
Introduction

Pyrophyllite and talc are the most common clay min-

erals used as raw materials in the production of ce-

ramics. Grinding has been used to make suitable size

of particles in order to control the reactivity of the raw

materials. Dry grinding leads to random delamination

of the silicate layers, to a strong structural alteration

with important particle size reduction and to increase

of surface area [1]. Several authors used SEM, TEM

and other experimental techniques to demonstrate

that the gradual particle size reduction and associated

morphological changes took place during grinding of

the clay samples [2–6]. It was observed that at the be-

ginning of grinding the original stacking layers were

delaminated and the lamellar phyllosilicate mineral

particles with well-formed faces were broken by a

mechanical impact, resulting in a decrease of particle

size and in surface area increase. An agglomeration of

particles of clay minerals by a so-called cold-welding

was observed by SEM [2–7].

It was demonstrated by XRD patterns that struc-

ture disorder of the talc and pyrophyllite increased by

grinding [2, 3, 5, 6]. Moreover, it was found that by in-

creasing the grinding time amorphous material can be

obtained [1]. The grinding caused significant modifi-

cations in thermal reactivity of clays. The thermal be-

haviour of ground clay minerals has been studied by

several authors [1–8]. Nevertheless, different experi-

mental methods should be used in the characterisation

of mechanically treated sample in order to better un-

derstand the effect of grinding on ceramic clays.

In this study the effect of grinding on pyro-

phyllite and talc was investigated by DTA, TG, ema-

nation thermal analysis (ETA), surface area measure-

ments (BET), X-ray diffraction and scanning electron

microscopy (SEM).

Experimental

Samples

The natural pyrophyllite from the Hilsboro locality

was supplied by Ward’s N.S.Est. Inc. Rochester, NY,

USA. Chemical composition of the sample is given

in [2]. Talc from Puebla de Lillo (Leon, Spain) of the

chemical composition given in [4] was used to pro-

duce ground samples. A vibratory mill (HERZOG,

Type HSM 100 ) was used. Grinding time was 5 min.

Methods

Surface area was measured by using N2 adsorption by

means of the equipment Micrometrics 2200 A Model,

Norcross GA (USA). The samples were out-gassed at
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200°C for 12 h. The surface area (s.a.) was determined

by using B.E.T. method.

Differential thermal analysis (DTA) and thermo-

gravimetry (TG) were performed in air at a heating

rate 10 K min
–1

up to 1100°C by using Seiko

TG/DTA 6300 equipment. Emanation thermal analy-

sis (ETA) measurements were performed on heating

in air at a heating rate of 6 K min
–1

, using a modified

NETZSCH ETA-DTA 404 instrument. Details of the

ETA measurements and data treatment have been de-

scribed elsewhere [9, 10]. The ETA [9–13] involves

measurements of radon release rate from samples pre-

viously labelled. The specific activity of the samples

after labelling was 10
5

Bq g
–1

. The
224

Ra and
220

Rn at-

oms were incorporated into the sample due to recoil

energy (85 keV atom
–1

), which the atoms gained by

the spontaneous α-decay. The maximum depth of
220

Rn penetration was 80 nm as calculated with Monte

Carlo method using TRIM code [13]. The rate of ra-

don release from the sample (called also the emana-

tion rate, E) can be expressed in a simplified way as

follows [14]:
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/
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where Erecoil is the part of the radon release due to re-

coil, Ediffusion is the diffusion part of the released ra-

don, S is surface area, K1 is temperature independent

constant, proportional to the penetration depth of Rn

recoiled atoms, D is coefficient of radon diffusion in

the sample, λ is the decay constant of Rn, K2 is con-

stant depending on temperature. Consequently, an in-

crease in the radon release rate (E) may characterize

an increase of the surface area of the interfaces,

whereas the decrease in E may reflect processes like

closing up structure irregularities that serve as paths

for radon migration, closing pores and/or a decrease

in the surface area of the interfaces [14, 15].

XRD diffraction patterns were measured using

the equipment Siemens Kristalloflex D-501. The

diffractometer with CuKα radiation 40 kV and 40 mA

was used. From the XRD data of the particle size of

the samples was calculated by using of Scherrer equa-

tion [16]. SEM micrographs were obtained by using

JEOL equipment, model JSM 5400.

Results and discussion

Pyrophyllite

It was determined by B.E.T. method that the surface

area of the pyrophyllite sample before grinding was

1 m
2

g
–1

; the grinding caused an increase of the sur-

face area to 52 m
2

g
–1

. From DTA and TG results

(Fig. 1) it followed that the grinding caused a de-

crease of the temperature at which the structural OH

groups were released. The endothermal DTA effect

for ground pyrophyllite was shifted to 575°C,

whereas for the unground sample it was 800°C; in

both cases the DTA effects were accompanied by a

sample mass loss. A mass loss was observed by TG in

the range up to 200°C, due to deliberation of OH

groups from broken edges of the ground sample. At

elevated temperatures the formation of high tempera-

ture phases indicated by DTA as an exothermal effect,

was enhanced for the ground sample. The XRD pat-

terns (Fig. 2) indicated that due to grinding an in-

crease in structure disorder took place. Moreover, by
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Fig. 1 Results of a – DTA and b – TG of pyrophyllite samples

measured during heating. 1 – unground sample,

2 – ground sample

Fig. 2 XRD patterns of pyrophyllite samples. 1 – unground

sample, 2 – ground sample



increasing the grinding time an amorphous material

could be formed [1].

SEM micrographs presented in Fig. 3 confirmed

the surface area results that particle size decreased

due to grinding of pyrophyllite. Moreover, from

Fig. 3 it followed that an agglomeration of particles in

the ground sample took place.

It followed from ETA results in Fig. 4 that in

both ground and unground pyrophyllite samples an

increase in the emanation rate, E, took place in the

range 50–250°C, due to migration of radon along mi-

cro cracks and micro pores.

The unground pyrophyllite sample was charac-

terized by ETA in the range 25–250°C by an increas-

ing mobility of radon atoms along natural cracks.

The decrease of emanation rate, E(T), in the range

250–380°C indicated a closing up of cracks that

served as paths for radon migration. Differences in

microstructure development during thermal treatment

of ground and unground pyrophyllite samples were

characterized by ETA as follows: The increase of

E(T) in the range 500–900°C observed with the un-

ground sample corresponds to a liberation of struc-

tural OH that is characterized by an enhanced mobil-

ity of radon along grain boundaries. The decrease of

the emanation rate was observed in the range above

950°C due to a decrease of the number of grain

boundaries that served as paths for radon migration.

On contrary, for the ground pyrophyllite sample only

a slight increase of E was observed in the range of

500–900°C due to agglomeration of the grains. How-

ever, in the range 1000–1250°C an enhanced radon

release was observed by ETA in both unground and

ground samples due to formation of new phases. This

interpretation is in agreement with our previous state-

ments [17].

Table 1 presents the characteristics of radon dif-

fusion, namely the values of Q and of the constant ko

obtained by a mathematical modeling from experi-

mental ETA results of non-ground and ground pyro-

phyllite samples (Fig. 4, curves 1’ and 2’). Equa-

tion (2) was used for the modeling and calculations.

It followed from Table 1 that the samples ob-

tained after heating to 1300°C possessed a slightly

lower value of the activation energy of radon diffu-

sion when the starting material was ground that when

the non ground initial was used. The differences in the

radon permeability are not significant, so it can be as-

sumed that the number of radon diffusion paths in the

heated samples did not considerably differ for these

two samples and the effect of grinding on the proper-

ties of the pyrophyllite sample was not significant

when the sample was heated to 1300°C.

Mathematical modeling

The temperature dependence of the radon release rate

obtained by the ETA was used for the evaluation of

the permeability and microstructure development

characterization.

In the modeling the following expression was

used for radon release rate due to diffusion
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where λRn=1.2464·10
–2

[s
–1

] is the decay constant of
220

Rn, A=λRaCRa is a coefficient of concentration

transformation, λRa=2.2035·10
–6

[s
–1

], kD – rate con-

stant of radon desorption, depending on temperature

according to Arrhenius relationship,
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Table 1 Radon permeability in pyrophyllite heated to

1300°C

Samples

Cooling in the range 1300–30°C

Radon permeability characteristics

Q/kJ mol
–1

kD/s
–1

1 – non ground 169 13.50

2 – ground 146 0.18

Fig. 3 SEM micrographs of pyrophyllite samples:

a – unground sample, b – ground sample
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Fig. 4 Results of ETA of unground and ground pyrophyllite

samples measured during heating (curves 1 and 2) and

cooling (curves 1' and 2’). Curves 1 and 1' – corre-

spond to the unground sample, curves 2 and 2’ – corre-

spond to the ground sample



k k Q RT
D D D

0

= −exp( / )

where QD is activation energy of radon desorption,

R=8.3096 [J mol
–1

K
–1

] is molar gas constant.

Talc

It was found that the surface area of the natural talc

sample before grinding was 3 m
2

g
–1

and that it in-

creased after grinding to 110 m
2

g
–1

. From DTA and

TG results (Fig. 5) it followed that thermal behavior

of ground and unground samples of talc was similar

up to 800°C, but it differed on heating above 800°C.

However, the presence of sorbed water due to OH

groups on the broken edges of particles of the ground

sample was detected by mass decrease in the range

from 30 up to 150°C.

In the DTA curve of the ground talc sample

(Fig. 5a) an exothermal effect at 830°C characterized

the structure changes due to crystallization of non-

crystalline phases, formed by grinding of natural talc

sample, into orthorhombic enstatite [18]. The mass

loss in the range 800–1000°C due to dehydroxylation

was observed by TG (Fig. 5b). For the unground sam-

ple the mass loss due to dehydroxylation took place in

range 900–1050°C and no exothermal DTA effect

was observed, in contrary to the ground sample. Con-

sequently, the grinding enhanced the formation of

high temperature phases in talc.

The XRD patterns presented in Fig. 6 confirmed

that structure disorder of the ground samples in-

creased in comparison with the unground sample.

SEM micrographs in Fig. 7 confirmed the decrease of

particle size with the ground sample. The ETA results

of both unground and ground talc sample (Fig. 8) are

in agreement with the results of surface area measure-

ment and XRD patterns presented in Fig. 6 .The in-

crease in the emanation rate, E(T), in the range

50–250°C is due to migration of radon along micro

cracks and micro pores. The temperature of closing

up the micro cracks and of the subsurface irregulari-

ties is indicated by a decrease of the emanation rate,

E(T), on heating in the range 250–450°C. The abrupt

decrease of emanation rate E(T) observed with

ground sample in the range of 800–870°C corre-

sponded to the crystallization of non-crystalline phase

into orthorhombic enstatite. For the unground sample

no decrease of E was observed above 800°C; on the

contrary, an increase of E(T) started at 800°C due to

dehydroxylation of talc in bulk of the sample.

The temperature dependence of the radon release

rate observed by the ETA in Fig. 8, was used for the

evaluation of the permeability and microstructure de-

velopment characterization.

The radon diffusion characteristics calculated

from ETA results of the talc sample measured during

cooling (Fig. 8, curve 1’ and 2’) are summarized in

Table 2.

From Table 2 it follows that the unground and

ground samples possessed similar values of the acti-
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Fig. 5 Results of a – DTA and b – TG of talc samples mea-

sured during heating. 1 – unground sample, 2 – ground

sample

Fig. 6 XRD patterns of talc samples. 1 – unground sample,

2 – ground sample

Fig. 7 SEM micrographs of talc samples: a – unground sam-

ple, b – ground sample



vation energy Q of radon diffusion calculated from

the ETA results measured during cooling of both sam-

ples. Therefore it can be assumed that the number of

radon diffusion paths in the heated samples to 1300°C

did not considerably differ.

Conclusions

The effect of grinding on pyrophyllite and talc was

characterized of DTA, TG, emanation thermal analy-

sis (ETA), surface area measurements (BET), X-Ray

diffraction and scanning electron microscopy (SEM).

It was observed that grinding caused a decrease of the

temperature at which the structure bound OH groups

released and the formation of high temperature phases

was enhanced with the ground samples. A mutual

comparison of DTA, TG, ETA results made it possi-

ble to better understand the effect of grinding on the

ceramic clays.
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Fig. 8 Results of ETA of unground and ground talc samples

measured during heating (curves 1 and 2) and cooling

(curves 1’ and 2’). Curves 1 and 1' – correspond to the

unground sample, curves 2 and 2’ – correspond to the

ground sample

Table 2 Radon permeability in talc heated to 1300°C

Samples

Cooling in the range 1300–30°C

Radon permeability characteristics

Q/kJ mol
–1

kD/s
–1

1 – non ground 127 10.3

2 – ground 135 3.0
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