h3 .063
18 L.17 1.hk 0668
19 1,18 1.h5 .0705
20 h.22 1.h9 .07h3
2k L.28 1.55 .0892
36 h.57 1.8k .1337
48 h.96 2,23 1785
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Grinding

Time hrs

12
16
20
2L
36
L8

12
16
20

36
48

TABLE 6

DATA ON SURFACE DEVELOPMENT AND POWER EXPENDED

Specifie Surface

Surface m°/gr Developed m°/ gr

Titanium Dioxide

h.78 o

L9k 0.16
5.11 0.33
5.29 0.51
5.50 0.72
5.68 0.90
5.89 .11
6.41 1.63
6.88 2.10

Caleium Carbonate

0.622 -
0.860 0.238
1.042 0.h20
1.193 0.571
1.335 0,713
1.537 0.915
1.937 1.315
2,355 1.733
2,78 2.158

Poweyr Expended
Watts/pram

01482
.0298
.0Lhé
<0594
.07h3
.0892
.1337
.1785

.014,82
.0298
.0lh6
059k
0743
.0892
1337
1785

Lo



TABLE 7

3 EFFECT OF VARTABLES ON SURFACE IEVELOPED
Constants?
Variable: 8 -Zn0 As -2Zn0 s -T10 AsTi0 L hrs 53.8% Febbles Tamol Antifoam sSpeed 65 RPM
Grind Solids

M111 Speed:

65 RPM 4.28 1.55 5.89 1.11 X X X X X

75 RPM ho12 1.39 5.33 0.55 X X X X X

85 RPM h.09 1.36 5.27 0.h9 X X X X X
Antifoam?

With L.28 1.55 5.89 1.11 X X X X X

Without 3.15 0.h2 5.62 0.84 X X X X X
Wetting Agent:

Tanol(organic) L.28 1.55 5,89 .11 X X X X X

Potassium Tri- 14.16 1.43 5.6k 0.86 X X X X X

polyphosphate

(inorganic)

None 3.h9 0.76 Lol 0.13 X X X X X
Grinding Media:

Flint Pebbles L.28 1.55 5.89 1.11 X X X X X

Cylinders 3.38 0.65 5.16 0.38 X X X X X

Spheres 3.h8 0.75 5.28 0.50 X X X X X

Constants:
8-Zn0 As Zn0  gr.Zno Total Os Zn0 s-TiO s TiO gr TiO Total As TiO 7l hrs Pebbles Tamol Antifoam 65 RPM

Solids: —

53,8% 1,28 1.55 240 372.5 5,80 1.11 240 240 X X X X X

63.7% 3,17 0.kh 290 127.5 5.29 0.51 290 1h8 X X X X X

37.3%  L.02 1,09 170 185.5 5.35 0.67 170 11 X X X X X
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TABLE 8

RESULTS OF LOG-LOG PLOTS OF SURFACE DEVELOPED VERSUS POWER AND TIME CONSUMED

Plnt,Ag t intercept or

versug Pigment [P intercept Qs intercept Slope Equations

P Zn0 036 9.0 0.678 P .036(1\3;)'678
P 740 .086 13.0 1.072 Pa .086(45)1'072
P CaCo .076 10,0 0.8 Pz . 76(439-,)'8‘:’)h
t Zn0 10, 23 0.60206 + = 10, (1;,‘3)‘63206
% Ti0 22, .038 0.609 t = 22, (As)'éog
t CaCo 20. - 065 0.869 t = 20, (As)'e(”

RELATIONSHIP OF HARDNESS TO .S INTERCEPT

Pioment Mho Hardness Ratio s _intercept Ratio
7410 6,0 5.0

1.1 1.11
Zn0 1,28 10.0

1.1 1.30

CaCo 3.0 13.0
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200

ds

0.18
0.h0
0.60
0.80
1.00

TABLE 9
DATA USED IN PLOTTING ALL PIGMENTS STARTING FROM THE SAME BASE SURFACE AREA
110 CaCo
p a8 P As P
018 0,16 <01482 1,22 .1300
.038 0,33 .0298 2,22 +2350
.053 0,51 ~Oll6 5.12 +5500
072 0.72 L0594
090 0,90 -07h3
1.11 0892
1.63 +1337
2,10 .1785
TABLE 10

RESULTS OF LOG LOG PLOTS WITH SAME BASE STARTING SURFACK AREA

Digment  Peintercept Qs intercept  Slope Equations
T40 .086 16.8 1.072 Pe 086 (n8)1+072
700 .090 12.6 1.08 P 090 (a8)**%
CaCo .107 9.2 0.98 Pu 207 (4s)"*%
RELATI ONSHI P OF HARDNESS TO _S INTERCEPT
Pigment  Mho Hardness Ratio As intercept Ratio
T40 6.0 16.8
1.h1 1.33
Zn0 h.25 12.6
1.1 1.37
Calo 3.0 9.2
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CURVE 2
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PLOT OF TOTAL WORK (PCOWER) VERSUS SURFACE ARFA DEVELOPED
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CURVE 3

46

PLOT OF TOTAL WORK VERSUS SURFACE AREA DEVELOPED
ALL PIGMENTS REFERHED TO THE SAME STARTING SURFACE AHREA
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