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It is shown that emanation thermal analysis (ETA) is a very sensitive method for studying
the textural and structural changes undergone during thermal and/or mechanical treatment
of TiO2. It is shown that the activation energy for the bulk diffusion of radon into titania
samples annealed at 1100 ◦C dramatically increases by increasing the prior grinding time of
the sample at room temperature. These results demonstrate that grinding of TiO2 prior to
the annealing treatment considerably improves sintering and densification of the material.
C© 1998 Kluwer Academic Publishers

1. Introduction
Anatase and rutile are two of the three polymorphic
forms of TiO2. It has been reported in the literature that
anatase→ rutile conversion is an exothermic and irre-
versible reaction that occurs during the heating of titania
[1–3]. Thus, it has been generally assumed that rutile is
the thermodynamically stable phase of this compound
at any temperature at 0.1 MPa [4], although Liuet al.
have considered in a recent paper [5] that it is not cer-
tain which one is the thermodynamically stable TiO2
polymorph at ambient conditions. To stabilize anatase
or rutile in nanosized titania is a matter of great interest
since for most applications, a specific particle size, mor-
phology or crystalline structure is required [6]. Thus,
nanosized rutile with a particle size around 200 nm is
desired for use as a light scattering white pigment [7]
because it shows a refractive index higher than anatase.
However, this latter phase is the most effective as a sup-
port for a vanadia catalyst for selective o-xylene oxi-
dation to phthalic anhydride [8–10]. Moreover, it has
been found [11] that a 70 : 30 anatase : rutile mixture
is the best photocatalyst for oxidation of organics in
wastewater.

The above considerations explain why much work
[12–17] has been concerned with the effect of differ-
ent additives that would act as promoters or inhibitors
of anatase→ rutile conversion, provided that this re-
action is very strongly dependent on impurities. The
polymorphic transformation of TiO2 induced by ball-
milling at room temperature has also been reported in
the literature [18–22]. Study of the evolution of the lat-
tice defects of the two phases of titania as a function of

grinding would contribute to a better understanding of
the mechanism of mechanochemical conversion. The
new technique of emanation thermal analysis (ETA)
would be a powerful tool for this purpose [23].

ETA is based on the measurement of radon atoms
released from solids previously doped with traces of
228Th and224Ra. This method makes it possible to ob-
tain information about changes in surface area, microp-
orosity, morphology and formation of new phases tak-
ing place during sample heating or cooling. Fine and
hyperfine changes in the solids and their surfaces re-
sult in changes of radon diffusivity that can be revealed
underin situ thermal treatment conditions [23].

Description of the theory and potential of ETA has
been presented elsewhere [24, 25]. The mechanisms
considered for radon release from powder samples are:
(i) release due to the recoil energy of the radon atoms,
(ii) diffusion in open pores and in intergranular space,
and (iii) radon diffusion in the matrix of the solids.
The radon release rate,E (called also emanating rate),
measured is therefore considered as composed of three
constituents, corresponding to the release mechanism
mentioned

E = E(recoil)+ E(pores)+ E(matrix) (1)

The termE(recoil) of the emanating rate attributable to
recoil can be expressed as

E(recoil)= K1× S1 (2)

whereK1 is a temperature independent constant, that
depends on the path of the recoiled radon atoms in the
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solids andS1 is the external geometrical surface area
of the particles. The path of recoiled atoms for Rn in
titania is 32 nm, the recoil energy of radon being 85 keV
[26, 27].

The termE(pores) of the emanating rate which is
due to Rn diffusion in the intergranular space and open
pores can be expressed as

E(pores)= K2× S2 (3)

whereK2 is a constant that depends on temperature and
S2 is the internal surface area of the sample depend-
ing on the surface of the open pores and intergranular
voids.

The termE(matrix) of the emanating rate due to Rn
diffusion in the solid matrix of the sample can be ex-
pressed as

E(matrix)= K3 exp(−Q/2RT)× S3 (4)

whereK3 is a constant reflecting the atomic properties
of the lattice,Q is the activation energy of Rn diffusion
in the solid matrix,S3 is the surface area represent-
ing the sum of the cross-section of all diffusion paths
with the surface (dislocations, grain boundaries, etc.),
R is the gas constant, andT the temperature.

The use of ETA in the characterization of the influ-
ence of grinding on textural and structural properties of
titania powders constitutes the aim of the present work.

2. Experimental procedure
2.1. Materials
A sample of TiO2 P-25 supplied by Degussa and pre-
pared by hydrolysis of TiCl4 was used [20].

2.2. Methods
A planetary ball-mill, Colerecord 20 A, with a speed
of 450 r.p.m. was used. The mill was equipped with a
Corindon jar (capacity 300 cm3) containing ten balls
of the same material, 20 mm in diameter. About 5 g of
sample were ground in air for 5–180 min. The temper-
ature of the jar was monitored during the grinding and
it was never higher than room temperature.

On the other hand, it has been reported [20] that
grinding of pure rutile under the above conditions leads
to a decrease of particle size, while it is increased
by heating the sample. This suggests that local heat-
ing effects do not produce the textural changes in-
duced during the grinding of the sample. Moreover, the
calcite→ aragonite conversion observed in a previous
paper [28], using the same ball-mill as used here, could
not be explained by assuming local heating effects.

The powder X-ray diffraction spectra (XRD) of the
samples were obtained with a Philips PW 1060 instru-
ment equipped with a scintillation counter, CuKα ra-
diation and a nickel filter. The fraction of anatase was
calculated from the following expression

XA = 1

1+ 2.18(IR/IA)
± 2% (5)

whereXA is the fraction of anatase, andIR and IA are
the integrated intensities of the reflections for the〈1 1 0〉
plane of rutile and the〈1 0 1〉 plane of anatase, respec-
tively. This expression was determined by plotting the
values ofIR/IA, calculated from the X-ray patterns of a
series of binary mixtures of both anatase and rutile as a
function of XR/XA. Equation 5 was checked by using
litharge, which has its strongest reflection at 2θ = 28.6◦,
close to that of anatase, as an internal standard [29].

Both the crystalline size and the degree of microstrain
of anatase and rutile have been derived from the analysis
of the profile of a single diffraction line (〈1 1 0〉 for rutile
and〈1 0 1〉 for anatase) by means of the variance method
[30]

W2θ = λ12θ

π2D2 cos〈2θ〉 −
λ2

4π2D2 cos2〈θ〉 + 4〈e2〉tg2〈θ〉
(6)

whereλ is the wavelength of the X-ray beam,〈θ〉 and
〈2θ〉 are the values ofθ and 2θ at the centroid position,
D is the crystallite size,〈e2〉1/2 is the root-mean square
strain,12θ represents the range of the 2θ value from
the X-ray profile to the centroid andW2θ is the variance
defined by the following expression

W2θ =
∫ 2θ
−2θ (2θ − 〈2θ〉)2I2θ d(2θ )∫ 2θ

−2θ I (2θ ) d(2θ )
(7)

whereI (2θ ) is the intensity of the line profile at a given
position 2θ .

The plot ofW2θ against12θ would give a straight
line, the slope of which gives the crystallite size and the
intercept of which gives the root-mean square strain,
onceD is known. The computer program developed by
Edwards and Toman [31] has been used.

The specific surface area was determined by the
Brunaver–Emmett–Teller (BET) method using a Mi-
cromeritics surface area analyser, model 2200.

The adsorption isotherm of nitrogen, at liquid nitro-
gen temperature (193 K), has been measured for both
the as-received and ground samples of TiO2 after be-
ing previously outgassed at 500◦C under high vacuum
(0.1 mPa). The method of the “f curves” [32] has
been used for comparing the shapes of the adsorption
isotherms of the ground samples with the correspond-
ing one of the as-received sample taken as a reference
material. This procedure implies that one plots thef
parameter as a function of the relative adsorption pres-
sure,P/P0, whereP represents the equilibrium pres-
sure at which the adsorbed volume of nitrogen isV and
P0 is the saturation pressure (98 kPa for the adsorp-
tion of nitrogen at liquid nitrogen temperature). Thef
parameter is defined as the ratio between the volume,
V , of nitrogen adsorbed on a particular sample with
regards to the volume of gas,V0, adsorbed on the refer-
ence sample at equal relative pressure. A horizontalf
plot would indicate that the porous distribution of the
analysed sample is similar to the corresponding one to
the standard material and, therefore, the pore volume
in both samples would be proportional to their corre-
sponding specific surface areas. The deviation of thef
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plot from a horizontal line would point out the change
of the shape of the adsorption isotherm with regards to
the reference material [32].

A Cahn electrobalance, model RG, connected to both
a conventional vacuum system and a storage gas cylin-
der was used. A Mark II derivatograph was used as
well. This system allows simultaneous recording of
thermogravimetric (TG) and differential thermogravi-
metric (DTG) curves at pressures ranging from 0.01 to
27 kPa. The DTG results obtained in this work were
recorded at a heating rate of 10 K min−1 and a pressure
of helium gas of 20 kPa. Mass spectrometry was used
to check that water vapour was the only gas product
released during the heating of titania.

ETA is based on the measurement of radon atoms
released from powder samples previously doped with
traces of 228Th and 224Ra. The ETA curves were
recorded by heating the labelled sample, under flow of
argon gas, at a linear heating rate up to the maximum
temperature selected followed by subsequent cooling
to ambient temperature. The argon carrier gas swept
the inert gas released by the sample into a scintilla-
tion counter and the radioactivity emanation rate mea-
sured was plotted as a function of temperature. The
ETA diagrams were recorded under an argon flow of
40 cm3 min−1 using a sample amount of 0.1 g. The
heating and cooling rates were 5 and 2.5 K min−1, re-
spectively.

The loose powder TiO2 samples were labelled for
ETA measurements by adsorption of traces of228Th
and224Ra in acetone solution (specific radioactivity of
the solution 10. 000 Bq ml−1) and dried at room temper-
ature under open atmosphere. The samples were stored
for three weeks prior to ETA measurement to allow ra-
dioactive equilibrium to be reached. The atoms of radon
are formed as a result of the spontaneous radioactive
decay according to the reaction

228Th
α−→

t1/2= 1.9 years

224Ra
α−→

t1/2= 3.8 days

220Rn
α−→

t1/2= 55.8 s

(8)

The atoms of Rn are introduced into the TiO2 powder
sample to a maximum depth of 32 nm due to the recoil
energy of 85 keV that every atom gains during its forma-
tion by the nuclear reaction of alpha radioactive decay
[26, 27]. The double recoil effect is used here for the

TABLE I Characteristics of the three samples of TiO2

D (nm)c 〈e〉×10−3 d

Grinding Anatase SBET DBET Weight loss
time (min) (%) (m2 g−1)a (nm)b Anatase Rutile Anatase Rutile up 500◦C (%)

0 48 53.7 27.4 104 125 3.6 2.6 1.4
15 38 52.6 27.2 85 140 4.5 2.4 1.4
180 0 34.1 41.4 — 80 — 4.5 0.9

aSBET, surface area.
bDBET, particle size determined fromSBET. The particle diameter has been determined from the expression:DBET= (6/ρSBET)× 104 nm,ρ being
the density of the material calculated from the theoretical density of anatase (3.893 g cm−3) and rutile (4.250 g cm−3) after taking into account the
composition of the sample.
cD, crystallite size.
d〈e〉×10−3, microstrain calculated from the XRD diagrams using the Varianze method.

Figure 1 X-ray diffraction patterns of the as-received and ground sam-
ples of TiO2: (A) anatase, (R) rutile.

introduction of radon into the surface layers of the sam-
ple, namely the recoil of224Ra and220Rn, respectively.

3. Results and discussion
The surface areas calculated for both the as-received
and ground samples of TiO2 are included in Table I
together with their corresponding percentages of
anatase/rutile, crystallite sizes and microstrain levels
as determined from the XRD diagrams represented in
Fig. 1. The average particle diameter calculated from
the surface area data, taking into account the theoreti-
cal density of anatase and rutile and assuming spherical
symmetry, are also included in Table I. These results
suggest that an increase of particle size as a function of
grinding takes place. This is roughly in agreement with
the TEM pictures shown in Fig. 2. These results could
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Figure 2 TEM pictures of the as-received and ground samples of TiO2:
(a) 0 min, (b) 15 min, and (c) 180 min.

be interpreted by assuming that the lattice defects gener-
ated during the grinding process promote cold-welding
of the particles. Moreover, Table I points out that a
decrease of the crystallite size of anatase takes place
during the grinding process at the time that their cor-
responding microstrain level increases. This behaviour
can be understood by assuming that the particles of the
powder samples are formed by small crystallites welded

in a mosaic structure and that the grain boundaries con-
stitute the main contribution to the microstrains. The
fact that the particle sizes determined from surface area
measurements are considerably higher than the corre-
sponding crystallite sizes calculated from XRD broad-
ening seems to support this statement. This interpreta-
tion is similar to those given in previous papers in which
an inverse relationship between the crystallite size and
the microstrain level of a number of materials has been
reported [29, 33, 34]. The increase of crystallite size of
rutile (with its associated decrease of microstrain level)
after 15 min of grinding can be explained by assum-
ing that the anatase anneals the excess energy stored
by the lattice imperfections generated during mechan-
ical treatment by undergoing a polymorphic transfor-
mation into a better crystallized rutile. These results are
in very good agreement with those reported in previous
papers [35, 36], which conclude that the rutile particles
obtained by phase transition are always much larger
than both the starting and the residual anatase parti-
cles. A monotonous decrease of the rutile crystal size
would be expected if grinding continues in progress.
This behaviour explains why the crystallite size of this
phase decreases down to 80 nm after a grinding time of
180 min.

Fig. 3 shows thef plots that have been obtained from
nitrogen adsorption isotherms of the ground TiO2 sam-
ples after taking the as-received sample as a standard.
The fact that they are straight horizontal lines suggests
that the volume distribution of pores does not change
during the grinding process; this is supported by the fact
that the specific surface area changes taking place dur-
ing the grinding of titania are motivated by particle size
modifications.

If we consider the large specific surface of the titania
samples studied here, it would be expected that they
take up a significant amount of water vapour from the
open atmosphere. Taking into account that this phe-
nomenon can influence the rate of radon emanation
during the recording of ETA experiments it would be
interesting to follow the water desorbed by both the

Figure 3 f plots of ground TiO2 samples obtained using as standard the
as-received sample of TiO2.
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Figure 4 DTG curves showing the desorption of water from the TiO2

sample as a function of grinding time.

as-received and ground samples of titania as a function
of temperature. The values of the total weight loss up
to 500◦C, as calculated from the TG diagrams of these
samples are shown in Table I. The resolution power of
DTG for discriminating overlapping processes is con-
siderably higher than the corresponding one of TG.
Thus, the DTG curves of both the as-received and
ground TiO2 samples have been chosen for representa-
tion in Fig. 4.

The XRD patterns of the as-received TiO2 sample
were obtained at room temperature after 1 h ofheating
at increasing temperatures. Fig. 5 shows the plots of
both the fraction of anatase, as calculated from Equa-
tion 1, and the specific surface as a function of temper-
ature.

The ETA results are presented as the temperature
dependence of the radon release rate,E, normalized to
the total radioactivity of the parent nuclides adsorbed
on the sample surface by labelling. Fig. 6 shows the
ETA diagrams recorded at temperatures ranging from
20 to 1100◦C under heating and cooling conditions.

Figure 5 Weight fraction of anatase and specific surface area of the as-
received TiO2 after heating for 1 h at different temperatures.

Figure 6 ETA curves of TiO2 sample, as-received, measured during
heating from 20 to 1100◦C and subsequent cooling in air: (1) heating at
a rate of 5 K min−1, (2) cooling at a rate of 2.5 K min−1.

It is well known that bulk ionic diffusion does not
start until the Tamman temperature, which is very
close to half of the melting point of the solid [37].
Thus, the radon release rate on TiO2 at temperatures
lower than 700◦C should be ascribed to recoil and
diffusion in the intergranular space and open pores as
described by Equations 2 and 3, respectively. Thus, the
ETA curves at this temperature range mainly reflect
the changes undergone by the surface properties of
the sample. At temperatures higher than the Tamman
temperature, radon release due to its diffusion in the
bulk, as given by the exponential law expressed by
Equation 4, represents the main contribution to the
absolute value ofE. Therefore, the transport properties
of the material overlap with the textural properties in
this temperature range of the ETA curve.

The E value measured at room temperature,E25,
depends on the surface area, the roughness of the titania
grains and the morphology of the agglomerated grains.
The presence of adsorbed water on the sample surface
results usually in a decrease of theE25 value [38]. This
is due to the fact that part of the radon atoms released
from the solid grains and their surfaces by recoil is
stopped in the water layer adsorbed on the sample.

In the temperature interval 20–100◦C a release of
adsorbed water takes place, as indicated by the cor-
responding DTG curve in Fig. 4. This is reflected by
an increase in the radon release rate in the respective
temperature interval on the ETA curve of Fig. 6. In ad-
dition it should be mentioned that the water adsorbed
in pores and intergranular spaces contains a rather high
concentration of224Ra, being the parent nuclide for
220Rn. Thus, the water removed during heating of the
sample up to 110◦C leads to an additional increase of
the radon release rate; accordingly, a diminution ofE
is observed when the water desorption rate decreases
again. The DTG peaks corresponding to desorption of
water recorded at this range of temperatures roughly
agree with this interpretation.

The increase ofE in the temperature interval 200–
350◦C is controlled by the thermal diffusion of radon
in open pores and intergranular interstices overlapping
with the emanation rate, originated by desorption of
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the strongest form of adsorbed water taking place in
this temperature range, as Fig. 4 shows. The enhance-
ment ofE from 350 to 380◦C, followed by a decrease
of this parameter up to 500◦C, is associated neither
with water release nor with the decrease of specific
area as shown by Figs 4 and 5. These effects can be as-
cribed to the reordering or annealing of surface defects
of titanium dioxide and to changes in the morphology
of the grain agglomerates that are not associated with
a change of the total external area. This assumed be-
haviour is similar to the one reported from high resolu-
tion HRTEM analysis of ribbons of Fe–Cr–Ni austenitic
alloys annealed at temperatures lower than the Tamman
temperature [39]. At higher temperatures the annealing
of emergent dislocations with consequent recrystalliza-
tion of the material was observed [39]. The small par-
ticle sizes of the TiO2 powders here studied makes it
very difficult to perform HRTEM observations.

The diminution of the radon release rate at tempera-
tures ranging from 500 to 700◦C can be ascribed to rear-
rangement of lattice defects in the bulk oxide prior to the
ETA effects observed at temperatures ranging from 750
to 850◦C. This last effect is caused by anatase→ rutile
polymorphic transformation (taking place at this tem-
perature, as checked by XRD) and by the dramatic
decrease of the specific surface, as Fig. 5 shows. The
fact that the change of textural and structural properties
shown in Fig. 5 takes place at slightly lower tempera-
tures than that assumed for these phenomena in Fig. 6
can be easily explained taking into account the differ-
ent heating schedule used for recording both sets of
data. Thus, the results of Fig. 4 were obtained after 1 h
of cumulative and consecutive isothermal heating at in-
creasing temperatures, while the ETA diagram of Fig. 6
was obtained under a linear heating rate of 10◦C min−1.
It is well known [40] that the temperatures at which an
activated process occurs move to higher values by in-
creasing the heating rate. Finally, the increase ofE in
the temperature interval 970–1070◦C reflects the fur-
ther densification of the material by annealing of pores
isolated in intergranular cavities formed between parti-
cles welded during the sintering process. The fact that
this thermal effect is also observed (in the ETA diagram
included in Fig. 9, to be discussed later) for the TiO2
sample ground for 180 min, which is constituted of pure
rutile, supports the previous assumption, provided that
this sample cannot undergo a phase change.

The ETA curve of Fig. 6 shows that all the textural
and structural changes reported are not reversible. On
the other hand, it has been previously shown (see Equa-
tion 4) that the bulk diffusion of radon is characterized
by an exponential relationship between the radon ema-
nation rate and 1/T , leading to an activation energy that
depends on the concentration of reticular defects and
the densification of the material. Thus, the analysis of
the ETA cooling curves, recorded after previous anneal-
ing of the TiO2 sample at different temperatures, could
perhaps be used to follow the concentration trend of
lattice imperfections, provided that the other processes
that overlap them have been removed during the previ-
ous heat treatment.

Fig. 7 shows the ETA traces obtained during heat-
ing of the as-received TiO2 sample up to 400◦C and

Figure 7 ETA curves of the as-received TiO2 sample at subsequent ther-
mal treatments in air at the following temperatures intervals: (1) heating
from 20 to 400◦C with subsequent cooling in air, (2) heating from 20
to 1000◦C with subsequent cooling in air of the sample preheated to
700◦C.

subsequent cooling to room temperature. The heating
and cooling ETA diagrams recorded in the temperature
interval 20–1000◦C for the same sample preheated at
700◦C for 1 h are also included in Fig. 7. These re-
sults point out that prior heating of the sample at a
particular temperature anneals the effects recorded on
the ETA curve up to this temperature, but does not an-
neal the textural and structural modifications occurring
at higher temperatures. Thus, the irreversibility of the
different ETA effects shown in Fig. 6 is confirmed.

The temperature dependence of the radon release rate
values taken from cooling curves 1 and 2 of Fig. 7
are represented in Fig. 8 as a semilogarithmic plot, i.e.
log (E − E25) versus 1/T . It can be observed that the
radon activity of the sample preheated at 1000◦C is
considerably lower than the corresponding activity of
the sample preheated at 400◦C. This behaviour could
be explained by considering that the higher the sam-
ple is heated, the lower the concentration of lattice im-
perfections will be. On the other hand, Fig. 8 shows
that an abrupt exponential increase of the radon em-
anation rate is observed in the 300–400◦C region of
the curve recorded during cooling from 400◦C of the
TiO2 compound previously annealed at this tempera-
ture. This behaviour can only be explained by assum-
ing that the emanating rate is due to radon diffusion

Figure 8 Temperature dependence of log(E− E25) versus 1/T plotted
from the values ofE measured during cooling of the as-received sample
after thermal treatment at 400◦C and 1000◦C.
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in the solid bulk according to Equation [4]. A value of
Q= 43.0 KJ mol−1 has been determined from curve
1 in Fig. 8 radon diffusion for the activation energy. It
is noteworthy that the exponential decay of the radon
emanation rate on the cooling curve of the sample pre-
heated at 1000◦C (curve 2, Fig. 8) continues to progress
from this temperature down to 770◦C, leading to an
activation energyQ= 254.1 KJ mol−1 for the diffu-
sion of radon through the titania matrix. The difference
between these twoQ values clearly demonstrates the
change in the concentration of lattice defects as a con-
sequence of heat treatment.

The ETA profiles of the ground TiO2 samples up to
700◦C present similar characteristics to those shown
in Fig. 7 by the as-received one. We must bear in mind
that the bulk diffusion of radon, which is dependent on
the lattice defect concentration, starts at temperatures
around 700–800◦C. Thus, it is of special interest to
compare the ETA curves at temperatures ranging from
700 to 1100◦C in order to analyse the influence of
grinding on the texture and structure of TiO2. Fig. 9
shows the heating ETA curves recorded in the temper-
ature interval 700–1100◦C for samples ground for 15
and 180 min, together with their subsequent cooling
curves from 1000◦C down to room temperature. It can
be observed that the ETA effects that appear at about
800◦C on the heating curve of the as-received sample
do not appear on the corresponding curves recorded
for the ground samples. This effect was ascribed to
the anatase→ rutile transformation, and cannot be
observed in the ETA diagram of the TiO2 ground for
180 min, because the anatase was completely trans-
formed into rutile during the grinding treatment. On
the other hand, the data included in Fig. 10 show that

Figure 9 ETA curves of TiO2 samples measured during heating from
700 to 1100◦C and subsequent cooling in air: (1) as-received, (2) ground
for 15 min, and (3) ground for 180 min.

Figure 10 Weight fraction of anatase, initially contained in the as-
received and ground samples of TiO2, which has been converted to rutile
after heating for 1 h at different temperatures.

the anatase remaining in the sample ground for 15 min
transforms into rutile at lower temperatures compared
with the ungrounded sample. This behaviour could be
easily understood taking into account the lower crystal-
lite size of anatase in the ground sample with regards to
the as-received one [35]. A comparison of the heating
curves included in Fig. 9 points out that the radon
emanation rate increases with increasing grinding time.
This is true in spite of the fact that the radon emanation
rate attributable to recoil and diffusion through inter-
granular spaces and open pores is proportional to the
specific surface area, which decreases during the me-
chanical treatment as shown in Table I. Therefore, the
augmentation ofE must be mainly ascribed to the in-
creasing concentration of lattice defects created during
the grinding process at room temperature, according to
the results reported in Table I. It is necessary to remark
that comparison of the ETA cooling curves of Fig. 9
indicates that the radon emanation rate of the samples
previously annealed at 1100◦C decreases with increas-
ing grinding time. Table II shows the activation energy
of the bulk diffusion of radon calculated from the expo-
nential part of the plot of the log (E−E25) values taken
from the cooling curves of Fig. 9 as a function of the
corresponding 1/T values. These results confirm that
the activation energy for the bulk diffusion of radon into
the TiO2 samples annealed at 1100◦C increases with

TABLE I I Activation energy of the bulk diffusion of radon calculated
from the cooling curves of as-received and ground samples of TiO2

shown in Fig. 8

Sample of TiO2 E (KJ mol−1)

As-received 254
Ground for 15 min 283
Ground for 180 min 320
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increasing prior grinding time at room temperature.
This behaviour can be interpreted by considering that
the temperature at which the crystals start to grow
decreases with the increasing initial concentration of
lattice defects in the material as a function of grinding
time.

In summary, although the starting degree of crys-
tallinity of the as-received TiO2 sample is initially
higher than the degree of crystallinity in the ground
samples, annealing out of crystal defects during heat-
ing treatment at 1100◦C makes the previously milled
powders more perfect materials than the as-received
one. A similar behaviour has been previously reported
for the annealing of a series of nickel samples with
different concentrations of microstrains, as measured
from XRD experiments [33]. It was demonstrated that
the higher the concentration of defects is, the lower the
temperature at which broadening of the XRD profiles
starts to decrease. This interpretation is also supported
by the results reported in [2, 35, 41], which show that
the smaller the crystallite size of anatase, the lower is
the temperature at which both crystal growth and phase
transformation into rutile starts.

4. Conclusions
The results indicate that ETA is a suitable method for
characterization of the processes that take place dur-
ing thermal treatment of ceramic materials like TiO2.
Moreover, the results suggest that determination of ac-
tivation energy for the diffusion of radon in a titania
matrix could provide valuable information about crys-
tal imperfections. On the other hand, a comparison of
radon diffusion release, obtained as a function of tem-
perature from a series of labelled TiO2 samples sub-
mitted to different mechanical treatments, allows us to
conclude that the ETA method is very sensitive to the
concentration of lattice imperfections. Therefore, this
technique could be used for comparing the relative con-
centration of lattice defects in the bulk of a series of
materials after being submitted to different thermal or
mechanical treatments.
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