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ABSTI%ACT 

The effect of dry grinding of kaolin minerMs by a mechanical mortar was examined by 
x-ray, thermal, and electron microscopic methods. Base exchange capacity and apparent 
density were also measured. In the early stage of grinding, kaolin crystals cleave and 
fracture and then split into fine crystals which are considered unit erystallites. Such 
erystallites gradually change to a disordered kaolin and partially decompose into a 
noncrystalline substance as grinding progresses. The crystalline and the noncrystalline 
substances promptly reaggrogate and these reaggregated particles have a radial shape. 
After further grinding, the structure of the reaggregated particle seems to be zeolitic. 
Finally, the kaolin mineral thoroughly changes to a completely amorphous substance 
similar to a silica-alumina mixed gel. Consequently, the effect of dry grinding of kaolin 
is related to the degree of crystallinity of the original kaolin mineral. 

I N T R O D U C T I O N  

Considerable work  has been done on the  effect of  gr inding on kaol ini te ,  and  i t  
has  p roved  helpful  in t h e  s tudy  of  t he  s t ruc ture  of kaol in  minerals .  I t  is 
considered t h a t  unders tand ing  of  the  gr inding effect is useful for the  s t u d y  
of  weather ing processes, soil fer t i l i ty,  and  the  act ive solid. 

There are  two lines of  though t  concerning the  effect of d ry-gr ind ing  of  
kaolini te .  One asserts  t h a t  the  d r y  gr inding of kaol ini te  brings abou t  only  a 
reduc t ion  in par t ic le  size owing to  cleavage and  f rac tur ing of  the  kaol in i te  
crys ta l  (Kelley, Dore  and  Brown, 1931; Kel ley  and Jenny ,  1936; Shaw, 
1942). The other  insists  t h a t  d ry  gr inding of  kaol ini te  causes fo rmat ion  of  a 
zeolitic subs tance  having  a s t ruc ture  similar  to  t h a t  of the  original  kaol in i te  
(Laws and  Page,  1946; Parker t ,  Perk ins  and Dragsdorf ,  1950; Dragsdorf ,  
Kiss ingcr  and  Perkins ,  1951), or d is tor t s  the  la t t ice  (Marshall, 1937 ; J ackson  
and  Truog, 1939; Gregg, Pa rke r  a n d  Stephens,  1953; Gregg, Hil l  and  
Parker ,  1954). 

Previous  s tudies  of the  gr inding of kaol in  minerals  have  been made  mos t ly  
b y  ball-mill ing.  Inc identa l ly ,  Mackenzie and  Milne (]_953, 1953a) found t h a t  
gr inding b y  a mechanical  mor ta r  is ve ry  effective in causing a change in  
s t ruc ture  of  mica.  

I n  the  present  s t u d y  the  effects of  several  hundred  hours of  d r y  gr inding 
on kaol in  minerals  b y  a mechanical  mor t a r  were examined  by  x - ray ,  thermal ,  
e lectron microscopic,  and  other  methods .  

279 

https://doi.org/10.1346/CCMN.1957.0060121 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1957.0060121


280 SIXTH NATIONAL COI~FEREN(JE ON CLAYS AND CLAY MINERALS 

E X P E R I M E N T A L  

Kaolinite from Mesa Alta, 17. 1Yr., and halloysite from Tintic, Utah, were 
investigated. Both clays are API  Standard Clay Minerals. 

Thirty-gram samples of the original kaolin minerals were ground by  a 
mechanical mortar  (15.2 cm in diam. and 8.4 cm in depth). Specimens were 
taken out at  intervals of 24 hr and examined by x-ray, thermal, and 

A 
C 

D 

I0 20 30 40 
Degrees 28 Cu g ~  

FIGURE 1.--X-Ray diffractoraeter traces of ground kaolinite. A, Original kaolinite. B, 
Kaolinite ground 168 hr. C, Kaolinite ground 168 hr, treated with 0.1 N NaOH. 
D, Kaolinite ground 168 hr, treated with 0.1 N HC1 after 0.1 N N~OH. E, Kaoli- 
nite ground 312 hr. 

electron microscopic methods. I n  conjunction with the above measurements, 
base exchange capacity and apparent  density were measured. 

x -Ray  powder reflections were recorded by  an x-ray diffractometer. 
Experimental  conditions are as follows: :Filtered Cu radiation (CuI(~ : 
1.5418•), 35 kV, 15 mA, scanning speed 1 degree and ~ degree 20 per min., 
t ime constant 4 sec, receiving slit 0.2 mm and 0.1 ram, angular aperture 1 
degree and �89 degree. 

Differential thermal analysis curves were recorded by the apparatus 
described by Sudo and others (1952). Great care was taken to pack the 
sample into the sample block in the same manner for each run and also to 
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EFFECT OF DRY GRINDING ON KAOLIN M/NERALS 281 

keep the weight of samples constant. The mean heating rate was 12.5~ per 
rain. 

The apparent density was measured using carbon tetrachloride. The base 
exchange capacity was measured by  the following procedures. The specimen 

o 

20 25 
Degrees 7 8 Cu K 

FIOU~E 2.~Detai led x-ray diffraetometer traces of ground kaolinite. A, Origins] 
k~olini~e. B, Kaolinite ground 48 hrs. C, Kaolinite ground 96 hrs. D, Kaolinite 
ground 144 hrs. 

was treated with hydrochloric acid, thus converting it into hydrogen-clay, 
and after being washed repeatedly with water the clay was t i trated with 
sodium hydroxide solution. The base exchange capacity was taken as the 
number of mflliequivalents, per 100 g of specimen, required to bring the 
pH to 7. 

Electron micrographs and electron diffraction patterns were obtained by  a 
Hitachi H U - 1 0 A  type electron microscope. 

X-Ray Diffraction Studies 
X-ray diffractometer traces made at various stages in the grinding of 

kaolinite are shown in Figs. 1 and 2, and the data are also shown in Table 1. 
When kaolinite is ground, it gradually assumes a more-and-more dis- 

ordered structure ; tha t  is, the background increases as the intensity of the 
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TABLE I.-POWDER DATA FOR GROUND KAOLINITE, IN ANGSTROM UNITS 

I I 

I 

I Ground 
168 hr 

Ground Treated with 
168 hr 0.1 N HOI 

Brindley and Robinson Original Ground 

I 

Ground Ground Treated with after 0.1 Ground 
(1946) Kaolinite 48 hr 96 hr 

I 
168 hr O.lNNaOH NNaOH 312 hr 

d I hkZ d I d I d I d I d I d I d I 

I 10.0 Wbr 9.6 Wbr 
7.15 10+ 001 7.14 VS 7.14 S 

I 
7.16 M 7.15 M 7.37 ,VI: br 7.5 M br 8.0 Mvbr 

4.45 4 020 4.46 M 

I 
4.47 M 4.46 M 4.44 M br 4.44 M br 4.43 S 

4.35 6 110 4.35 S 4.35 M I 4.32 W 
4.17 6 111 4.18 S 4.18 M 
4.12 3 IIi 4.13 W 4.14 VW 

I 
3.837 4 021 3.84 M 3.85 M 
3.734 2 021 3.73 W 3.75 W 
3.566 10+ 002 3.57 VS 3.58 S 3.58 S 3.58 M 3.2 Wvbr 3.62 M br 4.0 M vbr 
3.365 4 III 3.37 M 3.38 W 
3.138 3 112 3.14 W 
3.091 2 112 3.09 W 
2.748 2 022 2.75 W i 2.75 W 2.75 VWbr 

2.58 VWbr! 2.553 8 201, 130, 130 2.55 S 2.56 M 2.56 Wbr, 2.57 VWbr 2.55 M 
2.521 4 131,112 2.53 l'II 2.53 W 2.53 Wbr 
2.486 9 131,200, 112 2.49 S 2.49 M 2.50 Wbr 2.50VWbr 2.47 VWbr 2.46 M 
2.374 7 003 2.37 M 2.38 W 2.39 Wbr 
2.331 10 202, 131, 113 2.33 VS 2.34 M 2.34 Wbr 2.34 VWbr 2.35 Wbr 
2.284 9 113, 131 2.29 S 2.29 M 

• 

2.29 Wbr 2.29VWbr 2.30VWbr 
2.243 I 132,040 2.24 W 
2.182 3 132,220 2.18 W 2.19 W 2.19VWbr 
2.127 2 023,041 2.13 W 

I 
2.13VW 

2.057 I 222 2.06 W 

I , 

Key to Abbreviations: VS : very strong, S : strong, M : medium, W : weak. VW: very weak, br : broad, vbr : very broad. 
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EFFECT OF DRY GRINDING ON KAOLIN MINERALS 283 

reflections weakens. After 48 hr of grinding, only a slight difference in its 
intensity is observable as compared with the original kaolinite. After 96 hr, 
however, the intensity of 001 reflections is very weak. In  Fig. 2c, no reflection 
is observable other than the 020, 110 and 002 lines. After 168 ln', only the 
02,L1 band and a very broad 002 band are observable. As shown in Fig. 1, 
after 312 hr, only two very broad bands are apparent. 

When a 168 hr specimen, considered to have a zeolitic structure, is treated 
with a weak Mkali solution, it forms a permutitc-like substance. When it is 

_ _ ,  I _ ,  I _ _ ,  I . . . . . .  

5 10 15 20 25 30 35 
Degrees 2 ~ Cu K ~ 

FZG~E 3.--X-ray diffractometer traces of ground halloysito. A, Original halloysi~e. 
]3, ttalloysito ground 48 hr. C, Halloysito ground 96 hr. D, Halloysite ground 
144 hr. E, Italloysite ground 240 hr. 

immersed in a weak hydrochloric acid solution to dissolve the gel-like 
substance, the crystalline portion of the specimen is left. Figure 1D shows the 
x-ray traces of the remaining crystalline portion; this diagram closely 
resembles that  of halloysite. The x-ray data and electron micrograph (Fig. 
9F) reveal that  the structure of the kaolinite has changed into a two-dime~- 
sional structure. 

Halloysite follows the same process as kaolinite in dry grinding. The 
difference is that  its structure becomes disordered more rapidly and the time 
it takes to become amorphous is far shorter than in the case of kaolinite. 

X-ray diffraction traces and data are shown in Fig. 3 and Table 2. The 
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240 ha" specimen of halloysite has a gel-like s t ructure  and  the clay dissolves 
completely during the above-ment ioned alkali and  acid t reatments .  

TABLE 2.--POWDEI% DATA F O R  GI~OUND Ig~ALLOYSITE, IN J~NGSTIr UNITS 

Original 
Halloysite 
d I 

10.1 l~i 
7.37 S 
4.44 VS 
3.66 M br 
2.56 M br 
1 . 6 8  M br 
1.48 !V[ br 

Ground 
48 hr 

d I 

10.O M 
7.36 S 
4.44 
3.61 IV[ 
2.56 
1.68 
1 . 4 8  

Ground 
96 t11. 

d I 

1O.0 M br 
7.3 !Y[ br 

VS 4.44 ~/[ 
3.54 M br 

~ b r  2.56 W b r  
W br 
~V~ br 1.48 W br 

Ground 
144 hr 

d I 

8.2 M vbr 

3.6 ]Vf vbr 

Ground 
240 hr 

d I 

8.1 W vbr 

3.5 M vbr 

Key to Abbreviation : VS : very strong, S : strong, M : medium, W : weak, 
br : broad, vbr : very broad. 

Thus i t  can be seen from the x- ray  diagram tha t  kaolin comes to have a 
disordered s t ructure  through dry  grinding. I t  par t ia l ly  changes into an 
amorphous-like substance, and  finally in to  a perfectly amorphous substance. 

Differential Thermal Studies 
Thermal  curves and  da ta  of the grinding process of kaolinite and halloysite 

are shown in  Figs. 4 and  5 and  Tables 3 and  4. 
Figure 4 sums up the thermal  results for kaolini te  : An endothermic peak 

associated wi th  the loss of inter layer  water or adsorbed water (Enl) , which 
is not  present  in  the original specimen, appears and  its size and  area increase ; 
this phenomenon  means tha t  the substance produced by  the grinding adsorbs 
more and  more water vapor as the grinding progresses. 

I n  the second endothermic peak associated with the  loss of the lattice water 
(En2) are observable a lowering in  peak tempera ture  and  a reduct ion in  size 
and  area. F ina l ly  the second endothermic react ion disappears. This corre- 
sponds with the gradual  and  complete disintegrat ion of the kaolinite s t ructure  
due to grinding. 

The peak tempera ture  of the exothermic react ion (Ex) falls very slightly. 
After 312 hr, this peak tempera ture  lowers remarkab ly  al though the peak 
area is relat ively unchanged.  Except  for the 312 hr specimen, on which 
grinding had progressed to an  extreme degree, the  peak height increases while 
the breadth  decreases. This phenomenon  is interest ing because the exothermic 
reaction is known  to correspond with the t ransformat ion  of kaolin into 
mnllite. This t ransformat ion  includes two elements of reaction, t ha t  is, 
nucleat ion of mull i te  and  growth of the  mull i te  nuclei. Kaol ini te  becomes 
liable to grow into mull i te  crystals from mulli tc nuclei  produced by grinding. 
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Figure 6 shows the x-ray diffraction traces of specimens obtained just 
before or after the exothermie reaction on the D.T.A. curve. As grinding 
progresses, the presence of the reflection line of mullite becomes clear. That  
is to say, development of the mullite reflection corresponds to the increasing 
size of the exothermic peak as grinding progresses. 

The D.T.A. curve for halloysite, except for its exothermic reaction, 
resembles the curve for kaolinite; viz., the height and area of the first 
endothermic reaction increase. A small difference is tha t  its endothermie 

Ex 

A L 

BI 
Ex 

FIGUI~E 4.--Differential thermal analysis curves of ground kaolinite. A, Original kaoli- 
nite. B, Kaolinite ground 48 hr. C, Kaolinite ground 96 hr. D, I~aolinito ground 
168 hrs. E, Kaolinite ground 312 hr. 

reaction at about 250~ is pronounced as compared with tha t  of kaolinite. 
Probably, such a difference is due to a different manner of hydration. The 
second endothermie reaction for halloysite closely resembles tha t  for kaolinite, 
though it disappears in a considerably shorter t ime than that  of kaolinite. 

The exothermic reaction of halloysite behaves differently from tha t  of 
kaolinite. At first its temperature tends to be somewhat low, but  as grinding 
progresses, its temperature rises considerably. I t s  peak size increases at  first, 
but soon decreases markedly. The peak size, as the peak temperature 
becomes higher, increases again. The peak breadth, too, becomes narrow at  
first, but  soon increases and decreases again. To determine whether there is a 
difference between their exothermic reactions, x-ray diagrams were taken of 
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several specimens just before and after the exothermic reaction on the 
D.T.A. curve. These traces are shown in Fig. 6D-O. As grinding progresses, 
the growth of mullite crystals becomes more pronounced on heating, but the 
presence of mullite is unobservable just before the exothermic reaction. 

It is difficult to draw a conclusion from the character of the exothermic 
reaction as to the grinding effect on the halloysite used in the experiments, 
but it may be interpreted as follows : 

The halloysite used in the experiments is considered to have a ]ower degree 
of crystallinity than the kaolinite, and the noncrystalline substance produced 

Ex 

~IOVRE 5.~Differential thermal analysis curves of ground halloysite. A, Original 
halloysite. B, Halloysite ground 48 hr. C, ~alloysite ground 96 hr. D, I-Ialloysite 
ground 144 hr. E, ~alloysito ground 240 hr. 

by  grinding has a structure which is not  similar to  t h a t  of the original halloy- 
site. I t  probably  is a gel-like substance. For  this reason the aluminosilicate, 
which is reduced to the kaolin unit  layer as grinding progresses, may  dis- 
integrate almost completely to sil ica-alumina mixed gel or a mixture of  
alumina gel and silica gel. The t ransformat ion of  kaolin into mullite is closely 
related to the original kaolin structure.  I n  this case, however, the original 
kaolin structure disintegrates to a remarkable extent ,  and the t ransformation 
requires much more energy than  tha t  of  kaolinite. Thus it is considered tha t  
the reaction produces a high temperature.  I n  the  ease of  kaolinite, the 
substance produced by  grinding m a y  be Mlophanie ra ther  than  gel-like. 
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TABLE 3. THER, YLCL DATA YOI~ GROUND 14LAOLINITE 
(ALL TEYE2EBATUEES IN DEGREES CENTIGRADE) 

287 

En I En 2 Ex 

Grinding Temp. Size Area Temp. Size Area Temp. Size Area Breadth  
Time a t  of of at  of of at  of of (Half Value 
(hr) Peak Peak Peak Peak Peak Peak Peak Peak Peak ofBreadth) 

0 
48 
96 

168 
312 

-155 ~ 1 90 
-170-  5 470 
-175-  7 890 
-180-  7 1110 

604 ~ 16 1080 
597 13 960 
554 5 220 
543 3 35 

966 ~ 39 220 5.1 ~ 
962 43 240 4.3 
961 60 220 2.8 
960 67 240 2.5 
937 58 260 3 .5  

TABLE 4.----THERMAL DATA FOR GROUND HALLOYSITE 
(ALL TEMPERATURES IN DEGREES CENTIGBADE) 

En I Enz Ex 

Grinding Temp. Size Area Temp. Size Area Temp. Size Area Bread th  
Time a t  of of a t  of of at  of of (Half value 

(hr) Peak Peak  Peak Peak Peak Peak Peak Peak Peak of Breadth)  

0 

48 

96 

144 

240 

130 ~ 4 

-155-~_ 

- 1 6 5 - ~  

-250-  l l  

- 1 7 0 - ' 1  

170 571 ~ 

350 562 

790 548 

1120 

1340 - -  

12 680 

10 480 

3 100 

969 ~ 16 170 9 .4  ~ 

966 30 200 3 .6  

967 19 150 7.5 

994 5 140 39.2 

t023 15 139 7.3 

Base Exchange Capacity and Apparent Density 
I n  F igs .  7 a n d  8 a r e  s h o w n  t h e  b a s e  e x c h a n g e  c a p a c i t i e s  a n d  d e n s i t i e s  i n  

t h e  v a r i o u s  s t a g e s  o f  g r i n d i n g .  As  g r i n d i n g  p rogresses ,  b a s e  e x c h a n g e  c a p a c i t y  
a t  f i r s t  i nc reases .  A f t e r  r e a c h i n g  a m a x i m u m  v a l u e ,  i t  g r a d u a l l y  d e c r e a s e s  
u n t i l  i t  a t t a i n s  a c o n s t a n t  va lue .  

As  g r i n d i n g  p r o c e e d s ,  t h e  d e n s i t y  s h a r p l y  dec reases ,  b u t  a f t e r  r e a c h i n g  a 
c e r t a i n  p o i n t ,  i t  is m a i n t a i n e d  a t  a c o n s t a n t  v a l u e .  

T h e  p o i n t  of  t h e  b e n d  i n  t h e  d e n s i t y  c u r v e  a n d  t h e  m a x i m u m  p o i n t  i n  t h e  
b a s e  e x c h a n g e  c a p a c i t y  c u r v e  a r e  a t  n e a r l y  i d e n t i c a l  p o s i t i o n s .  I n  t h e  l i g h t  
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of the  x - r a y  da ta ,  this  s tage seems to  correspond to  the  po in t  a t  which t h e  
kaol in  s t ruc ture  changes to  perfect  zeoli t ic s t ructure .  

Q 

A ~ , ~ r ~  ~ 

M Q~ M M~ 

M : MULLITE 

Q : QUARTZ 

[ I I , t 
/5 20 25 30 35 40 

Degrees 2P Cu Kor 
FZGURE 6.--x-Ray diffractometer traces of ground kaolin minerals obtained just before 

or after the final exothermic reaction (Ex) on the differential thermal analysis 
curve. A, Original kaolinite obtained just after Ex. B, 168 hr ground kaolinite 
obtained just after Ex. C, 312 hr ground kaolinite obtained just after Ex. D, 
Original halloysite obtained just after Ex. E, 144-hrs-ground halloysite obtained 
just after Ex. F, 240 hr ground halloysite obtained just before Ex. G, 240 hr 
ground halloysite obtained just after Ex. 

Electron Microscopic Studies 
Figures  9 and  10 show elect ron micrographs  of  t he  kaol in  minerals  af ter  

various periods of grinding.  I t  is observable  t h a t  in the  ear ly  s tage of  gr inding 
fine crysta l l i tes  are p roduced  b y  cleavage and  f rac tur ing  of the  kaol in  crysta l .  
The fine crystal l i tes  t hen  reaggregate  and  thei r  par t ic le  size increases, slowly 
changing into  uni formly  spherical  part icles .  W i t h  hal loysi te ,  however,  as t he  
gr inding proceeds,  the  par t ic les  grow irregular ly .  

https://doi.org/10.1346/CCMN.1957.0060121 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1957.0060121


F I G u ~  9.--Electron microgr~phs of ground kaolinite. The linear dimension shown in 
the electron micrographs represents 0.1#. A, Original kaolinite. B, Kaolinite 
ground 48 hr. C, Kaolinite ground 96 hr. D, Kaolinite ground 168 hr. E, Kaoli- 
nite ground 312 hr. F, Kaolinite ground 168 hi', treated with 0.1 1-IC1 after 0.1 
N Na OI-L 

(To face p. 2S8) 
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FmmzE 10.---Electron mlerographs of ground halloysite. The linear" dimension shown in 
the electron mierographs represents 0.1#. A, OriginM halloysite. B, Halloysite 
ground 48 hr. C, Halloysite ground 72 hr. D, HMloysite ground 96 Jar. E, HMloy- 
site ground 144 hr. F, Halloysite ground 240 hr. 
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FIQUaE 12.--Selected-area electron diffraction patterns of ground kaolinite. A, Original 
sample, B, 48 hi', 3, 96 hrs, D, 168 hr, E, 312 hr. 
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If  the sizes of  the fine particles which are produced through grinding and 
the particles which are produced through the reaggregation of such particles 
are plotted against the grinding time, the results are as shown in Fig. 1l. The 
curve, if  extrapolated to zero time, indicates almost the same value of about 
2004 for both kaolinite and halloysite. Thus it seems that the crystallites 

s 

Fioty~E 7.--Curves 

; %  

~0 - / ~ 0 KAOLINITE 
>- / ~ �9 HALLOYSITE 

~ ! . . . . .  
I :L 

I 
0 . . . .  
M 

tn o ,oo 200 3oo 
GRINDIN6 TIME (hrs) 

showing varlatlon of base-exchange capacity with time of grinding. 

) -  

z 

2,5r ) ~  

\ \  : KAOLIN'  

2,o0 I , - -  I I 
,oo 200 ~oo 

GRLNDING TIME (hFs) 

F I G U I % E  8.--CUrves showing variation of apparent density with timo of grinding. 

which separate from the original crystal during the early stage of grinding are 
about 200• in size. This value agrees with the value of the "most dispersed 
state" of kaolinite in ball-milling obtained by Gregg, Parker and Stephens 
(1954) through the B.E.T. method. 

Figure 12 shows electron diffraction photographs of the kaolinite specimen 
after various periods of grinding. 

19 
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c~ 
LU 
F" 

U.J 
IX: e ,20  

kL-I~ O.ts 
O-~ta 

i--a.  
.j o, os 
_J 
<~ 

I-- o.oc 

n," 
0 

,, , I L I , I 
,co ~oo 300 

GRIMDING TIME (hrs) 

FIow~E 11.--Curves showing v~riation of cryst~llito or roaggreg~ted particle size with 
time of grinding. 

M E C H A N I S M  OF C H A N G E  I N  K A O L I N  S T R U C T U R E  
D U E  TO D R Y  G R I N D I N G  

If  kaolin minerals are ground, the crystals cleave and fracture and then 
split into fine crystals that  are considered unit crystallites and that  promptly 
reaggregate. The assemblages of the original kaolin crystallites produced 
through grinding disintegrate partially into allophane or gel-like substances. 
These substances and crystalline particles promptly reaggregate. 

With grinding, the structure of the crystalline part of the reaggregated 
particle slowly becomes disordered. With increase in time of grinding and in 
quantity of amorphous material, the reaggregated particles of disordered 
kaolin and amorphous substance become disk-shaped. 

At a certain point in the grinding time corresponding to the maximum 
point on the base exchange capacity curve and the inflection point on the 
density curve, the particle becomes almost uniformly spherical. The structure 
of this spherical particle is considered to be zeolitic. This structure, with 
continued grinding, changes finally into a structure similar to the perfectly 
amorphous structure of alumina-silica mixed gel and its particle size increases 
irregularly, 

The change of structure due to dry grinding is the same in both kaolinite 
and halloysite, except that  less grinding is required for halloysite. Therefore 
the effect of grinding on kaolin minerals is related to the structural perfection 
of the original kaolin mineral. This fact has been ascertained by the study of 
the all-over grinding effect of kaolin mineral. 
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