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Abstract —The destruction of the crystal structure of kaolinite caused by mechanical forces was investigated
by X-ray diffraction, thermal analysis, infrared spectroscopy, and specific surface area determination.
Attention was also directed to the change of thermal reactions of milled kaolinite. Grinding experiments
for 5 min, 10 min, and 1, 2, 4, 6, and 10 h were carried out in an AGO I planetary mill. After 1 h of
grinding, the crystalline order of kaolin is destroyed; but the amorphization continues in the course of
prolonged grinding. Grinding for 1 h produces a favorable state for forming mullite-type crystals after

heating even at 1000°C.
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INTRODUCTION

The mechanochemical amorphization of kaolinite
and the mechanism are widely discussed (e.g., Kelley
and Jenney, 1936; Laws and Page, 1946, Wiegmann,
1957; Kohler et al., 1960). Schrader (1970) observed
that the crystal structure was deformed mainly along
the c-axis during mechanical treatment. Juhasz (1974),
Hlavay et al. (1977), Aglietti et al. (1986), and Juhdsz
and Opoczky (1990) suggested that the OH groups are
displaced irreversibly during mechanical treatment. The
rupture of the O-H, Al-OH, Al-O-Si and Si-O bonds
during grinding was reported by Miller and Oulton
(1970), Hlavay et al. (1977), Juhasz (1980), and Ag-
glietti et al. (1986). Juhasz and Wojnarovits (1984)
compared the character of metakaolin and the so-called
kaolin-xerogel produced by mechanical treatments of
kaolin. Hlavay et al. (1977), Juhasz (1980), and Aglietti
et al. (1986) observed that the specific surface value of
kaolin reaches a maximum at various grinding times.

The thermal decomposition of kaolinite has been the
subject of numerous studies (e.g., Brindley and Na-
kahira, 1959; Grofcsik, 1961; McConnel, 1970; Cam-
eron, 1977). Brindley and Nakahira (1959) docu-
mented completely the alterations caused by heat
treatment. The appearance of well-crystalized mullite
was observed only above 1200°C (Grofcsik, 1961; Kot-
sis, 1980).

Most researchers study the amorphization of ka-
olinite until the appearance of a disordered kaolinite
structure and do not investigate the kaolinite-mullite
transformation in the ground kaolin. However, the se-
ries of reactions producing mullite are perhaps the most
important in the various fields of ceramic technology.
The present work studies the mechanically induced
crystal-structural distortion of kaolinite to the quasi-
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amorphous state and the results of mechanical han-
dling and subsequent heating on the formation of mull-
ite.

EXPERIMENTAL METHODS
Materials

All grinding experiments were performed using high-
grade, natural kaolin from Sedlec (Zettlitz) in Czecho-
slovakia. Its chemical composition in oxide wt. % is:
MgO, 0.66; CaO, 0.25; Si0,, 44.26; Fe,0,, 0.73; K, 0,
0.99; Al,O;, 39.72; TiO,, 0.05; Na,O, <0.1; loss on
ignition, 13.22. The major mineral impurities are 5 wt.
% illite and 3 wt. % quartz. The crystallinity index
calculated by the Hinckley (1963) method is 0.67. The
specific surface of the starting material was 17.7 m?/g.

Milling procedure

An AGO I planetary mill was used for mechanical
treatment of solids. Samples were ground for 5 min,
10 min, and 1, 2, 4, 6, and 10 h. Each milling was
carried out with a 20 g air-dry sample in a 150 cm?
capacity steel pot with 121.1 g, 7 mm diameter steel
balls. The pots were rotated at 1820 rpm. The intensive
cooling of pots with cold running water increased the
efficiency of mechanical treatment (Juhasz and Opocz-
ky, 1990).

Heat-treatment procedures

The original and mechanically treated samples of
Zettlitz kaolin were fired at various temperatures (at
900°C, 1000°C, 1200°C, and 1400°C) in a super cantal
kiln (type KLO II) for 1 h. The material was placed
in a corundum sample holder and heated and cooled
in air.
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Figure 1. X-ray diffractograms of the original kaolin and

after grinding for times indicated. (CuK, radiation.)

Examination of materials

X-ray diffractograms were obtained on a Phillips PW
1825/00 diffractometer at a scanning speed 0.035° 20
per sec using Cu K, radiation (at 40 kV, 40 mA). Data
collection and evaluation were performed with an APD
1700 software system. Line profile analysis (LPA) and
an estimation method for lattice parameters (ELP) were
applied to extract information on the microstructure
and the structural imperfections of the kaolinite and
alteration product (Klug and Alexander, 1972; Delhez
et al., 1982). For LPA, a deconvolution method was
used to determine structural broadening after K, peak
stripping, linear background elimination, and correc-
tion for the Lorentz polarization factor. The corrected
intensities were used to calculate the mean lattice dis-
tortion where e = 3/4/tg0, and § is the integral breadth
of the strain-broadened profile taken on a 20 scale.
Lattice parameters were estimated from nonoverlap-
ping K, peaks by an iteration technique using a set of
standards (from 15-776 ASTM data) to correct for in-
strumental parameters (Klug and Alexander, 1972).

Differential thermal analysis (DTA) and thermo-
gravimetric analysis (TG) were performed with a MOM
Derivatograph. The runs were made at a constant heat-
ing rate of 10°C per min in a corundum sample holder
applying high-grade corundum as a reference material.

Infrared spectra were obtained with a Fourier Trans-
form Spectrometer (model BIORAD FTS 45) from
pressed disc utilizing 1.0 mg of material with 800 mg
of KBr.

The specific surface area of the samples was deter-
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Figure 2. Evolution of DTA diagrams of the kaolin after
grinding. a) untreated; b) 10 min; ¢} 1 h; d) 10 h. I = Major
endothermic peak. II = Major exothermic peak.

mined by the BET method from the adsorption of Ar
at 77.3 K on an ATLASMAT Betograph.

RESULTS

The diffractograms of the original sample and those
from mechanically treated ones at various times show
a rapid deterioration of the kaolinite structure during
grinding (Figure 1). All reflections of kaolinite have
disappeared after 1 h of grinding, reflecting the com-
plete destruction of the crystal structure. The rapid
production of an amorphous material by grinding is
reflected also in the mean lattice strain calculated by
LPA for the (001) reflection. It is 2.188% after 5 min
and 3.719% after 10 min of grinding.

The considerable structural deformation caused by
milling is confirmed by DTA (Figure 2), TG, and IR
analyses (Figure 3). The endothermic (peak I) due to
dehydroxylation (Figure 2) is moved to the same in-
terval as adsorbed water. The decrease of bonding en-
ergy of OH groups is essentially finished after 1 h of
grinding (Aglietti et al., 1986). The temperature of the
exothermic peak (II) decreases, because of the defor-
mation of the Si~O-Al bonds produced by mechanical
forces. It continues with increased length of milling,
and there is an almost linear relationship between tem-
perature and grinding time.

Within 1 h, the IR spectra show (Figure 3, as per
the literature); the absorption bands due to OH stretch-
ing (3698, 3654, 3620 cm~') are rapidly reduced; and
the broad absorption band (3400 cm~!) corresponding
to the randomly attached OH ions and absorbed water
increased. After 1 h of grinding, the disappearance of
the 912 cm~! and 936 cm~' bands indicates the break-
age of AI-OH linkage. The alteration of Si~O stretching
and the disappearance of the Al-O-Si band indicate
the distortion of tetrahedral and octahedral laver.
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Figure 3.

The curve relating the specific surface of kaolin vs
grinding time passes through a narrow maximum (63
m?/g) at S min and declines even below the initial value
(17.8 m?/g) for the unground sample. After 1 h, it is
practically constant (9 m?/g; See Figure 4). The specific
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Figure 4. The ‘total’ specific surface area of the kaolin as a
function of grinding time, r[h]. Inset provides en.larged view
of changes occurring with less than 24 min of grinding.
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Evolution of IR spectra of the kaolin after grinding for times indicated.

surface area determination was carried out also for the
samples after heating at 1000°C. The decrease of spe-
cific surface resulting from heating for 1 h at 1000°C
1s 6.1 m?/g, 8.4 m?/g, 5.8 m?/g in the samples milled
for 0 h, 1 h, and 4 h, respectively.

The diffractograms on Figure 5 show that the prod-
ucts of heat-treatment at 900°C lack of full three-di-
mensional regularity. For the 6 h and 10 h ground
and heated samples, the broad band in the range of 15°
to 35° 20 slightly decreases with grinding time, and two
smaller bands appear in the range of 35° to 50° 26.
(These may indicate a quasicrystalline product de-
scribed as metakaolin or spinel phase in Brindley and
Nakahira, 1959, and Grofcsik, 1961.)

In the diffractogram of the kaolinite sample milled
for 1 h and heated at 1000°C for 1 h, mullite reflections
were apparent (Figure 6). Milling more than 1 h reduces
the intensity of these mullite reflections and after 4 h
they almost disappear. This seems to prove that the
samples milled for periods of time greater than 1 h are
substantially different in structure because the forma-
tion of mullite at 1000°C is influenced mainly by the
structural state.

Figure 7 shows the diffractograms of samples ground
for various times and heat-treated for 1 h at 1400°C.
No detectable changes in the reflections of the mullite
present were found, but a reduction in the area of cris-
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Figure 5. X-ray diffractograms (CuK,) of the kaolin ground
for various times, and heated at 900°C for 1 h. Q = 8 quartz,
A = spinel phase.

tobalite peaks was observed as a function of grinding
time. The explanation of this phenomenon is probably
that at high temperature the Fe impurity reacts with
cristobalite.

1 [ets)

1000°C for one hour
[

untreated

45

101520 2530 35 40 50 28

Figure 6. X-ray diffractograms (Cuk,) of the kaolin ground
for various times and heated at 1000°C for 1 h. M = mullite,
Q = B quartz, A = spinel phase.
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Figure 7. X-ray diffractograms (CuK,) of the kaolin ground

for various times and heated at 1400°C for 1 h. M = mullite,
C = cristobalite.

The crystal structure of mullite present in specimens
ground and heat-treated for | h at 1000°C, 1200°C,
and 1400°C were examined applying the ELP. (The
data of ASTM card No. 15-776 were used as reference.)
There was no considerable difference between the cell
parameters of analyzed mullites formed from samples
ground and heated at 1000°C and that formed from
unground, heat-treated kaolinite at 1200°C and 1400°C.
These results demonstrate also (corresponding to Cam-
eron (1977)) that Fe from the grinding procedure does
not enter the mullite crystals.

DISCUSSION

The XRD and IR data illustrate, that the 1 h-milled
kaolinite has a completely different structure from the
original; all the reflections of kaolinite disappear, the
structural OH groups are removed irreversibly from
their position, and the tetrahedral and octahedral layer
are distorted. After 1 h, the alteration of this quasi-
amorphous structure is accompanied by further de-
struction of the Si-O-Al network (considering the DTA
and IR curves).

The exothermic reaction about 950°C during the heat-
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treatment of kaolinite can be regarded as the beginning
of mullite crystallization. Grofcsik (196 1) supposes that
the nuclei of mullite crystals appear after this reaction,
while other authors (Brindley and Nakahira, 1959;
McConnel, 1970) postulate the formation of well-ori-
ented spinel-type phase as a transitional structure to
mullite. The shifting of the exothermic peak of DTA
and the XRD pattern of the 900°C heat-treated samples
suggest that grinding and mechanical distortion of ka-
olinite speed up the formation of this transitional (spi-
nel) phase at lower temperature. At about 950°-1100°C,
the development of mullite crystals is prevented since
the thermal energy is not sufficient for formation of
high quality mullite (Brindley and Nakahira, 1959;
Kotsis, 1980). After 1 h of grinding of kaolinite, there
is probably a favorable structure (considering the re-
sults of XRD, DTA, IR,and XRD of heat-treated sam-
ples), so the heat energy is sufficient to connect the
building elements of mullite crystals at 1000°C. After
1 h of grinding, the mechanical forces destroy this ac-
tive transitional state; thus the mullite crystallization
requires more energy. (Before 1 h and after 4 h of
grinding, the appearance of mullite peaks in the sam-
ples heat-treated at 1000°C was not observed.) While
the formation of mullite during the heat-treatment at
1000°C is favored by the presence of a transitional
structural state, the heat energy at 1400°C is sufficient
for mullite crystallization regardless of the structural
state of the sample.

CONCLUSION

When ground mechanically, kaolinite suffers signif-
icant and rapid crystal structural alteration due to the
distortion or breakage of the crystalline network. After
1 h of grinding, small groups of atoms corresponding
to the original kaolinite crystals are probably present,
but their connections do not fit in the regularity of a
crystalline state. Further mechanical deformation de-
stroys these regular groups and produces a more irreg-
ular crystalline state.

The investigation with heat-treatment illustrates that
the quasicrystalline state created by destruction of the
kaolinite structure is favorable for forming mullite be-
low the temperature necessary for the diffusion pro-
cesses of this solid-state reaction in the original ka-
olinite. Nevertheless, the mullite crystals formed at
1000°C are not the same size and regularity as those
present in samples heated at higher temperatures (e.g.,
1200°C and 1400°C). The results confirmed the fact
that the so-called crystalline and amorphous materials
do not represent two well-separated states, but inter-
mediate states in which various regularities of the
building elements of crystals exist.

https://doi.org/10.1346/CCMN.1993.0410511 Published online by Cambridge University Press

Kristof, Juhasz, and Vassanyi

Clays and Clay Minerals

REFERENCES

Aglietti, E. F,, Porto Lopez, J. M., and Pereira, E. (1986)
Mechanochemical effects in kaolinite grinding: /nt. J. Min-
er. Proc. 16, 125-146.

Brindley, G. W. and Nakahira, M. (1959) The kaolinite-
mullite reaction series: J. Amer. Ceram. Soc. 42, 311-324.

Cameron, W. E. (1977) Composition and cell dimensions
of mullite: Admer. Ceram. Soc. Bull. 56, 1003-1011.

Delhez, R., Keijser, T. H., and Mittemeijer, E. J. (1982)
Determination of crystallite size and lattice distortions
through X-ray diffraction Line Profile Analysis: Fresenius
Z. Anal. Chem. 312, 1-16.

Grofcsik, J. (1961) Structure, Formation and Importance of
Mullite: Academic Press, Budapest.

Hinckley, D. N. (1963) Variability in ‘crystallinity’ values
among the kaolin deposits of the Coastal Plain of Georgia
and South Carolina: Clays & Clay Minerals Proc. 11th Nat.
Conf., Pergamon Press, Oxford.

Hlavay, J, Jonas, K., Elek, S., and Inczédy, J. (1977) Char-
acterization of the particle size and the crystallinity of cer-
tain minerals by infrared spectrophotometry and other in-
strumental methods: I. Investigation of clay minerals: Clays
& Clay Minerals 25, 451-456.

Juhész, A. Z. (1974) Mechanochemische Aktivierung von
Silikatmineralen durch Trocken-Feinmahlen: Aufberei-
tungs-Technik, 559-562.

Juhasz, A. Z. (1980) Mechano-chemical activation of kaolin
minerals: Acta Mineralogica-Petrographica 24, 121-145,
Juhész, A. Z. and Opoczky, L. (1990) Mechanical Activation
of Minerals by Grinding: Pulverizing and Morphology of

Particles: Academic Press, Budapest.

Juhasz, A. Z. and Wojnarovits, [. (1984) The difference
between thermal and mechanical dehidroxylation of ka-
olinite: ¢fi/Ber. DKG 61, 131-139.

Kelley, W. P. and Jenney, H. (1936) The relation of crystal
structure to base-exchange and its bearing on base-exchange
in soils: Soil. Sci. 4, 367-382.

Klug, H. P. and Alexander, L. G. (1972) X-ray Diffraction
Procedures for Polycrystalline and Amorphous Materials:
John Wiley & Sons, London.

Kohler, E., Hofmann, V., Scharrer, E., and Friihauf, K. (1960)
Uber den Einfluss der Mahlung auf Kaolin und Bentonit:
Ber. der deutsch. Keram. Ges. 37, 493—498.

Kotsis, I. (1980) Procedure of porcelain formation in model
systems: Ph.D. thesis, University of Veszprém.

Laws, W. D. and Page, J. B. (1946) Changes produced in
kaolinite by dry grinding: Soil. Sci. 62, 319-322.

McConnel, J. D. C. (1970) Electron optical study of the
thermal decomposition of kaolinite: Clays & Clay Minerals
8, 279-290.

Miller, J. G. and Oulton, T. D. (1970) Prototropy in ka-
olinite during precussive grinding: Clays & Clay Minerals
18, 313-323.

Schrader, R. (1970) Einfluss der Schwingmahlung auf die
Eigenschaften von geschlimmten Kaolin: Silikattechnik 21,
196-201.

Wiegmann, J. (1957) Queleues observations relatives aux
modifications de la kaolinite en cours du broyage: Bull. Soc.
Franc. Céram. 36, p. 49.

(Received 23 March 1992; accepted 16 June 1993; Ms. 2202)


https://doi.org/10.1346/CCMN.1993.0410511

